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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.

Variable Neutral Fixed
ashpate
e Forward I Reverse swashplate
‘ I ‘
S R Low Pressure

Fluid
| WW

/
(b [N pj I_ (o] % Qlﬂ O
[+ ]! 1e)e] A
77 777 -
e
:‘.I,- WU T
Input High Pressure L Output
Shaft Fluid Shaft
Variable displacement pump Fixed displacement motor

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.

Input Output

AR Sheave 5 e
‘ [ movement Sheave ‘ ‘ l

| | reaction ‘
|

Fixed Sheaves _ _‘

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 obtsheaves, 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 blockwsalls and the faces of the sheaves.

Thin, High-Strength Metal

Metal Belt Design Layout

g

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 flagltboCVT is composed of a flat
elastomer belt and two pulleys. The two pulleys @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 adeyuays in one disc have clockwise
curvature and the slots in the opposing disc havmterclockwise curvature (see Figure

2.6).

Actuation and control of the flat belt CVT is acaaished 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€éis causes the belt drive elements to be
positioned at a desired diameter (see Figure R7@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-bglnsmits power in tension. Figure

2.8 shows an example of the pulleys and chain ustds 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 accelensar. 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.

WL

Fig!

—

2L

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 torb8ewhe 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.

. OUTPUT RACE

INPUT RACE ROLLER
OUTPUT
J - RADIUS
; L2l
OUTPUT
SPEED
INPUT No
o j (-\
N, — '
INPUT SPEED \/

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 tsisethe 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.

Control link

Power link

Output
shaft

Input shaft Overrunning
with eccentric clutch

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.

l Planet gear 5 I Control Plate 2 ‘ I Planet gear 3 } Lever ‘
= mh— e
Rir c :- Ring gear C
ing gear & //
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» "'; 3 “t Planet gear a Planet gear b
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Shaft 3-5 b i 2 @;}n._ 5
bl i 1 1| o -
P oy s -
Gircular 1 "’? ’@ :“"1' - Planet Shaft
; = “ < ~
Guide = bt - i Py ~]
O |5 : [ O
. T \
& Output
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Sun gear B
Shaft 6
o et N Hollow Shaft 4 | Sun gear A J
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Gears 1
Input Shaft 1 Sun gear 4
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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 mwn the form of voltage and current.
This electrical power is passed through the corgn@uitry and then fed to the electric
motor, which converts the electrical power back n@chanical power. In this
arrangement, because there is no rigid connecetnden the generator and motor, the
speed ratio from input to output can be continupuaried. Also, it is possible to

achieve a ratio of infinity, making this arrangeran IVT.

A major disadvantage of the electric CVT desigitssnefficiency at speeds other
than the motor’s design speed, which occurs beda@smotors operate most efficiently
over a narrow range of speeds. It is, howevere dbl transmit high torques, as

demonstrated by its use in diesel locomotives,iswedpable of precise speed control.
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Figure 2.14: Example of a Simple Electric CVT

CVT COMPARISON

Output

Table 2.1 shows a comparison of the previously rifesd transmission types

based on five important characteristics describihgir performance under normal

operating conditions. It is significant to notatlhe variable geometry type transmission

is the only one of the types presented that hagsaillating output, which is generally

undesirable in transmissions.

Table2.1: CVT Comparison Chart

Transmission Characteristics _
Type C;g;%lijlliaty Wear Output Complexity ngrflgoe
Hydrostatic High Low Non-Oscillating Low High
Friction Low High Non-Oscillating Low Moderate
Traction Moderate | Moderate | Non-Oscillating | Low/Moderate High
Variable Geometry | Moderate Low Oscillating Moderate Moderate
Electric High Low Non-Oscillating Low High

Table 2.2 shows a comparison of the advantagesisadvantages of the CVT

types described in this chapter. It is interestmgote that the modern development of

CVTs for automotive use has focused on metal pe#h/Ts and traction drive CVTs.



Table 2.2: Comparison of CVT Advantages and Disadvantages

Transmission Type Advantages Disadvantages
. High T T issi Moderate Effici 60-80%
Hydrostatic CVT ig 9rque ransmission oderate Efficiency ( )
Precise Speed Control
Good Ratio Range Moderate Efficiency (70-80%)
Rubber V-Belt CVT Automatic Speed Control Low Torque Capability
Significant Wear
Good Ratio Range High Contact Stresses in Sheayes
Moderate Efficiency (80-90%) Limited TorqueNS:rﬁ;)ablhty (Max 35¢

Metal Push Belt CVT Highest Commercially Available

Torque Capability Highly Sensitive to Wear

Requires Special Controls to Limi
Belt Slip During Torque Spikes
Limited Torque Capability (~ 450 Nt
m)
Requires Special Controls to

High Ratio Range

Good Efficiency (90-95%)

Flat Belt CVT Maintain Belt Tension
Long Belt Life
Better Torque Capability Than V-
belt CVTs
High Ratio Range High Contact Forces at Sheavg
Steel Chain Drive CVT Good Efficiency (90%) Higher Noise than Belt Drive CV{s

Highly Sensitive to Wear

High Ratio Range High Contact Forces Between

Elements
Good Efficiency (85-95%) Higher Weight and Size than Othgr
Traction DriveCVT Designs
High Rate of Ratio Change High Dimensional Precision
High Torsional Damping Requires Special Lubricants

%

Requires Special High Quality Ste
Highly Sensitive to Wear

Positive Engagement of Input and Oscillating Output

Variable Geometry Output
CVvT High Torque Capability Rely on One-Way Clutches
Good Efficiency (90-95%)
Electric CVT High Torque Capability Complex Control System _
Precise Speed Control Inefficient Power Transmissioh
PosITIVE ENGAGEMENTCVT

Positive engagement describes a family of CVTs tmiple the input power

source and the output in a positive manner, asredaua simple gear pair found in a
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positive engagement, discrete ratio transmissitvhile this is frequently the case in
embodiments in the variable geometry CVT familysifge engagement CVTs do not
generate an oscillatory output, which is the maiistinction between the two families.

Because families in this embodiment have high terqapabilities due to the positive
engagement of input and output, and also have é&ffitiency due to not relying on

friction for power transmission (as is done in m&wyTs), positive engagement CVTs
are the ideal CVT. Figure 2.15 shows that thetp@sengagement transmission is the
intersection of the positive engagement transmissigth the continuously variable

transmission, thereby providing the benefits ofhbatasses of transmission. The
embodiments presented in the ensuing chapterdassifed in the positive engagement

CVT family.

. Positive L
CU"“”UDUE'}" Engagemen‘t PGS'“‘U‘E
Variable Continuously Engagment

Transmissions Variable Transmissions
Transmissions

Figure2.15: Transmission Family Inter sections

It is important to note that while a positive engagnt CVT would have higher

power transmission efficiency than a friction degemt CVT, the calculation of this
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efficiency is only for the operation of the transsion in a power transmitting ratio. It is
not the overall efficiency, which would incorpordtesses during the starting of the
power source, which may require disconnecting thesimission from the power source
through a clutch. Also, while standard positivegagement transmissions are highly
efficient at transmitting power, their overall eféncy is actually lower than the positive

engagement CVT would be due to power losses dshiftng.

PLANETARY GEAR TRAIN

Because the new PECVT embodiments that will beemtesl and analyzed in
Chapter 3 are similar to planetary gear traing ftelpful to first present a discussion of
common planetary gear trains. A planetary geantias shown in Figure 2.16, consists
of a central sun gear, a carrier arm which supm®t®ral planet gears in mesh with and

rotation about the sun gear, and an outer ring wbarh meshes with the planets.

Planet Gear

Sun Gear

Figure 2.16: Planetary Gear Train (Taken from http://en.wikipedia.org/wiki/lmage: Epicyclic_
gear_ratios.png, June, 2007)
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The gear ratio of a planetary gear train is somewian-intuitive, and is
dependent upon the relationship of two inputs &éghar train. Because a planetary gear
train has two degrees of freedom, it requires s to produce a single output. It is
often the case that one of the inputs involvesihgl@ither the sun gear, carrier arm, or
the ring gear stationary. The following two eqoma$i are the general equations for

calculating the transmission ratio for a plane@ewr train:

(2+n)e, +ne, - 2(1+n)a, =0 (2.1)
N,+2N, =N, 2.2)
Where:

®a = Ring Gear RPM

s = Sun Gear RPM

oc = Carrier RPM

n=Ns/Np

Ns = Number of Teeth on the Sun Gear
Np = Number of Teeth on the Planet Gear

Na = Number of Teeth on the Ring Gear

It is important to note the significance of Equati®.2. Because gears can only
have integer numbers of teeth, there are only eliscsizes of planetary gear trains that
are possible.

While it is common for one of the inputs to the rmdtary gear train to be
stationary, it is also possible to provide two tot@al inputs to the train to get a

combined output. This application is discussethefollowing section.
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CVT APPLICATIONS

While continuously variable transmissions have mdegirable characteristics,
current CVT configurations can be very complex austly. Also, some of the
configurations presented can have undesirably lfsiencies, like the hydrostatic and

electric CVT designs.

In order to combat the low efficiencies in some Csbinfigurations, and to gain
the benefits of a positive engagement CVT using €¥¥dm other classifications, many
researchers have begun exploring the power-spiicipte. The benefit of this principle
is a gain in efficiency by passing only some of gimver through the continuously
variable unit. The remainder of the power is pdgheough a fixed ratio mechanical unit
(like a planetary gear train) with high efficien@nd combined with the variable input
from the continuously variable unit. Figure 2.1¥ws a schematic of such a device,
where the continuously variable unit is the hydxbsttransmission discussed previously.
Power from the engine is used to turn the hydrizstadit, which produces a continuously
variable output. Power from the engine is alsopsag directly to the mechanical
differential, which combines this input with the ntimuously variable input that it
receives from the hydrostatic unit to produce aticowusly variable output. This
embodiment has been employed commercially by Joberd (see Figure 2.18) to
overcome the inherent inefficiencies in the hydatistunit. Although efficiency is

gained through this approach, a reduction in na@ime occurs.

The application of continuously variable transnussi in many fields of power

transmission is rapidly expanding as continuingaesh improves their functionality and

28



efficiency. The application of CVTs, however, il torque situations is still not
common. This is due to the reliance on frictionmest embodiments as a means of
power transfer. The CVT that has been proposednfggstigation at Brigham Young
University, as well as the published embodimentsth& positive engagement CVT
family that will be described later, are an attemgpproduce a CVT that does not rely on
friction for power transfer, but instead providesnachanical gear train with positive
engagement of the input and output of the drivachSa transmission would provide for
high torque transfer in a highly efficient, contiusly variable manner, which would

provide ideal power transmission.

N Mechanical N
Power Shaft \ Power
Input Power Mechanical | Output
_3 Differential
// ‘//
s A wout
Power Power
to —» Hydrostatic Unit from
Hydrostatic Hydrostatic
Unit Unit

Figure 2.17: Schematic of the Power Split Principle
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Figure2.18: John DeereIVT (Taken from http://www.deere.com/en_AU/equipment/ag/tractors
/8030_series/transmission.html)

30



anerers NEW CV'T CONCEPT

ORIGINAL EMBODIMENT

Figure 3.1 shows the general embodiment of the proposed new continuously
variable transmission. The embodiment (hereafter referred to as embodiment 1) consists
of a central reference gear (A) whose axis is co-axia with the magjor axis of the
transmission. The reference gear (A) aso acts as the output of the transmission. An
input arm, or drive gear carrier (B), is connected to the axis of the reference gear (A),
allowing it to rotate around the axis of, and relative to, the reference gear (A). The input
arm (B) isthe input to the transmission from an external power source. Connected to the
input arm is a drive gear (C), which the input arm (B) causes to orbit about the reference
gear (A). The drive gear (C) is connected to the reference gear (A) through a gear pair
relationship, which means that the rotation of the drive gear (C) about its axis has a fixed
relationship to the rotation of the reference gear about its axis (this would be
accomplished through a gear set between the reference gear (A) and the drive gear (C), as
represented by the idler gears in Figure 3.1). The idler gears shown in Figure 3.1 also

show the rotational direction relationships between each of the labeled gears, but do not
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show how a gear set between the reference geaarfd)the driven gear (E) would

actually be arranged (ensuing figures do not shbe itler gears to simplify the

illustrations). Also connected to the axis of teerence gear (A) is a stationary arm (D),
which remains fixed (does not rotate) and suppedsiven gear (E). The reference gear
(A) rotates relative to this stationary arm (D)heTdriven gear (E) is also connected to
the reference gear (A) through a gear pair relatign (represented by the idler gears
shown in the Figure 3.1), in the same way thatiinee gear is connected to the reference

gear, as described above.

Driven Gear (B>

Stoti B (D)
& RRNIERY SN Idler Gear

Input Arm (B, Drive Gear Carrier
Idler Gear
Drive Gear (C)

\/\/irtuol Circle

Reference Gear (A, Output

\ Orbit Rodius )
s Yarioble Dimension) /

Figure 3.1: Basic Embodiment of the Proposed CVT

When the input arm (B) is rotating about the aXishe reference gear (A), the
drive gear (C)rbits around the reference gear (A) at an angular wyl@gjual to that of

the input arm (B), and hence the input of the tmaesion. This orbiting motion also
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causes the drive gear (C)rmtate about its own axis in the opposite direction @ tnbit
motion, given that the reference (output) gearigAptating in the same direction as, and
faster than the input. The angular velocity atalhthe drive gear (C) rotates, relative to
its orbit, is also dependent on the gear ratidhefdear set connecting the reference gear

(A) and the drive gear (C).

The drive gear (C) shown in Figure 3.1 connects itiput portion of the
transmission to the driven portion of the transmoiss This is accomplished as the drive
gear (C) orbits past and meshes with the driven @8a The contact and meshing of the
drive (C) and driven (E) gears are what causeiootatf the reference (output) gear (A),
again through a gear set (not shown) between tive gear (E) and the reference or

output gear (A).

The orbit radius (F) shown in Figure 3.1 is the toghng dimension of the
transmission. As the drive gear (C) orbits themsfice gear (A) at a certain orbit radius
(F), it traces out a virtual circle, as seen inurgy3.1. As the orbit radius (F) is varied,
the diameter of the virtual circle is also changedemain tangent to the drive gear (C).
The radius at which the driven gear (E) is heldls® adjusted as the orbit radius (F) of
the drive gear (C) changes such that the drivem @®aremains tangent to the virtual

circle.

Because the drive gear (C) has an orbiting angaacity in one direction and a
rotational angular velocity in the opposite direnti the resulting tangential (pitch line)
velocity of the drive gear (C) at the point of tangy with the virtual circle, relative to

the central axis of the transmission, is dependpah the orbit radius (F) noted in Figure
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3.1. As the orbit radius is varied, the resultpitch line velocity can vary at values
greater than the input. Because the drive geanm(@t mesh with the driven gear (E),
the driven gear must have a pitch line velocityada the resultant pitch line velocity of

the drive gear (C) at the virtual circle.

While Figure 3.1 shows only one driven and onealgear, an embodiment with
only one driven and one drive gear would not mantonstant engagement. This is
because the drive and driven gears would only rasmingagement for a short portion of
the drive gear’s orbit. The functioning embodimewuld thus be composed of a
plurality of both drive and driven gears. The enibtent could consist of an equal
number of drive and driven gears (see Figure 2f2p differing number of drive and
driven gears in a so called “Vernier relationshipée Figure 3.3). The advantage of the
Vernier relationship between driving and driventfmors of the transmission is the ability
to ensure constant engagement between driving aweindportions with a minimum of
drive and driven gears. In other words, an embedinmaving a Vernier relationship
with five driven and four drive gears (see Figur@) 3vill have an engagement point of a
drive gear with a driven gear every eighteen degodeotation of the input, whereas an
embodiment as shown in Figure 3.2, with four drieew four driving gears, will have an
engagement point of a drive gear with a driven geary ninety degrees of rotation of

the input.
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Figure 3.2: Embodiment with Equal Number of Drive and Driven Gears

Driven Gear
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Figure 3.3: Embodiment with Vernier Relationship Between Driveand Driven Gears

35



KINEMATICANALYSIS FOEEMBODIMENT1

This section details the derivation of the kinematquations governing the

function of the transmission.

The resultant pitch line velocity of the drive geathe point of tangency with the
virtual circle (Ve arive) IS @ combination of the pitch line velocity dweits rotation about
its own axis (L ro) and its translation (orbit) about the centralsaxd the transmission

(VeL 7).

VPL,drive :VPL,RO +VPL,T (31)

The drive gear pitch line velocity due to rotat®/p_ ro) iS:

I
wdrive = (a)lﬂ - a)ref) o (32)

drive

VPL, RO = adrive r.drive (3 . 3)

V _ r.ref |]
PLLRO — (a)m ~ Wt )_

drive

(3.4)

drive

VPL,RO = (@in - aref )rref (35)

where:

odrive= Angular Velocity of Drive Gear

oin = Angular Velocity of Input Arm

oref = Angular Velocity of Reference Gear
ref = Radius of Reference Gear
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rarive = Radius of Drive Gear

The drive gear pitch line velocity due to tranglat{Vp, 1) is:

VPL,T = ain (rorbit + I’drive) (36)
where:
rorbit = Orbit Radius of the Drive Gear

The resultant Drive Gear Pitch-Line Velocity f{\irive), @S seen at the point of
tangency with the virtual circle, substituting Etjaas 3.5 and 3.6 into Equation 3.1, and

combining terms, is:

VeLdive = VoL TVeLro (3.1)
or,

VoL aive = @in (Forpit + Farve) + (Gin = Coreg Wit (3.7)

VeLaive = @in (Torsit  Tarive  Fret ) = Core Fres (3.8)

The Driven Gear Pitch-Line Velocity €V griven iS:

(3.9)

VPL,driven = a‘drivenrdriven

where:

odriven = Angular Velocity of Driven Gear
raiven = Radius of Driven Gear
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Because the Driven Gear has a gear pair relatipnsgitihh the Reference Gear, and
because the angular velocity of the Reference ged#ne desired output of the final

equation:

VPL,driven = adrivenrdriven = Ccref r.ref (310)

where:
oref = Angular Velocity of Reference Gear
ref = Radius of Reference Gear

The Final Equation of Motion relating the pitchdinelocities of the drive gear at
its point of tangency with the virtual circle, atiee driven gear at this same point (since

they must be equal for proper meshing), using Egoat3.8 and 3.10 is:

VPL,drive = VPL,out (311)
Coref rref = win (rorbit + rdrive - r‘ref ) + Coref rref (312)
.
a)ref = . (rorbit + rdrive + rref ) (313)
2 |]ref

Equation 3.13 relates the input angular velocitythe transmissionaf,) to the

output velocity of the transmission,).

OTHER POSSIBLEEMBODIMENTS

During the course of this research, two alternagu&bodiments employing the
same principles as the embodiment just discussee, been investigated. The following
sections will describe the embodiments, includingdexivation of their kinematic

equations.
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FIRSTALTERNATIVEEMBODIMENT— OUTPUTRINGS

The first alternative embodiment (hereafter knovenembodiment 2) that was
investigated in this research is shown in Figu# 3This embodiment consists of a
carrier arm (A) that is mounted on and free to teot@bout the central axis (D) of the
transmission. The carrier arm is the input totta@smission. The embodiment is also
composed of a reference gear (not shown), whichasnted on the central axis (D) of
the transmission, and is fixed such that it doesrotate. On the opposing ends of the
carrier arm are held two drive gears (A), which peemitted to rotate about their own
axes relative to the carrier arm (F). The drivarggA) are connected through a gear
train (not shown) to the reference gear (not shamd, rotationally fixed) such that when
the carrier arm rotates in one direction aboutcérral axis, the drive gears (A) rotate in
the opposite direction about their own axes. Tdreier arm (F) causes the drive gears to
orbit the central axis (D) of the transmission. eTdrbit radius (E) defines the length of
the carrier arm (F) from the central axis (D) of thansmission to the axis of the drive
gear (A). This length is variable, and is the colling dimension governing the
transmission ratio, which will be discussed lat&he virtual circle (C) is a circle which

is defined as being tangent to the pitch circlethefdrive gears (A).

The transmission is also composed of driven gdaxswhich in this embodiment
are ring gears. These driven gears (B) are locaeidlly about the central axis (D) of
the transmission, and positioned radially such thair pitch circles are tangent to the

virtual circle. These driven gears (B) are thepatugears of the transmission.
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Drlven Gear (B)

Drive Geor (4D

Carrier Arm F)

Centrol Axis (D)

Drive Gear (A)

Driven Geor <B)

Virtual Circle (€ W'L% /é }/ % ) Orkalt Rtidlus )
o

Driven Gear B

Figure 3.4: First Alter native Embodiment

Figure 3.4 shows the described embodiment havingetldriven gears (B) and
two drive gears (A). This is purposely done tcateea Vernier relationship between the
drive and driven portions of the transmission, whallows for maintaining constant
engagement of the drive and driven portions oftthesmission with minimal part count.
This embodiment parallels the original embodimergspnted at the beginning of this
chapter, with the exception that the driven geatsch were external spur gears in the

original embodiment, have been replaced with irgkerimg gears.

KINEMATICANALYSIS OFEMBODIMENT2

The resultant pitch line velocity of the drive geathe point of tangency with the
virtual circle (Vb grive) iS @ combination of the pitch line velocity dweits rotation about
its own axis (\Lro) and its translation (orbit) about the centralsaxi the transmission

(VeL1).
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VPL,drive :VPL,T _VPL,RO (3-14)

The drive gear pitch line velocity due to rotat{p_ ro) is:

Wyive = Wy :f (3.15)

VeLro = @arivel grive (3.16)

VeLro = Wy G:T_ie (Borive (3.17)

VeLro = Gin [Fres (3.18)
where:

odrive= Angular Velocity of Drive Gear
oin = Angular Velocity of Input Arm
ref = Radius of Reference Gear

rarive = Radius of Drive Gear

The drive gear pitch line velocity due to translat{Vp_ 1) is:

VoLt = @i (Tomit + Farive) (3.19)

where:

rorbit = Orbit Radius of the Drive Gear
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The resultant Drive Gear Pitch-Line Velocity f\irive), @S seen at the point of
tangency with the virtual circle, substituting Etjaas 3.18 and 3.19 into Equation 3.14,

and combining terms, is:

VeLarve = VoLt ~VeLro (3.14)
or,

Ve ave = @in (Torit + Tarve) = (G [Teer) (3.20)

VeLaive = Cin (Torsit + Tarve ~ Tret) (3.21)

The Driven Gear Pitch-Line Velocity €V griven iS:

VPL,driven = a‘drivenrdriven (322)

where:

odriven = Angular Velocity of Driven Gear
rariven = Radius of Driven Gear

The Final Equation of Motion relating the pitchdimelocities of the drive gear at
its point of tangency with the virtual circle, atige driven gear at this same point (since

they must be equal for proper meshing), using Egosi3.21 and 3.22 is:

VPL,out = VPL,drive (3 . 23)

wdrivenrdriven = a‘fn (rorbit + r.drive - rref) (324)
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= i (rorbit + rdrive - rref) (325)

a)driven -

driven

Equation 3.25 relates the input angular velocitythe transmissiona(,) to the output

velocity of the transmissiomriver)-

SECONDALTERNATIVEEMBODIMENT— FIXED REFERENCEGEAR

The second alternative embodiment that was inwasty in this research is
shown in Figure 3.5. The embodiment (hereaftegrretl to as embodiment 3) consists
of a central reference gear (A) whose axis is datawith the major axis of the
transmission. The reference gear (A) is fixedhsd it cannot rotate. An input arm, or
drive gear carrier (B), is connected to the axighef reference gear (A), allowing it to
rotate about the axis of, and relative to, therezfee gear (A). The input arm (B) is the
input to the transmission from an external powerse. Connected to the input arm is a
drive gear (C), which the input arm (B) causesrtmt@bout the reference gear (A). The
drive gear (C) is connected to the reference gaartt{rough a gear pair relationship,
which means that the rotation of the drive geard@)ut its axis has a fixed relationship
to the rotation of the input arm (B) about its aftlss would be accomplished through a
gear set between the reference gear (A) and tke dgar (C), not shown in Figure 3.5).
Also connected to the axis of the reference gegrig¢Aa stationary arm (D), which
remains fixed (does not rotate) and supports aedrgear (E), which is the output of the

transmission.
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Driven Geor (B3, Output

[oler Gear

Stotionary Arm (D)
Input Arm (B), Drive Geor Corrler

Drive Gear (C)

/ Virtual Circle
1)

Orbit Radius (F)
i “Varioble Dimensiony .

Figure 3.5: Second Alternative Embodiment

When the input arm (B) is rotating about the aXishe reference gear (A), the

drive gear (C)rbits around the reference gear (A) at an angular viglegjual to that of

the input to the transmission. This orbiting motialso causes the drive gear (C) to

rotate about its own axis in the opposite direction oé trbit motion. The angular

velocity at which the drive gear (C) rotates, rgkto its orbit, is dependent on the gear

ratio of the gear set connecting the reference @8aand the drive gear (C).

The drive gear (C) shown in Figure 3.5 connects itiut portion of the
transmission to the driven portion of the transiiss This is accomplished as the drive
gear (C) orbits past and meshes with the driven @®a The contact and meshing of the

drive (C) and driven (E) gears are what causeiootatf the driven (output) gear (E).
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The orbit radius (F) shown in Figure 3.5 is the toohng dimension of the
transmission. As the drive gear (C) orbits thenmafice gear (A) at a certain orbit radius
(F), it traces out a virtual circle, as seen inUfg3.5. As the orbit radius (F) is varied,
the diameter of the virtual circle is also changedemain tangent to the drive gear (C).
The radius at which the driven gear (E) is heldls® adjusted as the orbit radius (F) of
the drive gear (C) changes such that the drivem @®aremains tangent to the virtual

circle.

Because the drive gear (C) has an orbiting angeacity in one direction and a
rotational angular velocity in the opposite direnti the resulting tangential (pitch line)
velocity of the drive gear (C) at the point of tangy with the virtual circle, relative to
the central axis of the transmission, is dependpah the orbit radius (F) noted in Figure
3.5. Because the drive gear (C) must mesh witldtiven gear (E), the driven gear must
have a pitch line velocity equal to the resultanttpline velocity of the drive gear (C) at

the virtual circle.

While Figure 3.5 shows only one driven and onealgear, an embodiment with
only one driven and one drive gear would not mantaonstant engagement. This is
because the drive and driven gears would only ramirgngagement for a short portion of
the drive gear’s orbit. The functioning embodimewuld thus be composed of a
plurality of both gears. The embodiment could ¢stnsf an equal number of drive and
driven gears (see Figure 3.6), or a differing nundfedrive and driven gears in a so
called “Vernier relationship” (see Figure 3.7). eTadvantage of the Vernier relationship
between driving and driven portions of the transiis is the ability to ensure constant

engagement between driving and driven portions witiminimum of drive and driven
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gears. In other words, an embodiment having a i€erelationship with five driven and
four drive gears (see Figure 3.7) will have an gegaent point of a drive gear with a
driven gear every eighteen degrees of rotatiorhefihput, whereas an embodiment as
shown in Figure 3.6, with four driven and four diniy gears, will have an engagement
point of a drive gear with a driven gear every tyraegrees of rotation of the input.
Driven Geor (Quiput)
4 Ploces)

Reference Geor Input Arm (Drive Gear Corrier)

Drive Gear
4 Floces>

Stationary Arm

Figure 3.6: Embodiment 3 with Equal Number of Drive and Driven Gears

46



Driven Gear (Qutput)
o Ploces)

Drive Gear
(4 Ploces)

Input Arm (Drive Gear Carrier)
YVirtual Circle

Stoationary Arm

Figure 3.7: Embodiment 3 with Vernier Relationship between Drive and Driven Gears

KINEMATICANALYSIS OEEMBODIMENT3

The resultant pitch line velocity of the drive geathe point of tangency with the
virtual circle (Ve arive) IS @ combination of the pitch line velocity dweits rotation about

its own axis (\Lro) and its translation (orbit) about the centralsaxi the transmission

(VeL1).

VPL,drive :VPL,T _VPL,RO (3-26)

The drive gear pitch line velocity due to rotat{Mp. ro) iS:

I
a)drive = a{n s (327)
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VPL,RO = adriverdrive (328)

Me
VPL,RO =, E'_f |]drive (329)
drive
VPL,RO = aﬁn [rref (330)
where:

odrive= Angular Velocity of Drive Gear
oin = Angular Velocity of Input Arm
ref = Radius of Reference Gear

rarive = Radius of Drive Gear

The drive gear pitch line velocity due to tranglat(Ve, 1) is:

VoLt = @in (Fomic  Farive) (3.31)

where:
rorbit = Orbit Radius of the Drive Gear
The resultant Drive Gear Pitch-Line Velocity f\irive), @S seen at the point of

tangency with the virtual circle, substituting Etjaas 3.30 and 3.31 into Equation 3.26,

and combining terms, is:

VPL,drive :VPL,T _VPL,RO (3-26)
or,
VPL,drive = a‘in (rorbit + r'drive) - (a‘in [rref) (332)

48



VPL,drive = a‘in (rorbit + rdrive - rref ) (333)

The Driven Gear Pitch-Line Velocity €V griven iS:

VPL,driven = a‘drivenrdriven (3 . 34)

where:

odriven = Angular Velocity of Driven Gear
rariven = Radius of Driven Gear

The Final Equation of Motion relating the pitchdimelocities of the drive gear at
its point of tangency with the virtual circle, atige driven gear at this same point (since

they must be equal for proper meshing), using Egusi3.33 and 3.34 is:

VPL,driven = VPL,drive (335)
wdrivenrdriven = a‘fn (rorbit + r.drive - rref) (336)
a)driven = & (rorbit + r.drive - rref ) (337)

driven

Equation 3.37 relates the input angular velocitytha transmissiona(,) to the output

velocity of the transmissiom{riven)-

COMPARISON OF THETHREE EMBODIMENTS

Embodiments 1, 2 and 3 are all similar in form.eblch of the embodiments, the
radial position of the drive gear relative to thental axis of the transmission is called

the orbit radius, which is the controlling dimensiof the transmission ratio. Also, in
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each case, a virtual feature, called the virtuadlej is used to describe the diameter at
which the drive and driven portions of the transios mesh. The purpose for
generating two variant embodiments as part ofrésgarch was to better understand the
meshing characteristics of the proposed concepthaharacteristics will be discussed

later.
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ciaerers | HE NON-INTEGERTOOTH
PROBLEM

The three conceptual embodiments that have beecrildes in the previous
chapter can be classified as positive engagementjnciously variable transmissions.
Positive engagement refers to the condition ofripet being positively engaged with the
output, as in the meshing of a gear pair, such tiattransmission of power is not
accomplished through the use of friction. The fpasiengagement condition must be
met during the traversing of the ratio range of tifa@smission for it to be classified as

positive engagement.

Other transmissions of the positive engagement, timoously variable
classification currently exist, several of whichllwbe described briefly later. The
examination of these published embodiments revaatggnificant meshing problem
between the driving and driven portions of the sraission at certain transmission ratios,
which meshing is critical for positive power transsion. This meshing problem is

called the non-integer tooth problem.

The generic non-integer tooth problem is best wtded when considering the

case of the rear sprocket cluster of a multi-sgaeycle. Each of the sprockets has an
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equal pitch, which allows them to all mesh with leio of the same pitch, but each
sprocket has a different pitch diameter. Thesehpiiameters are specifically set such
that the resulting circumference is divisible bg thircular pitch, resulting in the sprocket
having an integer number of teeth. Figure 4.1 shtwo sprockets with equal pitch, but
with different pitch diameters, and thus differeamimbers of teeth. Because each
sprocket has a different pitch diameter, and thudifi@rent number of teeth, each

provides a different gear ratio when driven by aeotsprocket.

(@) (b)

Figure4.1: (a) 30 Tooth Sprocket and (b) 32 Tooth Sprocket (Both Have Diametral Pitch = 16)

To allow a bicycle to have infinitely incrementedag ratios, there would need to
be an infinite number of sprockets, each with dedgnt pitch diameter, and thus
infinitely different numbers of teeth. If a spratkis created, however, with a pitch
diameter whose resulting circumference is not ilésby the pitch of the chain, a non-

integer number of teeth would result on the sprocke shown by the overlapping teeth
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in Figure 4.2, thereby ensuring at least one ptaccthe sprocket where the chain will not

mesh properly.

Overlappin
Teeth

GueVe

Figure 4.2: Sprocket with a Non-Integer Number of Teeth (diametral pitch = 16)

Standard bicycles overcome the non-integer tootblpm by having a finite
number of sprockets, both driving and driven, whathhave the same diametral pitch.
Each of these sprockets has an integer numberett,tevhich allows them to mesh
properly throughout their complete rotation. Tlmsits the bicycle, however, to a finite
number of discrete gear ratios, with no ability ¢ontinuously vary the power

transmission ratio.

PUBLISHED EMBODIMENTS

The generic non-integer tooth problem occurs irm#mpts to produce a positive
engagement, continuously variable transmissiorred& published embodiments will now
be discussed, especially with regards to the oenag of the non-integer tooth problem

in each case. Because a discussion of the nogeinteoth problem in the published
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embodiments is better understood when also comsgiéhe methods of rectifying the

problem, a discussion of the embodied solutionkalsb be presented.

PivoT-ARMCVT

The pivot-arm CVT, originally developed by Mortens2000, and later analyzed
and modified by Christensen, 2002, at Brigham Youngersity, is an embodiment that
employs compliant members to provide a mechanisnwiill change its active diameter
to create a continuous range of mechanical advantkgyure 4.3 shows a specific design
of the pivot-arm embodiment, meant for applicatiora bicycle drive train (see Figure
4.4). The design consists of seven arms, calledt @rms, which are allowed to rotate
about their connection to a common carrier abouthvithey are attached. The pivot
arms are connected to each other through comphientbers which resist the rotation of
the arms, and which cause all of the arms to rateesame amount. As the arms rotate,
causing the compliant members to deflect, the sffecdiameter of the CVT (front

sprocket) is changed.

Like CVT’s used in other applications, the pivomaCVT does not operate at
discrete increments of ratio change. This meaasthie distance between the ends of the
pivot arms, where the chain is driven, changesicoatsly rather than incrementally as
the effective diameter of the CVT is adjusted.tiAs$ point the non-integer tooth problem
expresses itself. If fixed sprockets were attached rotationally fixed at the end of the
pivot arms to drive the chain, slack would occuthia chain between the sprockets as the
effective radius of the CVT decreased, and therchaiuld skip off the sprockets when

the effective radius increased. This would ocarause the distance between the fixed
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sprockets would only be divisible evenly by thecpitof the chain at certain effective

radii of the CVT.

Figure 4.4: Application of the Pivot-Arm CVT in aBicycle Drivetrain (Taken from Christensen,
2002)
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To overcome this problem, Christensen discussesshef a V-belt and sheaves
to replace the chain and sprockets, respectivelyctwwould solve the problem by
allowing the belt to slip as needed. Slipping lté belt, however, greatly increases the
losses in the system, and reduces the amount quigdhat can be transferred. Thus to
improve efficiency, Christensen states that thalidenfiguration would use a chain and
sprockets, as described before, but still accommeotee continuous nature of the CVT.
Christensen shows that this can be accomplishethdymplementation of a one-way
clutch on the axle of each of the sprockets. Thtels should be oriented such that it will
transmit power when torque is applied through tiput, but will freely allow the chain
to move in the opposite direction. In this mantieg, CVT is able to release excess chain

or prevent skipping while transversing all desiratios.

Fixep-PitTcH CVT

The fixed-pitch CVT (see Figure 4.5), developedanneth B. Hawthorn, 2006,
operates on principles similar to the pivot-arm CVT contains sprockets held by a
carrier mechanism that controls the radial positérthe sprockets, thus allowing the
effective radius of the CVT to be changed, andardeing the transmission ratio. The
carrier mechanism functions the same as the flat®éT described in Chapter 2. Each
of the two pulleys is composed of discs with guidgwlots that support the shafts upon
which the sprockets are held. When the discsaiaged relative to each other, the shafts

which hold the sprockets move radially.

The design also has only two points of contactghain, one on the power side
and one on the load side. This, Hawthorn statesysfor ratio shifts while maintaining

positive engagement. Multiple chains are incorfeatgthree are shown in Figure 4.5) to
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provide multiple contact points which maintain ege@ent between the power and load

sides through their rotations.

Figure 4.5 Fixed-Pitch CVT (Taken from Hawthorn, 2006)

This embodiment is likewise subject to the nongetetooth problem, in that the
distance between the sprockets can change in @&agoos manner. This continuous
change would allow the distance between the spteckeecifically where they would
mesh with a chain (assuming the sprockets couldroiatte), to assume values not
divisible evenly by the pitch of the chain. Asthe previous embodiment, this would
cause slack to occur in the chain as the effecadeus of the CVT decreased, and the

chain would skip off the sprockets when the effectiadius increased.

To overcome the non-integer tooth problem, Hawthproposes a different

method of allowing reorientation of the sprockétart the one-way clutches proposed by
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Christensen. He instead proposes a specially medigprocket (see Figure 4.6), called
the power sprocket, that is able to freely rotggeruits supporting shaft, thereby allowing
the chain to engage properly with the sprocketcelihe chain becomes fully seated on
the sprocket, however, it causes the sprocket ¢k tm its supporting shaft, thereby
eliminating the sprocket’'s rotation, allowing it teansmit torque. By allowing the

sprocket to adjust its orientation when not tratng power, the CVT is able to release

excess chain or prevent skipping while transveralhdesired ratios.

Figure 4.6: Power Sprocket (Taken from Hawthorn, 2006)

ANDERSONCVT

The Anderson CVT (Anderson, 2003) is a positiveagggnent, dual cone type
CVT, that uses two cones positioned with their gxasallel, but with the larger end of

each one alongside the smaller end of the otherKggure 4.7). In the arrangement, one
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cone would act as the driving sprocket, and theerotts the driven sprocket. In the
embodiment, a chain winds around the cones to altowthe positive transmission of
power from the drive cone to the driven cone. fdi® of the transmission is determined
by the axial position of the chain along the con€ke axial position of the chain defines
the diameter of the driving and driven cones thateanployed to transmit power. The
chain can be shifted in infinitely variable increme to provide continuously variable

ratios.

To allow the chain to engage the cones in a pesithanner, the cones have
sprocket bars that act as teeth, similar to a &eto(see Figure 4.7). Because the
circumferential distance between the sprocket lmrdifferent at each axial position
along the cone, there are positions at which theugiferential distance between the
sprocket bars is not divisible by the pitch of tain with which they are to engage. In
other words, because the number of teeth on thescsnconstant along the length, and
the diametral pitch is also constant, the circpitrh varies continuously from one end of
the cone to the other. In this arrangement, thihé expression of the non-integer tooth

problem.

To overcome the non-integer tooth problem, the ribwe proposes a method of
allowing the sprocket bars to adjust their posititimereby adjusting their effective
circular pitch to match that of the chain. As shaw Figure 4.8, the sprocket bars on the
cones are allowed to float, meaning that they cawenradially and adjust a limited
amount along the circumference of the cone. thésadjustment along the circumference

of the cone that allows the adjustment of the déffeccircular pitch. Because of the
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ability to float, the distance between the sprodieets can adjust to accommodate a chain

of fixed pitch.

Figure4.7: Anderson CVT (Taken from Ander son, 2007)

Chain or belt can drive, or be driven
by, the floating sprocket bars

&— & Belt Movement — —

Floating
Sprocket

=i / Floating

Floating W% /
Sprocket / Sprocket

Figure 4.8: Floating Sprocket Bars (Taken from Ander son, 2007)
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CHAPTER 5 MESHINGANALYSIS OF THE
PROPOSEDCVT

Because of the expression of the non-integer tpatblem in the three published
embodiments of positive engagement, continuoudiiabke transmissions that have been
discussed, and because the meshing charactedstics proposed embodiment have not
been previously investigated, this chapter presantanalytical analysis of the meshing
characteristics of the proposed embodiment. Thapter shows that the non-integer
tooth problem is present in the proposed embodin@emt describes the conditions under

which it occurs.

When the orbit radius of the positive displacemerantinuously variable
transmission, previously called embodiment 1, isl lsenstant, it functions as a standard
epicyclic gear train, and therefore must follow #stablished geometric condition for the
assembly of epicyclic gears. This condition statest for an epicyclic gear train
composed of N equally spaced planet gears (thisegpie both drive and driven gears in
the described embodiment), an annulus (the victirale in the described embodiment)

with X number of teeth, and a sun gear (the refexegear in the described embodiment)
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with S number of teeth:

X+9) = Integer (5.1)

For the proposed transmission, the number of ptaftetve or driven gears) and
their spacing is constant, as is the number ohteet the sun gear (reference gear).
However, the number of teeth on the annulus (Mirtirele) is not constant. This is
because the virtual circle of the proposed transiorisembodiment (see Figure 5.1) has a
diameter that is a function of the orbit radius,ickhis infinitely variable. Because the
diameter of the virtual circle can change in irteéty small amounts, its virtual number of
teeth can take on values that are not integergrefére, Equation 5.1 can take on values
that are not integers, meaning that the drive ameknl gears will not mesh properly

without some correction in their alignment, or atation with respect to one another.

The assembly condition equation (Equation 5.1)caitis that proper meshing
will only occur at specific orbit radii of the dewgear, thus eliminating the ability of the

transmission to transverse infinite ratios.

It has been considered that a possible solutiotheéonon-meshing problem at
orbit radii that do not satisfy Equation 5.1 wouldd to allow the driven gears to be
rotated relative to each other by some amountwtioaidd correct for their misalignment.
To facilitate the investigation of a proposed coti@n, a spreadsheet was created that
provided for analyzing the kinematic motion of tinensmission over time. The results
of this spreadsheet were also verified with a Matgsogram. The spreadsheet was

specifically set up to track the orientation of ea the gears in the transmission, as well
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as the meshing of the drive and driven gears irstqpre  The spreadsheet allowed for

changing the ratio (by changing the orbit radiudsthe transmission over time, as well as

allowing it to be fixed at any desired ratio.

Driven Gear (E)

Stationary Arm (D

Reference Gear (A), Output

\
|
|
1

Orbit Radius (F)

Figureb5.1: Basic Embodiment of the Proposed CVT

The analytical investigation yielded three cases:

Case 1: When the transmission operates undéoltbe/ing conditions:

1. The orbit radius creates a virtual circle with ateger number of teeth.

2. The number of teeth on the virtual circle satisfies geometric condition for the

assembly of a planetary gear train (Equation 5.heprwthe denominator of

Equation 5.1 is the number of drive gears, andetipgation produces an even

integer.

63



3. The number of teeth on the virtual circle satisfies geometric condition for the
assembly of a planetary gear train (Equation 5.hprwthe denominator of
Equation 5.1 is the number of driven gears, andetipgation produces an even

integer.

Under these operating conditions, no correctiotha alignment of the driven gears is

needed.

Case 2: When the transmission operates undéoltbe/iing conditions:

1. The orbit radius creates a virtual circle with ateger number of teeth.

2. The number of teeth on the virtual circle satisties geometric condition for the
assembly of a planetary gear train (Equation 5.heprwthe denominator of
Equation 5.1 is the number of drive gears, andetipgation produces an even

integer.

3. The denominator of Equation 5.1 is the number ofetlr gears, and the equation

produces an odd integer or non-integer.

Under these operating conditions, the amount afection is known, and the correction

must only occur once at that particular orbit radiu

Case 3: When the transmission operates undéoltbe/iing conditions:

1. The denominator of Equation 5.1 is the number ofedgears, and the equation

produces an odd integer or non-integer.
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2. The denominator of Equation 5.1 is the number ofedlr gears, and the equation

produces an odd integer or non-integer.

Under these operating conditions, the amount ofection is known, but the correction

must occur at each engagement of the driven getlr @ach drive gear. Table 5.1
provides a summary of the three cases that havedeseribed.
Table5.1: Cases Summary
(A + N ) (A + N ) #of Te_eth on Correction | Continuous
= = Ll Necessary Correction 2L
Drive Driven Circle =
Even Integer | Even Integer Integer No No 1
Even Integer | Odd Integer Integer Yes No 2
Even Integer | Non-Integer Integer Yes No 2

For the transmission to mesh properly, the drivd driven gears must enter
meshing at the same relative alignments for eabh. ofrhis means that when the drive
and driven gears approach meshing, the teeth of ge&r must be aligned relative to the
other gear to ensure proper engagement. The rélagba correction must occur in cases
2 and 3 is to ensure the proper alignment of theedand driven gears, as without
correction the teeth of the gears would not be @ngpaligned, and thus would not

correctly mesh.

The difference in the amount of correction requiredder each operating

condition of the transmission can be understoo@d®mining the relationship between
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the orbit of the drive gears about the referencar gad the rotation of the drive and
driven gears about their own axes (see Figure 3tlis important to understand certain
meshing characteristics of the current embodimentmbre fully understand these
relationships. One of the characteristics of tteppsed embodiment corresponds to how
many degrees the input arm must rotate betweengengants of a drive gear with
sequential driven gears. These points of engageoatenr at equal intervals of degrees

of input arm rotation, as described by the follogvequation:

360

——  =Degrees between Engagements 5.2
Drv* Drn g 9ag -2
Where:

Drv= the number of drive gears
Drn= the number of driven gears

These gear relationships are described in thewallp three cases that correspond

to the three operating conditions described irptieeeding conclusions:

Case 1: For each orbit of the drive gear aboutréiierence gear, the drive and driven
gears will rotate about their axes an angular amthat is divisible evenly by
the angular spacing between their teeth. Thisagillse the same orientation of
drive and driven gear teeth to exist, relative aoheother, at the same point on
each orbit. The alignment of the teeth will algodmrrect at the points where a
drive and driven gear must mesh (Equation 5.2yufei 5.2 shows a plot of the
misalignment of the teeth of the driven gear re&ato the drive gear under case
one at each angle of the input arm for three reiais of the input arm (the plot

only shows the range from 0 to 90 degrees of irgat position for ease of
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examination). It can be seen that the plot examtlyrlaps for sequential orbits,
which demonstrates the same orientation of drivesr geeth at the same point
on each orbit. To determine that the alignmenthef teeth of the driven gear
will be correct when the drive gear is to mesh wtitlit is necessary to examine
the amount of misalignment of the driven gear wtteninput arm is angularly

aligned with the driven gear. For example, in secaith five driven gears and
four drive gears, as shown in Figure 3.3, it wobdédnecessary to examine the
misalignment of the driven gear at intervals of 80fhput angle position, which

corresponds to when a different drive gear willeenbto engagement with the
same driven gear. That is, every 90° of input vaBult in five engagements of
different driven gears at every 18°, thus every 9@° same driven gear will be
engaged. Figure 5.2 shows such a case, and deatesstero misalignment of
the driven gear when the arm is at 0° and 90°,at®f 108°, 72° and 126° etc.
(positions where the input arm would align withatgular driven gear), which

shows that the driving and driven gears will mesipprly.

Case 2: For each orbit of the drive gear aboutrd¢fierence gear, the drive and driven
gears will rotate about their axes an angular amthat is divisible evenly by
the angular spacing between their teeth. Thisagillse the same orientation of
drive and driven gear teeth to exist, relative aoheother, at the same point on
each orbit, as shown by the exact overlapping efollbt shown in Figure 5.3 for
sequential orbits. However, the alignment of teeth will not be correct at
every point where a drive and driven gear must njEgjuation 5.2). Figure 5.3

shows a plot of the misalignment of the teeth @f ¢thiven gear relative to the
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drive gear under case two at each angle of thet i@pn for three revolutions of
the input arm (again the plot only shows the raingm O to 108 degrees of input
arm position for ease of examination). The diffee between this case and case
one is that, while the same orientation of drivel a@nven gear teeth will exist
relative to each other at the same point on eacisemutive orbit, the actual
alignment of the teeth will be incorrect for propeeshing when the drive gear
orbits past the driven gear (Equation 5.2). Faaneple, in a case with five
driven gears and four drive gears, as shown inrBi@u3, it would be necessary
to examine the misalignment of the driven geantrvals of 0° and 90° of input
arm angle, which corresponds to when a sequentia dears will enter into
engagement with the same driven gear. Figure Sr@presentative of such a
case, and demonstrates a misalignment of the dgean when the arm is at 0°
and 90°, 18° and 108°, 72° and 126°, etc. (a jposwhere the input arm would
align with a particular driven gear), which showsttthe driving and driven
gears will not mesh properly, and also that thel inave the same amount of
misalignment at the same point on each orbits #i$o important to note that the
amount or pitch misalignment at 0° is the sameéhasdt 90° (it is also the same
at 18° and 108°, 72° and 126° etc.). Because theuat of misalignment at
every 90° interval on each orbit is constant, a ¢&inee correction for the

misalignment would ensure correct meshing foratisequent orbits.
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Figure5.2: Plot of the Pitch Misalignment of the Driven Gear under Case 1 for Three Revolutions of
theInput (Vertical Grid I ndicates Points of Engagement)
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Figure5.3: Plot of the Pitch Misalignment of the Driven Gear under Case 2 for Three Revolutions of
thelnput (Vertical Grid I ndicates Points of Engagement)
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Case 3: For each orbit of the drive gear aboutréiierence gear, the drive and driven
gears will rotate about their axes an angular amthat is not divisible evenly
by the angular spacing between their teeth, butaimeunt of non-divisible
rotation will remain constant for each revolutioRigure 5.4 shows a plot of the
misalignment of the teeth of the driven gear re&ato the drive gear under case
3 at each angle of the input arm for three revohgiof the input arm (again the
plot only shows the range from O to 144 degreasmit arm position for ease of
examination). In a case with five driven gears &nd drive gears (see Figure
3.3), it would be necessary to examine the misaigm of the driven gear at
intervals of 90° of input arm rotation, which capends to when a different
drive gear will enter into engagement with the saineen gear. Figure 5.4 is
representative of such a case, and demonstratesasignment of the driven
gear when the arm is at 0° and 90°, 18° and 10B8°and 126°, etc. (a position
where the input arm would align with a driven geavhich shows that the
driving and driven gears will not mesh properlyheTplot also shows that the
amount of misalignment of the driven gear on thst fievolution of the input
arm is different from the amount of misalignmenttbe second revolution, as
well as on the third revolution. Because the anafimisalignment at the same
point on each orbit is not the same, a one timeection of the alignment will

not ensure correct meshing for all subsequentsorbit
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Case 3
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Figure5.4: Plot of the Pitch Misalignment of the Driven Gear under Case 3 for Three Revolutions of the Input
(Vertical Grid Indicates Points of Engagement)

Case three also occurs for certain instances wierive and driven gears will
rotate about their axes an angular amount thawisilole evenly by the angular spacing
between their teeth for each orbit of the drivergdaout the reference gear. This will
cause the same orientation of drive and driven tgedh to exist, relative to each other, at
the same point on each orbit, as shown by the examtapping of the plot shown in
Figure 5.5 for sequential orbits; however, theratignt of the teeth will not be correct at
every point where a different drive meshes with shene driven gear (the amount of
pitch misalignment is not the same at 0° and 90Fjgure 5.5 shows a plot of the
misalignment of the teeth of the driven gear retatio the drive gear under this latter
case at each angle of the input arm for three véiools of the input arm (again the plot
only shows the range from O to 144 degrees of impum position for ease of
examination). Again, note that the amount of pitwBalignment at 0° is not the same as

that at 90°. Because the amount of misalignmeetye®0° on each orbit is not constant,
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a continuous correction of the misalignment woudd required every orbit to ensure

correct meshing.

Case 3
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Figure5.5: Plot of the Pitch Misalignment of the Driven Gear under Case 3 for Three Revolutions of
thelnput (Vertical Grid I ndicates Points of Engagement)

While this chapter has only included the meshinglyais of embodiment 1, it is
representative of the meshing characteristics obagiments 2 and 3. An identical
analysis was conducted on embodiments 2 and 3jtamds concluded that the cases
presented are reflective of all three embodimeaits] thus the meshing problems in

embodiment 1 occur in similar form in embodimentng 3.
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ciarrers CHARACTERISTICS OF A
SOLUTION

The previous chapters have described the natutesafon-integer tooth problem,
and have detailed its occurrence in the new prap@ebodiment, as well as three
published embodiments belonging to the Positive agegent family. This
understanding of the non-integer tooth problem he tecessary foundation for
understanding and generating a solution to the lpnopb not only for a particular

embodiment, but also for the family in general.

Chapter 5 showed that the non-integer tooth probgegenerally manifest as a
misalignment of the drive and driven portions oé ttransmission when they should
engage. This suggests two possible courses @nefr approaching the generation of a
solution to the non-integer tooth problem, as shawhkigure 6.1. The first method of
addressing the problem is to generate a methodméaing the misalignment. This
method would probably be specific to a particulanbediment, as the problem is
manifested in unique ways for each possible embedim The second method of

addressing the non-integer tooth problem is geaenatembodiment which does not have
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the problem. This chapter will explore both possies for a solution, and provide, as

possible, functional specifications for each case.

Solution to
Non-Integer
Tooth Problem

Eliminate the Correct for the
Problem Problem
A A
Friction
DE[FTEE: & Ideal PECVT
Multiple Input
CVTs

Figure 6.1: Approachesto Solving the Non-Integer Tooth Problem

A SOLUTION BY CORRECTION FOR THEPROBLEM

This section pursues the generation of functiopaksications for a solution to
the non-integer tooth problem through incorporatangcorrection. These functional
specifications will describe what a solution musttd be a valid solution, not how it will
do it. As stated, the method of correction shdaddunique to a particular embodiment.
Therefore, this section will focus on the occureeind the non-integer tooth problem in

the new proposed embodiment, whose meshing wagzaokin Chapter 5.

Because of the complex nature of the occurrentleeohon-integer tooth problem
in the new proposed embodiment, a visual representaf the problem will clarify its
occurrence and the nature of the corrections nape$s overcome the problem. Figure

6.2 shows an embodiment similar to that represemtdeigure 5.1, having three drive
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gears and five driven gears. The virtual circleegresented as a chain having a pitch
equal to that of the circular pitch of the geargj &daving an integer number of links, or
teeth, as described in the three cases presentetbysly. The representation of the
virtual circle as a chain is solely done for vispalposes, aiding in showing the correct

alignment positions of the drive and driven gears.

Figure 6.3 shows the top gear pair from Figure 6I2e alignment of the drive
gear relative to the chain (the virtual circlesisch that the teeth of the drive gear align
with the pins of the chain. The alignment of theveh gear relative to the chain (the
virtual circle) is such that the driven gear tealign with the spaces in the chain, as a
sprocket meshing with the chain would align. Tdnentation is the proper orientation of
the drive and driven gears, and is necessary tarensroper meshing. This same
orientation of the drive and driven gears, relatiwethe chain representing the virtual

circle, must occur for each of the drive and drigears at any of their possible positions.

The image shown in Figure 6.4 shows the bottonsletfiof gears from Figure 6.2.
It shows that both the drive and driven gears shakenin the correct orientation relative
to the chain (the virtual circle), as describedhia previous paragraph, to ensure their

proper meshing.

In order to now demonstrate the occurrence of the-integer tooth problem,
Figure 6.5 shows the new proposed embodiment, ainul that shown in Figure 6.2,
except that in this case the chain has a non-integmber of links, representing a virtual
circle with a non-integer number of teeth. The aliggment of the links, shown in

Figure 6.6 (upper gear pair from Figure 6.5), desti@tes that the chain has a non-
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integer number of links, and therefore the virtiatle has a non-integer number of teeth.
Figure 6.6 also shows that the drive and driverr gédhe upper gear pair are aligned
correctly with the chain (the virtual circle). Bhalignment is purposeful, as it aids in

manifesting the misalignment of the other drive dniden gears in the embodiment.

Chain Driven

Representing ~ C€a

Virtual

Circle \ >

Figure6.2: Visual Representation of New Proposed Embodiment

Driven
Gear

Figure6.3: Top Gear Pair from Figure 6.2
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Figure 6.4: Bottom L eft Gearsfrom Figure 6.2

Figure 6.5: New Proposed Embodiment at a Ratio Expressing the Non-Integer Tooth Problem
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Misalignment
Shows Non-
Integer Number of

Figure 6.6: Non-Integer Link Portion of Chain from Figure 6.5

The misalignment of the bottom left drive and dnivgears from Figure 6.5 is
shown in Figure 6.7. It can be seen that the dyar, which is intended to align with
the pins of the chain, is slightly misaligned. Tdrezen gear, which is intended to mesh
with the spaces in the chain, is also slightly mgseed. This indicates that when the

drive gear is intended to mesh with the driven gemmy will be misaligned.

While the misalignment shown in Figure 6.7 is vemyall, Figure 6.8 shows that
the top left driven gear from Figure 6.5, whichngended to mesh with the spaces in the
chain, is very misaligned. This indicates, whempared to the misalignment shown in
Figure 6.7, that the amount of misalignment ofdhge and driven gears is not the same

for each drive and driven gear.
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Figure6.7: Misalignment of Drive and Driven Gears Dueto the Non-Integer Tooth Problem

Figure6.8: Top Left Gear from Figure 6.5

79



CHARACTERISTICS OF 8OLUTION BYCORRECTION

This graphical representation of the alignmentefdrive and driven gears shows
that the non-integer tooth problem occurs in trppsed embodiment as an accumulated
misalignment of the drive and driven gears. Thadk to the conclusion that a solution
must involve the reorienting of the drive and/oven gears to negate the accumulated
misalignment before they are required to mesh. s Tigorientation could include
adjustment of the rotation of the driven gearstre¢ to each other, which would correct
for the misalignment, as shown in Figure 6.9. Ald® reorientation could include the
translation of the driven gears about the virtuadle, thereby causing the misalignment
to be zero at the point and time of meshing with dhive gears (see Figure 6.10). Both
of the corrections for misalignment would, of nesigs need to be continuous in nature

to accommodate the continuous accumulation of igisadent of the driven gears.

Corrected
Position

(By Rotation)\k -
Original ‘

Misaligned
Positior

Figure6.9: Correction of the Driven Gear Misalignment by Rotation
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Figure 6.10: Trandlation Correction

QUANTIFYING THE AMOUNT OF MISALIGNMENT

In order to understand the amount of correction ihaecessary in the proposed
embodiment, it is important to quantify the amowhtmisalignment. The following
equations allow us to quantify the amount of mggatent at any operating condition of

the proposed embodiment.

To quantify the misalignment resulting from the foteger tooth problem, the

following equation must first be satisfied:

S
— = Integer 6.1
x g (6.1)
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Where: S # of Teeth on a Driven Gear
X=# of Driven Gears

Equation 6.1 ensures that the angular spacingeaditiven gears is such that their

position relative to the orientation of their teetttorrect for quantifying their

misalignment. The ensuing equations allow us #ntjfy the amount of misalignment.

The degrees of spacing between mesh points ohthg and the output, with respect to

the angle of the input arm is:

=L (6.2)

Where: = # of Drive Gears

L= Degree Spacing of Mesh Points with Respect&o th
Input Arm (in Radians)

The angle of the input arm, as a function of itmtional velocity, at any time t,

[t (6.3)

Where: Bam = Angle of Input Arm
«,,= Angular Velocity of Input Arm (radians/sec)

t = time (sec)
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Equations 6.2 and 6.3 tell us that there will besimpoints every time that the

following equation is satisfied:

2[(nln
Oy = 6.4
Arm X E(D ( )
Where: n= An Integer (1, 2, 3, ...)

At this point the times when the mesh points wiltar can be calculated from the

following equation:

t:—gArm ort, - 2tall (6.5)
a)m X m Ij(')In
Where: t= Time of the f mesh point
| = Maximum Integer that satisfies Equation 6.6
| < @Driven [tn [S (66)
207

Now, proper alignment occurs when the driven gearrotated a full tooth width,
or a multiple of a tooth width, between the engggif the input with sequential mesh

points. If the following equation is satisfiedethno misalignment occurs:

wDriven |:ﬂn = 2[n[n (67)
S
Where: wpriven= The Angular Velocity of the Driven Gear About
its Own Axis
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If Equation 6.7 is not satisfied, then we mustuakdte the angle of the driven gear
at the time when it should be engaged with thetingiuthe angular velocity of the driven
gear (Vpriven) IS NOt changing with time (the equation f0kivenis derived in Chapter 3

for the proposed embodiment and its variants),:then

6, It (6.8)

riven a‘Driven

Where: aoq.n= Angular Velocity of Driven Gear (radians/sec)

Driven

Bpriven= The Rotational Angle of the Driven Gear About its
Own Axis

If Woriven IS changing with time, then:

t
gDriven = j a)Driven [ﬂ t (69)

4

To calculate the amount of misalignment when aairigear is to be engaged
with the input, it is necessary to subtract theialcangle of the driven gear at the time of
meshing from the correct meshing angle. Therefitiee amount of misalignment (M) is

equal to:

M = gDriven _(2 DTD“) (610)
S
In terms of the size of the teeth on the drivear géhe misalignment is:
M = (a)Driven [ﬂn)_[ZDSij (611)
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Therefore, the necessary correction (C, in radjaassuming a rotational

correction of the misalignment of the driven gesar i
C=M GZ[TN (6.12)

If the desired correction is instead a translafiamarection of the driven gear

(translating it around the virtual circle), that@mt of translational correction is:

C=M GFHT (6.13)

o

Where: R= Diametral Pitch of the Driven Gear

From the meshing analysis performed in Chaptet i§, dlear that the amount of
misalignment is not constant for each sequentiadhimg of the input with a particular
driven gear. It is possible, however, to quantifg maximum amount of misalignment
that can occur. For any ratio in which misaligntel occur (cases 2 and 3 described
in Chapter 5), the maximum amount of misalignmsrgqual to the circular pitch of the
driven gear. This assumes that a correction bgtiost can only occur by rotating the
driven gear in one direction, and that a correctigntranslation can only occur by
translating the driven gear in one direction arotimvirtual circle. If corrections were
allowed in both directions, the maximum amount adalignment would be equal to half

of the circular pitch of the driven gear.
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CHARACTERISTICS OF 8LUTION BYCORRECTION IN THESENERALCASE

Applying these observations positive engagemenilyamgeneral, it is clear that
in the general case there is an accumulation ofligrement between the engaged
members. This accumulation of misalignment redutis) the fact of changing the ratio
of the transmission. The two methods of changimgttansmission ratio of a positive
engagement transmission are illustrated by examirtiime most basic of positive
engagement transmissions — a gear pair — as shofigure 6.11. The gear pair shown
represents one transmission ratio, which is detexchiby the ratio of the effective
diameters of the two gears. To vary the transissgitio of the transmission shown in
Figure 6.11, the diameter of one of the gears rbeseither increased or decreased,
relative to the other. This can be accomplisheddlging teeth to or subtracting teeth
from one of the gears while maintaining a consthametral pitch. The difficulty with
this method is that if the diameter is to be vaired continuous manner, teeth will not be
added in integer increments. This means that a gl overlapping teeth will result,

meaning that it will not mesh properly at at lears¢ point (See Figure 6.12).

Figure6.11: Most Basic Positive Engagement Transmission
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The alternative is to increase or decrease theeatrahpitch of one of the gears
while maintaining a constant number of teeth. @dremetral pitch can be varied in a
continuous manner. This results in a continuowslyiable diameter, and therefore a
continuously variable transmission ratio. Changihg diametral pitch of one of the
gears, however, produces a mismatch of diamettelhgs, meaning that the gears will

not mesh properly.

Overlappin
Teeth

@xe

Figure 6.12: Gear with a Non-Integer Number of Teeth

The problem of increasing or decreasing teeth a& oh the portions of the
transmission in non-integer steps is shown preWous Figure 6.6. In the case
presented, the full embodiment of which is showrFigure 6.2, the set of three drive
gears forms a virtual drive gear and each of thesdrgears is a separate driven gear. As
the size of the virtual drive gear is increaseddecreased, it is akin to adding or
subtracting teeth from the virtual gear. This écduse the pitch of the virtual gear is
forced to be constant because it must be equbktpitch of the drive gears of which it is

composed.
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To correct for the misalignment resulting from aaaoteger number of teeth on
the variable size gear (virtual gear) of an embedhitneither a rotational correction of the
constant size gear must occur, about its own axist must be translated around the
circumference of the variable size gear. Both fwhcorrection have been previously
discussed for the specific case embodied in Figuze A rotational correction has also

been discussed for the Fixed-Pitch CVT, describgdhapter 4.

The problem of unmatched pitches is clearly seethé Anderson CVT (see
Figure 6.13). The cones used in this case hawemstant number of teeth, but due to the
increasing diameter of the cone from one end tather (changing diametral pitch), the
circular pitch of the teeth is constantly changasythe ratio changes. The chain that
meshes with the teeth on the cone has a constamberuof teeth and a constant pitch,
which means that when the circular pitch of thehesn the cones is not equal to or
evenly divisible by the pitch of the chain, the ichand the teeth on the cones will not

mesh properly.

To correct for the misalignment resulting from thesmatch of the pitches of the
drive and driven members, the circular pitch of afidhe engaged members must be
adjusted to match the other. This is accomplidghedircumferential movement of the
engaging portion of one of the members, as dematestrby the floating sprocket bars
(see Figure 6.14) in the Anderson CVT. It is inmpot to note that the only purpose of a
correction is to ensure that the pitches of theagad members are compatible, which

will ensure proper meshing.

88



Figure6.13: Anderson CVT

Chain or belt can drive, or be driven
by, the foating sprocket bars

&— €& Belt Movement — —

Floating
Sprocket

Bar :
Floating W% / Floating

/
Sprochket / Sprocket

Figure6.14: Floating Sprocket Bars

A SOLUTION BY ELIMINATION OF THE PROBLEM

An alternative method of addressing the non-intégeth problem, instead of
trying to correct for it, is through its eliminatipas is shown in Figure 6.1. The review
of literature presented in Chapter 2 has providbded introduction to the first method
of eliminating the problem, which is to allow fooyer transmission either though
friction or by providing a separate variable infroim a device like a hydrostatic unit or

electric motor. Relying on friction sacrifices thenefits of positive engagement, but
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gains the ability to transverse a continuous rasfigeansmission ratios without being
concerned with the alignment of the driving andvelni portions of the transmission. The
use of a secondary variable input is also lessaladsi because of the inherent

inefficiency of hydrostatic drives and electric it

The second method of elimination of the probletoisreate a PECVT that
incorporates all of the benefits of positive engaget without being subject to the non-
integer tooth problem. This would be the ideal CAAd would have the following basic
characteristics:

» High torque capability

* High RPM ratio range

» High efficiency

* Provide continuous engagement of the input withotlgut portions of
the transmission

* Provide positive engagement of the input and outptltout reliance on
friction

» Generate no misalignment or be insensitive to ngisalent between

engaging portions of the transmission that woulthfr meshing

The review of available literature on the developtrad modern CVTs reveals no
published devices having all of these charactesstiThe development of such a device
has long been the goal of many transmission deighat the difficulty of the problem
has thus far precluded its invention. All attenptproduce the ideal CVT have
attempted to address the non-integer tooth protheough some form of correction,

rather than addressing the occurrence of the proliself.
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ciarrerz CONCLUSIONS AND
RECOMMENDATIONS

The purpose of this research has been to investitted family of positive
engagement, continuously variable transmissionsctwhave the possibility for higher
efficiency and torque capabilities than the frintidependent CVTs that are currently in
use. The analysis of the positive engagement CAMhily reveals that all published
embodiments belonging to this family must overcamgroblem called the non-integer
tooth problem. This research has described tloblem as it exists in three published
embodiments. This has been done to show sevesa imawhich this problem can be

manifest.

This research has also investigated a conceptubbdiment of a new positive
engagement, continuously variable transmission Wes proposed for investigation at
Brigham Young University. This research has exauaihoth the kinematic and meshing
characteristics of the proposed embodiment, as agetivo variant embodiments. From
the derivation of the kinematic equations governihg motion of the proposed new

transmission in its various embodiments, it can dmncluded that each of the
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embodiments would function kinematically, allowitige selection of infinitely variable

gear ratios over a finite range.

The meshing analysis of the proposed embodimeniedisas the two variants,
however, has shown that a meshing problem existwelem the driving and driven
portions of the transmission. This problem hashbéentified as the non-integer tooth
problem. The cases in which the non-integer t@otblem occur in the proposed new
embodiment have been classified, which aids in igtdeding the problem, as well as the
general characteristics of a possible solution thay be applicable to the entire PECVT

family.

While solutions to the non-integer tooth problenvéndbeen presented from
published embodiments of the positive engagemeniiyffawhich essentially accomplish
the matching of pitches between the driving andedrimembers, the presented solutions
are not optimal solutions. This is because thesatiens reduce the efficiency of the
device and lessen the ability of the transmissmransmit continuous power without
oscillations. An optimal solution would eliminatee effects of the non-integer tooth
problem or eliminate the problem altogether. Tipginoal solution would not rely on

overrunning clutches or another method of overcgrtiie non-integer tooth problem.

Perhaps the most important contribution of thigaesh is the method that it
establishes for analyzing embodiments of the pasgngagement family. This method
establishes an approach by which future embodincamtde analyzed to determine their
functionality, as well provides a method by whiohcbmpare the operating

characteristics of various embodiments. More irtgrdly, the understanding of various
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positive engagement CVT embodiments that the megbhaddes is the foundation for

the generation of a successful solution to the integer tooth problem.

RECOMMENDATIONS FORFUTURE RESEARCH

Because the purpose of this research has beerptsexhe nature of the non-
integer tooth problem in the PECVT family and gexterthe characteristics of a solution
to the problem, no work has been done to transtiienproposed characteristics into a
viable solution. Therefore, future work should tegron using this understanding of the
problem, as a guide for finding a solution whichetsethe presented characteristics.
Also, as future embodiments are produced, the amsalgnethods employed in this

research can be used as a guide for determinimgntieshing characteristics.
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