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EXECUTIVE SUMMARY

This report describes the design study program of a toroidal traction CVT
tfor electric vehicies. The work was performed by Garrett-AiResearch as part
of the Electric and Hybrid Vehicle Program for the U.S. Department of Energy.
The work was managed by the Bearing, Gearing, and Transmission Section of the
NASA Lewis Research Center. It was performed under Contract DEN 3~117.

The objectives of this study were: (1) develop, evaluate, and optimize,
a preliminary design concept for a continuously variable transmission (CVT) to
couple the high-speed output shaft of an energy storage flywheel to the drive
train of an electric vehicle, (2) identify technological advancements required
to develop the CVT design concept, and (3) determine the suitability of the CVT
design concept for alternate electric and hybrid vehicle applications.

The program effort was directed toward evaluating and comparing five
different full toroidal cavity, traction drive CVT contigurations, selecting
one design configuration, and optimizing that design with respect to the speci-
fication requirements. Program activity was separated into four tasks that
were performed according to the following schedule:

1979 1980
Task MlJ ]JIJA]SJOIN]D ]|
| Design study
i1 Required technical advancements
i1l Alternate applications
IV Design and technical assessment
S40032

The purpose of Task | was to conduct engineering analyses to select and
optimize a CVT design configuration and develop a pre!iminary CVT design to
meet the design requirements. Ouring this task five CVT design configurations
were compared using the following desiga criteria: efficiency, cost, size,
weight, rellability, noise, controls, and maintainability. Each design con-
sisted of one or two full toroidal cavity traction drive elements connected
to various reduction gearing arrangements. A computer simulation was used
to compare the performance of the five CVT design configurations. Based on
this analysis, a dual-cavity full toroidal traction drive with regenerative
gearing was selected for the CVT design configuration. The design was then
optimized to obtain estimated operational efficiencies up to 95 percent and
a 98.3 percent probability of achieving the specified 2600-hr operating i fe,

The final design selected during Task | is illustrated in figure 1. The
dual-cavity toroidai traction drive and the regenerative gearing are shown in
the figure. The CVT will meet all the design requirements specified in the
statement of work. A striking feature ot the design is that it Is infinitely
variable, so that the input shaft can be operated at full speed when attached

el e es
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To @ flywheel or to an electric motor; and the output shaft can be brought to
zero speed, which eliminates the need for a ciutching device. The design
encompasses conventional materials and manufacturing techniques, and the CVT
is comparable in weight and size to a present day automotive automatic trans-
mission.

During Task Il technological advancements required for developing the CVT
to production status were identified. This included defining the problem areas
and estimating the means and efforts required to solve the problems. Although
no technical problems are expected with the basic CVT design, three areas were
identified that will require some development. They are the ratio contral
system, the traction tluid properties, and evaluation of the traction contact
performance.

The control system dynamics must be evaluated in detail to ensure that a
smooth transfer of power takes place both ways between the flywheel and vehicle
and that the CVT is responsive to the driver command. This can be accomp!ishad
by a combination of analog computer analysis and dynamometer testing.

Present traction fluids exhibit two properties that |imit the operational
envelope of a traction drive: a rather high viscosity index and a tendency to
entrain air. Traction fluid manufacturers are conducting development work to
solve these problems, and the traction fluid properties may change with each
new development. Test verification of the actual traction fluid properties
operating in a CVT is needed to obtain the best traction contact performance
analysis.

In Task 111 the suitability of the selected CVT design concept for alter-
nate electric and hybrid vehicle applications and alternate vehicle sizes and
maximum output torques was determined. In all cases the toroidal traction
drive design concept was applicable to the vehicle systeme The regenerative
gearing could be eliminated in the electric-powered vehicle because of the
reduced ratio range requirements. In the other cases the CVT with regenerative
gearing would meet the design requirements after appropriate adjustments in
size and reduction gearing ratios.

Task IV consisted of preparing a design report and discussing the design
criteria and tradeoffs. The report presents the results of the engineering
analyses conducted on the CVT during the design process; these included stress,
critical speed, life, reliability, weight, and performance.
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1. /RODUCT ION

Purpose

The program described in this report was initiated to evaluate, optimize,
and develop a preliminary design concept for a continuously variable trans-
mission (CVT) to couple the high-speed output shaft of an energy storage fly-
wheel to the drive train of an electric vehicle (shown in fig. 2), identify the
technotogy advancements required to develop the CVT, and determine the suit-
ability of the CVT design concept for alternate electric and hybrid vehicle
applications.

This work was part of the Electric and Hybrid Vehicle Program of the U.S.
Department of Energy. |t was performed under Contract DEN 3-117 and managed
by the Bearing, Gearing, and Transmission Section of the NASA Lewis Research
Center.

Background

In a traction drive, torque is transmitted from one smooth rolling element
to another by the resistance to shearing of a fluid pad separating the two
elements. This traction phenomenon is discussed in detail in the Operation
Description subsection. A large variety of different traction drive mechanisms
have been attempted, some successfully and some not. Some of the more common
types of traction drives are shown schematically in figure 3. Of the variable
ratio traction drive configurations conceived, the toroidal type has shown the
best combination of power, speed, and efficiency.

The first toroidal drive patent was issued in 1877. Since that time
several variations of the toroidal drive design concept have been manufactured
and tested by various individuals. Today over itwo dozen companies throughout
the world manufacture various types of traction drives that are primarily used
in industrial applications. They are generally used in |ight-duty service.
Steel and fraction fluid developments in recent years, however, allow the design
of higher power traction drives as a result of increased material strength and
improved fluid traction properties.

This report presents the toroidal traction drive resulting from an engi-
neering design study and supporting analyses. The design study included the
latest traction fluid properties data and available empirical data from traction
contact experiments.
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PROGRAM SCOPE AND PROCEDURES

The program effort was directed toward evaluating and comparing five
different full toroidal cavity, traction drive CVT configurations, selecting
one design configuration, and optimizing that design with respect to the speci-
fication requirements. These requirements are described in the following Design
Requirements section.

In this report, Task IV of the program, activity is discussed in terms of
the three principal tasks:

o Task I--Conduct an engineering analysis to select and optimize a CVT
configuration to meet the design requirements, and develop a pre-
fiminary CVT design.

. Task ll--ldentify technology advancements required for develcping the
CVT to production status. This includes defining the problem areas
and estimating the means and efforts required to solve the probiems.

° TJask |il~-Determine the suitability of the CVT concept for alternate
electric and hybrid vehicle applications and the suitabiiity of the
selected CVT design for alternate vehicle sizes and maximum output

torques.

These tasks were performed according to the following schedule:

1979 ER
Task MlJ JJIA]SJOINTLID | J
I Design study
i1 Required technical advancements
111 Alternate applications
iV Design and technical assessment
400

Tas.. 1, Design Methodology

A digitel computer program was developed to analyze the performance of
the CVT. The details of the program are discussed in the Task |, Configuration
Analysis and Selection section. The computer program was used to select the
optimal torcidsl cavity and roller dimensions, compare the performance of
different design contigurations, and predict the performance ot the final CVT
design configuration.

A parametric study was conducted to select the optimal toroidal cavity
and roller dimensions. The study consisted of optimizing preselected CVT per-
formance parameters while varying the toroid and roller dimensions, holding
all other operating conditions constant. The toroid and roller geometry that
yielded optimal performance were then selected.



The selected toroid/roller geometry was then used to compare five candidate
CVT design configurations. These five CVT design configurations are described
in the Design Configurations subsection. To compare the performance of the
design configurations, a mathematical model of each was made and input into the
computer program. These performance of each was *hen evaluated at preselected
operating conditions. The final design configuration was selected using spe-
cific, ranked design criteria. These design criteria, starting with the most
important, are:

(1) Efficiency

(2) Cost

(3) Size and weight
(4) Reliability

(5) Noise

(6) Controls

(7) Maintainability

Task ||, ldentification of Required Technology

The operation of the selected CVT design configuration was analyzed with
respect to potential technological problems. This analysis included identify-
ing the problems and discussing the effort required to solve the problem. All
aspects of the design were included in the analysis, the control system, the
traction fluid performance requirements, and al! the mechanical components.

Task |11, Suitability for Alternate Applications

The suitability and scalability of the toroidal cavity traction drive CVT
concept for electric and hybrid vehicles and alternate vehicle weights and out-
put torques were determined by comparing the mechanical requirements of the
alternate applications to the initial conditions. This included ratio range,
speeds, torques, and size. The aiternate application design configurations
included an electric vehicle powered by an electric motor, and a hybrid vehicle
with an electric motor and internal combustion engine. The aiternate vehicle
weights were 790 kg (1750 Ib) and 10 000 kg (22 000 Ib), and respective output
torques were 210 N=w (155 Ib=ft) and 2600 N-m (1900 Ib-ft). These conf'gura-
tions were cvaluated In accordance with the specified operating conditions.

The computer program was used to verify the analysis when necessary.



Task 1V, Design and Technical Assessment Report

Information relating to the CVT design selection and analysis of Task | is
presented. A full description and layout of the selected CVT design configura-
tion, including performance maps, are presented as well. The selected CVT design
is described in the Selected Design Description subsection.

A discussion of the design approach covers the design tradeoffs, the
strengths and weaknesses of the five candidate design configurations, and
the ability of each to achieve the design specitfications,

Detailed engineering analyses of the selected CVT configuration were per-
formed. The results are presented in the Configuration Ana.ysis and Selection
subsection. These analyses inciuded stress, critical speed, life, reliability,
weight, and geartrain,

Engineering consultants were employed as necessary to guide the engineering
analyses in the areas of stress, |ife, traction fluid properties, and configura-
tion design. These consultants included Dr. Alston Gu and Byron Heath, AiResearch
Manufacturing Company; and Milton Scheiter, General Motors, retired.

Discussions of the required technctogical advancements identified in Task
Il and the suitability of the CVT design for the alternate vehicle applications
specified in Task Il! are included.



DESICMN REQUIREMENTS

The cesigr requirements are specified in 1the statement of work and apply
in the performance of all three tasks. The design requirements are outlinec in
this section. The purpose of the design requirements is to describe a CVT that
has toth a wice ratio range and high efficiercy, with reliatility, size, weight,
and cost comparable to those of present day automotive transmissions.

The CYT perfcrmance reguirements are as follows:

° input flywheel speed: 14 00C to 28 000 rpm

® Cutput shaft speed: O to 500C rpm

M Maximum delivered torque: 450 MN-m (33C Ib-ft)

° Maximum delivered power: 75 kW (10C hp) for 5 s

[ Ratio change rate: full ratio 2 s (increasing or decreasing)

o Fi-direction power flcw

. Startup and driving smoothness of conventional autoratic transmission
o High efficiency over its entire operating spectrum

o Cverali size and weight comparable to those of present automotive

transmissions of equal power

) Maintainability equal to or better than present automotive automatic
transmissions

The cdesign teatures of the vehicle arc as follows:
° Vehicle curb weight: 1700 kg (3750 Ib)
° Extracted fliywhee!l energy: 1.8 MJ (0.5 kiWh)
® CVT controls to provide "feel" of conventional automatic transmission
) Reverse drive by electric motor or CVY
] Electric motor to charge flywheel from rest
. Design life:
10 percent lite, 2600 hr
Weighted average power: 16.5 kW (22 hp)

Average speec: 21 000 rpm input/300C rpm output

10
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The initial effort was directed toward determining the CVT ratio range
requirements specified by the design requirements and creating the preliminary
CVT design configurations to meet these requirements.

Establishing a ratio of the input and output speed requirements will yield
the ratio range necessary for meeting the design requirements. Therefore, the
CVT must have an infinite ratio range if a zero output speed is to be achieved.
This can be accomplished with the addition of regenerative gearing to the
toroidal drive. All the configurations discussed here are described in detail
in the Design Configurations subsection.

The statement of work, however, indicates that a minimum CVT output speed
of up to S0 rpm is acceptable if the CVT is not continuously controllable down
to zero ourput speed. This would require the addition of a slipnping clutch to
the drivetine to allow the differential input speed to go to zero. The minimum
output speed would be dictated by 1he slipping clutch performance.

The minimum CVT ratio range necessary to achieve an 850 rpm minimum CVT
output speed is 11.7:1. Because the full cavity toroidal drive has a maximum
usable ratio range of about 8:1, the design must expand this ratio. Five CVT
design configurations were considered that could attain the requirel ratio
range, and each was evaluated to determine the advantages and disadvar 'ages
during he selection process.

"
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DESIGN CONF|GURAT IONS

Each of the five CVT design configurations evaluated during this study
inciude torcidal traction elements coupled in various ways to another toroidal
traction element and/or reduction gear sets. These design configurations are
described below.

Baseline Drive

The baseline drive (fig. 4) incorporates smooth rollers in both the single-
stage fixed-ratio planetary drive system and in the variable toroidal roller
section that provides the variable output speed and can provide a reverse func-
tion. Power is transmitted to the input shaft, which drives the sun element of
the fixed-ratio planetary drive at input speed. Torque from the sun is reacted
by the planet rollers and is transferrod to the ring element and planet carrier.
The planet carrier is attached to the output shaft of the drive and transmits all
ot the cutput power. It should be noted that the sun element is operating In a
direction opposite to the ring and is feeding power back into the toroid system
by the rea-tive torque required to deliver power to the output shaft. When the
speed of the ring element through the toroidal system is modulated so that the
surface speed of the ring approaches that of the sun, the output shaft speed
will approach zero speed. Any surtface speed of the ring that is higher than
the sun produces a reverse rotation of the output shaft. Variable speeds are
obtained by inclining the toroidal rollers with respect to the input and out-
put discs, thereby increasing or decreasing the respective speeds of the discs.

The roller control system is described in the Transmission Ratio Control
subsection.

Series Drive

This configuration consists of two toroidal cavities In series with the
output of the first connected to the input ot the second as shown in figure 5.
Power is transmitted to the input shaft, which drives the input disc. Torque
from the disc is reacted by the rollers and transmitted to the output disc.

The output disc is conrected to the input disc of the second cavity. Again the
torque is reacted by the rollers and transmitted to the output disc. Variable
speeds are obtained by varving the angle of inclination of the rollers with
respect to the input and output discs. Independent roller controls are required
tor each cavity. The minimum output speed can be achieved by additional reduc-
tion gearing, 8s required.

Two-Speed Shifted Drive
The fwo-épeed concept incorporates two toroidal cavities in parallel with
the output discs connected to a reduction planetary gearset as shown in figure

6. Power is transmitted to the input discs. The input discs are tied together
and are located in the center of the transmission. Torque from the discs is

12
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Figure 5.--Serles drive.
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reacted by the rollers and transmitted to the output discs. The output discs,
which are connected together, drive the planetary sun element. The planet car-
rier is attached to the output shaft of the drive. A brake band is positioned
around the planetary ring element, and a clutch is positioned to connect the
sun element directly to the planet carrier.

When the maximum gear reduction is desired, the output discs drive the
output shaft through the planetary reduction with the clutch released and the
brake bard applied to the ring element. The output discs drive the sun element.
Torque from the sun is reacted by the planet gears against the stationary ring
element. The output shaft is attached to the planet carrier and rotates as
the planets are driven by the sun gear.

The planetary reduction can be bypassed by releasing the brake band and
applying the clutch. The output discs then drive the planet carrier directly
through the clutch.

The shift occurs as the toroidal cavity reaches the ratio extremes. During
acceleration, the planetary would be in reduction. When the toroid rollers
move to the maximum overdrive position, the shift would occur. Simultaneously,
the brake band would be released, the clutch would be activated, and the rollers
would be driven to a predetermined position to match the new overall transmission
ratio to the ratio prior to the shift.

Inverse Regenerated Drive

The inverse regenerated drive (fig. 7) Incorporates a single-stage fixed-
ratio planetary drive system and a variable toroidal roller section that pro-
vides the variable output speed and can provide a reverse function. The design
utilizes two toroid cavities, in parallel, with the Input discs and output discs
connected together. Power is transmitted to the input shatt, which drives the
input discs and the planetary ring element at a speed that is proportional to
the input speed. Torque from the ring is reacted by the planet gears and is
transferred to the sun gear. The planet carrier is attached to the output
shaft of the drive and transmits all of the output power. The sun gear operates
in a direction opposite to the ring and is feeding back power into the toroid
system by the reactive torque required to deliver power to the output shaft.

By modulating the speed of the sun gear through the toroidal system so that

the surface speed of the sun approaches that of the ring, the output shaft speed
will approach zero speed. Any surface speed of the sun that is higher than

the ring produces a reverse rotation of the output shaft. Variable speeds are
obtained by varying the angle of inclination of the toroid rollers in the toroid
cavity.

Regenerated Drive

The regenerated drive concept (fig. 8) Iis similar to the inverse regenera-
tiva concept described above. The sun gear speed in the regenerated drive Is
proportional to the Input speed. Output shaft speed is zero when the ring gear
sur“ace speed is equal to the sun gear surface speed. As the ring gear speed
is increased, the output shaft speed also increases.

16
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The principal difference between the regenerated drive and the inverse
regenerated drive is that the rotational speed of the reacting member (sun
gear) decreases as the output shuft speed increases for the inverse regenerated

drive and the rotational speed of the sun gear increases as the output shaft
speed increases for the regenerated drive.

19

R e R e

o

DA AA ) AT a



TRANSMISSION RATIO CONTROL

The combination of two power sources, namely the electric motc: and the
f1ywheel /CVT, in the same vehicle drive system requires control logic that will
sum the power sources to produce the desired driver command. The greatest
benefit to the propulsion system will occur when the electric motor power
demands are load-leveled, which results in a reduction in electric motor and
control ler sizes and an increase in the utilization of battery energy.

To provide the required control strategy, two control loops are needed.
One control loop is used to manage the flywheel energy leve! by comparing the
flywheel speed and the vehicle speed so that the flywheel energy can be main-
tained as desired for a given vehicle operating cycle. The flywheel speed
is held within prescribed limits by the addition of electric motor power or
the extraction of vehicle kinetic energy through the use of the motor as a
generator during portions of the vehicle operation such as hill descent. The
second control loop is used to change the CVT ratio so that combined flywheel
and electric motor power sources provide a vehicle output power as commanded by
the inputs from the accelerator and brake pedals. A schematic of the vehicle
control system is shown in figure 9.

Motor Control

The motor control is separate from the CVT contro! system. However, the
control function must be correlated with the flywheel/CVT control system as
described in the operation of the roller position control logic. The motor
control ler responds to the command to maintain flywheel! speed at the required
value, and it deas this by adjusting motor current to the required power level.
A current limit can be selected which provides sufficient power to maintain a
max imum steady-state driving condition, such as a hill climb at some prescribed
value of vehicle speed. In a typical dc mechanically commutated motor, the
current limit is established by an armature chopper when the motor is below
its base speed, or the speed where the motor back EMF is less than the supply
voltage. The current limit is established by field weakening when the motor
speed is above base speed. An attempt should be made to control the motor
operation in a range that results in the lowest level of source current that
produces maximum battery energy capability.

CVT Control

The CVT control of power flow into and out of the flywheel must provide
for the added power source supplied by the electric motor. Since this power
source s located between the CVT and the vehicle wheels, the CVT control will
be biased by the added power so that the CVT control reflects the net power
to satisfy the accelerator and brake pedal commands. The bias signal can be
proportional to the electric motor current.
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The CVT control is accomplished by a ratio change between the input and
output shafts to control the flow of power to and from the flywhee!l. The
ratio change is accomplished by applying a force to the power rollers so that
the rollers move to the rolling path that produces the commanded ratio change.
This is a force-feedback actuation system that is hydraulically powered with
pressure-balanced hydraulic actuators. A schematic of the CVT hydraulic con-
trol is shown in figure 10; a list of the contro! valves is given below.

nm

(2)

(3)

(4)

(5)

(6)

(7)

(8)
(9)

Forward, neutral, and reverse valve selects:
(a) Pump pFeSSure to Valve 2 for forward
(b) Both outputs to sump for neutral

(c) Pump pressure to Valve 3 for reverse

The flywhee! charge command valve is solenoid activated for flywheel
charging when the vehicle is stopped and in neutral.

The power command valve proportions roller position control pressures
to accelerator pedal position.

The flywheel charge control solenoid valve proportions the roller
position control pressures to charge the flywheel-solenoid. Force
and direction are controlled by f!ywheel speed control logic.

The roller position ratio limit valve reverses roller position con-
tro! pressures when roller tilt reaches maximum in either direction.

The maximum power 1imit valve limits the roller position control
system maximum pressure for maximum foad limit on the transmission.

The demand pressure valve sets pump discharge pressure to a fixed
amount over maximum contro! system pressure.

The maximum pressure valve limits system pressure.
The shuttlie valve selocts maximum control system pressure for pump

pressure control.

Flywheel Starting

To start or to charge the flywheel using the electric motor when the
vehicle is stopped is performed by an automatic sequence as a resu!t of turn-
ing on the ignition key:

(1)
(2)

22

The jaw clutch between the moto: and the vehicle is disengaged.

The CVT ratio is controllied towards overdrive so that fiywheel speed
can be increased with a motor speed that rapidly approaches base
spesed or above.



d14twayds J)|neapAy |044uU0D [AD--*0l 0anbi4

waIsSAs

1e20ry qn| o} ‘
- m ©

1032143159y -

w5}

It_.,._L
niw e~
B
o w\.*@
T
. ]
L pueq
1 9jycaq o)
M
\

'
|
‘
t
|

-4

N-
it
{epad.

403843 30%Y

II-V-JV\

23

A



TP S FMN Iy et . s o 5

(3) when the key is turned off, the jaw clutch is again disengaged, and
the CVT ratio is controlled towards overdrive so that the flywheel
can be restarted by the motor.

Alternate Control System

A simplified alternate vehicular drive train and control system is shown in
figure 11. This configuration has the electric motor connected directiy to th.
tiywheel with a fixed ratio speed increaser. The motor control becomes a func-
tion of flywheel speed. Motor efficiency can be maximized because the motor
operates within a 2:1 speed range (the same as the flywheel) rather than from
zero to 5000 rpm. All vehicle power goes through the CVT, which has direct
power control regardiess of whether the power comes from the flywheel or the
motor. Tha CVT hydraulic control schematic for this configuration is shown in
tigure 12.

The flywheel starting system is simplified since the CVT ratio can remain
in maximum reduction when the vehicle is stopped and the flywheel coasts down
below its normal operating range. Starting is provided by applyino power to
the electric motor, which speeds up and charges the flywhee'.

CVT Power Roller Actuation

With a toroidal type traction CVT, there have traditionally been two
different types of contro! systems used to position the power rollers--a posi-
tion control type and a load control type.

Position contrci system.--The position control system controls the drive
ratio by adjusting the actual geametric tilt ot the poxar rollers. This is
usual ly done by manipulating the roller rotational axis to cause the roller to
steer and roll to a new position.

As normally used a position control svstem is insensitive t¢ the power
carried by the drive and will not respond to changes in power levels. This
lack of feedback makes it very difficult to cause all the power rollers to
share the load equally, especially with a dual cavity drive configuration.
Each roller must be held in a true geometric position to within a very small
tolerance while the drive Is subjected to load and thermal stresses. Any
backlash, out-of~tolerance, misal ignment, etc., will allow the rollers to
vary from true position and induce roller-to-roller interaction and fighting.

Because of the insensitivity to drive loads, a position type system was

not judged acceptable for this CVT application, where a load responsive control
system is required.

24
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Load control system.--The load (torce-feedback power roller) control system
ideally tits load responsive control requirements ot an automotive applicaiinn,
With this system, the controls adjust the tangential forces carried by the power
roller, not the roller tilt., The system is shown schematically in figure 13.

The rotating input disc imparts a tangential force (a) on the power roller
causing it to rotate and impart an egual tangentiai force (d) on the output

disc. A reaction torce (b) is imparted on the power roller. The sum of forces
(a) and (b) is balanced by the force (c) from the hydraulic pressure in a support
cylinder. While these torces are in balance, the roller stays on the tangential
point ot roll on the fraction discs, and remains stable. When there is a dit-
terence between the sum of the tangential torces and the support force, the
roller moves to either lead or lag the tangent point, and generate a rofller
steering action, as shown in figure 14.

In figure 14 the rolling contact is shown at point (b). That contact rolls
on the traction disc along the circular pathway (a~b-c) as the disc rotates
about center C. The contact also rolls on the power roller, but in a straight
line reprosented by (d-b-e). As long as the contact remains at tangent point (b),
there is no vectcerial error between the roil paths on the disc and power roller.

Steering action occurs when the sum of the tangential forces is different
from the force from the hydrautic cylinder. Fig. 14 shows the rolling contact
between the input disc and the power roller. When the sum of the tangential
torces exceeds the hydraulic cylinder force, the roilling contact will move to
point (f) to lag the tangent peint. At point (f), the roller roll path (d-f-b)
has a vectorial difference from the new traction disc rol! path (shown dashed).
This vectorial error causes the power roller to roll down a spiral path, bring-
ing the contact inward towards the center C.

On the output disc, the same action occurs except that the direction of
the roll paths are reversed, and the contact point spirals outward away from
center C. Thus, when the sum ot the tangential forces exceeds the hydraulic
force, the contact on the input disc is steered towards the disc center while
the contact on the output disc is steered away from the center; the power rol-
ler then moves toward reduction. The opposite action occurs when the sum of
the tangential forces is less than the hydrautic force, and the roller moves
towards speed-up.

tach power roller is theretore controlled independently by its own hydrau-
lic cylinder. With all the cylinders connected in parallei, all the rollers
must find a roll path where they will have equal tangential forces and thus
equal loads. 1f one reller is moved slightly towards speed-up in relation to
the others, it will have higher tangential forces (by carrying more than its
share of the load) and will undergo the move towards reduction as described
above. The load sharing between roilers is as accurate as the force of the
separate hydraulic cylinders. No other critical parts or dimensions are involved.

By controlling the hydraulic pressure in the cylinders, the vehicle con-
trol system commands the tangential forces on the power rollers and, there-
tore, the power transmitted by the CVT. The specific ratio of the CVT is not
controiled and will assume any value required between the flywheel and vehicle
speeds. The CVT can transmit power to and from the flywheel as commanded by

27
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increasing, decreasing, or reversing these hydraulic pressures. When the
hydraul ic pressures are set equal (or both to zero), the rollers will not carry
a load and will find a roll path where no load is transmitted. That path will
be at the exact CVT ratio of the flywheel speed to the vehicle drive shaft
speed. Any variation from inis ratio will produce positive or negative tan-
gential forces. Whea tne vehicle is stopped, the CVT ratio will be at zero
output speed.

To contro! the rate at which the roller tilts or changes ratio, the
hydraul ic cy!linder must be connected to the roller assembly in such a way that
there is a stroke or displacement of oil as a function of the tilt. The flow
rate of the oil entering &ind leaving *he cylinder is restricted by orifices.

In the ortimized design configuration, the hydraulic cylinder is split in
half with each half pushing on one end of the roller carrier or trunion. uUue
end of the frunion has an integral cam surface. The pis*to~ ~r that end pushes
against these cam surfaces through a pair of cam followers. The trunion rotates
as the roller tilts within the toroidal cavity, and the piston is forced to
move up or down the cam ramps.

This configuration has been built and tested on numerous drive config-
urations and will have no difficulty in meeting the specified requirement of
running from maximum ratio to minimum ratio in 2 s. As designed, a sustained .
displacement of less than 0.05 mm (0.002 in.) from the true tangent point of ;
roll will produce this rate of ratio change. :
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TRACTION DRIVE DESCRIPTION

Operation

This section describes the basic principle behird the operation of a
traction drive and defines some of the important parameters used in the
analysis of the traction contact between two rolling surfaces.

In a traction dr.iive, torque is transmitted across two smooth rolling
sur faces, not by metal-to-metal contact, but by the resistance to shearing
of a fluid pad separating the two surfaces.

A simplified sketch showing the basic principle of traction drives is
shown in figure 15. The rotation of the driving member causes shearing in the
traction fluid between the two surfaces. This creates a tangential force that
drives the driven member. The amount of shearing in the traction fluid is a
function of the normal force (Fy) and the fluid traction coefficient (u) which
is defined as:

we T (D
FN
therefore,
Fr = ufy (1a)

The fluid film between the rolling surfaces resists shear and minimizes
slippage while operating in the elastohydrodynamic region of lubrication. The
fluid actually becomes 2 semi-solid under the high momentary contact pressure
in a fraction drive.

The fixed ratio arrangement shown in figure 15 is representative of a
simple single stage speed reducer, and the power (kW) transmitted can be
expressed as:

2R 4N F N

Pout = "Pin = — 33 000 X 0746 ()

where

3
n

efficiency

Ry = radius of input disc, m (ft)

z
"

speed of input 2isc, rpm

Fy = normal forces, kg (Ib)

=
"

traction coefficient
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Figure 15.--Basic principle of traction drives.

A variable ratio traction drive arrangement would use a toroidal cavity
formed by separate input and output discs on a common center and a number of
traction rollers positioned equidistant around the center of the toroidal
cavity (fig. 16). The effective speed ratio ecross the toroidal cavity would
be the ratio of the input and output radii:

Ratio = Rer (3)
atio = R~
For highest drive efficiency, the normal forces between the discs and the
rollers need to be varied in accordance with varying torque and ratio condi-
tions. An Initial preload force Is applied by springs to prevent any initial
slip between the discs and rollers during startup. Upon rotation and torque
application, load cams attached to the output shaft increase the preload

between the rol!lers and discs.

The rollers are steered to change ratio and are held in position by meu s
of hydraulic contro! pistons. The hydraulic force balances the tangential forces
on the rollers. When a new ratio position is desired, hydraulic pressure Is
changed in the control pistons causing the rollers to move from the tangent
position of roll to a new position where the forces are again balanced. There
the rollers again return to the tangent point of roll. Parallel hydraulic
connections between the roller control cylinders enable all rollers to share
the same loads (in each cavity) so that all rollers are equally loaded.
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D = Toroidal pitch diameter
C = Toroidal cavity diameter

R = Power roller contact radius, transverse to
rolling direction

Rc = Contact rolling radius; i = input; o = output
Aspect ratio = C/D
Conformity = 2 R/C

Drive ratio, input speed/output speed = R. /R

Co’ Ci

Figure 16.--CVT torold cavity arrangement.



In the toroidal cavity design concept (fig. 16) the axial thrust force
created by the load cam is balanced through the tension shaft connecting the
discs. This results in the elimination of axial bearing loads and minimizes
the reaction forces in the housing.

Traction Characteristics

Many factors influence the traction phenomenon within the fluid pad sep~-
arating the two traction surfaces. Several of these factors are defined below.

Contact arca.--When two elements such as a sphere and a plate (fig. 17)
are held together by a force normal to the plane of contact, an area develops
because the pressure deforms both the sphere and the plate. This fiattening
is a function of the modulus of elasticity of the materials, the normal or
contact force, and the curvature of the sphere and plate. The contact area
is a circle or an ellipse depending on the geometry of the two bodies in con-
tact. The contact area dimensions are found using the general case of two
bodies in contact, reference 1, which is presented in detail in Appendix A.

Axial force.--The axial force is the force on the toroid discs parallel
to the centerline of the toroid. As mentioned above, the axial force is varied
by the use of a load cam mechanism attached to the output disc. Therefore,
the axial force is proportional to the torque on the output disc and the load-
ing cam lead:

Fax = 4 “TLNROLL +F, (4)
where
T = torque
NroLL = number of rollers
L = cam lead
Fi = preload

Normal force.—The force normal to the plane of contact between the disc
and roller is the contact force, as shown in figure 18. The contact force is
a function of the axlal force, roller position, and number of rollers:

- Fax (5)
N cos (a) NROLL
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where

FAX = axial force
a = angular position of the roller with respect to the horizontal
NroLL = number of rollers

Hertzian pressure.~~The Hertzian pressure is the compressive stress at any
point in tha contact area. The Hertzian pressure is assumed to have a parabolic
distribution over the contact area, with the maximum Hertz pressure being at
the center of the contact area and going to zero at the edge of the contact area
(fig. 19). The Hertz pressure distribution is defined as (ref. 2):

o= FN [1 - (5)2 _ (1)2 1/2 (6)
2nab a b ]
where
Fy = normal force
a = half the major axis
b = half the minor axis
x and y = point coordinates

Film thickness.—~When a fluld is present between the two surfaces, they
are separated by a pad of fluid, as shown in figura 20. The thickness of this
fiuid pad is a function of the fluid viscosity, contact force, contact area,
equivalent diameter of roliing, and the rolling speed of the contact. The
equivalent diameter of rolling is the spherical diameter that will yield the
same contact area; this is used for comparative purposes when the actual con-
tact area Is an ellipse. The fiim thickness is (ref. 3):

.6 .03 o7 '43 FN ‘o'3 (7)
tFym = 1.6 E vy Dr \/LTAJ

viscosity pressure component

where a

m
"

mater ial modulus of elasticity

<
[ ]

flul“ viscosity

<
[ ]

rolling speed, m/s (ft/s)

equivalent diameter of rolling

3

Fy = normal force

major diameter of contact area

£

L
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Tangential force.--This is the power carrying force altong the plane of
the traction contact; the force that transmits torque from one traction part
to another part (see fig. 18). The tangential force is transmitted between
the traction parts through the resistance to shear of the fluid within the
tracticn contact,

TF - T (8)
Re NroLL
where
T = the torque on the disc
Rc = the contact radius

NroLL = number of rollers

Traction coefficient.--The traction coefficient is defined as the ratio
ot the tangential force tc the contact force. 1t is a measure of the ability
of the fluid to sustain shear.

Spin.-=!n a traction drive, the roller rolls on the disc in @ curved
path; therefore, for an elliptical contact aree oriented with its major axis
perperdicular to the direction of roll, the outer edge must traverse a larger
distance than tte inner edge as it rolls over this curved path (fig. 21).
This rotation, superimposed on the roliing contact due to a curved roll path,
is called spin. The rotation is about an axis normal to the contact plane.

Creep.-~Crcep is defined a5 the motion of one traction surface relative
to the other traction surface due to the shearing in the traction fiuid. In
a traction drive, a torque is transmitted to the roller through the fluid
tilme As the disc rotates, shearing occurs in the traction fluid, resulting
in the disc moving a greater distance than the roiler (fig. 22). The differ-
ence in relative motion is called creep:

C_ = IROLL (9)
R 927V
where
TroLL = the shear rate in the direction of roll

v

rolling speed

It is often more convenient to express creep as a percentage. |t can then
be related to most other contact parameters:

Percent Cp = 100 CR (92)

39
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Traction drive life.--The life analysis is performed on the toroidal cavity
traction components, the discs and roliers. The analysis uses the standard
Lundberg-Palmgren theory for fatigue failure of two bodies in contact (ref. 4).

The total traction drive life is given by the following equations:

(-1/3)
B

(10)

_]O/g -0.9
(BANK))

L1o =[<L1o’i"°/9 *+ (L1g)o
where

Ligis L1go @re the Ljg fatigue lives of the rolling contacts subjected to a normal
load Q. This may be estimated by:

3
(L1g)k =(§S) (1)

where

and
i refers to the input contact and o the output contact
The basic dynamic capacity (Q.) for each of the traction drive contacts is
defined as the contact load that the contact can endure for one million revolu-
tions with a survival probability of 90 percent. According to reference 4 the
basic dynamic capacity for a rolling element contact can be written as
Qc = A] o Dl-4** (12)

where

(13)

3.1, 0.4 2.8(p#)3+5,p 03
¢=(Ti) (cj' (a*)2+8(b*) 10) 173

T/ \%) oze®!  \d

(Symbol definitions are presented at the end of this subsection.)

Power input disc and roller Contact: Let the contact point be defined by
rj as shown in figure 23. The curvature sum of the surfaces at the input
contact is

1 1 sin (a) !
Zpl ==t - ————— - (14)
re Tr ri e

1 sin (a)
l—-+
rr ri

(**For D<! in., the exponent 1.8 Is recommended.)
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and the ratio of the curvature difference to the curvature sum is

(1_ - 1;j + (sin (@) 4+ 1;) (15)
F(p) ; =\r- r ri r

=
M) Qi
The angle a can be determined when the contact between the roller and the
power output disc, defined by the radius rg, is known. Let ro/ri = n. One
obtains from figure 23
-1 rn-Nr;
a = sin —_— (16)
2re
With F(p) calculated, a* and b* in eq. (13) can be obtained from ref. 4.
B = V42 -2t - 1) (17)
a*
And £ and T are:
A !
(t +1) Vf?f -1 (18)
= 2t -1
2¥(f + 1) (ref. 4) (19)

Roller

Power input disc Power output disc
AN

Figure 23.-=Roller geametry.

o~y

caae

P
Py
v



TERIL WomSprmre s, e,

special case of a circular contact, i.e., b*/a* = 1, one obtains

For the
&1 = 0.3509
and
Ty = 0.2139

The roller diameter at the contact is

D= 2r¢
and the raceway diameter of the input cisc is

d=2ri
When the disc is rotating, a point on its contact track line is alternately
stressed and unstressed twice per revofution. The number of stress cycles per
revolution of the input disc is therefore

u =2
Power output disc and roller contact: The output contact point as shown
in figure 23 is defined by ry, which is related to r; by

rg =rj + 2rc sina (20)
The curvature sum of the surfaces at the output contact is
:QO__I__+_]__- sin (o) _ 1 2n
=1 _ sin (a)
and
-1 4 osinfa) 4 1 :
F(p) = e e o e (22)
° Log
The raceway diameter of the output disc is
d = 2ry
44
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When the input disc revolves one revoiution, the number of stress cycles
onn the output disc is

us=2rg (23)
o

Ay and B in equations (10) and (12) are constants.

For bearings fabricated on 52100 steel, through-hardened to Rockwell
C = 61.7 to 64.5, test data of Lundberg et al. (refs. 2 and 4) indicate
Ay = A/0.0706 with A = 7450 in inch-pound units, i.e., A} = 105, 524.

B is a life adjustment factor (ref. 5). |t includes adjustment factors for
material, processing, lubrication, speed effects, and misalignment. The expected
traction drive life equals the rated Lig life times this life adjustment factor.

B =5 in this analysis.

I+ may be noted that the Lundberg-Palmgren theory assumes that the risks
of fatigue failure of the bodies in contact are both equally great. Because
the contact track line on the rollers is constant, while on the raceways of
the discs it varies with the angle a, it is likely that roller failure may be
more frequent than disc failures. The Lo life predicted by equation (10) is
therefore conservative if all parameters are accurately estimated.

Nomenclature:
Ay material constant for the basic dynamic capacity

a*, b* coefficients for determination of the major anu minor semi-axes of the
pressure ellipse

8 life adjustment factor

BANK number of toroidal cavities in parallel

d raceway diam

D rolling element diam

L fatigue life in millions of revolutions

Q¢ basic dynamic capacity

Q constant load

re radius of cavity

Fr radius of roller crown

T ratio of max. shear stress amplitude to max. Hertz stress
u " number of stress cycles per revolution of driving unit
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e curvature

4 ratio ~f depth where max. shear stress amplitude occurs to semi-minor
axis of contact ellipse

Subscripts:
i input disc
o output disc
r roller
i
46
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TASK 1, CONFIGURATION ANALYS!IS AND SELECTION

CVT design configuration analysis, selection, and optimization were divided
into four steps. Each step was directed towards optimizing one aspect of the
CVT design.

The first step consisted of performing a parametric study wherein changes
in preselected CVT performance parameters were observed with respect to varia-
tions in the toroid and roller geometry. The purpose of this parametric study
was to establish the cptimal toroid geometry.

Having established the toroid geometry, the second step of *he analysis,
selection of the optimal CVT design configuration, was begun. The final CVT
design configuration was selected from the five candidates based on the ranked
design criteria presented in the statement of work. In order of their overall
importance they are: efficiency, cost, size and weight, reliability, noise,
controls, and maintainability.

The third step consisted of optimizing the final CVT design configuration.

A fourth and final step consisted of studying the transient load and
motion characteristics of the CVT roller control system. To perform this
study, an analog computer simulation was generated from a math mode! describing
a vehicle containing a CVT.

Computer Simulation

A digital computer simulation was developed from an existing AiResearch
program, and the program output data were used in the decision making process
of esach of the steps outlined above. The purpose of the computer simulation
was to mode! each CVT design configuration and evaluate the traction contact
and overall CVT performance under various operating conditions,

Because of the complex interrelationship between the traction contact para-
meters, creating an analytical mode! of the traction contact was difficult. The
traction coefficient is affected by several contact parameters, including spin,
temperature, creep, rolling speed, Hertz pressure, film thickness, the curva-
tures of the two elements, and the surface finish of the elements. Similarly,
creep and spin are afftected by some, or all, of the parameters mentioned above.
The digltal computer program was written to include both empirical data and
analytical expressions.

The simulation uses analytical methods to determine the speeds and loads
through the CVT and empirical data to evaluate the traction contact for the given
operating conditions. |t Is constructed to be flexible using a modular form. The
tiuid properties and empirical data are input as dats maps that can be modified
as additional data become available. Independent subroutines are used to inter-
polste within the data maps. A mathematical mode! of each CVT design configura-
tion Is included In the program and uses standardized variable names. Any con-
figuration can be selected for evaluation by setting an indicator flag.
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Logic diagrams of the computer program and contact analysis subroutine are
presented in figures 24 and 25, respectively.

Cata inputs to the program are made through data cards and Include the
following:

(1) Speed and power into the CVT
(2) Output torque and power limits
(3) Toroid and rolier dimensions
(4) CVT configuration, including
(a) Number of toroid cavities
«b) Number of rollers per cavity
(5) Ratios of additional gear sets, including the planetary gear ratio
(6) Finite toroid cavity speed ratios, up to eight possible
A tirst approximation is performed in which the initial gearing and bearing,
traction contact, and oil pump losses are each estimated to be 2 percent of
the input power. The program then proceeds through each ratio of the CVT and
calculates the input and output speeds and torques, subtracting the losses as
applicable. The final output power and toryue are compared to the maximum

allowable values specified in the input and set equal to the maximum values
if they exceed the maximum value.

The contact and tangential forces are calculated using the axial force
on the discs, the torque and the roller geometry. The traction coefficient

is tound by:
we FT (24)
FN

The contact area is calculated using the general formula for two bodies In
contact (Appendix A), and the mean Hertz pressure Iis calculated by dividing the
contact force by the contact area.

The average spin Is calculated using the roller geometry and speeds.

48

. - v I - o - . T——

fg T



Select
configuration

Estimate input,
output, and roller

bearing losses ®Speed

®Horsepower
®Toroid and cavity

Inputs:

'y If > allowable,
set torque and
power to max.

dimensions

Calculate power eConfiguration:

P LU

and torque
through drive

y

Compare output
torque and power
to mex. allowable

allowable

oNumber of banks
O®Number of rollers

4

Calculate contact
area and Hertz

If< allowable pressure
continue ‘
Calculat:rroller Caleulate
geometry spin

\ 4

Calculatetangential,
axial and contact

4

Calculate gearing
and bearing

L

oGear ratios

forces losses
‘ 3 Contact
traction Call analysis
coefficient su::Z:;Ine Film
thickness
Calculate - 1
contact aread Calcul
dimens ions .d:?v:te
efficiency
N ]
N Calculate
Return, do analytical loop twice drive
life saT2
Figure 24 .~~Computer program.
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The final gearing and bearing lotses are calculated using the loads,
speed, and sizes of the elements.

The traction contact losses are calculated, and the program repeats the
analysis using the actual loss values. To determine the contact loss, the tctal
percent creep must be found. The total percent creep is the sum of the percent
creep due to spin and the percent creep due to the tangential force.

Percent creep is also a function of the traction coefficient, Hertz pressure,
and spin as well as other variables. The procedure used tc calculate the trac-
tion loss is described below.

Research ha. been done using traction machines to determine the traction
coefticient characteristics with respect to percent creep. The procedure is to
set a Hertz pressure and percent creep and then find the traction coefficient.
A typical family of traction coefficient vs percent creep curves for various
Hertz pressures is shown in figure 26. As used in the program, these curves
are normalized to unity and then multiplied by other correction tactors.

Research has been done establishing the interrelationship between the Hertz
pressure, rolling speed, and spin. The results ot this research are shown in
tigures 27, 28, and 29. Using the average Hertz pressure, the Hertz pressure
factor is tound by interpolating in figure 27. Similarly, the rolling soeed and
spin correction factors can be found by interpolating in figures 28 and 29, res-
spectively. The traction coefficient versus percent creep curves are then mod-
ified for the actual operating conditions by multiplying them by these correction
factors and a special factor for the specific fluid to be used.

To evaluate the centact loss, the contact area Is subdivided into 450
sutdivisions of equal size. The total creep, traction <:-~tficient, and contact
and tangential torces are calculatod for each area an¢ ~':mmed.

The actua! Hertz pressure for the area being evaluated is calculated based
upon the actua! pressure distribution presented above and is assumed to be con-
stant over the elemental area.

Given the Hertz pressure and the average traction coefficient needed to
transmit the torque under the given operating conditions, the percent creep
due to the tangential shearing can be tound by interpolation (fig. 26). The
creep due to spin Is calculated directly, and the two are added vectorially.
Having found the total percent creep, the program then returns to the parame-
ters shown in figure 26, using the percent creep and Hertz pressure and finds,
by interpolation, the actual traction coefticient. If this total value is less
than that needed, the drive will not transmit the torque but will slip.

The elemental tangential and contact forces are caiculated using the elem-
ental traction coefficient. The targential torce, contact force, and percent
creep are surmed for all the elements. The elemental losses are calculated by
multiplying the total shear rate by the elemental tangential force. The total
contact loss is the sum of the elementa! losses times the power through the
torolid.
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Figure 29.--Spin correction curves, Py = mean Hertz pressure
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Analysis Step 1, Parametric Study

The parametric study was the first step toward selecting a CVT configuration.
The purpose of the study was io defermine the effect perturbations in certain
CVT parameters have on the overall toroidal cavity performance. The ratio of
the cavity diameter to the toroid diameter (aspect ratin) (refer to fig. 16),
the physical size, the ratio of the roller transverse diameter to the cavity
diameter (conformity), the velocity of the contact, and the type of traction
fluid were all varied independently according to predetermined ranges (ftable 1).

The CVT configuration used in the parametric study was a simple, single-
toroid cavity design with a reduction gearset at the input and output ends of
the toroid cavity, as shown in figure 30. The gearsets were included so that the
contact velocity could be varied.

Only those parameters listed above were changed. All other operating para-
meters were held constant during each computer modeling run. The runs were
made under the following operating conditions: input speed, 2! 000 rpm; power,
16 kw (22 hp); and CVT ratio, 0.35:1. Each run consisted of '"operating" the
CVT at 6 discrete ratios that spanned the toroid cavity ratio range. The data
from these runs were plotted and studied. The plots are presented in Appendix
B, and the trends observed resulTring from the study are presented in table 2.

The objective of this study was to select a CVT cavity configuration that
would have high efficiency, low Hertz pressure, low to moderate energy dissipa-
tion through the traction contact, and be as smali as possible. Based on the
observed trends, to achieve the nighest efficiency and the lowest Hertz pressure
and energy dissipation, the CVT should be as large as possible and turn as fast
as possible.

Therefore, size became an important selection criteria. With this in mind,
the data were evaluated to establish the performance benefit that results from
stepped increases in the toroid size. The nominal toroid diameter was selected
as 112 mm (4.4 in.). This diameter selection was based on research conducted
by Milton Scheiter at General Moiurs in 1957, where he chose a 112-mm (4.4-in.)
toroid diameter for his research design of a toroidal traction drive of up to
75 kW (100 hp) and 244 N-m (180 1b=-ft) ot torque for automobile service. A
10-percent step in the toroid diameter was selected, yielding the 100~-mm (3.96~
ind), 112-mm (4,4-in.), and 123~mm (4.84~in.) diameters evaluated. Tha aspect
ratio range and conformity range were determined ir a similar fashion.

The first task, after the computer runs were made and the data were
recorded, was to compare the performance for the three toroid sizes and select
. ' one for the design configuration comparison. The comparison was performed at
H one drive ratio. The drive ratio of 0.35:1 was selected after reviewing a tab-
ulation of the percent change in performance at each of the different ratios
when going between two toroid diameters (Appendix B). The largest changes in
g efficiency and energy dissipation occured at this ratio; therefore, small
ﬁ changes in performance would be easily observed.
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TABLE 1.--GEOMETRY SUMMARY

DTOR = 0.10 m |

(3.96 in.

[DTOR = 0.11 m
| (4.4 in.)7
L

DTOR = 0.12 m
(4.84in.) |

DCAV

DTOR

DCAV
DTOR

| DCAV
~ DTOR

= 0.8—

- 0.9—

= 1.0—

CONF - 0.5
CONF - 0.6
CONF = 0.7

CONF = 0.5
CONF = 0.6
CONF = 0.7

CONF = 0.5
CONF - 0.6
CONF = 0.7

CONF = 0.5
CONF = 0.6
CONF = 0.7

CONF O 5

CONF 0 0.7

CONF = 0.5
CONF = 0.6
CONF = 0.7

CONF = 0.5
CONF = 0.6
CONF = 0.7

CONF = 0.5
CONF = 0.6
CONF = 0.7

CONF = 0.5
CONF = 0.6
CONF = 0.7  s4e

Selected
geometry
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TABLE 2.--PARAMETRIC STUDY TRENDS

input conditions:
Flywheel input speed, 21 000 rpm
Flywheel input power, 16 kW (22 hp)

Input disc Output disc energy

Parameter Efficiency Hertz dissipation intensity,
pressure W/mm

Aspect ratio Decreases Decreases Decreases slowly

(0.6 to 1.0)

Physical size Increases Decreases Decreases

(torocid diam

106 mm to 123 mm)

Conformity Decreases Decreases Almost constant

(C.5 to C.7)
Increases at mid-

Input disc speed Increases Decreases speed ranges, same
(300G to 6C00) at extremes
Traction coefficient Decreases at NeA. Increases at low
(Mobile €2, low speeds speeds

Santotrac 30, Increases at Decreases at high
Santotrac 50) high speeds speeds

Having selected the drive ratio, the data were plotted for each aspect
ratio, comparing the performance for each size. These plots, shown in figures
31, 32, and 33, were used in selecting a toroid diameter of 112 m (4.4 in.).

A 100 mm (3.96-in.) toroid diameter was found to have high energy dissi-
pation irrespective of the aspect ratio and high Hertz pressure. The energy
dissipation ranged from 64.4 to 78.4 w/mmZ for a moderate power level of 16 kW
(22 hp)e.

A 122-mm (4.4-in.) toroid diameter was determined to be the optimum size
and was selected over one of 123 mm (4.84 in.) because the increased size would
result in only a 1-percent increase in efficiency, whereas the weight penalty
would be significant. The disc weight is proportional to the toroid diameter
to the cubic power. In addition, the weight of other ancillary parts would
increase as they were made larger, inciuding the housing, in both length and
girth, and the rollers and roller mounting structure. This weight increase
would result in a proportional cost Increase.

The energy dissipation trends shown in figure 32 indicate a significant

reduction as the torcid dlame?er Is Increased; however, the energy dissipation
value of approximately 52 W/mmZ for the llz-mm (4. 4-ln.) toroid diameter Is
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believed to be satisfactory for the cavity desiin, and a further reduction
associated with the 123-mm (4.84-in.) toroid diameter is not required,.

Similarly, the mean Hertz pressures for the 112-mm (4.4-1n,) toroid diameter
are within the operating stress levels of the contact surfaces. An increase in
toroid diameter Joes not result in a significant decrease in mean Hertz pressure
and is therefore not required.

The aspect ratio and conformity were selected atter evaluating plots of
the performance data for the 122-mm (4.4-in.) toroid Jiameter at the various
aspect ratios ard conformities (fig. 34). An aspect ratio of 0.9:1 was selected.

The 0.9:1 aspect ratio was selected over an Q.8:1 ratio because it presented
a 7.6-to 9.3-percent decrease in Hertz pressure and up to a 10-percent decrense
in energy dissipation with less than a 1-percent drop in efficiency, The 0.59°1
ratio was also selected over a 1.0:1 ratio because the weight consideration
became significant. Again, the Hertz pressure dropped to 5.6 x108 N/m¢ (82 000
Ppsi) with an aspect ratio ot 1.0:1.

A conformity of 0.6 was selected. Its energy dissipation was the lowest
ot any of the conformities, and the Hertz pressure range was also the lowest
while staying above 6.9 x108 N/mZ (100 000 psi). A comparison of the Hertz
pressure range for each conformity is shown in table 3.

TABLE 3.-- HERTZ PRESSURE COMPARISON

Toroid ciameter: 112 rm (4.4 in.)
Aspect ratic: C.9:1
Centormity Mean Hertz pressure range,
N/mé (psi)
0.5 1.96 x109 to £.15 x10% (284 403 to 118 287)
.6 1.74 x109 to 7.14 x108 (253 €97 to 102 €21)
0.7 1.54 x10° to €.14 x108 (224 006 to 89 151)
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A toroid diameter of 112 mm (4.4 in.), a cavity diameter of 100 mm (3.96
in.), an aspect ratic of 0.9:1, and a conformity of 0.6 were selected as the
toroid geometry for the CVT design configuration comparison.

Anal'sis Step 2, Configuration Selecticn

The selection of The final CVT configuration was made aftter evaluating and
camparing the five candidate contigurations. In each case tha toroid cavity
geometry conformed to that selected in the parametric study: an aspect ratio
of 0.9 and conformity cf 0.6.

The first step in the selection process was to determine whether each
design configuration could meet the design requirements. This consisted of
evaiuating each design configuration with regards to meeting the power, speed,
and ratio requirements. A design configuration was e!iminated from further
consideration if it was too large, demonstrated low operationa! efficiency,
or could not meet the design requirements without an advance in the state of
the art.

The second step was to analyze the remaining design configurations by use
of the ccmputer simulation. The final design selection was made based on a
review of the tive CVT configurations and by an examination of the computer simul-
ation performance data., The regenerated, dual cavity, full toroidal design was
selected over the other four contiqurations. The selected design is capable of
meeting the program goals and specifications without an advance in the state of
the art. The selected design provides an infinitely variable transmission rati-
range without the use of a slipping clutch. In addition, the balanced load, du.:
cavity toroid CVT has better performance than the alternate approaches provide.

Each of the design configurations is discussed below.

Baseline confiquration.--A single cavity full teroidal traction CVT with
traction differential planetary output section in ioad balance (Baseline drive,
tig. 4) was the baseline design for the CVT study.

Detailed analysis of the baseline design revealed large d' fferences in the
axial load capabilities betwean the two traction sections. As a result, the
Hertzian pressure forces on the variable ratio section and the regenerative
section (planetary ditferential) were difficult to balznce simultaneous!y.
Because the planetary differential was used to force balance the toroidal sec-
tion, it was subjected to identical axial loads. Also, because the ring-to-
sun ratio was selected to meet the specified output speed rejuirement, there
was littie tiexibility Iin selecting the contact angle of the planets or the
number of planets. Analysis of the gyroscopic forces developed when running
the differential planetary carrier with the planet axis nonparallel to the
carrier rotational axis, showed that decreasing the planet contact angle to
reduce the contact load increases the gyroscopic unbalance to an unacceptable
value. For use with lower output speeds, a reasonable engineering compromise
may be made and a servicable drive designed.

Regenerated, dual-cavity configuration.--A regenerated, dusli-cavity, full
toroidal CVT (fig. 8) was the secon? design approach that was examined. To
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meet the specified output speed requirerents, a geared planetary differential
was used on the output of the CVT. Through the selection of an input speed
reducer of 3:1, the flywheel speed was reduced to optimum CVT operating specis.

Power is transferred from the center output section of the CVT, to the
ring of the planetary gear differential through a jackshaft with a 1.85:1
reduction ratio. The ring-to-sun ratio of the differential is 4.5. This pro-
vides a transmission output speed range from zero to 5000 rpm with an input
speed range from 28 000 to 14 000 rpm.

In practice, the output speed was actually designed to go slightly
negative. This allows the load type control system the capability of unloading
the CVT frcm excessive torques when operating in the fully regenerated condi-
tion (zero output speed). To provide further protection, a torque limiter
clutch was incorporated in the regenerated power Inop.

Because of the recycled power within the CVT when operating at reduced
output speeds, the CVT losses are Increasad and the efficiency decreased over
a straight nonregenerated CVT.

Shifted, duai-cavity confiquration.--A nonregenerated configuration was
also analyzed. The design inc!uded a dual-cavity, full toroidal CVT incorporat-
ing one or more shifts to provide maximum efficiency (fig. 6). Without regener-
ation, the CVT did not have internal recycled power. |t could be somewhat
smaller, and operate with lass losses; however, the CVT output specd could not
go to zero. A slipping clutch was judged capable of providing acceptably smooth
startup and adequately low creep speed for stop and qgo tratfic, if the minimum
CVT output speed was kept balow 200 rpm. Because the flywheel power source had
a 2:1 speed reduction whiie the vehicle speed was increasing, the CVT had to
have a ratio range of 50:1 to provide a 200 rpm minimum output speed.

The full cavity toroidal CVT has a maximum usable ratio range of about 8:1
(2.8:1 to 0.35:1). Thus, a single-shift step ot 6.25:1 or double-shift steps
of 2.5:1 each, are raquired. The double-shift design was judged to be overly
camplex and was not pursued. The single~-shift configuration shift step was
analyzed and is very promising for an advanced design CVT.

A detailed examination of the shiftting process ~evealed that the reduction
lock-out clutch must be modulated to smoothly hold driveline torque while the
CVT ratio was adjusted for syncronization. A review of the available technology
indicated that such a controlled shift with a modulated .luich was beyond the
current state of the art. General Motors was successful with & maximum shitt
of 1.8:1 using electronic controls. The same shift using hvdraulic controls
was not acceptable. With the rapidly p-or.-assing state of the art in electronic
controls, a shift step of 2:1 could probe.’' - Mo used and a development program
could produce the technology for a 7:1 :..:%1. Such an effort is viewed as a
required technological advancement.

Series, dusl-cavity configuration.—A serics or tandem design configuration
consisting of dusl forolidal cavities In series (fig. 5) was analyzed. The pre-
liminary analysis showed this design configuration to require a large secondary
toroid disc and complex rol'!er control system. The second toroidal drive would
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have to be designed to handle all torque and speed multiplication from the front
drive, resulting in an excessively large foroid size. In addition, the fwo
toroid drives would require different loading forces as they moved to various
ratios ¢ 2ating a force balancing problem similar to that described for the
baseline Irive. The roller confrol system would be much more complex than for
the other design configurations because both rollers would need to be controlled
independently. A logic system would have to be included in the controlier to
determine which drive was adjusted in response to a change in operating condi-
tions. Based on these considerations the cseries or tandem design configuration
was dropped from further consideration.

Inverse-regenerated dual cavity confiquration.--An inverse-regenerated
design configuration (fig. 7) was analyzed as a possible alternative to the
straight regenerated configuration. In this configuration, the input shatt
drives the ring gear of the epicyclic gearset while the output from the vari-
able ratio toroidal drive drives fthe sun gear. The planet carrier is the
transmission output.

Gl o

Unlike the regenerated transmission, minimum output speed (zero) is
obtained when the variable ratio toroidal drive is in a maximum speed-up
ratio. The pitch line velocity of the sun gear is equal to the pitch line
velocity of the ring gear.

Maximum recycled power occurs when the toroidal drive is running at
maximum speed. This increases losses and reduces the life rating for both
the traction drive components and support bearings.

The inverse-regenerated configuration was reje:ted, the-efore, because
it demonstrates poorer efficiencv and reduced life rating at maximum operating i
speed. ’

Analysis Step 3, Design Optimization

The purpose of the CVT design optimization was to obtain the smallest,
lightest, lowest in cost, and most reliable design within the selected design
configuration constrain’s. The optimization procedure consisted of performing
stress, weight, reliability, and maintainability analyses fo select the size.
materials, and design details that would achieve the optimal CVT design. The
results of these analyses are presented below. The preliminary design layout of
the optimized regenerative CVT design configuration is presented in Appendix D.

Ve e -

Stress analysis.--The stress analysis was directed toward three critical 3
areas of the CVI: the Hertz stress on the disc and roller, the Hertz stress .
on the gears, and the critical speed of the main shatft. i

The critical speed analysis was performed using a lumped parameter, ;
transfer matrix, computer program that included the effects of shear deforma- '
tion, rotary and polar inertia, ard bearing support stiffness and dampening .
characteristics. The input and out>jut bearing spring rates were assumed to te
2.4 x 109 N/ (350 000 Ib/in.) and 3.1 x 109 N/m (450 000 Ib/in.), respectively.

The input planetary ring gear and both input disc masses were included in the

anzlysise
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The program calculated the critical speeds and critical speed mode shape.
The first critical speed (bending mode) of the CVT main shaft system occurred
at 19 690 rpm. This critical speed was 2!1 percent of the maximum operating
speed of 9333 rpm and provided a more than adequate critical speed margin. The
tirst critical speed mode shape is shown in figure 35.

Because the transmission jack shaft was about the same diameter as, and
shorter than, the main shaft, its critical speed was higher than that of the
main shaft. The maximum operating speed was 7150 rpm; therefore, the critical
speed margin of the transmission jack shaft was even higher than for the main

shatt.

A summary of the mean Hertz stresses on the roller and disc over the
entire operating range is shown in table 4. These stresses were calculated
as described in the CVT simulation subsection.

The mean Hertz stress in the discs and roller range from 22.4 x 108 N/m?2
(324 ksi) to 6.2 x 108 N/mZ (89 ksi) over the entire operating envelope that
is from 7.5 to 75 kW (10 to 100 hp) and 14 000 to 28 000 rpm. The lower Hertz
stress level is slightly below the 6.89 x 108 N/mZ (100 ksi) minimum design
quideline selected during the preliminary design phase; however, because this
low stress cccurs only at the low power levels, the potential for skidding is

small.

These preliminary stress analyses show that the CVT design is acceptable
for the srecitied operating conditionse.

The gear train was analyzed using the AiResearch general gear frain
analysis program. This program performs etastic analysis of the gear teeth
due to the interaction between meshing gears o* the system. The program uses
Monte Carlo techniques for optimizing specific parameters, such as: diameter
change, diametric pitch, and center distances. The gear types that can be
analyzed by this program include paraliel and crossed axis spur and hel cal
gear sets. The program calculates tooth deflections, Hertz stresses, bending
stresses, tempurature rise, and efficiency for instantaneous loadings. The
gear train configuration, gear mesh identification numbers, and input and out-
put speeds used in the analysis are shown in figure 36. The loading conditions
of the gear tooth and analysis results are presented in table 5.
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TABLE 4.--ROLLER AND DISC MEAN HERTZ STRESS RANGE SUMMARY,

N/mZ x 108 (ksi) INPUT SPEED (rpm)

Input Speed
OQutput power,
kW (hp) 14 000 rpm 21 000 rpm 28 000 rpm
|npu1“ 11.4-6.2 22.4-6.2 22.4-6.5
7.54 (10) ‘ (165-89) (324-89) (324-95)
lOufpuf ‘003-809 ]601-7-9 ‘6.1-704
(149-129) (233-115) (233-107)
lnpuf ]4-2-701 22.4-701 22.4"706
14.9 (20) (2€6-103) (324-103) (324-110)
Oquuf 12-8‘10.‘ 16.]‘90‘ l6o1'806
(186-147) (233-133) (233-124)
Input 17.4-8.5 22.4-8.5 22.4-9.1
29.8 (40) ‘ (252-123) (324-124) (324-132)
loufpuf i506-]202 ‘6-]’]0-9 ‘6.‘-10-3
(227-177) (233-158) (233-149)
|npu1‘ ]8-6"909 22-4-9.9 22-4‘1007
52.2 (70} (269-144) (324-145) (324-155)
Oufpuf 1700']403 ‘6.‘-‘208 160‘-1201
(247-208) (233-186) (233-175)
Input 18.6-11.0 22.4-11.1 22.4-11.9
75.0 (100) (269-160) (324-16.1) (324-172)
Output 17.5-15.9 16.9-14.2 16.7-13.4
(254-230) (245~-206) (242-194)

e



-

wds GHOS
psads inding

P

S s e

*s)sAjeue ujedy Jeeb Joy suoyy|puco GujsesedQ--c9g e.nby 4

[£6 ]

wds €€€5
paads 1jeys uiey

9¢

Zl

(39

6S

s

nA”v

4]

wdJ 0094

paads 3jjeys Jajsued)

€L (dh3)

yis9 J4eaf jo saquny

O~

(114

_®

4

02
09

o i AR > ™ w ™
m
B
%
" u..
1
R
t
f
:
wds 000 82 .
peads nduj ,
v
H
3%
¢
Jaqunu I
ysau sean .
#
i
!
i
-
- = o S SRS
i




o

TABLE 5.--GEAR ANALYSIS RESULTS

Gear Hertz stress Average Tangential
mesh Ratio N/me (ksi) efficiency force, N (Ib)
1 1.1 x 109 98.8 666
l 3.0:1 (161.8) (149.8)
s (Ring-to-sun)
2 1ol x 10° 99.4 666
(161.8) (149.8)
3 8.1 x 108 99.5 1934
1 1.85:1 (117.5) (435.1)
‘ (Overall)
4 7.4 x 108 98.6 2440
(107.1) (549)
5 8.1 x 108 98.8 772
l 4.5:1 (117.5) (173.6)
‘ {Ring-to-sun)
6 8.1 x 108 99.4 772
(117.5) (173.6)

ﬁg b L 2 ST

As the gear analysis shows, the stress levels are well below the 1.38 x 109
N/mZ (200 ksi) max. Hertz stress, which is the maximum level normally used in
standard automotive industry practice (ref. 6). The preliminary gear train
design is adequate for the operating conditions specified.

Cost, size, and weight.~-The cost of the CVT is expected to be comparable
to that of present day automatic transmissions. Both the part count and weight
of the CVT are less than those for a present day transmission. In addition, no
special gears, bearings, seals, or materials are needed, and though the surface
condition, material conditions, and hardness of the rollers and discs must be
controlled, no special processes are needed.

A detaited weight analysis was performed on the CVT. The total predicted
weight for the CVT and all ancillary equipment (controller, ptumbing, etc.) is
68 kg (150 Ib). Details of the weight analysis are presented in Appendix C.

A study was performed in 1976 to estimate the weights and manufacturing costs
of automotive systems and paris (ref. 7). A list of weights for various auto-
matic transmission configurations is presented in table 6.
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TABLE ©.--TRANSMISSION WEIGHT CHART

Weight, Automatic transmission
Type transmission kg (1b) weight to CVT weight ratio
3-cpeed,
rear wheel cdrive 65 (144) 0.65:1
3~-speed
with lock-up, 1A (157) 1.05:1
rear wheel drive
4-speed
rear whee! drive 77 (170) 11321
4-speed
with lock-up, g3  (183) 1.22:1
rear wheel drive
3-speed
with lock-up, 70 (155) 1.03:1
front wheel drive
4-speed
with lock-up, 82 (181) 1211
front wheel drive

The three-speed automatic transmission is the only configuration weighing
less than the CVT. The other configurations weigh 3 to 22 percent more.

A size comparison is presented in figure 37. The CVT size was compared to
a standard Chrysier 904 model 3-speed automatic transmission. As figure 37 shows,
the CVT is shorter by approximately 76 mm (3 in.) and slightly taller by approx-
imately 38 mm (1.5 in.).

Reliability.--The preliminary reliability analysis of the CVT included the
following components: bearings, discs and rollers, gears, and main shaft,

Survivability techniques were used to evaluate the loading and stresses
in the component and then to determine the probability of the component sur-
viving the specified operating life by comparing the operating stresses to
the material strength. A normal distribution was assumed for each material
strength value with 78 percent of the mean value to be at 3 standard deviations.
The probability of survival was determined based on the number of standard devi-
ations between operating stress and mean strength using tables of the standard
normal distribution. The bearing survival was predicted using standard bearing
life calculation methode ogy.
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A summary of the pireliminary reliability analysis is presented in table 7.
As the table shows, there is a 98 percent probability that the aforementioned
components will achieve the specitied 20600 hr life when operating under the
tfollowing conditions:

(1) Average input speed = 21 000 rpm
(2) Average output speed = 5000 rpm

(3) Weighted average output power = 16 kW (22 hp)

TABLE 7.--PRELIMINARY RELIABILITY ANALYSIS SUMMARY

Component Probability of survival
Pearings (10) >0.983

Discs and rollers >0.999999
Cears (14) >0.999999

Main shaft >0.99996

Total >0.683

Noise.--The traction type configuration is inherently quiet because the
traction elements are in constant contact, and there is no torsional pulsation
or vibration since the elements roll on each other. When a ftraction element
is coupled to a properly designed gear train, the CVT noise level will be
cuieter than that of an equivalent automative transmission.

Maintainability.--The disc type traction drive CVT design selected from
this study requires low maintenance., ‘The CVT components are designed for
greater than the specified z600-hr operating life. No part replacement will
be required during this time under normal operating conditions.

The CVT does contain a traction tluid that is used for cooling, lubrica-
tion, and torque transmission. The Santotrac 30 fluid selected for use in the
CVT is a synthetic naphthenic base fluid. Because of the Hertz pressure levels
present and the ‘low energy dissipation through the traction contact, the fiuicd
shouid give over 5000 hr of service |ife; however, leaks may deve!op, and over-
heating of the tluid can cause the fluid to break down. This fluid, however,
is stable to a higher temperature than standard petroleum-based transmission
fluids. The fluid level and fluid condition should be checked at each vehicle
maintenance interval, and should be added or changed as necessary.
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A fluid tilter is located in the hydraulic system before the fluid pump,.
The purpose ot this filter is to trap particu ates entrained in the traction

fluide The filter will require minimal mainienance during the life of the CVT.
This maintenance will consist of checking and cleaning the filter, The fiiter
maintenance interval will correspond to the regular vehicle maintenance interval.

The CVT contro!l system uses a hydraulic power supply. |t is a simple
force balance system that has been described earlier, This system will be
adjusted at the time of manufacture of the ftransmission and should not need
additional adjustment during the life of the transmission.
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Analysis Step 4, Roller Control System Analysis

Ir order to study the transient load and motion characteristics of the
CV7, an analog computer simulation was generated from a math mode! describing
a vehicle containing a regenerative CVT. Only fundamental characteristics of
the CVT/vehicle system are contalined in this math model!, which Includes descrip-
tions of the following subsystems:

(1) Flywhee! energy source with gearing
(2) CVT torus

(3) Torus roller control system

(4) Torus output gearing

(5) Vehicle with drive axle and clutch

The system math model, with detailed descriptions ~f these subsystems, Is shown
in the block diagram of figure 36. Tha system variables are shown in the system
schematic of figqure 39, A list of system variables is contained in table 8, and
a list of system parameters in table 9. All mechanical elements, except the
fiywheel, are assumed to be massless, (no inertia) and rigid (no flexibility).
The math model can be modified to add the inertias and spring rates of ths
development unit when this information is available.

Flywheel.--The flywheel section of the system math model consists mainly
of an inertia (Jg) upon which the load to.que (Tg) acts. Also Included in this
section is the gearing ratio (REDT) through which speed signals are reduced and
the torque amplified. The load torque into the gearing (T|) is the sum of the
torques transmitted to the transmission input shait from the CVT torus (Ty))
and from the fransmission output gearing sun gear (Tg).

CVT torus.--The CVT torus consists of the input and output discs and the
traction roller located in the center of the toroid cavity (fig. 39). Torque
and speed are transmitted between the Input and output discs with a continuously
varying ratio. The ratio variation is achieved by varying the angle of inclina-
tion of the roller in the toroid cavity. Torque transm:;ssion between the input
and output discs is assumed lossless, but the traction veloclty loss, called
creep, batween the roller and the discs is included in the model. Creep is
approximated from the digital computer mode! data =s:

Creep (ft/sec) = 2.43 X 10~% (HPg 0+ 15)(Ng 0¢3)(Npg0:8) (25)
where

IPg = Power of the flywheel speed and load torque

Ng = Flywhee! speed (rpm)

Npo = Drive shaft speed (rpm)

n”
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TAPLE B.--LIST OF SYSTEM VARIAPIES

Var iable Detinition Unite

CREEP Valocity loss across torus m/s (ft/s)

Fcar LOAD Total force load on vehicle kg (1b)

Fco Constant part of vehicle lcad kg (IE)

Favo Disc servo force commanded kg (Ib)

F1 Disc tangential force kg (Ib)

Fw Vehicie whee! traction force kg (Ib)

H P Flywheel power loss (gain) kW (hp)

M PHC Vehicle speed km/hr (mph)

MA Vehicle axle speed rpm

Ne Vehicle speed relaxed to axle rpm

Hro Crive snatt speer rpm

Ng Flywhee! speed rpm

N Input torus speed rpm

Np Ring gear specd rpm

Ngp1p Orive shatt speed loss due to rem
cluteh slip

Nro Outpu. torus speed rpm

Ry Input torus radius from disc m (in,)
contact point to shatt (E

Rto Cutput torus radius trom disc m (in.)
contact point to shaft (;_

Ta Drive shatt load torque without N-m (Ib-tft)
axle gearing efticiency losses

Too Orive shatt load Torque with Nem (Ib=1t)
axle gearing efficiency losses
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TABLE 8.--LIST OF SYSTEM VARIABLES-Continued

Variable Definition Unite

TF Flywheel load torque M-m (1b=-ft)
T Tota! shaft load torque &t Torus N-m (1b-ft)
TR Ring gear load torque N-m (Ib-ft)
Tg Sun gear load torque N-m (1b-ft)
11 ' Input torus load torque Nem (Ib=-ft)
T10 Output torus load torque M-m (1b-ft)
Tw Axle drive torque from whee! MNem (1b=~ft)

traction

Ve Vehicle speed km/hr (mph)
8p Disc inclination angle to shaft @ deg

éD Dis~ inclination rate deg/s

The CVT torus mode! does not include axial loading provisions or its effect
on torque ard speed transmission characteristics, except through the creep
cquations

Torus roller con* ol.--Control of the roller inclination angle (8p) is
achicved througt a force balance between a commanded servo force level (Femp)
and the sum of +he disc tangential forces occuring between the disc edge and
the two discs (Fp from ecch disc). Any force imbalance causes an inclination
ra*e of 25 deg/s in a direction toward relieving the imbalance. The rate limit
is obtained by limiting the force servo rate by controlling hydraulic fluid
flow. With a torus radius of 56 mm (2.2 in.) and a disc radius of 50 mm (1.98
in.) the roller contact radii are:

Filywhee! side: Rty (in) = 2.2 - 1.98 SIN 6p (26)

Axle side: RTo (in) = 2.2 + 1.98 SIN 6p (27)

The disc angle of inclination is limited to +27 deg, resulting in an achiev-
able ratic range of 0.42:1 to 2.32:1. The indicated sign convention indicates
that when Ryg is greater than Ry, a speed reducticn exists between the torus
input and outp:t discs with an appropriate torque amplificat ' »n. The converse
is true when Ryp is less thar Ryy.
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TACLE 9.~-LIST OF SYSTEM PARAMETERS

Parameter Definition Value
JF Flywheel inertia 0.558 N-m/s?
(4.94 1b~in./s?
Mc Vehicle mass 173.5 kg-mass
(116.57 1b-s2/ft)
REDO Gear reduction ratio between 1.85:1
output torus and ring gear
RED™ Gear reduction ratio between 3.00:1
flywheel and input torus
Rw Vehicle wheel radius 0.581 m
(1.916 ft)
RTS Ring gear to sun gear radius 4,5:1
ratio
Total gear efficiency at axle 0.96
n Disc diameter 100 mm
(2.96 in.)
Disc center to shaft Q‘radius 55.9 mm
(2.2 in.)
Axle gear reduction ratio 5426:1
Disc inclination angle |limits 327 deg
Disc inclination angle rate limits 125 deg/s
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Torus cutput gearing.--Drive shaft motion and torque result from the
summation of two power paths ending in a planetary gear arrangement. Power
goes directly through the CVT to the planetary sun element and through the
toroid cavity to the planetary ring element. The path to the ring element
also contains a gear ratio reduction (REDO) between the toroid output disc
and the ring gear. The planet carrier is directly coupled to the drive chaft,
The drive shaft speed (Npg) is defined by:

- Mo 1 N
N~ (rpmY = M x - 1 )
DO P 1 REDO (1 + RTS (28)
+ ==
1 +RTS
where
RTS = Ring to sun gear ratio
Nyo = Torus output disc speed (rpm)
N; = Torus input disc speed (rpm)

With a load torque (Tpp) applied to the drive shaft, the torques in the two
paths become:
RTS T
T = Y (29)
10 1 + RTS REDO

-1

- 3
1 +RTS TDO 30)

Ts
where

Tto = Load torque on the output
disc, N-m (1b-~ft)

Vehicle with axle and ciutch.-~A torque limiting device has been included
in the simuiation to limit the CVT output torque to 447 N-m (330 |b-tt). The
torque limit is simulated by a slip clutch between the CVT output and vehicle
axle. Axle speed (Np) is modeled in the simulation and is equal to the drive
shaft speed (Npg), less any speed loss due to clutch siip, divided by the axle
gear ratio. The inertial load of the car, plus windage and grade loads, is
modeled by causing the two-wheel traction torques (Tg) to be generated as a
function of the speed differential between the axle speed and the car speed
related to the axle. The wheel traction torque for two wheels is defined by:

Te N=m (1b=f+) = 200 (Mp ~ Ng) (31)

where

Ng = Veh'clu speed related to axle (rpm)
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The axle torque (Tp) equals the wheel torque with a sign reversal to indi-
cate loading on the transmission in contrast to thrust on the vehicle. The drive
shaft load (Tpg) differs from the axle torque by virtue of the axle gear ratio
and the axle gear efficiency (n) of 96 percent. This efficiency Is a lumped effi-
ciency representing losses thrcugh the system gearing and changes magnitude from
nto 1/n to account for load and drive torques of the car upon the transmission.

Road loading on the vehicle is an exponentially increasing function of
vehicle speed and equals 1000 N (225 (b) at 128.7 km/hr (80 mph). A graph of
the road loading is presented in figure 40.

Rolier Control System Analytical Results

The purpose of the contro! system analysis is to evaluate the transient
load and motion characteristics of the CVT disc and roller assembly. The
analysis was performed utilizing the analog computer simulation described in
the previous subsection and varying the command force in accordance with a pre-
determined schedule. This analysis included three parts: (1) evaluation of
the slew rate of the roller as it moved from one ratio extreme to the other,

(2) evaluation of the stability of the control system under maximum acceleration
conditions, and (3) evaluation of the stability of the contro! system under a
ramp increase and decrease in the command force. Each part is discussed below.

Slew rate.--The slew rate of the roller between ratio extremes was examined
under two different operating conditions. First, slewing from maximum reduction
to maximum overdrive, and second, slewing from maximum overdrive to maximum
reduction.

Under normal operating conditions, the slew rate of the roller will track
the change in velocity of the flywheel and vehicle because it is rigidly con-
nected to both. This rate will be something less than the specified siew
rate. Therefore, artificial operating conditions were imposed on the CVT to
isolate it from the vehicle and flywheel after achieving an initial steady-state
condition.

To slew from maximum reduction to maximum overdrive, the following pro-
cedures were useds A command force, 756 N (170 Ib), was input to the CVT with
2668-N (600-1b) static drag load imposed on the vehiclie. This caused the CVT
to go to maximum reduction, driving the vehicle at a slow speed of approximately
0.38 m/s (2 mph). Then instantaneousiy, the vehicle load was removed while
maintaining a constant flywheel speed and command force. This is analogous to
fracturing the drive shaft in the actual vehicle and would yield the maximum
slew rate.

Drive shaft fracture is simulated with switches that disconnect shaft
speed from axle speed and load torques Tyg and Tg from Tpge Fracture thus
causes Tyg, Tsy and axie speed Np to go to zero. The results are presented
in figures 41 and 42 for flywheel input speeds of 14 000 and 20 000 rpm, respec-
tively. Eight variables were plotted: command servo force, the sum of the
toroid tangential forces (2 Fy), flywheel speed (Nr), roller angle of incli-
nation (8p), ratio across the toroid cavity (RTO/Ry)), vehicle spicd (MPHrAR),
CVT output speed (Npg). and torque (Tpg)e
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Bl mm;’«mu v

Force, N (1b)

1778 (400)

etp——

v

1556 (350)

1334 (300) ¢

11 (250)}
1270-kg
889 (200) compact
car
667 (150)
u4s (100) F
;?z (50)

0 4.5 8.9 13.4 17,9 22.3 26.8
(10)  (20) (30) (40)  (50) (60)

Car speed, m/s (mph)

Figure 40.~-Road load.
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As figures 41 and 42 show, the toroid tangential forces went to zero when
the load was removed, and the roller angle changed at a constant rate due to
the constant command force from the initial position, +24 degrees, to the
negative extreme, -27 degrees. The time ticks at the bottom of the plot
show that the total elapsed 1.ne to traverse these ratio extremes was 2.08 s
and 2.10 s, respectively. This is within 5 percent of the specification
requirements.

It was not possible to slew from maximum overdrive to maximum reduction
because of the high torques involved. For this condition, the maximum command
force was input to the CVT, driving the CVT to maximum overdrive. Then,
instantaneously, the vehicle was stopped while maintaining a constant flywheel
speed and command force. The results are shown in figures 43 and 44 for flywheel
input speeds of 14 000 rpm and 20 000 rpm, respectively.

Figures 43 and 44 show the step increase in the toroid tangential forces
(the actual value of the force is unknown because it went off the scale), the
decrease in CVT output speed, and the increase in CVT output torque up to the
torque limit. This condition was analogous to driving a car into a wall.
The transmission changed ratios to compensate for the sudden increase in the
torque requirements. Once the torque limit was reached, the clutch began to
slip and the CVT output speed, torque, and ratio reached a new steady state;
however, the roller did exhibit a constant angular rate of change between the
time the vehicle was stopped and the time the torque limit was reached. This
line was extrapolated and the extrapolated portion appears as a dashed line in
the figures. The extrapolated time to go between the ratio extremes is 2.18 s.
It should be noted that the roller slew rate can be controlled to any level by
modifying the hydraulic control system design. This analog computer analysis
showed that the siew rate can meet the specification requirements.

Stability under maximum acceleration.--Two runs were made to evaluate the
stability of the CV1 control system under maximum acceleration conditions. {n
the first run, shown in figure 45, the command force was rapidly increased from
zero to the maximum value. The CVT response was recorded while holding the
fiywheel speed constant at 20 000 rpm. Notice that at point A the toroid tan-
gential force decreased from 2224 N (500 Ib) to 1779 N (400 Ib). This is due
to the fact that the roller position was at an extreme, -27 deg, and the vehicle
had reached steady state. The torque requirement had decreased because the
vehicje was no longer accelerating, and the toroid tangential forces decreased
to maintain equilibriume The CVT was in equilibrium independent of the command
torce. Notice, that the command force can be decreased to 1779 N (400 Ib) with
no change in the steady-state condition. As the command force was decreased
below 1779 N (400 1b), the roller began to change position, and the CVT output
speed, torque, and vehicle speed began to decrease.

A second run was made allowing the energy to accelerate the vahicle to
be extracted from the fiywhee!. The results of this run are presented in
tigure 46. The command force was increased from zero to 2224 N (500 Ib). The
plots show the flywheel speed decreasing as the vehicle accelerated. Again,
the toroid tangential force dropped after the CVT reached maximum overarive
ratio. After approximately 45 s in the maximum overdrive condition, the
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command force was removed. This condition simulated regeneration of the fly-
wheel. In this case, the inertia of the vehicle powered the fiywheel throujh
+*he CVT. When the command force was removed, a 5-s time delay was experienced
because of the manual operating procedure of the analoc computer. The control
system response was to drive the roller to reduction. .n this case, the
transfer of energy from the vehicle to the flywheel occurred over a short
period ¢t time, approximately 2 s. The roller went to maximum reduction as
the vehicle energy was transterred to the flywheel. This is shown by the
slight increase in flywheel speed as the roller changed position and the
vehicle speed dropped. Note that both the toroid tangential force and CVT
output torque went negative, indicating power being transferred fron the-
axle to the tlywheel.

These two runs show that the control system is responsive to the command
force supplied from the accelerator pedal. It responds quickly and smoothly,
and is stable when the force equilibrium is achieved between the toroid tan-
gential forces and torque on the output shatt. The second rux also shows that
the control system will control the roller position no matter which way power
is transferred.

Stability under ramp command change.--The final run, shown in fig. 47,
shows the control system responss to a rapid increase and decrease in the com-
mand force with the vehicle initially at a steady-state velocity. The initial
steady-state vaelocity that was selected was 43.3 km/hr (30 mph). The command
force was then increased to 1112 N (250 ib) untii the vehicle speed reachad
96.5 km/hr (60 mph) and then was returned to its original level, 89 N (20 Ib).
The energy to accelerate the vehicle was extracted from the flywheel where the
initial speed was 20 000 rpm. The system responded as expected. The roller
was driven to marimum reduction, the flywheel speed increased, and the tangen-
tial torce and output ‘orque went negative when the command force was reduced.
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Figure 47.--Control systems stability under ramp command change.
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Selected Design Description

The seiection of the final CVT design configuration was made by comparing
the five candidate configurations and by performing design optimization analyses.
The selected design configuration is shown in fig. 1. A complete parts list
appears in Appendix D. It is of regenerative design with two toroidal cavities
in parailel using two rollers per cavity. Three gear sets are incorporated
within the CVT housing to control the speeds through the toroid cavity.

The inpui shaft of the CVT is connected to a 3.0:1 planetary reduction
gearset. A clutch mechanism is incorporated in this gearset to hold or release
the planet carrier; therefore, when the planet carrier is released, the CVT
is decoupled from the input power source.

The ring gear hub of the input reduction gearset drives the main shaft of
the trin. sission. The main shaft is supported by two bearings: a ball learing
at the input end and a roller bearing at the output end to ailow for thermal
and mechanical expansion.

Two input discs, one at each end of the main shaft, are driven through
splines by the main shaft.

The output discs are connected by a sleeve. One disc is brazed to the
sleeve; the other is attached via splines to allow for axial displacements as
the system is loaded and unloaded by the load cam mechanism.

The load cam mechanism is used to control the contact force between the
discs and drive rollers as a function of the torque on the output discs. The
load cam mechanism is located between the two output discs. It consists of a
load cam, bearing rollers, and retainer. The rollers are held between the
load cam and a surface of one output disc by the retainer. The load cam is
pinned to the output gear.

As the output discs are driven, the cam rollers roll against the output
disc and load cam creating an axial force on the output discs. This force is
proportional to the torque on the output discs; and its magnitude is controlled
by the shape of the load cam.

The axial force loads the output discs against the input discs through
the rollers. |t is reacted by the main shaft, isolating this force from the
hous.nge.

The contact force on the traction contact is proportional to the axial
force and orientation of the drive rollers in the toroidal cavity.

The drive rollers are held in position between the input and output discs
by a trunnion arrangement. The trunnion allows the roller to rotate in the
toroid cavity. A force batance roller control system is employed to position
the roilers within the toroidal cavities. The roller position sets the ratio
across the toroidal cavity, thereby controlling the output speed. This control
system Is described in the Transmission Ratio Control subsection, and a prelimi-
nary analog computer analysis is presented in the Roller Control System Analysis
subsection.
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The output gear drives the transfer shaft that transfers the output power
to the ring gear of the output reduction planetary gearset. The overall trans-
fer shatt gear ratio is 1.85:1, and the output gearset has a 4.5:1 ring-to-sun
ratio. The sun of the output planetary gearset is driven directly by the main
shaft, and the CVT output shaft is driven by the planet carrier of the output
planetary gearset.

A torque limiting device is integrated into the transfer shaft. This
mechanism is designed to slip at a predetermined torque tevel, limiting
over loads through the drive.

The power flow through the CVT is in through the input planetary gearset,
across the toroidal cavities, through the 1.85:1 transfer shaft reduction, and
out through the output planetary gearset. The regenerated power flow is through
the sun gear of the output planetary gearse! and return to the input toroidal
cavities.

The transmission includes a self-contained, closed-loop hydraulic and lubri-
cation system utilizing Monsanto Santotrac 30 traction fluid. A gear-driven
lube pump is driven directly by the input end of the main shaft through a drive
and idler gear arrangement. The pump supplies the lubrication for the hydraulic
roiler control and the transmission. Lubrication is supplied to all rolling
elements by a series of oil jets connected by an oii galley system. The gears
are lubricated by splash lubrication, with the oil flowing to the transmission
sump by gravity return.

The CVT per formance was determined under various operating conditions.
The results of this analysis are presented in figures 48 through 62.

These figures present five CVT performance parameters plotted against
transmission output speed at the five power levels specified: 7.5, 15, 30, 52,
and 75 kw (10, 20, 40, 70 and 100 hp). The performance parameters evaluated
are: efficiency, both overall and toroid cavity; l|ife of the toroidal cavity
elements; energy dissipation through the roller contacts; mean Hertz pressure;
and contact aspect ratio.
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Efficiency, percent
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95

94 |~
15 kW
(20 hp)
30 kW

93 =- (40 hp)
52 kw

92 = (70 hp)

91 — 75 kW
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90 —

89 —

88 —

87 -

86 =

85 | | i 1 i

1000 2000 3000 4000 5000
Output speed, rpm A1800

Figure 48.-~Traction drive efficiency vs output
speed, 14 000 rpm input speed.
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95
94 -
, 93 7.5 kw
(10 hp)
15 kW
(20 hp)
7 30 kW
(40 hp)
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T
§ 52 kW
9 (70 hp)
>~ 90—
g
2 75 kW
2 (100 hp)
Y
Y
88—
87
86—
! 1000 2000 3000 4000 5000
i Output speed, rpm AB1Y

Figure 49.--Overall CVT efficiency vs output
speed, 14 000 rpm input speed.
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Life, hr

20 000

30 kw The minimum life for the
(40 hp) 15- and 7.5-kw (20-and
10-hp) power ievels exceeds
18 000 — 20 000 hr over the entire
speed range.
16 000 =
14 000
12 0000
10 000 =~
-— 30 kw
8000 (40 hp)
6000 =
4000 =
2000 = 52 kW
(70 hp)
75 kw
I | I 1 | (100 hp)
0 1000 2000 3000 4000 5000

Output speed, rpm A8

Figure 50.~-Life vs output speed, 14 000 rpm input
speed (torold cavity components only).



Mean Hertz pressure at input disc, N/m2 x IO8 (ksi) (e)

100

22.4(325)
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6.9(100)

5.2(75)

-

-

|
1000

1
2000

Output speed, rpm

|
3000

1
4ooo

75 kW
(100 hp)

52 kW
(70 hp)

30 kW
(4o hp)
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(100 hp)
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—

30 kW
(40 hp)

15 kW =
(20 hp)
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250

225

200

175

150

125

100
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50

25

| (10 hp)
5000

A-1513

Figure 51.~-Mean Hertz pressure and energy dissipation
vs output speed, 14 000 rpm Iinput speed.
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Contact aspect ratio

2.5

2,25

Output

1.50p= All power levels

1.25— Input

1.0p=

.75

-50

25 =~

i | i | i
0 1000 2000 3000 4000 5000

OQutput speed, rpm ABY2

Figure 52.--Contact aspect ratio vs output speed, 14 000 rpm
input speed (contact mejor axis/contact minor axis),
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Efficiency,percent
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Figure 53.~-Traction drive efficiency vs output

speed, 21 0CO0 rpm input speed.
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Efficiency, percent
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(10 hp)
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(40 hp)
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(75 hp)
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1000

2000 3000 4000
Output speed, rpm

5000

A-1504

Figure 54.—0Overall CVT efficiency vs output speed,

21 000 rpm input speed.
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Life, hr
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T2 56 000 The life for the 7.5-kW
(10-hp) power level
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the entire speed range.
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(75 hp)
6000 P~
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2000 =
0 I | 1 1 | -
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Output speed, rpm A-18%0

Figure 55.-~Life vs output speed, 21 000 rpm input
speed (toroidal cavity components only).
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Figure 57.--Contact aspect ratio vs output speed, 21 CCC rpm
input speed (contect major axis/contact minor axis).
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Figure 58.--Traction drive 2fficiency vs output spsed,
28 CO0 rpm input speed.

ol

107



108

Efficiency, percent

95
94
7.5 kW
93 (10 hp)
15 kW
= (20 hp)
92 30 kw
(40 hp)
52 kW
(100 hp)
91
~ 72 kW
(100 hp)
90
89
88 |-
87
86
85 1 ] | |
1000 2000 3000 4ooo 5000
Output speed, rpm A1803

Figwe 59.~~Overall CVT efficiency vs output speed,
28 000 rpm input speed.
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18 000 §~
The minimum life for
16 000 the 7.5-kW (10-hp)
power level exceeds
20 000 hr over the
entire speed range.
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15 kW
(100 hp)
8000 }-
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4ooo
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. { 1 | i i
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Output speed
p peed, rpm A 1508

Figure 60.—Life vs output speed, 28 000 rpm input speed
(toroid cavity components only),
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TASK 11, IDENTIFICATION OF REQUIRED TECHNOLOGY ADVANCEMENTS

Control System Development

While no technical problems are expected with the basic CVT design, or
with the use of the epicyclic gearing required to expand the overall transmis-
sion speed ratio range through regeneration, it is expectecd that scme cevelop-
ment will be required in the control system for the CVT, in the traction fluid
per formance, and in the evaluation of the tractior contact.

The control system is, therefore, identified as an area where *echno-
locical advancement is required. This will involve the system dynamics of
smoothly transferring power both ways between two very high inertia elements,
the flywheel and the vehicle. Unlike a corventional heat engine, the flywheel
has an cperational speed profile that varies in the opposite direction to the
vehicle speed. The control system must, by response to driver command, operate
the transmission with a greatly increased ratio range, anc control the amount
and direction of the power flow to drive the vehicle.

This new type of control system has been modeled on the AiResearch analog
corputer. Using this initial simplitied program, actual hardware mechanical
characteristics can be added to evaluate alternate means of mechanizing the
control tfunction until an optimized control system is defined. A test bed
CVT could then be built for dynamometer testing of the control model in actual
hardware. By using two flywheels on a dynamometer, one on either side of the
CVT, the complete vehicle can be simulated. During the testing of the CVT
hardware on the dynamometer, any errors in the analog model will be identified
and corrected. Through the combined use of the analog computer mode! and the

dynamometer testing of real CVT hardware, a practical, qualified control system

tfor a flywhee!l hybrid electric vehicle wil! be developed.

Al aspects of this transmission/vehicle contro! system will be analyzed,
tasted, and developed to provide a smooth, producible system capable of pro-
viding the feel of current stand. 1 cars for the driver and passengers.

Traction Fluid Development

A secord area of technical concern that warrants additional! development
is the tra.rion lubrication fluide In a traction drive, power is transmitted
trom o+ rolling element to another through shear in an elastohydrodynamic
tlui. tilm between the traction contacts. The better the oil in this film is
ehle to resist the shearing action, the more power can be transmitted. This
~esistance to shear is primarily a function of the molecular structure oi the
oll, although various additives also have an influence.
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The resulting developed tangential force transmitted by this shear action,
when divided by the contact force holding the rolling elements together, is
called the coefficient of traction (u):

u = Tangential force (32)
Contact force

Thus, a fli.id that develops a high tractive coefficient is generally preferred
for use in a ftraction drive.

in recent years, several chemical companies have developed special fluids
that exhibit a high coefficient of traction. Unfortunately, all of these spe-
cial traction fluids have other properties that can present problems for the
design of an automotive CVT.

The primary problem is the temperature viscosity index. This is the rate
at which the fluid viscosity increases (the fluid becomes stiffer) as the tem
perature decreases, and cecreases as the temperature increases. A traction
contact requires a fluid viscosity within a narrow range. 1f the fluid is
too viscous, the contacts cannot roll out a thin elastrohydrodynamic film, but
instead roll up onto the oil and hydroplane. 1f the fluid becomes too thin,
the fluid film will not be adequate for separating the rolling contacts, and
contact wear and damage occur,

For many applications, traction drives can be operated under controlled
temperature conditions, and a fluid with an appropriate viscosity at that tem-
perature is chosen. For an automobile, however, operating temperatures are
not controlled, and the fluid must not be too viscous for startup and operation
below zero, or too thin for service when driving with high ambient temperatures.

The currently available traction fluids all have a rather high viscosity
index and become too viscous for traction drive use at temperatures above the
minimum required for auotmotive service. Santotrac 30, for instance, the least
viscous of the standard Monsanto traction fluid family, cannot be used below
about -25°C (~10°F). It also becomes marginally thin at the upper normal auto-
motive operating temperatures. Some development work is currently being done.
Monsanto now has experimental fluids reportedly serviceable to -55°C (-65°F),
and at least one other company is working on a silicone fluid with a much lower
viscosity index, These new fluids are at present too expensive to be used for
automotive service and are not yet available with a complete additive pack.

The second difficulty with some high traction coefficient fluids Iis the
tendency to entrain air. This is not the same as foam, where the air is encased
in an oll film on top of the fluid, but rather is the retention of the air
bubbles within the body of fluid. This causes G reduction of the bulk modulus
when operating a hydraulic control system and some difficulty In scavenging.
Normal deaeration techniques, such as centrifuging the oil or allowing a set-
tiing time in a reservoir, have only |imited success at clearing air from the
fluid until a sufficiently high temperature is reached. Within a few degrees
of some specific temperature, the fluids will quickly release the air bubbles
and behave |ike normal lubricants. For Santotrac 50, this temperature is about
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80°C (180°F). Above this temperature the fluid remains clear like a normal
lubricant, but below it, it rapidly turns miiky white as soon as it is agitated
and will remain that way for many minutes.

Traction Coefficient Verification

Test verification of the actual coefficient of traction developed by new
fluids under conditions of contact size, rolling speed, contact spin, surface
finish, and temperatures found in an automotive CVT is warranted. In conjunc-
tion with these tests, the limits of tolerable contact losses from the results
of both the tractive shear and spin caused shear should also be found for the
conditions that are encountered in real drives.

Most traction drive designers have traditionally established thair own
data based on extensive testing of their design with a preferred fluid.
Until recently, this fluid was generally a silicone base fluid or a naphthenic
base petroleum oil like Mobil 62. Historically, a number of problems were
discovered with early silicone fluids and they lost favor, and production of
Mobil 62 has been discontinued. Recently, there has been testing done with
Sternal in England and other parts of Europe and with Santotrac fluids both
here and abroad. Unfortunately, virtually all this data is held as proprie-
tary. It is also generally not in sufficient depth to cover all the operating
conditions found in an automotive CVT.

Published data for the new types of traction fluids is generally taken

at only a single rolling speed and temperature and with a twin disc-type test

machine operating with no contact spin. The designer is required to inter- ‘
oolate from a similar test point for a fluid that has more data. Such inter- 3
polations are often not completely valid. The designer must be conservative

to account for this uncertainty with a traction dr.ve; that is, he must assume

that the fluid has a lower coefficient of traction than indicated by interpola- g
tion and must therefore use a higher contact force than necessary to carry the : }
required tangential load. o

This design practice can cause development problems. The excessive contact
pressure will produce a larger contact area and greater hertzian pressure than
required. The spin components of shear, inherent in a CVT traction contact, are
therefore greater than anticipated. Excessive losses will be generated within
the contact, and the drive can be damaged. With more definitive traction data,
a3 much lower contact force can be used. The drive will still carry the required
tangential load, but the spin losses will be greatly reduced and drive damage
avoided.

It is interesting to note that in this case, the greater coefficient of "
traction produced by the fiuid also produced contact losses greater than anti- :
cipated. This same phenomenon has also been observed when using these special .
high coefficient fluids in angle contact ball bearings and roller thrust bear- 1
ings; both operating with high contact spin. :
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Contact Loss Verification

The Iimit on contact losses is an additiona! area where greater amounts
of test data are required. Current techniques of computer-assisted analysis
provide fairly retiable information on the actual fosses occurring within the
traction contact under a variety of conditions., The maximum loss limit that
can be tolerated under operating conditions, prior to damaging the traction
contacts, is not known. Some work has :ndicated that this limit may be as low
as 40 W/mmZ, Other work with gears indicates a Iimit as high as 200 W/mm2
(a gear has more surface available for cooling for the same size pitch diameter).
It is probable that the actual traction contact loss limit is between these two
values.

Test data taken under actual drive conditions of spin, temperature, load,
and the same number of rolling contacts per revolution is recommended.
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TASK 111, SUITABILITY FOR ALTERNATE APPLICATIONS

Electric Motor Powered Vehicle

To determine the suitability of a traction toroidal CVT for use in an
electric vehicle with an eluctric motor only, the following vehicle speci-

fications were used:
Vehicle: passenger car
Weight:
Drive train:
Motor: electric
Operating speed:
Delivered power

Motor efficiency:

1700 kg (3750 1b)

See figure 63

0 to 6000 rpm
0 to 75 kW (0 to 100 hp)

See figure 64

CVT: mechanical traction - tornidal configuration

Output speed:
Maximum del ivered torque:
Weighted average power out:
System life:
Ratio range:

Assumed:
Average output speed:

Average input speed:

The CVT required for this application does not require the expanded speed
ratio range necessary for the flywhee! hybrid vehicle; therefore, the regener-
ation gearing will not be used. A straight 9:1 ratio range, dual cavity, full
toroidal, variable ratio drive will provide ample speed range.
output speed of the variable ratio section to match the required speed of the
differential, a 3:1 reduction unit will also be incorporated within the CVT.
This combination will provide a CVT ratio range of from 9:1 reduction to direct
drive; therefore, the output speed from the CVT can vary #from 444 rpm to over
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450 N-m (330 Ib-ft)
16 kW (22 hp)
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22 hp, fig. 64)

To reduce the
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3000 rpm with the motor at 4000 rpm the (maximum efficiency point for 100 percent
power). At a motor speed of 2000 rpm (the maximum efficiency point ftor 25 per-
cent power), the output speed can vary from 222 rpm to 2000 rpm.

The maximum torque load carried by the variable ratio drive for this appli-
cation is 150 N-m (110 Ib-ft):

Maximum CVT torque - 450 N-m - 150 N-m (110 ib-ft)
3

This is compared to a maximum variable ratio drive torque of about 200 N-m

(150 Ib-ft) for the drive configuration selected under Task |. The !oad capa=~
city of the basic toroidal CVT varies to about the 2.8th power of the basic
pitch diameter; therefore, the d-ive size for this electric vehicle application
can be reduced to about 90 percent of the 112 mm (4.4 in.) toroidal cavity pitch
diameter selected under Task |.

The CVT contiguration selected under Task | of this program would therefore
be well suited for use in a pure electric vehicle to the above specifications,
with the following modifications:

(1) The input 3:1 reduction (with associated band clutch) required to
reduce flywheel speed to acceptable CVT input speed would be eliminated.

(2) The epicyclic gear set required to regenerate the f!ywheel powered
CVT to zerc output speed would be replaced by a straight 3:1 reduction
gear set.

(3) The basic pitch diameter of the variable ratio toroidal section would
be reduced from "2 mm (4.4 ;no) io 100 mm (3097 iﬂo)o

(4) The torque limiting clutch in the recycled loop of the flywheel
powered, reqgenerated CVT would be eiiminated or modified.

(5) The control system for the pure electric powered vehicle would not be
required to regulate the input shaft speed in the same manner as with
the flywheel powered vehicle. [t would have speed control character-
istics set to optimize motor efficiencys The force control power
roller steering system would be retained.

The CVT control system used with an electric motor having an efficiency
curve shown in figure 64 will need to sense and/or control the motor speed (CVT
input speed) as a function of the electric motor output power. One possible
configuration would be to generate an electric or hydraulic signal proportionate
to the motor power and to apply that signal to counterbalance the force from a
flyball governor driven by the CVT input shatt. Such a system would proportion
the CVT input rpm as a function of motor power. The CVT ratio would then assume
a value within the overall ratio range necessary for transmitting power from the
motor to the differential.

The load control, power roller steering system will lend itself very well
to such a control system by using a simple 4-way spool valve connected to the
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flyball system with the hydraulic output signals directly fed to the contro!

cylinders.

There would be no new technological advancements necessary for the design
modifications of the optimized CVT configuration for the pure electric powered
vehicle application described under Task |,

The areas of engineering concern described under Task Il of this report
would also apply to this CVT application in order to advance the design from an
engineer ing development to an actual production electric vehicle transmission.

Hybrid Electric Vehicle with an Internal Combustion Engine

To determine the suitability of the CVT design configuration selected
under Task | of this program for an internal combustion (IC) engine/electric
hybrid vehicle (shown in fig. 65), the following vehicle specitications were

used:
Vehicle: passenger car
Weight:
Drive train:
IC_ Engine:
Max imum power :
Minimum fuel consumption curve:
Assumed:
Maximum engine speed:
Idls speed:
CVT: mechanical fraction - toroidal
Output speed:
Maximum dol ivered torque:
Weighted average power:
System |lfe:

Ratio range:

1700 kg (3750 Ib)

See figure 65

75 kw (100 hp)

See figure 66

4000 rpm

650 rpm
contiguration

0 to 3000 rpm

450 N-m (330 Ib-ft)

16 kW (22 hp)

2600 hr B10

Reverse to 0.55:1 In overdrive

in order to establish an optimized overal! CVT ratio range, an engine
pertformance map (shown in fig. 67) and a road load curve for the vehicle
(show in fig. 40) were assumed to calculate the extent of required trans-
mission overdrive. Maximum overdrive is required to keep the engine on the
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minimum specific fuel consumption (MSFC) curve at the "knee" point just above
idle speed, represented by Point A in figure 66. Typically, a 75 kW (100 hp)
spark igniticn engine will develop 15 kW (20 hp) at 1000 rpm when operating

on the MSFC curve (fig. 67). Also typically, a vehic'e of this inertia weight
class will operate at 64.4 km/hr (40 mph) with only 11 kW (15 hp) for zero
grade and zero wind conditions. [|f the maximum drive shaft speed of 3000 rpm
represents a vehicle speed of 105 km/hr (6% mph), the fransmission must be
capable of delivering 1850 rpm output with a 1000-rpm engine speed, represent-
ing 64.4 km/hr (40 mph speed). This requires a 0.54:1 overdrive ratio on the
CvT.

The CVT configuration selected in Task | can be used for the hybrid elec-
tric vehicle with an internal combustion engine with some modification to the
gearing and a change in CVT toroid cavity size. By selecting a planetary ring-
to-sun ratio of 2.32:1 with a variable ratio unit that goes from 3:1 to 0.33:1,
the output of the CVT will go from reverse to a ratio of 0:55:1 in speedup.

The torque load on this IC engine CVT will be somewhat greater than for the fly-
wheel powered CVT7 because of the different ring-to-sun ratio necessitated by

the shifte‘ speed ratio range. The Task | transmission had a speed ratio from
reverse to approximateiy direct drive, neglecting the 3:1 input reduction from
the flywheel. For a 450 N-m (330 Ib-ft) maximum delivered torque, the maximum
toroidal drive torque will increase from the 200 N-m (146 !b-ft) of Task I, to
about 314 N-m (230 1b-ft). Because the tornidal drive has a load capability that
varies io about the 2.8th power of the basic pitch diameter, the size of the
toroidal drive will need to increase by about 18 percent from the Task | size.

The optimized CVT design configuration selected under Task | of this pro-
graa is, therefore, also suitable for use with an IC engine, as specified above,
with the following modifications:

(1) Delete the 3:1 input reduction unit required for reducing flywheel
speed to acceptable CVT speed.

(2) Change the jack shaft transmitting power from the output of the
toroidal drive to the ring of the epicyclic gear set from a 1.85:1
reduction to a 1:1 ratio.

(3) Change the ring-to-sun ratio (RTS) of the epicyclic gears from 4.5:1
to 2.32:1.

(4) Increase the basic pitch diameter of the foroidal elements from
112 mm (4.4 in.) to 132 mm (5.19 in.).

The reverse function requirement is provided automatically with this regen-
erated design, so no special reverse gear is required. The single F-N-R lever
will only need to command that the toroidal drive ratio be changed to the maxi-
mum reduction stop when reverse Is selected by reversing the hydraul ic pressures
in the load type, roller steering system. In both reverse and normal driving
mode, zero output speed is commanded by reducing the hydraulic pressures in the
roller steering system to zero as with the flywheel powered drive. With zero
control pressure, the power rollers must go to the ratio position where they
are not transmitting torque (i.e., zero output speed ratio).
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The transmission control system that is required to keep the IC engine
operating along the MSFC curve will need to sense engine vacuum and engine
speed so that it controls the engine speed required for matching the power
commanded by the driver. This IC engine/CVT control system is judged to be
more complex than the electric motor powered system because of the power mixing
of the motor and the IC engine. The control system for this application is
therefore selected as the area where new technology is required. The accuracy

with which the MSFC curve is to be followed will affect the complexity of the
technological advancement. '

No other technological advancements are considered necessary for adapting
the Task | CVT to this application.

Scalability to Alternate Weight Vehicles and Torque Levels

The following examples show how CVT design parameters are determined for

vehicles of differing weight and torque levels by scaling from the Task | CVT
data.

Case l.~- Vehicle weight is reduced to 790 kg (1750 ib), and the maximum

CVT output torque is reduced to 210 N-m (155 Ib-ft). All other specifications
from Task | apply.

The CVT for this application would be virtually isentical to the optimized
design configuration from Task |. The basic pitch diameter of the toroidal

drive would be slightly reduced to save weight and cost. The amount of this
reduction is camputed through the following steps.

(1) Determine the torque split from epicyclic gearing into toroidal drive:

Torque split = RTS =4.5 = 0.8182 (33)
T + RTS 5.5

(2) ODetermine the maximum torque on the traction drive by multiplying the
max imum output torque by the torque split determined in (1) above
divided by the torque reduction from the jackshaft ratio (1.85:1):

Max. traction torque = Max. output torque x 0.8182

1.85 (34)
= Max. output torque x 0.442

(3) Using the Task | max. output torque of 450 N-m (330 I|b-ft):

Max. traction torque = 450 x 0.442 (34a)
= 199 N-m (146 (b-ft)

(4) Using the Case ! max. output torque of 210 N-m (155 Ib-ft):

Max. traction torque = 210 x 0.442 (%b)
= 93 N=m (69 Ib-ft)
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(5) Determine the loed ratio for Case . and Task I:

Load ratio .. Max. traction torque Case ! . 93 = 0.467 (35)

Max. traction torque Task | 199

(6) Since the toroidal variable ratio drive has a load capability that
varias to about the 2.8th power of the basic pitch diameter for

simitar tite with all other factors equal, the effective change In
the toroidal pitch diameter lis:

(Load ratio) 1728 = (0,467)'/2:8 = 0,762 (36)

(7) The Case 1 toroidal drive pitch diameter would therefore be:
Case 1 pitch dia = Task | pitch dia x 0.762

112 x 0.762

86 mm ‘3-4 ‘n')

HonH

With this smaller size toroidal unit, the rolling speed would also be
reduced. Some additional reduction in drive size could be derived by decreasing
the input reduction ratio to increase the drive running speed. For this pre-
timinary analysis, it is not necessary to delve in depth into this speed etffect,
as maximum rotational speeds, gear pitch |ine speeds, permissible gear sizes,
bearing speeds, and the cost effects of using bear ing speeds above Grade 3
bear ings would all need to be considered. The drive size reduction because of
speed offects is minimal compared to the above size change, and the slightly
reduced rolling speeds will not adversely affect the sizing.

Case 2.--Vehicle waight is increased to 10 000 kg (22 000!b), and the
maximum CVT output torque is increased to 2600 N-m (1900!b-ft). All other
vehicle spacitications from Task | apply.

By using the same logic of scalability as in Case ! above, this 2600 N-m
(19001b-#t) CVT would require a 201 mm (8.25 in.) pitch diameter. With the same
gear set combination as used in the optimized design contiguration ot Task I,
the maximum rolling speed will be over 126 m/s (415 ft/s), which is considerably
above the tested limits. This design is, therefore, not acceptable without
additional test data.

By selecting new gear ra*ios, an optimized configuration was evolved to
reduce the rolling speeds. Reducing the rolling speods increased *he torque
load that the traction drive must handle. A tradeoftf between speed and torque
was performed with the following results:

input reduction: 4.667:1

Traction drive Input speed: 3000 to 6000 rpm

Traction drive ratio range: 2:.75:1 to 0.35:1
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Traction drive output speed:

14 000 rpm flywheel: 1090 to 8571 rpm
27 000 rpm flywheel: 1636 to 9089 rpm
28 000 rpm flywheel!: 2182 to 9640 rpm
Jackshaft reduction: 1.12:1
Epicyclic gearset: Ring/sun = 3.05
CVT output speed: 0 to 5000 rpm

The maximum torque load on the traction drive with this gear combination is:

RTS 4 1

Max. CVT torque x
RTS +1 1.12 (37)

2600 N-m x 753 x ‘]2 = 1748 N-m (1289 |b-ft))

The largest known successful toroidal traction drive of this type was built
by Generral Motors. The transmission was designed and tested for 1085 N-m
(800 tb-ft) of torque in a turbine-powered bus. !t had a 203 mm (8.0 in.) pitch

diameter, dual-cavity toroidal drive.

The Case 2 drive would be 240 mm (9.45 in.) in pitch diameter.

200 mm x [1748 N-m] 1/2.8 (38)

Diameter
1085 N-m

25.4 mm (9.45 in.)

Maximum rolling speed will occur at a flywheel speed of 28 000 rpm and a
CVT output speed of 5000 rpm. Under this condition, the toroiuval drive will be

at a 0.622:1 ratio.

Ratio = 6000 rpm in = 0,622:1
9640 rpm out (39)

The input disc contact radius for this ratio is:

R = Joroidal dia - 240
c 1 + Ratio 1.622 (40)

148 mm (5.82 in.)

With a 28 000 rpm flywheel and a 5000 rpm output speed, this d-ive will
have a rolling speed of 93 m/s (305 ft/s), which is slightly beyond the maximum

£
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known tested traction roliing speed of 8! m/s (268 tt/s). There ls no reason to
expect that this rolling speed will present a problem, but test data should be
obtained before the design is finalized.

Case 2--alternate.--For this heavy vehicle there are several alternate
means tor accomplishing a solution besides direct scaling up of the optimized
CVT from the lighter vehicle.

One approach would be to reduce the maximum CVT output speed and use a dif-
terent rear axle ratio to make up the difference. A reduced output speed would
allow a broader choice in reduction ratios and in recycled power from the epi-
cyclic gearset.

Another approach would be to use two smaller CVT'!'s in paratlel. The load
type, power roller steering allows multiple drives to be operated in parallel
from a single contro!l system with all units equally sharing the load. This
configuration would also allow the elimination of the differential, since each
CVT would drive one rear wheel.

Finally, a multispeeg, or shifted, CVT configuration could be considerec
tor this heavy vehicle. The added complexity of synchronizing the shift points
would require substantiation of the techiology involved prior to a design tinali-
zation. The hecavy vehicie could benefit substantially from the reduction in
transmission losses associated with the shifted CVT contiguration.
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APPENDIX A

DETERMINATION OF CONTACT AREA DIMENSICNS

A general case of two bodies in contact is the following:

P
Body 2 : 4 Plane
\ ) o

ooy

2a --\\§\ Contact
A
sS481?

At the point of contact minimum and maximum radii of curvature are Ry and Ry’
for Body 1, Ry and Rp' for Body 2. Then 1/Ry and 1/Ryr are principal curvatures
ot Body 1, and 1/R; and 1/Rp1 of Body 2, and in each body the principal curva-
tures are mutually perpendicular. Then:

= 15 P
Max. sc 1)

b
2a = a b Ps
V K (42)

2 = gof P&
K (43)
3 pf_-
= | S
Y K25 (44)
where
§ = 4
LI I T I (45)
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and

= EqE2
3 _ v 2 o2
52(1 v, ) +E, (1 v, )

a and Bare given by the following table, where

K = 8

(46)
® = arc cos g (.'_-.'__)2+(_‘_—‘_)2+2(_1_-1_) ('_-.‘_)
4 Ry Ry Rp R Ry Ry R2 Ro1
8, deg
o} 20 30 35 40 45 50 55 60 65 70 7% 80 85 90
] = Jo.o12] 3,778 2,731 | 2.397 § 2.136 | 1.926 | 1.754 § 1.611 ] 1.486 1.578 | 1.284 | 1.202] 1.128 ] 1.061] 1.00
cbo lo.319] 0.408] 0.493 §0.530 | 0.567 | 0.604 | 0.641 0.678 ] 0.717} 0.759 } 0.802 | 0.846 | 0.893 | 0.944] 1.00
»f - to.851 ] 1.2200 1.453]1.550] 1.637 § 1,709} 1,772 1.628] 1.875] 1.91211.944 ] 1,967} 1.965] 1.996] 2.00
where
Ry, Ry1, R2, and Rp1 = mutually perpendicuiar radil of
the curvatures of the two bodies
sc = surface contact stress
P = total pressure
2a = major axis
2b = minor axis
y = deflection perpendicular to the
contact area plane
£ = modulus of elasticlty
vV = Poison's ratio
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APPENDIX B

PARAMETRIC STUDY DATA

Data obtained during the parametric study are illustrated in figures 68

ihrough 73 and summarized in tables 10 to 12. Typical plots of parametric
study data were made to establish optimum geometric relationships.

130

These data were used in the selection of the toroid cavity geometry.
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APPENDIX C

-
WE IGHT CALCULATIONS

This appendix contains the weight calculation sheets for the CVT shown in
figure 74, including:

(1) Toroid assembly

(2) Gears and shafts

(3) Housing and covers

140




"Om ‘0Ma $F0NYHD) g7 .
s0 / 39w "ASSY LN3N INC/SSTWSNIS] 7V alo¥CL K L
“$@) 138 - LHOI3M VIO N Vo3 TOus
“$91 » OZ2°8€/ AWG -1MB138 TVA0L NOIL¥IITdaY wano13n3 é(-2/-21 21v0
——imesise S EYIIET
“SISVINGS POATSN]
o $J0T IRDR™
b
!
00762 (,0962) SYIATD § ODNISHSH
0518 (s OS L% SZFVAS 7 S967D
ot'0€ (008 > /A o
of°1E o077 N -Assly o/o0¥3/
sNivis ANOIIM SNOAYIND VI 7 03y ON | 39vO 7,v8 NOIL4WI%30 o8 SNEWY0

133HS NOILVINITIVI LHOIBM

144

e G e

[N

z.
Rt -



D it o T ———

‘ON "OM0

SIONVH)Y

0 [/

I9vd

‘S ¢

YIVYINO o D

AS "W

‘ASSY_LX3IN Ilwﬂuﬂqllm SONTSAoH

37414

‘WON3 TONd

A3M - LHOIIM T¥L0L

“$a7

0062

AHQ “AHOIIM VL0 NOILYII VddY

pe/

WINOLSND

6L-2-el

oR*'?

Qﬁﬁ:ﬁc LGP P (RN ﬁméﬁ %

3ava

NOIYI ~SpNIsAol]

o5

2L W3Iar 0Ou YIWIS rd

UIc - VI

w...l |

b9'€

or .uNxQ.\w a'7Y0g°2 i) +(h X/ 7foT 2 L)}

(2 Yo&Js 4) € €0 (G CTEDE

(o2 Yoz Yops) *an o5 Jorez)] 7

ININ] = SNISTOH

(2]

22

AQQ\VN«MN VEEIGDOE

(S2X2hhD-(52 Xnr€)~(S2° X2pr )~

(o F78)58°2) - (°8 TYFIF N 7

ININ] g7

(23]

(O )[(T XA EXS ) ¥

[ R CNIREICRERD G R IE

CP X QYD EICEY L2 CXK )| /

onish u\\

ORIGINAL PAGE IS
OF POOR QUALITY

v5°2

ﬁoe\u\ﬂmww Torr)—-

(EXTASI7) = (X0 e) - (2L PLA)-

(oeArxscz D F(ze Jos o2 I)#

(SEASCTEPE ) #(SE XLy ozo7y+y,

€D EHY CEIEICDH D T =)

2c’s

(7€ 50 NoT ) 7(Z AB 807 1) ¥

(sX2X22°6T) +(2 o9 rJog ic) ¥

(BT Yo p7Jo08 2 HS AS2 7992 F

i |
[+) v v v l“ v K s‘\
(BXZZyoE 2 ) #(&7 X7 T op D] 7

27T = ST (@

(0070 [t XBE Fs97 %] 7

(S5 XA A9 ) (ST YOE oA ¥

(27 Y866 €) (82 FSLENSCED] /

7¢

JQN.W; - QW\_Q.U

snivis

LHOI1IIM

o3y 'ON VO

SNOILYINI VD

3. 1¥N

NOILENISI0

133HS NOLLVINDTIVYD LHOIM

¢
!
142




e

o ——— o e s = e e e e e e ~—

"ON 980 _SI0NYHD ) . CHFI¥INE o D . ol
£ 0 /  30vd4 ‘ASSY 1X3N SIIVKNS 3} OMYU3D A T -
‘san 13 - LHOIIM V101 R TV |4||J.:lu Toud
“$@7 AYMG -LH9IIM WI0L NOWLLYIV ViV lﬂgiﬂlaoll NIN\.N 34v0
y7 e (€827 05 Jo5 7£) 7 II%#L .
17 (CBZYSTYEAATE) 7 | ~ IAIIIS (2]
I (€82 XslXor"YgEX2E7 L) 7 ” 9
.13 (CRTXSCATH IRE WO EL) | T ONIYG5E) &) i
ar P SO SR LU K SONINSTE @)
E8/ €82 uN«woN\.Nuw Th)H(Bs X29°YS22 L)+
(59 X8O 2E T L) ¥ (20 XOF YTTE)[[— 7 YVID 2)
F7. (EBZ e ol X092 Z) 7 245 dﬂqluqﬂdﬂ& 0z)
75 ey (€ TYD R CLE) EXR )| I Sivoagd R ALUZTED S )
i (PXEBZ LS X941 ") » SNIY Iy ()
90" (82 A# ASA ST TH) 7 IIOVIS 3 IAN Noo7 @) |
[ 34 (FRITSCXISXIS T 25 715) 7 ONIRYY%) Q)
€0 ¢ (€827
e X2 065 %) #(% F52 2O €9 °
ﬁuﬁu‘om P TR EARIETR € .NWN.\R\\ / ) AIn 7 VIO @5
21° mwﬁNn ABH B HEJ L YR X0 @u
(F2 YBEAIEE L) H(V2JSEXA?H 5] 7 14 ZZ5] [G)
g0~ (ZYo0I Y80 X58 (oL TE) 2 [ NoiZ579y @
55 (€8T X oc 158025 7 WG 7 Ho1nTy - 30UF (QO)
&0 (c82 Jo/" X279 X7} 7 ONIYIS A@U
0 (BT X7 X027 7 e F LAY (8)
7 ﬁﬂmﬁ .Nd\wau.wxﬁo\;ucu / K4 I (2)
/¢ 2 (%8 NQR\N?QN%NN PECS .N@mﬁh\.\ 7 LIYNSHIV - @
5 (EBZST NPT X#4s Xs57%) 7 Y SNISGIG )
SN1VLS AMO13M SNOIAYIND VD 03y ON| 30VvO 1, 4vH NO1L 4830 ON SNWN0
133KS NOILVINDTVI LHO13M
L NROS




"ON "SM0 SIONYH) QWS“\MO QW A8 ‘YWD
i 2 0 2z 39w "ASSY 1X3N SIFEHS 7 O3 D an von3 Tove
'$@) L3R - LHO1AM WL104 — .N-NII-IIJ
‘s@? AMQ -5HDIIM V101 ] ____NOUwI Y
s § (Es2Yy20XoTay " 7
( ¢ m.wun\ GO o9E) 7/
&7 {(g827) /(2 X284 2A7 )7
(XTI +( 70 AS8E D (58 Fo67 )| 7 ¥57a] - 963D @ll
507 - (EIZXSCN T FL T59 %) 7 ONTYIIY @?)
2g! ?8\\3\ TELTBI €LY 2 JoE (1852 L)+
(ST AST ORI ATz ] ASSY YNV I3CGY]
77" 552 &\«ww TCRLTHS I 957 ) F(BUF Y Bc6: 7 715 LNdNf =IIVIS mw
1/ (080 Jst Tos Jo/7 %) / NoQULD ASSY W3S Q)
Z0" (€82 Y50 T8/ 02 %) 7 SN/ JVNS
17758 - (€3 =D (T ¢ 70 ¢ 4] 7 TVl - V307 m-I
07 EE/E ) CReK Y CF (732 I YIONIS @)
so’ (EBZ Feo yo i JA8° %) / ~”
Tk (G20 E70 CXp CTTA™Y I YISWIS %Il |
7z (X2 BTRAS RS AT TE) | = 2US ONITY UL (D)
STTE roLgr ST (05T T (,29 T —~ ASSl/ avoy IV (D)
I BT <82 JSCXR20)~(2 657 HI el % ZIVRSS c
iz" P €z Y (STTTT? T9TX) + (A T2/ X067 . F LINerf ~ DOF F AU
7 (EBT /(57 Joh Je € YIC ASEXSTEE " | vEIE Oy
o7 mmmww«&. 9 €5 CZEE ) ION V307 @
s Anww&NﬂWN w‘mm.k.wn.wc:\va
(92 Xl YobTE) ¥ (81" Y05 J57 .\rS\ 7 WEIFE @
SE” M 73 EXR LR EI P ETRED) / SNiY VI ®2)
(7 (€8T sz 521877 N\&m\m\wwx.wxﬁmwt i / VY] A¥IL) @
snvs 14913IM SNOILYTINDI VD 03y ‘On 39v9 T, 1vN NOI OIS0 oN NNl
I33HS NOILVINDIVI LHO3M +
|Gie R4

144

el




"ON_"9MQ wH
£ 40 € 30w .»u”wcuuuz = L
‘sa1 L3M ~ LHDIIM V104 2401 ‘NOND PONd
“$@7 AMG - 119134 L0 NOILYI eV HINOLSND 2,90
90" G / -
oz (€82 Y2 o7 257X 7 Y o
7 O CIROPEER CEW E F«“ A WMWJW“«“ 4
o~ (€82 X0 XF Joc7X] / I7; 7
207 SIPEDITBITEE d g — ONY J¥NS
T Amnw\iﬂwum\hé T(ZEJAL)SE .Td\ / YrIL) ONIYy [ _
82°2 ~mu~\\ﬂmmu§ POALERT €IS (TR EV T INE i
(72 XTI Yo D) F(RET95s TSTe B F i
(8702 7YFE 2 L) #(57]Fo N2 E) 7 B KL £25)
5" (X e XA A a9 79| 2 Xz Lz Hm“m
I+’ (€827) _
N.\ovaﬁk*T: TXIEIT) (0T Jodl 7T# !
(87 Y1902 #(BINCZE D8 FJEE0 77| |
(GoTASBET ROTZXSEIL )+ (55 X895 Jf| 7 .Ewmwn
8¢ CesZ]s<c .Mww.\aw.\&g.\r@ 7 ONTYV3g %
20 €3 B2y ro (B3I Y297 L) s wUS ONIY JUNS )
rYa (RAEXIOT 077977 E) 2 Fvoyg ONINsAL] (%)
17T (EBZ IO AT TSH7EY [ 7 s SNy JVNS (0s)
207 (57°Xe X FSECh )17 IR LINSTT) )
£6°2 ~mm~%m§wNa§w&w.o\w ’
(ZX28 X27A7)+ (oh sksk°27)
(OF°EYoE 20 ¥{073 Jor \M +(ot o6 7T NV
£~ (E8ZFSZTeps | T (2 25] m.ll
00°2 (7 XE32 Y092 h2S %) A 2Zs .Wee&,ﬁr\ 20 (%)
snivis 1HOIIM SNOILAYIN3 VD ouc 'ON{ 39v9 7,.1ivm NOIL4WNISI0 08 SNWE0

£33HS NOILYINDTVI LHOIIM

S e IR

145




“on “smg _s3omym3 IO |
P 0 b v AFCY 1XIN ST OTES I STTVIS A8 3w
"$97 138 - 149134 V104 ; i —___USND VOud
‘s 0% 17 ANO -1HDIZM V101 ..o:cu.a.tq_ ¥IN0LA3ND il V0
‘lﬂﬂﬂ!ﬂuﬂ“
K m P4
rXa ﬁ?NQQ\ Q\NM!“NHNW.V!
2rk98r) -amﬂ&m\\ﬂ«%nﬁntnw\ + 2V WoIsT) tgmﬁﬂ.uﬁl
o Nﬂ\ﬂ»~\\“§d\m§0 maﬂu.\%ﬁh.\ 2 als NS
bol ([ CLV/ (3 F N CED (X P
(84 €/ ) - (#YoR° X3¢ .Nh.\wxri .
(TXo7Tes 7Ly 7 (o3 S TR 2 E2 R LA~
7~ X7 7 ooy DNITO . )
b0’ (X 0o/)[(o7]800") -
(X X2 E) (BT Yer) H(z2 J825 .\\. Z £ 4 —Gaas)
€0’ (1,7°7| € [ _
aC - (EX<caz) i |
S TTT TR ST TR T 5 TV ~TVID w
I (EIe8Z SN TSRS | € BNy
% (CXERTXSTXSTIIS7° )| & IV - 1FVRS (%),
25" (ex2)/(s/ TeJ€os")-
AT (57X 7Xa & J KT LS 7 VIS VY
8h il am..wu.vﬂ:\.»‘...:ow\
ETs2 {2kt ) (SZXOZETJF(2E7 532 )%
(907597 J#(oT A58 J+(FET} (75 h%r /4 T PR ELLL
zZ0” (VBP XO¢ YRz YST7E) 7 NOGUVD VIS W)
20’ (egz Yooy err 81 v SNy VNS
LA ) (i € Cbr b S G0 S| W o TS
Snivas 14913 SNOILYIND YD 1 038 ON| 3I0VWY 1,1vn NOILSWISIO o SNEVNe
= — L]

L33IHS NOILYINDITIVI LHOIE3M

146

TRV

R PR P

5 Rl

B L A OO S

“

w2t g

[PROSSI Y



‘ON ‘9ma .y Li.rl Q&Yém\.-v‘ >
zZ 0 / IV ASSY 1% A .nh,%\ /oy o/ -
.oﬁ 138 - LH9138 WVIOL : R nswuﬂclcllhk
s ANO -1WBI13M W01 NOILYI ViV HINOLOND pe -]
€f (eaz 1°7" um.ﬁwwdﬂu w | 28/ NN -INP. llellll_
3% g ; |
907 (Ax<c8z Yst Yor 28 J2E7 %)
S (TXex2D
X7 ) (OTASoF L)
I3 (2L o0l)
- ‘16" ~(sZ: ) - ‘XN E
25" oGy \\«NNn VO YE LWL XEIR
(M2 TETE)- (v XBTYog 1) ¥
CZF TZ4r E) F (%6 Y o3 X 08 7L)]
90" € (IR CLIP K74
0" Avaz\\Wﬁ.ﬁﬂjﬂﬂNmﬁ«ﬁw
(/A8 ?H&ﬂﬂn.ﬁdﬂv? 73 \u.v
7 A
T
42
(F7 o5 TX°8 LI ¥ (05 N%uw 2 NOTRAY] m
of € [iYeRzJj(s XoTTXGC T ZJ RE T3 T42 \.5\ r YTy 2
(14 (ZXEREXSC AT XSTY TR |3 SNITVRIT (s
CT A (ZX€e2 /ST 767) (53 X582 7] 3 SNV Iy (»
T (ZXEB T (&7 X2An J #( 45 7X967D ]| 2 745 OAL7 - Nif (s
snvis P T SNOLLYING VI o ON| IV 7,4 N0IL 2830 0N SNV
133MS NOILVNOV) IHOEA

147

o

-
LIRS Wi

. o«

F N g o,

2 Bt

+

LT

e Tl Faovaars s

PaEd g o

PR




‘on "9md $200vw3)| N RIVYING F D .
Z 40 T 3w ASSY_ANIN AT aroyez e |
‘s A3 - LW9I38 VA0 a4 B ]
s@1 oL /9 ANQ -1W313M V101 NOLLVIIVéev WBNOLIND b 2ve
(ogot) A
7s 7 RGNS T S > I . cxsmm—
gFol 7 w35 ¥dd IWIT XITL7 VIR
IR \eg2) m
\.\»\ Foz7Fer <O H 9 TaT Jo8 72D
(o XA JoTTEF( o2 T OV T % 7 B)F +
{95 Xcs ey TE)¢(s7”, P XX N 4 3 ;
C - (€82 Iz J227J96 75) | / 245 |OSK] 4pery -~ VTS
S0T (8 SRYTTLG ¢ e IeI 7/ ¢ _
(CPEPR SEEED] HSA XIS Zor ) I
(87 Xz9 V5L T W57 Xok X587 L 7 Si5 2AIR] = STIT @)
(on'E) Assly a@io¥eél
e 7 SS
3 EB2 Y XTI 7 o | OSIF 1ndL] - IiIdS
gs'd (€8z)/(sA X2z TISTTE] T
(&7 Xse X587 %) ¢(s ‘KIh T Joe AL) ¢
T(EsAsTI52 7 VEERE 7 748 2RJANY = ST @)
sns P swOuVINOIYD oswon| 29ve | 1.aww N0 14w2530 o Yves
133WS NOILV WD VD IHOOA
weie e m

o %2,‘%



P

R

= e g

"

s

Tnis appendix presents a drawing of the CVT in figure 74 and lists it3 parts
in table 13.
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Figure 74.--Continuously variable transmission cross section drawing.
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