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ABSTRACT

AN INVESTIGATION OF A POSITIVE ENGAGEMENT,

CONTINUOUSLY VARIABLE TRANSMISSION

Brian S. Andersen
Department of Mechanical Engineering

Master of Science

A continuously variable transmission (CVT) is a dypf transmission that allows an
infinitely variable ratio change within a finitenge, allowing the engine to continuously
operate in an efficient or high performance rangebrief history of CVTs is presented,
including the families under which they can be gateed. A new family of CVTs, with
the classification of positive engagement, is pmess  Three different published
embodiments of CVTs of the positive engagement tgpe presented describing a
meshing problem that exists apparently regardleiseoembodiment in this family. The
problem is called the non-integer tooth problem asaccurrences are detailed in each
of the three embodiments. Specific solutions ® ghoblem, as embodied in each case,
are presented. The proposed embodiment of a newgitiyg@ engagement,
continuouslyvariable transmission is described tadl with the derived general

kinematic equations of its motion. The kinemagaations for two variant embodiments






are also derived. The results of the meshingyarsafor this new embodiment are given
and the non-integer tooth problem is exposed igettdifferent operating conditions of
the CVT. Characteristics of a solution to the mateger tooth problem are then

described, which are applicable to positive engagerfamily in general.
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CHAPTER 1 INTRODUCTION

The primary function of a transmission is to transmit mechanical power from a
power source to some form of useful output device. Since the invention of the internal
combustion engine, it has been the goa of transmission designers to develop more
efficient methods of coupling the output of an engine to aload while allowing the engine
to operate in its most efficient or highest power range. Conventional transmissions allow
for the selection of discrete gear ratios, thus limiting the engine to providing maximum
power or efficiency for limited ranges of output speed. Because the engine is forced to
modulate its speed to provide continuously variable output from the transmission to the
load, it operates much of the time in low power and low efficiency regimes. A
continuoudly variable transmission (CVT) is atype of transmission, however, that allows
an infinitely variable ratio change within a finite range, thereby allowing the engine to
continuously operate in its most efficient or highest performance range, while the

transmission provides a continuously variable output to the load.

The development of modern CVTs has generally focused on friction driven

devices, such as those commonly used in off-road recreational vehicles, and recently in



some automobiles. While these devices allow ferdélection of a continuous range of
transmission ratios, they are inherently ineffitiedhe reliance on friction to transmit

power from the power source to the load is a soafg®wer loss because some slipping
is possible. This slipping is also a major conitds to wear, which occurs in these

devices.

To overcome the limitations inherent in the cur@€lMT embodiments employing
friction, a conceptual, continuously variable, pesi engagement embodiment has been
proposed for investigation at Brigham Young UniugtsThis concept proposes utilizing
constantly engaged gears which transmit power withelying on friction. Because the
proposed embodiment is new, no engineering analyas yet been performed to
determine its kinematic and meshing characterisies understanding of which are
necessary to validate the proposed concept asbéeveanbodiment. This research will

investigate both the kinematic and meshing chariatitss of this and related concepts.

The objective of this research is also to analjeefamily of positive engagement
CVTs. Although the CVT embodiment that has beapgpsed for investigation is new,
other embodiments belonging to this family havenbdeveloped and published. The
embodiments in this family do not rely on frictidbased power transmission. All
embodiments in this family, however, have been thaseovercoming a distinct problem
which manifests itself seemingly regardless of émebodiment and will hereafter be
referred to as the non-integer tooth problem. Thgearch describes the nature of the
non-integer tooth problem and details the occueeoicthe problem in the proposed
concept, as well as three published embodimentsdatails solutions to the non-integer

tooth problem as embodied in the three publishebdogliiments. The presentation of



some published solutions to the non-integer tootiblpm clarifies the nature of the non-
integer tooth problem, as well as aids in the dgwalent of characteristics of a general
solution to the non-integer tooth problem applyitay all members of the positive

engagement CVT family.

Because the intention of this research is to pegceater understanding of the
positive engagement CVT family, this research wdt focus on the actual design of a
positive engagement embodiment. The aim of thsearch is provide a foundation for
future research involving the engineering designfurfctioning, efficient and robust

positive engagement CVT embodiments.

This thesis follows the ensuing organization. Géag provides a broad review
of current CVT designs. This includes a categdionaof the types of CVTs and a brief
explanation of the principles behind each type.isTib presented as background and
motivation for the ensuing work relative to the fanof positive engagement CVTs,

which is presented.

Chapter 3 introduces the new positive engagemenit &abodiment, which was
proposed for investigation at Brigham Young Uniugrsalong with two variants of this
embodiment. The introduction to this new emboditerd its two variants includes a
description of the operating principles of the edibwents, as well as a derivation of the

kinematic equations governing the motion of the¢hembodiments.

Chapter 4 contains an examination of the family pafsitive engagement
transmissions, focused specifically on the commablem encountered in the family -

the non-integer tooth problem. The non-integertitoproblem is defined and is



demonstrated in three published embodiments, wliicdtrate the variations in which the
problem can be expressed. This chapter also geesewveral solutions to the non-integer
tooth problem, as contained in the published embedts, which aid in understanding
the non-integer tooth problem, as well as estaibigslcriteria for a solution, which is
discussed in Chapter 6. It is important to not the solutions that are presented from

the published embodiments are not ideal solutiasss be discussed in Chapter 4.

Chapter 5 builds on the understanding of the nteger tooth problem presented
in Chapter 4, and uses the kinematic equationsrgtate in Chapter 3 to perform a
meshing analysis of the new positive engagement E€vibodiment presented in Chapter
3. This chapter, based upon the meshing anallsaisitt describes, also classifies the
conditions under which the non-integer tooth probleccurs in the new CVT

embodiment.

Chapter 6 makes conclusions about the nature ohdneinteger tooth problem
based upon the analysis of the new CVT embodimesgented in Chapter 5, as well as
the discussion of the non-integer tooth problerprasented in Chapter 4. Based on the
nature of the non-integer tooth problem, Chapteis® presents the characteristics of a
solution to the non-integer tooth problem, applieato the new embodiment that is

presented, as well as to the family of positiveagament CVTs.

Chapter 7 makes conclusion and recommendatiorfarfibier research.



ciarrer2 - BACKGROUND

Continuously variable transmissions have been enfas many years. Near the
beginning of the twentieth century, cars like ther®vant, Cartercar, and Lambert
featured friction dependent CVTs (Puttré, 1991)hede friction drive CVTs were
common in automotive use until engines capablerotiycing higher torques became
common and necessitated the move to geared, fatemliransmissions capable of high
torque transfer and having better wear charadesighan friction dependent CVTs.
Only in the past few years, with the advent of axeal materials and technology, have

friction dependent CVTs returned to commercial egaypilon in the automotive industry.

To provide a foundation and motivation for the e¥sb presented, this chapter
first presents a definition of a continuously vhhea transmission. For background
purposes, a review of the current literature on €V&Tincluded. The families in which
various embodiments can be classified are preseatedg with a description of the
operating principles in each family. A new famity embodiments of the positive

engagement classification is also presented, altigthe principles governing this new



classification. This research focuses most heawvity embodiments in the final

classification.

DEFINITION AND TERMINOLOGY

A transmission is a device which allows the trarssimoin of power from a rotating
power source to a rotating load. Conventionalgnaissions allow for the selection of
discrete gear ratios, thus limiting the engine tovgling maximum power or efficiency
for limited ranges of transmission output speed.cofstinuously variable transmission,
however, is a type of transmission that allowsrdmitely variable ratio change within a
finite range, thereby allowing the engine to combinsly operate in its most efficient or

highest performance range.

Beachley and Frank, 1979, present a sub-classditabf the continuously
variable transmission called the infinitely var@aldlansmission (IVT). While the two
terms are often used interchangeably, there istandi difference between them. While
a CVT allows an infinitely variable ratio changethin a finite range, an IVT must be
capable of producing an output speed of zero fgriaput speed, thus giving an infinite

speed ratio.

CVT CLASSIFICATIONS

There are several classifications of CVTs. Thifihg five are most relevant to

the current research: hydrostatic, friction, tractivariable geometry, and electric.



HYDROSTATIC

Hydrostatic transmissions are commonly used in radid vehicles and
agricultural machinery. Many commercial riding lawnowers commonly employ
hydrostatic transmissions in their drivetrains.e3& transmissions use high-pressure oil,
commonly at pressures up to 5000 psi, to transntgp. They are composed of a
hydraulic pump and hydraulic motor (see Figure ,2a)ich are connected by hydraulic
lines (not labeled in Figure 2.1). The hydrauliorp, which is generally driven by the
engine, provides power to the hydraulic motor,hiea form of high-pressure fluid. The
hydraulic motor, in turn, converts the hydraulioygs into mechanical power, which is

transferred to a load.

Figure2.1: Typical Hydrostatic Transmission (Adapted from Beachley and Frank, 1979)

The continuously variable nature of this transnoisstomes in the ability of the
hydraulic pump to adjust the pressure and flowyafraulic fluid that it supplies to the
hydraulic motor by changing its displacement. Hgtatic transmissions will almost

always have a ratio range of infinity, i.e., be I¥T This is accomplished because the



stroke of the pump can be varied from zero to iéimum. Also, because the stroke of
the pump can generally be reversed, the hydraubtomcan have both positive and

negative rotation, thus providing forward and reeerotations of the output.

An advantage of the hydrostatic transmission isatbiéty that it has to transmit
high torque from the input to the output, whicloal$ for its application in a wide range
of devices. This is enhanced by the ability hythtss transmissions have for precise
speed control. One major disadvantage of hydiosStA{Ts is their moderate efficiency
(between 60 and 80%), which offsets the efficiegeyns of allowing the engine to

operate in its most efficient regime.

FRICTION

The friction CVT is one of the most common forms®{Ts in use today. These
CVTs are characterized by the use of friction smémit power. Traction drives use a
form of friction to transmit power, but are clagsif separately and will be discussed
later. In the friction CVT family, there are seakdifferent embodiments. These include

rubber V-belts, metallic V-belts, flat rubber balisd chain drives.

The common characteristic of the V-belt driveshis tise of a drive and driven
sheave, each with variable diameters. The effectimmeter of the sheave is adjusted by
varying the distance between the two halves oftieave (see Figure 2.2). Each sheave
consists of one mobile and one stationary half, #twedtwo sheaves are positioned at a
fixed center distance. As the halves of the sh@awee together, the belt is forced up to

a larger diameter on the sheave. As the halvéiseo§heave move apart, the belt returns



to a smaller diameter. The ability to continuouséry the diameter of the drive and

driven sheaves allows for a continuously varyiggémission ratio.

Figure2.2: Typical Rubber V-belt CVT Configuration

The sheave diameters can be varied in several vadggending on the type of
control desired and the ratio range needed. FiguBeshows a common CVT used in
snowmobile and ATV applications. It consists obtaheaves, referred to as the driver or
primary clutch, and the driven or secondary clutahgd a composite v-belt. In this

application, the control of the CVT is automatidhe primary clutch is actuated by



engine rotation, using centrifugal force on flywsg that produce an axial force on the
mobile half of the sheave, causing it to move talmdre stationary half of the sheave.
The secondary sheave is referred to as a torquengesheave, and is spring loaded to

maintain proper belt tension.

Figure2.3: Typical ATV or Snowmobile CVT

Rubber V-belt CVTs are also commonly used in maehools. The control in
this case, however, is a mechanical system thatmetes the spacing of the two halves
of one of the sheaves. Because the belt lengthinsnconstant, the second pulley must

be spring loaded, allowing it to adjust automatycal

It is common for slipping to occur in both rubberb€lt CVT applications
presented. This is because the driving forceaissimitted through friction between the
sides of the V-belt and the inside surfaces ofsteaves. While this negatively affects
efficiency, it can have a positive safety effectnmachine tools, especially when the

machine becomes overloaded.

10



An advantage of the rubber v-belt CVT is the higharrange that it can provide,
as well as the ability for automatic speed contnilich is what makes it so desirable for
use in ATVs where an expensive control system tgdesirable. Some disadvantages of
this type of CVT are its low torque capability at@ significant wear that develops due
to belt slipping. This wear inhibits the ability tne CVT to shift ratios properly. Belt
slipping also contributes to the moderate efficiermé the device, which is usually

between 70% and 80%.

Another common belt-type CVT is the metal push I62UT. This belt driven
CVT is different from the previously mentioned ralbelt versions in that power is
transmitted through the belt by way of compressidhe first company to commercially
develop this concept was Van Doorne Transmisseis Tietal push belt CVT can
transmit more force, and therefore is better suitethe automotive industry. Figure 2.4

shows the XTRONIC CVT, developed by Nissan, whictpeys a metal push belt.

Figure2.4: Nissan XTRONIC CVT
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The construction of the metal push belt is showRigure 2.5. The belt consists
of thin, high-strength, segmented steel blocks #natheld together by stacked bands of
steel. The bands are stacked into slots on bd#s 2f the blocks, and help maintain the
shape of the belt as it passes through the shedlager and Fussner, 1997, stated that
the load path is dependent on the complex intenaetnd friction between the bands and

block slots, the adjacent blocks, and the blockwalls and the faces of the sheaves.

Thin, High-Strength Metal

Metal Belt Design Layout

Figure 2.5: Metal Push Belt Design Layout (Taken from http://www.insightcentral .net/
encyclopedia/encvt.html, March, 2007)

The advantage of the metal push belt over the mbHgelt is its ability to
transmit higher torque, usually up to 350 N-m, whias stated previously, makes it more
useful in higher torque situations, like in autonted It is also more efficient - between
80% and 90% - than the rubber v-belt, due to tliced amount of slipping that it
allows. A disadvantage of the metal push belt G¥The high contact stresses in the
sheaves, which requires special materials and apeontrols to minimize belt slip,

which would otherwise rapidly wear the sheaves.
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A third type of friction CVT is the flat belt CVTKluger and Fussner, 1997, state
that flat belts are more efficient for transmittipgwer because more of the allowable belt
tension can be used for transmitting power rathan tproducing belt to sheave forces.
Developed originally by Kumm Industries, the flaglbCVT is composed of a flat
elastomer belt and two pulleys. The two pulleyss @mposed of two guideway discs on
each side. These guideway discs have logarithpiralsguideway slots which support
the ends of the belt drive elements. The set adeyvays in one disc have clockwise
curvature and the slots in the opposing disc haumterclockwise curvature (see Figure

2.6).

Actuation and control of the flat belt CVT is acqdmhed by means of a
hydraulic actuator in each of the two pulleys. sTactuator rotates the inner set of discs
of each pulley relative to the outer set of dis€sis causes the belt drive elements to be
positioned at a desired diameter (see Figure 27@ssure is set in the hydraulic actuator

to generate the required belt tension at the dispeed ratio.

Figure 2.6: Guideway Discs (From Kumm and Kraver, 1985)
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Figure 2.7: Radial Positioning of Belt by Drive Elementsin Guideway Slots (From Kumm and
Kraver, 1985)

Like the rubber v-belt and metal push belt CVTe tlat belt CVT is capable of
providing a high ratio range, but its efficiencypapaches 95%, which is higher than the
other belt type CVTs. One disadvantage that fedt @VTs have is that they require
complex controls to maintain belt tension, but wiheift tension is maintained properly,

there is little wear in the CVT and its torque samssion capability approaches 450 N-m.

The final friction CVT that will be considered ihis work is the steel chain drive
CVT. The steel chain drive CVT, also referred satee PIV chain drive, is similar to the
rubber V-belt CVT. It also contains a drive andrein sheave composed of a stationary
and mobile half, which halves are moved relativeed@h other to adjust the effective

diameter of the sheaves. Power is transmitted fioendrive to the driven sheaves
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through a steel chain, which like the rubber V-bglinsmits power in tension. Figure

2.8 shows an example of the pulleys and chain umstds transmission.

Figure 2.8: Example of PIV Steel Chain Drive CVT (Taken from Avramadis, 1986)

Because the contact between the sheaves and chametal-to-metal, special
precautions must be taken to ensure the eliminadfoslipping. Any slipping would
reduce power transmission efficiency and accelenasar. Since force is transmitted
from the sheaves to the chain through compressikee$ on the sides of the chain, a
special hydraulic-mechanical torque sensing dewtest be employed to regulate the

clamping force, especially during torque spikesrédwadis, 1986).

When chain slipping is eliminated, the steel chdrive CVT is about 90%
efficient, and is capable of providing a high ratemge. A disadvantage that the chain
drive CVT has is the noise it generates due tayloéic interaction of successive links of

the chain with the sheaves.
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TRACTION

Traction drives were one of the earliest forms MTCconcepts ever developed.
A traction drive is a transmission that transmisvpr through rolling contact. The 1906
Cartercar, powered with a 12-hp engine, was deeelopith just such a transmission.
Many current applications employ traction drive§hese include applications such as
machine tools, low-power yard equipment, and rdgesime automotive applications.

Figure 2.9 shows several transmissions of theitratype.

There are some discrepancies in the definitiorraxftion drives. Some authors,
such as Beachley and Frank (1979), and Chana (188&6)gorize V-belt drives and
traction drives together in the friction drive qey. Hewko (1986), however, and Singh
and Nair (1992), categorize them separately. Rerpurposes of this work, we will
consider the definition of a traction drive presehby Hewko (1986). A generic traction
drive is “a power transmission device which utiéizeardened, metallic, rolling bodies for
transmittal of power through an elastohydrodynarfiied film.” This definition
distinguishes traction drives from variable-shedsiees because sheave contact is static,
while traction drives employ rolling contact. Thseans that sheave contact does not

exhibit significant elastohydrodynamic fluid filmhpnomena.

In properly designed traction drives, power is $faerred from the driving roller
to the driven roller through the shearing of theidlfilm between them, not through
body-to-body contact. This happens because théacbbetween the rolling bodies,
which generally happens over a finite area in thegpe of an ellipse, traps the fluid and
subjects it to extreme compressive stress, usoalithe order of 100,000 to 500,000 psi.

This extreme stress increases the instantaneotssitis of the fluid by several orders of
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magnitude, thereby increasing its shear strenggths the shear strength of the fluid at

this increased viscosity that determines the amotidrque that can be transmitted.
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Figure 2.9: Examplesof Traction Drive CVTs (Taken from L oewenthal, 1983)

The toric CVT (one form of traction drive) has betye subject of extensive
research in order to adapt it to automotive appboa. Figure 2.10 illustrates a single
toric drive. In this arrangement, one race sea&she input and the other race as the
output. To transmit rotation and torque from theut race to the output race, three
rolling discs are placed between them in the t@doodvity at 120° intervals. To ensure

proper contact between the races and the rolleesottside diameter of the rollers must
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be equal to the transverse diameter of the torbh8euwhe center of the rollers are located
on its pitch diameter (Hewko, 1986). The ratiotha arrangement shown in Figure 2.10,

is adjusted by changing the inclination of theaxdlin the toroidal cavity.

Figure 2.10: Typical Single Unit Toric Drive (Taken from Hewko, 1986)

Traction drive CVTs have become more common in raotive applications
during recent years due to their ability to trartssnmoderate amount of torque and their
good efficiency (between 85 and 90%). Some magadyantages they have over belt
type designs, however, are their higher weight sizé, as well as their complexity.
They require high dimensional precision to maintpioper contact, and also require

special lubricants and high quality materials tgigtthe contact stresses they generate.

VARIABLEGEOMETRY

Variable geometry describes a group of CVTs that efsicyclic motion and the

ability to change the mechanism geometry to cootisly vary the speed ratio of the
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transmission. These devices usually generate dome of oscillatory output for a

constant input velocity, and thus employ one-waygwerrunning, clutches to correct the
negative portion of the oscillatory movement (Beniket al., 2004). An overrunning
clutch is a device that allows torque to be tramtgaiin one direction, but freewheels if

torque is applied in the opposite direction.

One of the simpler variable geometry CVTs, shownFigure 2.11, uses
overrunning clutches and kinematic linkages as maeiclal diodes. This device is called
the Zero-Max, and would normally be constructedinfto eight of the linkages shown in
Figure 2.11. Each of the links is connected toitipait shaft through an eccentric. This
causes the power link to oscillate, which motiotrassferred to the output shaft through
the overrunning clutch. The magnitude of the ¢etodn, and thus the output rotation, is

adjusted by moving point A on the control link.

Figure2.11: Single Linkage of the Zero-Max CVT (Taken from Beachley and Frank, 1979)
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Another CVT that operates under similar principeshat developed by Benitez
et al, 2004. This transmission is actually clasdifas an IVT because of its ability to
obtain a speed ratio of zero. Figure 2.12 showddmgn of the IVT. This device is
composed of two subsystems: the variator unit beddifferential unit. The variator unit
is responsible for the variation of the transmissiatio, and is composed of the input
shaft, a control plate, five main planet shafts andun gear. The planet gears are
mounted through overrunning clutches on the plahefts. The planet shafts are held in
position and caused to orbit the sun gear by tmrcbplate, and the planet gears are

maintained in mesh with the sun gear.
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Figure2.12: IVT Design (Taken from Benitez et al., 2002)

To enable the ability to adjust the ratio of thensmission, the control plate is

able to shift radially relative to the sun gear.héi the axes of the control plate and the
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sun gear are collinear, the circumferential spaohthe planet gears about the sun gear
is equal and the angular velocities of their orblteut the sun gear are equal. When the
control plate is shifted radially, relative to teen gear, and the planets maintain mesh
with the sun gear, the circumferential spacinghefplanet gears about the sun gear is not
equal, and the angular velocities of their orbliswd the sun gear are not equal. This is
shown in Figure 2.13. In this arrangement, only fhanet gear whose orbit has the

highest angular velocity about the sun gear tratsstorque to the sun gear. The other

planet gears freewheel by means of the overrurciirtgh.
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Figure 2.13: Angular Section of Torque Transmission (Taken from Benitez et al., 2002)

In the device developed by Benitez et al., as sedfigure 2.12, there are two
variator units, whose outputs are their respedivwe gears. These sun gears function as
the inputs to the second subsystem of the transmisthe planetary differential. The

differential compounds the two inputs from the gears and produces a final output.

A major advantage of variable geometry CVTs is ttiety provide positive

engagement of the input and output, which translatt® higher torque capabilities than
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any other CVT design. This also allows for gooficefncies, approaching 95%. The
major disadvantage of the variable geometry CVTthe oscillating output that it

produces, which greatly limits the applicationsvinich it can be used.

ELECTRIC

The electric motor combination shown in Figure 2dréates a CVT that is
analogous to the hydrostatic CVT. The generataveds mechanical power in the form
of rotational velocity and torque to electrical