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Development of a Novel Cam-based Infinitely Vareabl
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Derek F. Lahr

(ABSTRACT)

An infinitely variable transmission (IVT) is a tremission that can smoothly and continuously
vary the speed ratio between an input and outpun fzero to some other positive or negative
ratio; they are a subset of continuously variatd@gmissions (CVTs), which themselves do not
have the ability to produce a zero gear ratio. his tthesis, the operation, analysis, and
development of a novel, highly configurable, CarsduhInfinitely Variable Transmission of the
ratcheting drive type is presented.

There are several categories of CVTs in existeadayt, including traction, belt, and ratcheting
types. Drives of these types, their attributesl associated design challenges are discussed to
frame the development of the Cam-based IVT. Theatims of this transmission is kinematically
similar to a planetary gearset, and thereforegptsation is described with that in mind including
a description of the six major components of tlmgmission, those being the cam, followers,
carriers, planet gears, sun gears, and one waghelsit The kinematic equation describing its
motion is derived based on the similarities it skawith a planetary gearset. Additionally, the
equations for the cam design are developed hetteeasperation of the CVT is highly dependent
on the shape of the cam. There are six simple $ites of this device and each inversion has
special characteristics and limitations, for exanghe available gear range. A method was
developed to select the most suitable inversioraring, and follower velocity for a given
application.

The contact stress between the rollers and caimeidiniting stress within the transmission. A
parametric study is used to quantify the relatigmdietween this stress and the transmission
parameters. Based off those results, two optinupasitrategies and their results are discussed.
The first is an iterative brute force type numdrgearch and the second is a genetic algorithm.
The optimization results are shown to be similadl anccessfully reduced the contact stress by
40%. To further improve the transmission perforneqarseveral mechanisms were developed for
this unique transmission. These include a compadtightweight differential mechanism based
on a cord and pulley system to reduce the contacefon the rollers. In addition, a unique
external/inverted cam topology was developed torawe the contact geometry between the
rollers and said cam. A prototype was built basedoth the optimization strategies and these
mechanisms and is described within. Finally, a iPtmake dynamometer with cradled motor was
constructed to test the transmission; the resiltisase tests show the Cam-based IVT to be 93%
efficient at low input torque levels.
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1 Introduction

A continuously variable transmission (CVT) is ateys which allows a user to vary the angular
velocity between an input and output progressifedyn one positive value to another. Unlike
conventional transmissions, the selection of gman®t restricted to a finite number of ratios. An
infinitely variable transmission (IVT), such as tBam-based IVT presented here, is a particular
type of CVT which can also achieve a transmissitiorof zero, commonly referred to as a
geared neutral.

These transmissions, which date back to at lea&t [, are sometimes referred to as one of the
"Holy Grails" of mechanical engineering, becausstliy, they can transmit power at an infinite
number of gear ratios, and secondly, it is extrgrdéficult to design and produce a transmission
competitive with their non-continuously variableusms. The lack of commercially successful
instances is not a result of a lack of trying; be tontrary, the US Patent Office can provide
examples of nearly every possible iteration. Thaeefthe difficulty in penetrating the
transmission market with a CVT reflects mostly ugba difficulty of designing a competitive
one. This work details the four years of researth @evelopment undertaken to create an IVT
through the careful creation, selection, design aptimization of different concepts and
mechanisms. It is hoped that this work will conitd to the knowledge, understanding, and
success of all continuously variable transmissions.

1-1 Motivation

One of the main motivations behind the nearly 18@&rg of development of CVT's is the
performance advantages they can bring to rotaryomapplications. Electric motors, internal
combustion engines, generators, and pumps havstidirate being adapted with CVTs [2]. They
are promoted in all these applications as a mettiothproving the performance, economy and
functionality of components that operate together &t independent and often varying speeds.
Probably the most common example given to supguget development of a CVT is the
automobile transmission. In such an applicatioG\V&@ allows the car engine to operate at its
maximum efficiency, independent of the speed atctvithe car is travelling. Therefore fuel
efficiency gains of 10% are possible [3].

Another such example is that of variable speed wuimbdines. These are the latest generation in
wind turbine technologies which, as the name sugga#iow the turbine rotor to spin at variable
speeds in accordance with wind speed fluctuati@herefore, the rotors operate at maximum
aerodynamic efficiency at all times, producing 16%re energy per year [4]. Current variable
speed wind turbine designs use expensive powetr@hécs to convert a variable AC power to
the constant voltage and frequency necessary tom#tion’s electrical grid. Replacing these
electronics with a mechanical transmission canifsigmtly decrease the cost, up to 6.8% with



little or no loss in reliability [5]. The Cam-basédT presented here was motivated by similar
applications.

The driving force behind the development of the @msed IVT was the concept of a
lightweight and self contained bicycle transmissigth the ability to shift under power. Such an
application has no shortage of challenges andictstrs, all of which have shaped the outcome
of this work. To name a few, a bicycle transmisgiamst be small and lightweight so as to not
encumber the rider significantly. It must be effiti to keep energy losses to a minimum, and
probably most importantly, the transmission shdwédable to handle the large torques generated
by the rider. While the application of a bicyclarismission may appear narrow in scope, the
design challenges are quite broad and demandiregefidre the outcome of this work is relevant
to any other application in which the weight, semed torque requirements are relaxed. To
highlight the solutions developed for this appiicaj particular attention will be paid to the
decisions that shaped the design to meet thesetiesis.

1-2 Background and Prior Art

As mentioned previously, there is a substantialwarhof prior work in the field of continuously
variable transmissions. In general, these drivesbeaseparated into 4 different categories [6]:
traction, belt, ratcheting, and hydrostatic drivéslditionally, sometimes electrical couplings
(generator/inverter/motor) are considered to be &€VOf these, only the hydrostatic and
electrical drives depend on power transmission asviwhich are not mechanically linked and
therefore less attention will be given to these.

Traction drives will be addressed first. Their $éngnifying characteristic is the transmission of
power through rolling contact. As one can imagiment much of their success depends upon the
careful design of the contact patch geometry andrkitics through the gear range. The several
most common and successful types of traction draresthe Full or Half Toroidal [7-10], the
Kopp Variator [11-14], the Milner CVT [15-18] anlde Beier Variator [19].

The full and half torroidial drives are perhaps théest designs, dating back to the 1877 patent
by Hunt [1]. They are comprised of at least twatien discs with a toroidal shape connected
through one or more rollers. By varying the andlevhich the rollers contact the toroidal discs,
the effective gear ratio can be changed. Therdobas an extensive amount of research on these
drives, and some have been commercially succe@éfuiBoth the Kopp Variator and the Milner
CVT use planet balls instead of rollers to transpatver between the input and output races.
While the Kopp Variator actively positions thesdlexs to control the transmission ratio, the
Milner CVT moves the races axially instead. Finatlye Beier Variator relies on intermeshing
disks whose radial separation can be adjustedryotira transmission ratio.

There are several challenges which traction CVigess face. One of the most significant is
the high contact force necessary between the mgtatiements [3] required to transmit torque
through a thin film of oil. Enormous pressures {aB.5[GPa]) [16] are necessary to compress
the film of oil to the point that it nearly solidék, and only then can it efficiently transmit nooti
Therefore the power transmission components musinéeufactured from a suitably strong
material (such as AISI 4340, 8620, or 9310) withadly fine surface finish [20]. In addition,
care must be taken to reduce the losses in théngeahat generate the clamping forces between
the elements. Great efforts are also taken to eedue losses within that contact patch due to
viscous sliding, the greatest culprit being spihjoh is the rotation of the rolling elements about
an axis perpendicular to the contact patch. Thaltiea which these drives incur in terms of cost,
complexity, and weight were meant to be avoidedentieveloping the Cam-based IVT.

2



Figure 1-1. A) Torroidal , B) Kopp, C) Milner, D) Beier CVTs

Belt drives are another class of continuously \de&gransmissions. They are notable because
they are the most common CVT developed for comrakmmioduction, being used by Honda,
Ford, Nissan and Toyota as well as many smalldraoid ATV manufacturers. In principle, their
operation has changed little since their inceptibnis transmission uses a pair of 'V' shaped
pulleys arranged so that one half of the pulley barmoved axially in relation to the other to
vary the gear ratio. A matching belt which ridesgha pulleys transmit power between the driven
and driving pulley, as can be seen in Figure 1-2.

Figure 1-2. Schematic of a Belt type CVT. [21]
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Belt drives have been developed into a unique nréchladevice, one in which a belt is pushed

between two pulleys, as opposed to pulled. Thelpnolis analogous to the cliché of "pushing a

rope"”. Such a motion is accomplished with a nundidfat plates mounted on a metal band or

belt; when put under a load, the plates are corsptetogether and form a rigid column between
the two pulleys. Unfortunately, with as much depat@nt as they have undergone, belt CVTs are
still unable to produce efficiency gains in autortedh predicted by their makers. In fact, some

are often worse than their manual transmission teoparts. [21,22]

The losses present in belt CVT's can be contribidedree sources. First, like the traction drives
presented earlier, there are losses due to the@ussslip between the belt and the pulleys.
Secondly, to generate the clamping forces on the vidgile controlling the gear ratio often
requires complex hydraulic systems whose pumpiisgds represent a significant energy cost.
[10] Finally, there are belt related frictional $8s which occur as a result of the sliding motibn o
the belt as it enters and leaves the v-grooveémptilley. Regardless, because of the significant
development these transmissions have undergonethendelative simplicity of low power
versions, they have seen widespread acceptance.

The ratcheting drive is the final class of mechalhycdriven continuously variable transmissions.
All ratcheting CVTs, of which the Cam-based IVToise, converts a rotary input into at least two
out of phase oscillations of adjustable magnitudiarough the use of several one-way clutches,
these oscillations are then converted back to atioot By varying the magnitude of the
oscillations, the ratio between the input and ougngular velocities can be changed. If these
adjustments can be made infinitely small, the trassion will be continuously variable. Up to
now, one of the main limitations of ratcheting C¥has been their propensity for producing a
nonuniform output for a uniform input [23-27]; tleéore, their applications have been limited,
but there are several examples of such transmission

The prior work in ratcheting drives includes thgt Benitez. He presents a transmission whose
operation is similar to the concept presented Hrreit is characterized by its non-uniform output
for a uniform input [23,24]. It is similar in th#tere is a device that varies the amount of ratatio
of several planetary gears with respect to a garfie seen in Figure 1-3, this particular design
uses a slotted plate to drive a number of planarsgaround a sun gear. By varying the
eccentricty e, of the slotted plate with respect to the "guideoge"”, the angular velocity of the
planet gears will vary as they travel around the. &ach planet gear is connected to a second
planet through a one way clutch; the planet with ldrgest velocity will then transmit motion to
the ring gear. Similarly, Pires [25,26] incorposatenumber of levers, shafts, and a slotted plate
to accomplish the same task. Similar in concepbdth Pires and Benitez, but different in
implementation, is a design used by Matsumoto[2fictv is commercially available under the
name "Zero-Max" [29]. This transmission uses sdve@procating four bar linkages to oscillate
the indexing clutches. One of the several linkagdesns can be seen in Figure 1-4. An input is
applied to the crank mechanism on the left whictillases the first four bar mechanism. A
second four bar loop converts these oscillatiorss ¢continuous output rotation through a number
of one way clutches. Like Benitez’'s and Pires' CWiaugh, it exhibits a non-uniform output for

a uniform input.
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Figure 1-4. The "Zero-Max" ratcheting CVT.

Because of ratcheting drives unique power transomisgiechanisms, they do not exhibit the
typical loss mechanisms of other CVTs. For instartbe frictional elements which transmit
power in all ratcheting CVTs are of the diode typéat is, they are either locked or
freewheeling, and when transmitting power in thekéal state they do so with no losses because
there is no relative motion between components. Tsses during freewheeling are also
relatively small and independent of the transmitiedier. Therefore large rolling frictional losses
and viscous slipping losses are avoided. Secohdlyckamping forces necessary to generate the
friction is self-contained within commercially alable sprag clutches. This keeps manufacturing
costs and weight to a minimum. In addition, theftsig mechanisms can be designed to shift
only the unloaded side of the drive, the particutegchanism which is freewheeling at that
instant. Therefore the inefficient and complex tigf mechanisms of belt drives can be avoided.

While ratcheting drives avoid the common sourcesnefficiencies, the limited amount of
available research references and commercialljabtaiexamples can in part be attributed to the
nearly universal trait of these transmissions,rthen-uniform output for a uniform input. That is,
given a constant input velocity, the output of m@dtheting drives will exhibit some sort of
rippling effect. Up to now this limitation has rghkted these drives to vibration tolerant
applications only, such as farm equipment [32]. Taen-based IVT presented within though has
the ability to produce a continuous and uniform potit Therefore it is hoped that this
transmission will be able to bridge the gap betweesearch only studies and real world
applications for both ratcheting drives and CVTisgeneral. It should be noted that only one
other similar transmission as been recently dewslpthat by Jan Naude, covered under US and



international patents [33] although no academarditure is available. While similar, significant
differences exist as both designs overcome prolilerageas with different solutions.

The capability of the Cam-based IVT to produce aatim and continuous output given a smooth
input comes as the name suggests, from a cam dodido mechanism. Only this mechanism

gives the designer sufficient freedom to eliminaty output velocity ripples unlike the linkage

driven systems used by Benitez, Pires, and Matsun@ams of course are not new in this regard,
but the development of three dimensional cams wattying profiles along their lengths are a

relative new development only made feasible with tevelopment of computer controlled

machining operations. Although not impossible, @ud have been very difficult to achieve such
a shape prior to the development of this technology

In the same vein as other ratcheting drives, Cased&/T uses such a three dimensional cam to
produce oscillations in a number of followers. Byrying the profile on which the followers
travel, the magnitude of these oscillations canchanged, thereby producing a different
transmission ratio. And through the careful desigrthe cam profiles, the smoothness of the
output velocity can be ensured.

1-3 Mapping

Up to this point, this work has discussed the bemkgd art that exists in continuously variable
transmission design. Traction, belt, and ratchetinges were discussed. The remaining work
will focus specifically on the Cam-based IVT. Theport is predominantly divided into two
sections, Chapters 2 and 3 discuss the analysis@erdtion of the transmission, while the latter
half specifically addresses the optimization angetigpment work that was performed.

In theory, the kinematics of ratcheting drives liwvious. It would seem their complexity should
not exceed that of a crank rocker mechanism. Three sa true for some inversions of the Cam-
based IVT. However, in its functioning form, thepagite is true, and in the authors experience it
often takes several explanations and a live demmonfost to grasp the kinematics of this
transmission. Therefore careful attention is git@ithe Operations section of this thesis with the
hopes that the explanation is as thorough and Hdllwstrated as possible.

A kinematic analysis is then presented which buibdis the principles of operation. In this
section, the equations governing the motion of G are derived from those of a planetary
gearset, and for a constant output case, are shovibe relatively simple. Additionally, the
equations for the cam design are also first presemiere, as the operation of the CVT is
obviously highly dependent on the shape of the cHme. derivations presented here are used to
study the inversion characteristics in the nextisec

Following the description, attention is given te thix possible simple inversions of the Cam-
based IVT. This section is included to elaboratéh@nspecial capabilities and limitations of each
inversion with particular details given on the dable gear ratio. This is particularly important

with the Cam-based IVT as each inversion has auenjpssible gear ratio range; therefore
deciding on the appropriate inversion to satisi tonstraints of the application should be the
first step of a design process. The reasoning dethie selection of the particular inversion for

this work will also be explained.

As with many power transmission devices, the proldé contact stress is an issue with the Cam-
based IVT as well. In this case, the problem arésea result not of the frictional members in the
transmission, but between the cam and followeersllA broad study of the factors influencing

6



this stress is presented as a way of understantimgesults from two optimization strategies
which were implemented. The first strategy preskmgethat of a numerical search, in which a
broad design space is systematically searched fooptimum. A genetic algorithm is then
elaborated on as a comparison.

In addition to the optimization schemes, severatmaical solutions were developed as a way of
reducing the contact stress. Firstly, a cable diffdal was designed to double the number of
rollers under load at any time, nearly halving skress. Secondly an external cam was devised to
provide a more complementary contact surface ferrtiler, further reducing the stress. Both
these innovations are presented along with theogpiate design considerations.

The achievable efficiency of a CVT is often usedtsslefining characteristic. In that light, a test
rig was developed by a senior design team undegulgance of the author. Using an electric
gear motor and several load cells, the efficieneg wxperimentally determined. The design of
the experiments and the results are presented Berae final thoughts and possible future
directions are presented lastly.



2 Operation

2-1 Components

In its simplest form, this transmission containg snique components. Each component is
described here briefly and illustrated in the fallog figures. While their function may be
alluded to here, it is more completely describe&éetion 2-1. The heart of this transmission is a
centrally located three dimensional cammoid. kametimes referred to as simply "cam"” but this
is somewhat undescriptive as a cammoid has a canisty varying profile along its length. The
cammoid is most often fixed to ground, but can aeose as the input or output. Around the
cammoid are a number of followers. Each followeteiacts with the cammoid through a
spherical or ellipsoidal roller mounted on saiddaler. The followers are held to the cam surface
when not under load by a return spring.

The followers are rotatably mounted to one or twarier plates, the third major unique
component of the transmission. The carriers ard tssupport the followers as well as transmit
the input and output torques in some inversionss T analogous to a carrier's function in a
planetary gearset. When designed to rotate, thiéersado so about the central axis of the cam.
On each follower, is fixed a planet gear or puldyich meshes with a sun gear. The sixth and
final unique component of the Cam-based IVT is a way clutch located inside each of the
planet gears or the sun gears. These clutcheseamonsible for rectifying the oscillations
generated by the cam and followers and can be cteth®n the race opposite the sun gear to
either the input, output, or ground depending anitiversion specified. The shaft connected to
this inner race of the sun gears is simply calle®l $un gear shaft and its sole purpose is to
transmit torques from an external source to botih@sun gears (however usually not at the same
time). If however the sprag clutches are locatedhm planet gears, the sun shaft is directly
connected to only one sun gear. These componeantalaled on both a simplified representation
and a prototype CAD model in Figure 2-1.

2-1 Operation

Attention is now given to the operation of the Chased IVT, specifically, how the major
components detailed above interact to generate @tbmoutput motion at infinitely many
transmission ratios. There are six different inmers of the Cam-based IVT, and while the
majority of this work is focused on one particulaversion, the operation of the transmission is
better first illustrated with a dynamically simplene. Therefore the configuration first presented
here uses the cam as the input and the sun gdaaskhe output.
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Sun Gear/

Indexing Clutch
Planet Gear
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Follower Sun Shaft
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Planet Gear Lemrrier

Figure 2-1. Major components of a simplified representation of the Cam-based IVT on left, and the complete
prototype on right. The version on left has its sprag clutches in the planet gears while the version on right
has them in the sun gears.

Consider now the simplest inversion the Cam-bas@dwhich can be thought of as simply a
cam and follower system with an attached geartiherefore the cam will serve as the input and
the sun gear shaft as the output while the camrérsin fixed to ground. In such a configuration,
a rotational input to the cam causes the followesimply oscillate up and down as they are held
to the cam with the return springs. In this casefttiowers do not rotate around the cam because
the carrier is fixed. Due to the shape of the cadhthe position of the followers around the cam,
the followers oscillate out of phase of one anqtlieat is, one follower will rotate clockwise,
while the other rotates predominately counter chisk.

The out of phase oscillations of the followers dsvhe planet gears and their respective sun
gears back and forth. It follows then that onedtiom of the oscillations of the sun gears will be
transmitted to the sun gear shaft through the aameclutches. Because one sun gear will always
be moving faster in the locking direction of thetches, one sun will transmit torque to the sun
gear shaft. With a carefully designed cam profihe velocity of the sun gears can be shaped to
produce a smooth and continuous output of the sam ghaft with no velocity ripples. Such a
velocity profile would look something like that Figure 2-2. When overlaid with the velocity
profile of the other out of phase followers, it Mdappear as in Figure 2-3.
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Figure 2-2. Displacement and Velocity profile.



Follower Velocity for two followers
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Figure 2-3. Three velocity profiles overlaid out of phase.

The inversion studied for the majority of this warllizes the sun gear shaft as the input, and the
carriers as the output. As will be elaborated @er|ahis particular inversion was chosen because
it provides higher gear ratios as well as a laggar ratio range for a given cam eccentricity. It
has been experienced that this inversion is mdfiewt to visualize then others, but much clarity
can be gained by picturing something similar and&immore familiar, a planetary gearset. To
fully describe its motion, first a circular camdsnsidered. This will decouple the motion of the
carrier and the followers around the cam, from diseillations of the followers. Once these
dynamics are understood, it is only a small stepuperimpose follower oscillations and their
effects on the carrier motion to understand thiesfygtem.

To begin, first consider a perfectly circular casnim Figure 2-4. A clockwise rotation applied to
the sun gear is transmitted by all one way cluta@sea counter clockwise rotation on the planet
gears. Such a motion will force the follower dowriathe cam and because they cannot rotate in
this direction (due to the cam reaction force) therier will then rotate around the cam. The
carrier rotates with a 1:1 ratio to the sun gear.

Figure 2-4. Schematic of IVT with round cam. One of the carriers and the base has been removed from the
figure on right for clarity.
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Now consider a non-circular cam. The operatiore@rly the same as above; a clockwise rotation
on the sun gear shaft forces one of the followemsrdonto the cam. Since the follower cannot
rotate in this direction, the sun gear rotationsesuthe carrier to rotate about the cam just as
above. Except this time, as the carrier rotatearatdhe cam, the follower will rotate in relation
to the carrier as it follows the lobes of the c&wor example, when the follower moves up onto a
cam lobe, it and the attached planet gear willteota a clockwise direction in relation to the
carrier. Here the operation is similar to a planetgearset, where the rotation of the carrier
depends upon both the sun gear and the planet@ations. Specifically, the relative clockwise
rotation of the planet gears forces them to rofatewvalk) around the sun gear in a clockwise
direction. As the planet gears orbit the sun geey move the carrier along with them, advancing
its position with respect to the sun gear. Becdlsearrier is the output, a non circular cam will
create transmission ratios greater than unity.

The reader will note that only one follower was sidered in the above analysis. This follower,
the one under load, is called the active followiris is because while the active follower is
moving up a cam lobe, the second or third followeslled the inactive followers, should be
moving down a lobe and will be rotating in a coucleckwise direction with respect to the
carrier as a result. A counterclockwise rotatiorhaf attached planet gear will rotate the meshing
sun gear further clockwise, in a direction thaiedgages the one way clutch. (Because the sun
gear shaft rotates clockwise, they are installeth ghat they lock up with a counter clockwise
application of torque on the sun gear race.) Tleeehs one sun gear transmits torque to the
carrier and cam, the second is freewheeling fasténe same direction, but one gear is always
engaged with the sun gear shatft.

2-2 Operation via the conservation of energy

An alternative explanation of the operation is jjussthat utilizes free body diagrams and
conservation of energy principles to understand ititeraction between components and the
result that has on their motion. Because the plgeat and follower assembly interacts with all
the remaining major components (sun gear, camgarrir), it is the focus of this analysis.

Figure 2-5 shows the follower and planet gear abBenThere exist three significant reaction
forces on the assembly, that of the sun géarthe carrier bearingf ), and the camfg,).
Assume a clockwise torque is applied to the sum gedhe input, which will exert a force to the
right and a counter clockwise torque on the playesatr. This force that generates this torque is
given as Equation 2-1:

- (2-1)

where s is the torque on the sun, ands the radius of the sun gear.
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Figure 2-5. Free body diagram of the forces on the follower/planet pulley assembly.

An equal and opposite torque is exerted on thevi@r by the cam due to the reaction force
between the cam and roller. This fortzg,, is given by:

- (2-2)

wherer, is the radius of the planet pulley. Now the orégation left to consider is that from the
carrier,f.. Summing the forces in thedirection, setting equal to zero, and solvingtfo force
due to the carrier will produce:

€-3)
where is the pressure angle of the cam ant the angle between the roller center, carrier

center, and planet gear center. Combining Equai2eh, 2-2, and 2-3 and putting in terms of the
carrier torque, ., produces Equation 2-4:

— - - . e-4

Because the termsin( + ) can be shown to be greater than for small >0 by simple
trigonometry, Equation 2-4 can be rewritten as Equa-5:

— - = @-5)
where the magnitude of the inequality is determibgdhe magnitude of. As grows, the right
side of the equation will become larger with resgedhe left. If becomes too large, Equation

2-5 may not hold, but this indicates the pressureeanfjithe cam is larger than is feasible with
this inversion of the transmission. Rearrangingteyields Equation 2-6:

I R A S (2-6)

whererr,=rsas can be seen in Figure 2-5.
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Conservation of energy states that if there aremargy storage devices, the input energy must
equal the output energy. Similarly, the input powequals the output power, where the input
power is given a$ &' and the output by &' in which s and 4 are the angular
velocities of the sun and carrier respectively. ! is less than ' must be larger
than' indicating a transmission ratio larger than 1 tloe transmission. Therefore when the
pressure angle,, is zero for a circular cam, the transmissiororatill be 1:1 and as increases,
the transmission ratio will also increase.

2-3 Shifting

The shifting capabilities of the Cam-based IVT agrarticularly unique, especially when
compared to those of traction drives. Specificaltyany traction drives require large and
powerful shifting mechanism to reposition composéntrelation to one another as they transmit
power. For traction drives this can be particulangblematic because of the large normal forces
necessary to generate traction. Belt and toroidegsl are noteworthy examples [3,34]. However,
as with all ratcheting drives, at least one ofdhge components (the follower in the case of the
Cam-based IVT) is unloaded for some time. Repositgp these components when unloaded
eases the task of shifting. This is a characteristique to the Cam-based IVT even amongst
other ratcheting drives.

As mentioned before, the cam is made up of anitefinumber of profiles along its length;
therefore, the cam's cross section continuousipgdm along its length, as can be seen in Figure
2-6. It changes from a circular shape on one endntmblong or peanut shape on the other.
Shifting the transmission between gears is accamgd by positioning the followers on different
profiles along the cams length. This affects thegmtade of the follower's oscillations and
therefore the output of the transmission. This fzam be seen in Equatidi4, in which the
followers' position along the cam determines thespure angle,, which thereby determines the
torque applied to the carrier and therefore trassion ratio.

Figure 2-6. Isometric and front view of a 3-D cammoid model installed in the first prototype.

While shifting, to move either the cam or the fallers under load, would require the shifter to
overcome the high static friction between the rafled the cam. In addition, as a follower moves
across the cam, it may also rotate as it moves angvger lobe. If this rotation is in the same
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direction required to activate the indexing clutshthe followers will then be transmitting torque
to the output, and therefore part of the shiftioad will be required to drive the output.

A unique advantage of a ratcheting drive thouglihad the followers are unloaded on a portion
of the cam as they rotate in a direction that djages the one way clutches. This allows them to
be repositioned with less force, and therefore,stiéing mechanism must only overcome the
friction between the roller and the cam producedhyreturn spring. As the follower then enters
the active profile of the cam, it will produce dféient transmission ratio. One such concept for
achieving this task can be seen in Figure 2-7hisdesign, each follower is built with a guiding
tab, and as the carrier rotates the followers thinaine shifter guides, those guides will drive the
follower across the cam to the desired profile.leAd screw is used to reposition the shifter
guides to select different profiles. Although thissign was never implemented in a prototype, it
demonstrates the necessary functionality requifed ehifter. A complete description of the
shifting mechanism actually implemented on the gixges is presented in the mechanical design
portion of this work.

guiding tab on follower

/

L

\

< ) .
lead screw shifter guides

Figure 2-7. The front and isometric view of a concept transmission showing the shifting mechanism.

2-4 Conclusions

In this section the components and operation ofGam-based IVT were presented. The seven
major components the reader should be familiar aith the sun shaft, sun gears, planet gears,
carrier, followers, cammoid, and one way clutchgrongst these, the cammoid, carrier, and sun
shaft can theoretically act as either the inputwiput for different inversions. The cammoid is at
the heart of the transmission, essentially beiggra with a continuously changing profile along
its length. This component gives the transmisaidinitely variable transmission ratios.

The operation of the transmission was also predefitst as a simple cam/follower system with
an attached geartrain. In this inversion, the catates as the input, causing the followers to
oscillate out of phase with one another. Two plagesirs transmit this motion to two sun gears
where one-way clutches rectify these oscillatiomgptoduce a continuous output. This is the
simplest inversion of the transmission, and altthowpme inversions are more difficult to
visualize, it is important to remember that theiremation is only an inversion of this simple
system. Finally the inversion used for the majooityhis work is described in which the sun shaft
serves as the input, and the carrier as the oufpetoperation was also described in terms of the
conservation of energy principle, which may yieldrminsight.
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The shifting mechanism in the Cam-based IVT was atsroduced. Unlike traction and belt
CVT's in which the drive components are always émhavhen under power, the nature of a
ratcheting drive means one or more drive componamsinloaded every cycle. These unloaded
components can be shifted with relative ease, gt @ntering the active portion of the cycle
will transmit power at the new transmission ragtifting of the Cam-based IVT is accomplished
by repositioning the unloaded followers along teedth of the cam. The specific mechanisms
developed for shifting are described later.
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3 Kinematic Analysis of the Cam-based IVT

3-1 Introduction

In this section, a kinematic analysis is presemtbich builds off the principles outlined in the
theory of operations section. Specifically, the agpns governing the motion of the CVT are
derived from those of a planetary gearset, andafaronstant output case, are shown to be
relatively simple. Following this derivation, thgueations for cam profile design are presented in
which a zero acceleration active profile is comHbiméth a trapezoidal acceleration return profile.
The derivations presented here are then used tly $he characteristics of each inversion, in
particular focusing on the achievable gear rang=ach inversion.

3-2 Derivation of Kinematic Equation

As stated before the behavior of the transmisssdmighly dependent on the cam profile. In this
section, the behavior of the transmission is dbedriin terms of the profile developed for this
transmission, which for reference can be seen gurEi 3-1. This profile combines a constant
velocity section, as seen from O[rad](tdgrad], with an appropriate return profile, frqnrad] to

2 [rad]. It is possible to generalize the kinemaiigiation for the transmission to work with any
cam profile, but given that the constant velocityet is of the most interest as an IVT, it is the
focus of this work.

Several terms must be defined to follow the analyBhe acting planet is the planet gear that is
driving the output; it is often the planet gearhwihe maximum rotational velocity with respect to
the carrier at that time. It may also be thougha®the planet gear with the largest velocity & th
driving direction, the direction in which the oneayvclutches engage. This is to differentiate it
from planet gears which may have a larger absobetecity but are rotating in the wrong
direction to engage the clutches and therefore maveffect on the output. The portion of the
cam profile on which a followers, and thereforengiagears, are active is called the acting
profile.
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Figure 3-1. Displacement profile of the cam profile.

A generalized term is defined here called the fdplift, or . This term can be thought of as
the cumulative lift of all active followers for oreycle. Therefore it is the sum of all followers
rotations during the active profile of the cam fomre cycle of the followers around the cam
divided by the number of followers, It is a useful term to characterize both the gaafile and
the kinematics and is given by:

T 1(35) Woo (G).--- Won (@))d a7,
ot max, (67)W?1 (G2).---Win (@)1, (3-1)

where  is the velocity of the planet gear. The sign ofs positive if the follower rotates in the
same direction of the cam as it rotates and istivegih they rotate in opposite directions. That is
if a clockwise rotation of the cam also rotatesfitiiowers clockwise, | is positive, however if
the followers rotate counterclockwisg, is negative. When the follower velocity is constéor
the acting profile, Equation 3-1 simplifies to:
g, =+ max@w, (9,)) 2
n (3-2)

Such is the case in Figure 3-2 which show®locity profiles overlaid with and offset of /. In
this examplen equals two for a transmission with two followers.

To derive the kinematic equation for the entirasraission, we can apply the analogy presented
earlier of a planetary gearset, as seen in FigelBeAthough it is not a conventional planetary
geartrain because it has a second sun gear insteadng gear, the kinematics are very similar.
This analogy is useful because of the resemblamtepiology and operation that the Cam-based
IVT bears to such a geartrain. The kinematic retesihip of the gearset presented below is given
in Equation 3-3:

r.r r,r

a'p
tq
Mhls fols

q,=q, 1-
: (3-3)

where ;, ,, and 3 denote the angular position of the first sun, eayrand second sun
respectively, and,rry, rp,, and g denote the radii of the gears as presented inm&ig3s.
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Figure 3-2. Overlay of the two velocity profiles showing the constant velocity motion that results from the out
of phase followers.

Now consider the interaction between one of the aod planet gears. The sun is centrally
located, and when rotated, will cause the planat tgerotate as well. This operation is similar to
the cam and follower arrangement of the Cam-bas¥ddand therefore the cam and follower
system can be modeled as a geartrain. The cammtisalte located, and when rotated, causes at
least one follower to rotate in a direction thagages the clutches. Therefore, the relationship
expressed in Equation 3 can be modified by repiate gear ratio of one pair of sun and planet
gears with an effective gear ratio between thevedirs and the cam. This effective ratio captures
the interaction between the cam and followers dyifire active profile.

Figure 3-3: Planet gearset representative of the Cam-based IVT.

This effective ratio is essentially the collectiamount the followers rotate in one direction for
every revolution about the cam and is therefordogoais to the gear ratia/rg in Equation 3. It

is a representation of the cam and followers asaa fyain, in which the rotation between the two
are coupled by a constant ratio. It should be ndbadl this is only possible with at least two
followers that are out of phase of each other, Feenstant velocity during the active profile,
and are coupled through one-way clutches. In suchreangement, their overall behavior is in
fact more like a gear set because the significantign of their rotation (the active profile) is
constant and unidirectional. The effective geapriatgiven by Equation 3-4:

EffectiveRtio = an
2p

(3-4)
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The relationships presented in Equation 3-4 is tiubesd into Equation 3-3 forafrg which
becomes Equation 3-5, wherenow representing the angular position of the casteimd of the
second sun gear:

@=g, 1- 20 4 q I
2”3 2ﬂ3 , (3_5)

Differentiating Equation 3-5 yields:

nr nr

W3 - W2 l- qL p + 1 qL p

2pry ;s (3-6)
Equation 3-6 can be used for any inversion of thasmission where the corresponding velocity
of the stationary component is set to zero.

3-3 Cam Profile Design

The requirements for the cam profile needed onlyatisfy two requirements, 1) provide a period
of constant velocity for a suitable duration, ajdeBsure a smooth return profile following the
constant velocity portion. To accomplish this, tbem profile was designed with a zero
acceleration portion while a trapezoidal acceleratturve controlled the return profile. The
trapezoidal acceleration curves were selectedhiar simplicity, as compared to those based on
sinusoids or higher power curves, as well as thdimoous velocity and finite jerk levels they
produce.

This curve includes a portion of zero accelerattorproduce the constant velocity output as seen
on row one of Table 2. The trapezoidal portion nemlifor the return of the follower begins on
row 2, in which the acceleration is linearly desing from zero to a finite levela, at which
point it remains long enough for the velocity o€ tfollower to reverse direction. At the proper
time, the acceleration reverses direction and lsegirslow the follower down to again reverse
direction and accelerate to the proper velocitytfar active profile of the cam. These transitions
are represented by rows 4 and 5 of Table 2. Fotr#pezoidal sections, the length of the upslope
was on quarter the duration of the horizontal portio keep jerk levels to an acceptable level
[46]. In addition, the trapezoidal sections are equal in duration or magnitude. Both the
positive and negative accelerations can be sepa@émized to ensure the follower does not
leave the cam or cause undercutting due to higlelaations. The velocity and position
equations presented in Table 2 are found fromritegyiration of the acceleration curve.

Table 1: Acceleration, Velocity, and Position functions for a transmission having n followers

Phase, ,= | Acceleration, A= Velocity, ,= Position, =
[0,2 /n] 0 b pr 2+ p(0)
2zl [ (- %) (0. %) (0. %)
a (b_gng) -QM*‘WP(%) - aies(zT%‘,l)"'Wp(%‘?)(qz' gng)
+g,(%)
[b.cl, - - - b)+w, (b - - b)?
a a,(q, - b) + w, (b) al(qé ) +w,(b)g, - b)+q, (b)
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[c.dl, (9,- ) (g, - cf (@.-cf (g~ cf
% do t aim'(qz'c) % ed-o 2
A +u,(c)>(q, - ¢)+g,(c)
[d.el (7,- d) v —;
%27 q) az(z(ze_dd)) w,(d) ai(g(ze_(:j)) - w,(d)(g, - d)+g,(d)
[e.f], a, ,- €+, AY
a2(q e) w (e) a, ((.7228) +Wp(d)>(q2' e)+qp(e)
If. 2] o (g- 1) AR (.- 1) (g,- 1)
% - 1) ! % 2p- 1) (@:- 1) "% - 1) 2
+Wp(f) +M’p(f))(q2_ f)+qp(f)

For any given value of , it is necessary to determine the actual levelanfeleration needed to
return the follower to its origin after the actipgofile. Once the parametebsthroughf are
determined for the specific transmission, the nemgslevel of accelerations can be found
numerically using a binary search method. A nunaérépproach was taken for simplicity and
ease of computation even though there is only omenawn and one equationy(2 )=0;
however, the derivation of this equation symbolicas unnecessarily complex and therefore
avoided. The algorithm for this binary search isveh in Figure 3-6. Knowing that;=0,when
»=0, and that, anda,, are linear function of , all other values of acceleration can then be
linearly interpolated from these two points. Théuea ofa; anda, are related as in Equation 3-6

#, - # 0#. - #
)e ) | (3-6)

The position, velocity, and acceleration curveshefcam follower can be seen in Figure 3-5 and
Figure 3-5.

1 4 T T T T T 0.6
Follower Position
Follower Velocity | |

=)
? {0z @
o
S
= g
@ -0 -
s 8
S o
= N
% 0.2 Z
8 S
g 04 >
-
2 2
£ 06 2
o
K]

1 2 3 4 5 6 7
carrier position, Bz’ [rad]

Figure 3-4. The follower’s velocity and position as a function of cam rotation.
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Figure 3-5. The follower’s acceleration as a function of cam rotation.

3-4 Inversion Characteristics

As mentioned before, the Cam-based IVT has thramapy components, the sun gear, carrier,
and cam, each of which can be used as the inpatiput to the transmission. Each different
combination of components is called an inversiottertion is now given to the six possible
simple inversions of the Cam-based IVT. The specmgpabilities and limitations of each
inversion are discussed as well as the root caludese unique characteristics. Particular details
is given to the available gear ratio which is marrly important because each inversion has a
unique possible gear ratio range; therefore degidin the appropriate inversion to satisfy the

constraints of the application should be the fitsfp of a design process. The reasoning behind
the selection of the particular inversion for tisrk will also be explained.

There are six possible simple inversions of the ®ased IVT that can be studied. It will be
shown that not all inversions are kinematicallysfbbe, but all are investigated. These six
inversions, which are listed in Table 1, are simply possible permutations of the three

components capable of receiving or delivering terdthat is, the input and output can be varied
between the sun gear, planet carrier, or cam.

Table 2: Possible ratio range of the various inversions.

Inversion # | Input Output
cam carrier
cam sun gear
sun gear carrier
sun gear cam
carrier | cam
carrier | sun gear

OB |WINF
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a=a’, end program

false

set angn to &', return to step 6

Figure 3-6. Binary search algorithm for finding the level of acceleration, a, for given .

For all inversions, the ratio range is limited bg tengagement of the one-way clutches. Because
they can only transmit force in one direction arakfvheel in the opposite direction, they restrict
the interaction of the followers with the cam. Maecifically, the active portion of the cam
must rotate the followers in the same directionhastorque exerted by the cam on the follower.
This prevents the two opposite followers from ergrtequal and opposite forces on the cam,
thereby locking the transmission. Realistically,alvkhis means is that the shape of the active
profile is limited, and any attempt to design ativacprofile which does not follow this rule will
result in an unexpected operation.

It should be noted that this problem can be avoitlactontrollable clutch is used as opposed to a
one-way clutch. If a cam or electronic circuitryreeised to engage and disengage the clutch, a
much larger gear range would be possible fromrkersions because the direction of torque and
the direction of freewheeling would not be intereleggent. However due to the complexity this
introduces, it is not given much considerationhés point. For automobile applications, where
backdrivability is important, such an implementatishould be considered as it solves both the
problem of ratio range and backdrivability.
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Figure 3-7 illustrates a correct configuration bé tactive profile and Figure 3-8 illustrates the
incorrect operation. In both figures, there are faikbowers that rotate about the center of the
inner clutch races. The races themselves are orteected via a geartrain (not shown) and will
rotate in the same direction. There is also a C@QWue on these races due to the external
environment. The cam is assumed to move to thellieftar and angular velocities are shown in
blue, and forces and torques shown in green.

In Figure 3-7 the correct configuration of the aetprofile is illustrated; that is, the follower on
the left rotates in the same direction as the ®rguerted on it by the cam. Therefore this
follower rotates CW and transmits a CW torque thiothe ratchets to the inner clutch race. The
left and right inner clutch races are interconngatia a geartrain and will both rotate CW. The
inactive follower on the right though is still frée move CCW down the inactive profile of the
cam because the one-way clutch freewheels in tresttbn. This is the correct normal operation.

Active follower Freewheeling
follower
Load torque
Follower shaft
Direction/ connection
Torque Fgllower \‘
exerted by Direction

cam

Velocity

-

Figure 3-7. Power flow with one-way clutch.

In Figure 3-8 (d), using a proof by contradictigns shown that a follower cannot rotate opposite
the torque applied by the cam during the activdilproTherefore any type of active profile
designed in this manner will be inoperable (the maeacs of the system will automatically make
this the inactive profile rather than the actived @he transmission will not operate as expected).
The assumption used in this proof is that the feloon the left is the active follower and the
active profile is the downsloping portion of tharcan the left. The left follower is assumed to
rotate CCW while transmitting a CCW torque from theer clutch race to the cam. The rotation
and torque of this follower causes the cam to ntovhe left. Now consider the follower on the
right. As the cam moves to the left, it causes fibliewer to rotate CW, which engages the one-
way clutch to which it is attached and forces tlgatrinner clutch race to rotate CW. Because the
two clutch races are interconnected and cannotterota opposite directions, there is a
contradiction with this scenario and the assumptioist be wrong. The active profile can only be
the profile that rotates the follower in the sanreation as the torque it applies to the follower.
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Figure 3-8. Power flow with one-way clutch.

It follows then that only the portion of the prefibf the cam that rotates the follower away from
the cam can be utilized. That is, the follower oaly rotate so as to move the center of the roller
in the same direction as the normal force on théén Any profile which does not follow this
rule will not operate correctly. Because some pesfiare not possible, not all ratios between
minus infinity to positive infinity are possible,eaning the ratio range of the transmission may be
limited.

In Section 3-2, it is noted that the sign of the cumulative lift of the followers during thetiave
profile, is determined by the relative directionrofation between the cam and follower. Because
the active profile must rotate the follower awagnfrthe cam, the only way to change the sign of

L is to change the physical orientation of the fobowSpecifically, to generate either positive or
negative values of;, the follower orientation must be switched betwbsading and trailing, as
seen in Figure 3-9. This will ensure the activetipar of the cam moves the follower in the
direction of the normal force. In this figure, tbarrier is assumed to be stationary, and the cam
rotates CW. Therefore in Figure 3-9 (a), this wiinerate a CW rotation in the follower, while
the trailing orientation in Figure 3-9 (b) will gerate a CCW. The same holds for scenarios in
which the cam rotates CCW, as in Figure 3-9 (c@jnd
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Figure 3-9. Configurations necessary to change the sign of .

3-5Gear Range Investigation

Because of the limitations on the active profilacte of the six inversions listed in Table 1 has a
range of gear ratios that are possible. For exanopie inversion may be able to produce a geared
neutral, while others can only produce transmissaiios greater than unity. The analysis and
determination of each inversion's characteristar gange is covered in this section. The analysis
will compare the type of follower used, whetherdieg or trailing, and the direction of applied
torque on the follower. For a feasible transmissiatio, the applied torque will rotate the
follower into the cam. An infeasible ratio will cseithe follower to rotate away from the cam. To
determine which type of follower is used and thection of the torque on the follower it is first
necessary to define the kinematic equation speifibe inversion. Therefore the analysis begins
with the kinematic equation of the transmissiopyirged here from Equation 3-6:

q.nr, 4.
2pry o ) (3-8)

w,=w, 1-

Each inversion can be modeled with this equatiorsélfing the variable associated with the
ground component equal to zero. For example, ifctma is fixed and the sun and carrier are the
input and output, ; should be set to zero. The gear ratio can theddfimed as the output
velocity over the input velocity, as in Equatio®3-
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-1
TR=2 = 1. 9o

Wy py (3-9)

This function can then be plotted with the ovetehsmission ratioJR, on the y-axis, and the
quantity,% which will be called the internal ratio, on theaxis. Therefore above the x-axis
the input and output rotate in the same directiwh rtate opposite on another below the x-axis.
The internal ratio is basically the product of thikower lift and the ratio of the planet to surage
radii, and is therefore a measure of the rotatioii@ sun gear and sprag clutch during the active
profile as well as an indicator of the eccentri@fythe cam profile. This plot appears in Figure
3-10. This type of plot will be studied for eachvemsion and contains all the necessary
information to determine the type of follower uggehether leading or trailing) as well as the
direction of torque on the follower. Each quadrartnalyzed independently to determine which
portions of the graph are physically possible.
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Figure 3-10. Transmission ratio versus the internal ratio while using the sun gear as the input and the carrier
as the output.

The internal ratio, plotted on the x-axis can bsitpee or negative depending on the direction of
rotation of the follower with respect to the carntliey rotate in the same or opposite directions
during the active profile as in Figure 3-9) and divection of rotation of the planet relative t@th

sun (if they rotate in opposite directiors, will be negative). Similarly, the transmissionioa
4

can be either positive or negative depending ordirextion of rotation of the input versus the
output. Now several rules and assumptions arelestatd which are used in the analysis.

1) The ratio—, is assumed to be negative, although the argunséhtsold if it is positive.
4

2) A positive rotation is assumed to be in the clodewvidirection, as seen from the
perspective of Figure 3-11.
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3) The input torque and direction is positive, and aipplied output torque is opposite the
output direction.

4) If the cam rotates CW with respect to the carrfieltpwer configuration 'a' or 'b' from
Figure 3-9 will be used. If it rotates CCW, configtion 'c’' or 'd' should be used. This
rule ensures the active profile performs as expecte

Quadrants through which the Transmission ratio ey not pass do not need to be checked. It
can be assumed the transmission will not operateatnquadrant.

Carrier Follower/ planet
gear

Cam

Figure 3-11. Viewing angle taken for the transmission ratio analysis. A clockwise rotation of any component
is considered as positive.

The analysis takes the following approach:
5) Indentify the quadrant of interest in the plot e transmission ratio versus internal ratio.

6) Determine the direction of rotation between the camd the carrier using the
transmission ratio in that particular quadrant.

7) Identify which follower configuration should be wakia this quadrant.
8) Determine the direction of applied torque on the gear.

9) Check the direction of applied torque to the fokwis consistent with the orientation of
the follower given the configuration found in st&p

The analysis of all four quadrants of Figure 3-1® shown below for the inversion with the sun
gear as the input and the carrier as the output.

Quadrant 1: The transmission ratio is positiveth@sun gear rotates CW as the input and the
carrier rotates CW as the output. To maintain atipesnternal ratio, a negative value qfis
necessary. By Figure 3-9, a CCW rotating cam angatnge follower lift dictates that
configuration 'd' must be used (rule 4). A CW tadsiapplied to the sun as the input (rule 3),
which applies a CCW torque to the follower (rule This torque pushes the follower down
onto the cam, and therefore the transmission ratittss quadrant are valid.

Quadrant 2: The transmission ratio is positiveth@sun gear rotates CW as the input and the
carrier rotates CW as the output. However to mainganegative internal ratio, a positive
value of | is necessary. By Figure 3-9, configuration 'c' mustused. A CW torque is still
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applied to the sun as the input (rule 3), whichliappa CCW torque to the follower (rule 1).
This torque though rotates the follower away frdva tam, and therefore the operation of the
transmission in this quadrant is impossible, are rdsulting transmission ratios invalid for
this inversion.

Quadrant 3: There are no possible transmissioosrati this quadrant, so no analysis is
necessary (rule 5).

Quadrant 4: The transmission ratio is negativetheosun rotates CW as the input and the
carrier rotates CCW as the output. To maintain sitpe internal ratio, a negative value f

is necessary. By Figure 3-9, configuration 'b' mhestised (rule 4). A CW torque is applied to
the sun as the input (rule 3), which applies a COWjue to the follower (rule 1). This torque
again rotates the follower away from the cam, drmtdfore the transmission ratios in this
quadrant are not valid.

To summarize, for the inversion with the sun asitipeit and the carrier as the output, the first
guadrant is the only quadrant through which the pfotransmission ratio versus internal ratio
passes that produces feasible gear ratios. Frogord-i3-10, it can be seen that the curve of
transmission ratios starts at a value of unity, gadoff to infinity; therefore this inversion is
capable of gear ratios between one and infinity.

The next inversion studied here uses the cam amth# and the carrier as the output. This
configuration has several unique features includive ability to produce a geared neutral. The
kinematic equation governing this inversion is give Equation
-1
TR= q.nr, 1 q.nr,
" 2, 2ps (3-10)

The plot of the transmission ratio versus the imgératio is shown in Figure 3-12.
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Figure 3-12. Transmission ratio versus internal ratio using the cam as the input and the carrier as the
output.
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The analysis of all four quadrants of Figure 3-4h2which the cam is used as the input and the
carrier is the output, is detailed below.

Quadrant 1: The transmission ratio is positive grahter than one, so the cam rotates CW as
the input and the carrier rotates CW at a rateefablian the cam as the output. To maintain a
positive internal ratio, a negative value pfs necessary. By Figure 3-9, configuration 'd' must
be used (rule 4). The torque on the sun is notragbtforward as before. For this inversion,
the reaction torque generated on the sun must teendieed. A CW torque is applied to the
cam as the input (rule 3), and a CCW torque smailenagnitude than the input is applied to
the carrier as the output. Therefore the reactiocef on the sun must be in the CCW direction.
This torque rotates the followers away from the cand therefore the transmission ratios in
this quadrant are invalid.

Quadrant 2: The transmission ratio is positive kasd than one, so the cam rotates CW as the
input and the carrier rotates CW at a rate slowan tthe cam as the output. To maintain a
negative internal ratio, a positive value ofs necessary. By Figure 3-9, configuration ‘a' must
be used (rule 4). A CW torque is still appliedhe input (rule 3), but a CCW torque larger in
magnitude than the input is applied to the outpherefore the reaction force on the sun must
be in the CW direction. This torque rotates thdofeers into the cam, and therefore the
transmission ratios in this quadrant are valid.

Quadrant 3: There are no possible transmissioosrati this quadrant, so no analysis is
necessary.

Quadrant 4: The transmission ratio is negativetheocam rotates CW as the input and the
carrier rotates CCW as the output. To maintainsitpe internal ratio, a negative value @f

is necessary. By Figure 3-9, configuration 'b' mostused (rule 4). A CW torque is still
applied to the input (rule 3), and a CW torquefplied to the output. Therefore the reaction
force on the sun must be in the CCW direction. Tdiigue rotates the followers into the cam,
and therefore the transmission ratios in this qaridare valid.

For this inversion, quadrants 2 and 4 possess traldmission ratios. In these two quadrants, the
transmission ratio can be seen to go from positiviéy to negative infinity. From Figure 3-12 it
can be seen that this inversion has a geared heatica However, an interesting note is that the
configuration of the follower must be changed togyate either positive or negative values of
that is the follower must switch from configuratitm to ‘a’ from quadrant 2 to 4. Therefore it is
impossible to achieve transmission ratios in botladgants with one transmission without
complex gear changing mechanisms even though dhnertrission ratios are continuous through
the origin.

At this point it may become apparent that only o quadrants are capable of valid
transmission ratios. For example, in the first mi@n studied, quadrants 1 and 3 were valid,
while for the second inversion quadrants 2 and dewalid. This is to be expected because
guadrants across the y-axis have opposite foll@eefigurations, that is, they go from leading to
trailing or vice-versa. Similarly, the torque oretfiollower also switches across the x-axis
because the transmission ratio changes sign. Tdterehly in quadrants across the origin from
one another will both the torque and the followgemtation switch to maintain the same validity
of the transmission ratios. It is necessary theonly study the validity of one quadrant of each
inversion's kinematic equation to determine thaditgl of the rest. For clarity though, similar
analyses as those above are given in the Appendithé remaining four inversions. The results
however are presented in Table 2.
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Table 3. Possible ratio range of the various inversions.

Inversion # | Input Output Ratio range
1 cam carrier (-,0); (0, 1]
2 cam sun gear (50); (0, )
3 sun gear| carrier [1,)
4 sun gearl cam not possible
5 carrier cam [0, 1]
6 carrier sun gear (- 0];[1, )

3-6 Inversion selection criteria

Given an application, the selection of a suitableision depends on several factors. First and
foremost is the overall transmission ratio rangar. &ample, the necessity of a geared neutral
will eliminate the inversion in which the sun isetinput and the carrier is the output. Other
factors include the size of the gear range, thecton of rotation between the input and the

output, the torque amplification at the sun gearyell as the relationship between a change in
cam lift versus the change in transmission ratlas Bection will provide some guidelines for the

selection of the proper inversion as well as tlasoeing for the sun gear/carrier inversion used in
this work.

The selection of the inversion based on the reduaéo range is straightforward and only hinges
on the necessity of a geared neutral. If a geaeedral is required, inversion number 4 can be
eliminated as an option because at no value ofnteenal ratio will this transmission produce
zero output with a nonzero input. All other inverss are technically capable of a geared neutral.
If a negative transmission ratio is required actbssentire gear range, inversions 1, 2 and 6 may
be used. Otherwise, only inversions 2 and 5 cadym® a positive ratio range with a geared
neutral.

One of the components that limit the torque capadfitthe transmission is the sprag clutch that
acts as the one way clutch of the transmissionprAgsclutch is an intricate and expensive part
whose size is directly related to its torque cagadiherefore to increase the torque capacity will
increase the size, weight, and cost of the desigally then, an inversion should be chosen to
minimize the torque applied to these componentsuAsng the sprag clutches are directly
connected to the sun gear, the applied torque ersphag can be found as a ratio of either the
input or output torque. These ratios are listed@ble 4. Using either the maximum input or
output torques and smallest desired transmissitm, the maximum torque on the sprag can be
computed. For inversions with a geared neutralchviban theoretically apply an infinite torque, a
torgue limiting devices should be used. In thesesdhe slip torque of this device should be used
as the maximum input or output depending on whezalevice is placed.

The final consideration for selecting an inversi®mhe relationship between the cam lift, and

the transmission ratio, essentially the slope ef ¢brve in Figure 3-10 and Figure 3-12. This
value gives some indication as to the length am@rdcity of the required cam. If the slope is
large, a small change in the cam lift during thevacprofile will result in a large change in the
transmission ratio. This is desirable to minimizher the draft along the cam and thus the cam's
length, or the eccentricity of a cam. Conversdlg, large change in_is necessary to achieve the
desired gear range, the cam may become too ea;aesulting in undercutting, or the draft may
be very severe, lead to shifting problems, less tiimal loading of the rollers and followers, or
a very long cam. The two inversions with the latgisivatives across the possible transmission
ratios are number 1 and 3.
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Table 4: Possible ratio range of the various inversions.

Torque on Sprag
Inversion # | Input Qutput Ratio of Input Ratio of Output
1 cam carrier 5, 5
63 5
2 cam sun gear S63 1
5
sun gear carrier 1 5;8 ¢5
4 sun geary cam NA NA
5 carrier cam 5, 5
63 5
6 carrier | sun gear Se3 1
5

For the remainder of this work, only the inversiorwhich the sun is the input and the carrier is
the output is considered. The reasoning for chgotiis inversion is as follows. The transmission
studied in this work was designed for use in biegclin this application, the input and output
directions are the same, so to eliminate the need fjeartrain to reverse directions, a positive
transmission ratio was desired. In addition, oeliatively small gear ratios can be applied to the
input or output rotations to achieve the corredteay ratios. For example using off the shelf
components, one can only expect to get a 2:1 oadvantage into or out of the transmission;
therefore IVT ranges close to the system ratio vde®red. Moreover, it was desirable to speed
the input up, and slow the output down to reduee ttrque load on the IVT. Therefore the

system ratio range was set as 1:1 to 1:3. The twersions which most closely met the

requirements were 3 and 6. Inversion 3 though gavégrger transmission ratio change for the
same change in cam lift, and because size and twsiyle a primary concern, this inversion was
chosen.

3-7 Conclusions

In this chapter, a kinematic analysis of the CaseblaVT was presented. The derivation of the
kinematic equations built off the principles oudlth in the theory of operations section.
Specifically, the equations governing the motiothef CVT are derived from those of a planetary
gearset, and for a constant output case, were sliowoe relatively simple. Following this
derivation, the equations for cam profile desiga presented in which a zero acceleration active
profile is combined with a trapezoidal accelerati@turn profile. The kinematic equations
presented here were then used to study the chasticeeof each inversion, in particular focusing
on the achievable gear range of each inversiomllgjrseveral guidelines were given to choose a
particular inversion for an application.
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4 Numerical Optimization of the Cam-based IVT

In Chapters 1 and 2, the operation and kinematiociples of the Cam-based IVT were
described. Chapter 3 looked at the various invessiof this device and the characteristics of
each. The remaining portion of this work will nowctis on the development of a specific
inversion for use as a bicycle transmission. Tleigetbpment work was focused into two areas,
mechanical and numerical. On the mechanical selgral mechanisms and novel transmission
configurations were developed to increase the ®mrppacity of transmission, namely a cable
differential system to double the number of actolowers at any time and an inverted external
cam to improve the contact stress geometry betweeroller and cam. These developments are
detailed in Chapter 5. This chapter will focus te numerical optimization methods used to
establish the various transmission parameters wloatld result in increased torque capacity,
namely by reducing the contact stress. Three methoel discussed, first a parametric study is
covered to understand the basic relationships leetvilee follower velocity and position and the
contact force between the roller and the cam. okatlg this, both a numerical search and a
genetic algorithm are presented as a means of igptgnthe transmission design while meeting
the necessary design constraints.

As with many other infinitely variable transmissidesigns such as traction drives, a contact
stress is the limiting stress in Cam-based IVT. c8jpally, very large contact stresses are
generated in two locations, within the sprag clegland between the cam and rollers. These
stresses limit the amount of torque that can besirétted for a given size transmission. The
stress in the sprags is a result of the large nofomees required to generate enough friction
between the races and the sprags of the clutcHds. i analogous to the clamping forces
generated in traction drives that allow large tesjto be transmitted. Because the sprag clutches
are commercial units though, the designer hag latintrol of them. The latter contact stress is
generated as a reaction force to the torque osuhegear shaft. Moreover, because this torque
can be quite large, and the number of rollers geimgy a reaction force small (one to two), this
contact stress is also high. The contact stress iarge in this location, that it is the limiting
factor when reducing the transmission size or m®irey its torque capacity. Therefore, the
parametric study and the optimization algorithmghag chapter will focus on minimizing this
stress under size and torque constraints.

The contact stress is sensitive to the size ofrmesmission, input torque, and transmission ratio.
In that regard, because this IVT is designed foe us bicycles, it has rather strenuous
specifications. The overall transmission size i$ twoexceed 150[mm] in either diameter or
length to fit in the frame between the bicycle pedBicycles also have very large gear ranges,
up to a 600% difference between the lowest anddsigbgear. The aim of this project was only
300%, therefore the low gear was 1:1 while the ésgltransmission ratio was set as 1:3. A
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cyclist can generate quite large input torquestal@40[N-m]. Therefore, the transmission is
designed to handle 120[N-m] with the expectatioat tthe input will be geared up from the
bicycle cranks to reduce the input torque to ténel. These values are summarized in Table 5.

Table 5: Design specifications for optimization algorithms.

Specification Value | Units
Torque Capacity 120 N-m
Gear range 100-300%

Diameter 150 mm
Length 150 mm

In this chapter, a study of the factors influendinig stress is presented as a way of understanding
how the geometry of the transmission affects itlldwing the analysis, two optimization
strategies are discussed. The first strategy preddn that of a numerical search, in which a
broad design space is systematically searchednfaptimum. A genetic algorithm optimization

is then elaborated on as a comparison to and oaatiion of the numerical search method's
results. In the subsequent chapters, several mieethanlutions to the contact stress problem will
be discussed as well.

4-1 Parametric Study

A parametric study is described here to better tstded the relationship between the sun gear
shaft torque and the contact stress between thers@nd the cam. From this study, the reader
will see what transmission geometries affect thesst and why it is so large relative to the other
stresses in the transmission. Similarly, the degidnciples gleaned from it will be useful in
interpreting the results of the two optimizatiogaithms.

Inversion 3 (input: sun; output carrier) is the jegb of this parametric study. The maximum
overall transmission ratid,r, is predetermined going into the design, whichhis tase is set to
300%, creating a 1:3 ratio between the input artduduFrom Equation 3-10, it can be seen that
in order to meet this objective, the designer esability to manipulate either the gear ratio,
ro/rs, or the maximum follower lift, .. This particular study will focus on the relatibiys of the
contact force to the follower lift and the angupasition of the follower, ,, which from Equation
2-4 can be shown to vary the contact force by reduttisgnoment arm on which that force acts.
From this study we should expect to find both thgudar velocity and angular region in which to
operate the follower to minimize the contact fof€g,

To study the relationship betweep, , and the contact forcd;,, an orthogonal coordinate
system is established such that tloirection is parallel to the follower axis of ratat and thex
andy axis are in a plane parallel to one swept by #eiar. It is necessary to know the unit
vector normal to the surface of the cam at theaminpoint. Because the roller is spherical and
therefore tangent to the cam surface at the coptzat, this vector is the ray from the contact
point to the center of the roller where the confaaint is the same as determined from the cam
surface. Using the same conventions as [12] anstiited in Figure 4-1, the roller center is given
by Equation 4-1 through 4-3:
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X, =1,C0%g,)- I Coiqp +q2) (4-1)
y, =1,sing,)- r, Sir(qp +qz) (4-2)

2 =2, 43)

where the subscriptdenotes the roller center poinjs the carrier radius, angdis the follower
length. The unit normal vector from the contactnpad the roller center is given as Equation 4-4:

- X (Y, - V)T (2 - Z)K

vV, =
\/(Xr - Xc)2 +(yr - yc)2 +(Zr - Zc)2 , (4_4)

where the subscrit denotes the contact point between the roller hadcam and can be found
using the profile determination methods mentionetvipusly [12, 13]. Defining, as the vector

along the length of the follower, from its pivotttee roller center, will then reflect the positioh
the follower with respect to the carriey,

R, =(X, - 1,€08@,))i +(y, - 1,sin(g,)) ] + 0k _ (4-5)

Figure 4-1. Reference for contact force equations.

Applying a torque balance as seen in Figure 4-théofollower around theK direction yields
Equation 4-6:

Tirp =R, Fv,) k

: ; (4-6)

whereT, is the torque applied to the sun gear shgfts the contact force between the roller and
cam, and /s is adjusted such that the maximum transmissioo, /&, is attained for the specific
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» Where , is the follower velocity required to achieve thwrect amount of follower lift. It is
given as in Equation 4-7:

e o (4-7)

Figure 4-2. Sum of the moments on the follower about its axis of rotation.

Equation 4-6 shows that the normal for€g,is linearly proportional to the sun gear shaftte,
T,, as well as the planet gear to sun gear rgiiq, which for this inversion is typically close in
value to 2, and finally inversely proportional tetfollower length. For a small transmission like
that being studied here under large input torgilesin be seen how, will grow very large and
lead to equally large contact stresses. To sa#isgiven maximum overall transmission ratio
requirement, ,andr,/rsmust satisfy Equation 4-8:

;
TR= 1- Wpri : (4-8)
3

It should also be noted that only the maximum tmagsion ratio is studied here because it
determines the necessary values fif; and | for the rest of the transmission ratios. In other
words, once these two values are chosen to minirthee contact force at the maximum
transmission ratio, only the follower position,can be varied to minimize the contact stress at
the other ratios. Therefore, the contact forcarg Studied at the maximum transmission ratio.
Combining Equations 4-6 and 4-8 and rearranginiglyie

— (Tr - l)Tz
F,= =
Ter(Rf ! vn)- k . (4-9)

Equation 4-9 shows the relationship between thievi@r contact force, the transmission ratio,
follower velocity, and the follower position (thrgl the cross product & andv,). The follower
angle, ,, was varied between 0.6 and 1.6 radians, andollever velocity was varied between
0.2 and 0.5 while achieving an overall transmissaiio, Tr, of 3. The resulting contact force for
an input torque of 113 [N-m] can be seen in Figkf®
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Figure 4-3. Contact force between roller and cam versus follower velocity and initial follower position.

What is significant about Figure 4-3 is that insieg , will result in a lower contact force
(because in effect a largeg will result in a smaller value af/rsfor that transmission ratio). In
addition, at the lower values of, the contact force is reduced. Therefore, at tleimum
transmission ratio it is best to operate the foloat small levels of, indicating a smaller initial
angle, ,(0), should be used when determining the cam profihis is because at large follower
velocities and small values of, the normal force between the roller and the carloser to
perpendicular to the follower, and therefore smatlermal forces are needed to generate the
necessary reaction torque. The drawback to ratbi@dollower velocity is that higher values will
necessitate higher levels of acceleration and g#omrreturn springs. At a certain level,
undercutting of the cam will result from the higblléwer acceleration. This may limit the
maximum usable follower velocity.

When not at the maximum gear ratio, the trendvensed, such that the pressure angle is reduced
by operating at higher levels of, which reduces the contact force by minimizing tness
product ofR; andv,. An absolute minimum value here though might re@tbsirable here though
as it could affect the draft angle of the cam askigt

4-2 Numerical Search

As one can see from the parametric study aboves i@ several of parameters that affect the
contact force. There are even more though thattfffie contact stress, such as the roller radius
and the cam profile radius of curvature. In totat,least five parameters were chosen for

optimization. Because of the complexity of the egstand the myriad of restrictions imposed by

mechanical constraints, a numerical optimizatioohtégque was written as opposed to an

analytical one.

There are five main parameters to optimize, théeraladius, carrier radius, follower length,
follower velocity at the maximum transmission raémd the initial position of the follower. For
the numerical search method, a five dimensionalgdespace was constructed upon which a
coarse 'grid' was laid. At each grid point, thetaohstress was computed for the active profile
and the radius of curvature computed for the emicdile using an input torque of 120 [N-m].
The grid point with the lowest contact stress tidab met all the constraints was then identified
and around which a finer grid was laid. Every paintthe finer grid was then evaluated. This
process was repeated several times until littlee@vgment was seen in the contact stress.
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The search area of parameter values is preseniieabie 4. Several different resources were used
to determine appropriate bounds on these values.p@hametric study provided a good base of
experience for such things as the follower veloahd initial position. The carrier radius was
largely based on the maximum permissible size @titiinsmission, and knowing that an increase
carrier size decreases stress, two larger boundscahesen. The roller radius and follower length
were also largely based on experience from thenpetrac study, but in the case of the roller, also
depended on the availability of common spheriaadispieces.

Table 6: Parameter bounds for the numerical search and genetic algorithm.

Parameter Symbal Lower bound| Upper bound Units
follower velocity p 0.3 0.45 [rad/rad
carrier radius 4 50 62 [mm]
follower length ¥ 30 50 [mm]
roller radius r 12 20 [mm]
follower initial position| ,(0) .35 1.14 [rad]

In this optimization algorithm, it was necessaryeitforce some constraints on the design to
ensure a manufacturable and functioning transmmsses chosen. These constraints included the
overall diameter of the transmission, draft of taen, shifter clearance, and both negative and
positive radius of curvature limitations on the cdfmany of the constraints were violated the
design in question was eliminated. The specificst@mnts enforced for the prototypes are
discussed in Chapter 5.

An important factor in all cam design is the radafscurvature of the cam [35]. In all cases,
undercutting must be avoided. Therefore the mininpasitive radius of curvature of the pitch

curve was required to be greater than the rolidiusaby 10[mm]. The additional 10[mm] buffer

was added to smooth any sharp points on the prdfileo, the maximum negative radius of

curvature at the roller center was maintained beRjwim] to ensure there are no portions of the
cam surface with a negative radius equal to thétefoller.

The radius of curvature for each pitch curve wamébusing Equation 4-10:
4

DT> TFE

: @@B<>< (4-10)
wherex andy are the Cartesian coordinates of the roller ceamteix’ andx” denote the first and
second derivative respectively. It should be ndted because this is a three dimensional cam,
the roller radius which is actually in contact witite cam varies as the draft of the cam changes
along its circumference. The effects of this aralsthough, and are compensated by a buffer
built into the aforementioned constraints. Thet fiksrivatives are given as:

A ,&BCH F&BCDE ;, E. ' (4-11)

G ,&HIE, F&HB E ; E. ' (4-12)
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The second derivatives are then computed as:

Al ,&HIE, F&HB E , E. ' ! F&BCD E, E. &) (4-13)
G ,&BCH F&BCDE , E. ' ! F&HB E , E. &) (4-14)

wherea is the follower acceleration, is the carrier position,, is the follower position and is
the initial position offset of the follower.

The radius of the cam surface from the center efttansmission was also computed for every
point on the cam profile. It was required that tiodler radius be larger than the difference
between the maximum and minimum of these valuesisoire the follower shaft was able to clear
the edges of the cam. The goal of this optimirati@s to find the combination of transmission
parameters that minimized the contact stress. &bdhd, the contact stress was computed as in
[36] for contact between a sphere (the roller) araylinder (the cam) with a contact force given
by Equation 4-9.

The numerical algorithm first defines a coarse gndr the design space. For each parameter, a
step size of one third of the maximum range wasl .u3derefore with five design parameters and
four steps per parameter, the algorithm testgd@24) designs in the first round alone. The best
design that met all the constraints was saved,aandw finer grid was established around this
point. The algorithm then tests all these new depigints and stores the values with the lowest
contact stress. The new parameter limits of eadhd are established according to Equations
4-15 and 4-16:

KLMN K O FN P g4 % (4-15)
UWNKOP FNPg, 20 (4-16)

wherebest, ; is the optimal parameter from the previous 8i8p.; is the step size, ands a user
defined parameter to vary the new grid area redatovthe old step size. These equations are
applied to all five of the parameters listed in [Ea®. A value of unity will produce a new grid
whose length is the same as the twice the prevdtes-size, anything smaller will produce a
larger grid and a largerwill reduce the size of grid. The effect of deten be seen in Figure 4-5.
The algorithm is shown in a flowchart in Figure 4-6

Figure 4-4. Graphical representation of a two dimensional search area and the effect has on the search
area.
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Figure 4-5. Contact force between roller and cam versus follower velocity and initial follower position

Upon finding the best viable design point, (thathwihe lowest stress), the design space was
restricted to a region surrounding that point anddsvided into another 1024 points. All new

design points were then evaluated. This iteratinoegss was repeated four times, for a total of
approximately 4000 designs. The final step sizeveeh design points was then approximately

1/32nd of the original limits.

The numerical search found a minimized the consaiess to 130[MPa] assuming an elastic
modulus of 3 [GPa]. This is slightly above the poessive strength of 110[MPa], indicating the
maximum torque level this transmission can sustaslightly below the 120[N-m] desired input

torque.
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4-3 Genetic Algorithm

Genetic algorithms have in recent years been used fwvide variety of type and dimensional
synthesis and optimization problems. They are wigmong search algorithms in that they
combine elements of both random and directed saardines. The genetic algorithm described
here is applied to the Cam-based IVT

Genetic algorithms use the breeding and evolutionachanisms of natural systems to root out
an optimal solution, where the optimal is deterrdifgy a user defined fitness function. The
strength of these algorithms stems from the contionaf elements from both random walk type
searches and broader and more computationallysmeenumerative type algorithms. The result
is a rigorous search which can be used for mangstyb optimizations of multi-criteria problems.
[37]

The algorithm used here is applied to a dimensitypa synthesis problem. In this approach, the
various Cam-based IVT’s parameters of significarfcarrier radius, follower length, and roller
diameter for example) area coded into a seriesitefvihich make up a chromosome. A large
population is then built up of many different chimsomes. Each individual in the population is
then scored for a fithess level using the fithagscfion. Members of the population are then
combined and crossed using a mating function wgiebs priority to the individuals with higher
fitness. Mutations are also allowed to occur inrg\generation. With each new generation, the
population is rescored by the fitness function, #relcycle continues. The result is a powerful
search algorithm built upon very basic and easprogram functions. A flowchart representing
the structure of the genetic algorithm can be seé&figure 4-6.

Figure 4-6 . Flowchart of the Genetic Algorithm process.

4-3-1 Chromosome Coding

The coding of the population chromosomes is dore lsisary representation. Each chromosome
is made up of one or more genes, where each gemectling representing a transmission
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parameter. For this transmission, there are fifkerdint parameters which are varied which are
summarized in Table 7. The follower velocity isidetl as the rotational speed of the follower
relative to the carrier during the active portidrttee cam. The follower length, roller radius, and
carrier radius, and the follower starting positiare also varied. The physical parameters can be
seen in Figure 4-7.

Table 7: Parameter bounds for the numerical search and genetic algorithm.

Parameter Symbal Lower bound| Upper bound Units
follower velocity P 0.3 0.45 [rad/rad
carrier radius & 50 62 [mm]
follower length r 30 50 [mm]
roller radius r 12 20 [mm]
follower initial position| ,(0) .35 1.14 [rad]

Figure 4-7. Variable relationships to the transmission model.

Each gene’s parameter is transformed into a fivealninber. The parameter value is determined
by the user defined limits. Each value of the gen®,or a 1, is randomly defined by a random
number generator with equal probability given toheautcome. The region defined by the upper
and lower limits of each parameter value are dividgo 31 steps, {21), where each step is
represented by an six bit binary number, the géne example, if for some parameter value the
upper limit was 10, the lower limit was 5, and tene was randomly generated as 01101, then
the actual parameter value of that gene would vengas in Equation 4-17:

WKUN X —=\]1] (4-17)
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where the subscript “2” indicates that it is a Ijnaumber. It is worth mentioning that the
program deals strictly with the coded parameteuealonly decoding the gene when it is
necessary to use this value in the fitness scdungtion. It is therefore easy to increase the
resolution without greatly affecting the programtime.

The upper and lower limits for each parameter veli@sen based on experience from previous
work with the transmission. This work showed a gaheange of acceptable values which would
produce a viable transmission. The limits couldabdgisted from run to run if it was found the
algorithm chose the extremes more often than not.

The upper and lower limits for each parameter vedi@sen based on experience from previous
work with the transmission. This work showed a gaheange of acceptable values which would
produce a viable transmission. The limits couldadgusted from run to run if it was found the
algorithm chose the extremes more often than not.

For the five parameters with a gene length of 6,b#ach member of the population has a
chromosome length of 30. The first operation therfggmed by the program is to initialize the
population. For this optimization, we used a popoitasize of 100.

4-3-2 Fitness Scoring

Once the population has been established, it isssacy to assign a fitness value to each of the
members of the population. The fitness values thidn be used by the mating functions to

determine the fittest specimens and give them laenigrobability of mating. For the Cam-based

IVT optimization, the scoring function was basedstfion reducing the contact stress, and

secondly on maintaining the transmission limitsctibged above.

Once the parameters were decoded using Equatithre,are sent to the scoring function. The
contact stress is then determined on the entifaciof the cam assuming a 120[N-m] input
torque. The maximum value of this contact stre$ses recorded.

In application, the lowest fithess value was 0M0Dider to allow even the poorest performing
individuals to be allowed to reproduce, in casedh&as some valuable genetic information
within the chromosome. The fitness value and thtam stress are related by Equation 4-18:

A aaaa#t_

a%ad efgh i ‘aaaa
- bcaaa -

j1%] MKN jIm]]] (4-18)

where ¢ is the contact stress. This function was chosén shat a desirable level of stress,
100[MPa], represented a unity fitness value. A biegd representation of the fitness function can
be seen in Figure 4-8.
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Figure 4-8 . Fitness function used to evaluate individual fitness based on the contact stress.

It is necessary for the fitness function to alsdome the parameter limits. This is done by
reducing the fitness value of the offending indixad] either by a fixed value, or a percentage
reduction. In this paper, we use a fixed value .@ffor each offense. Should there be too many
individuals outside the limits, this value can bereased so as to inhibit reproduction further.

4-3-3 Fitness Scaling

Fitness scaling is an important part of the geragorithm. Its purpose is to modify the fitness
values of the population to prevent the dominatdmeproduction by a few individuals in the
early generations, and also to increase compet#inong the population in later generations. A
linear scaling routine was implemented here. Gaeroriginal fithess value, the scaled value can
be found from Equation 4-19:

<)& F (4-19)

wherea andb are chosen such that the maximum original fitnessiapped to the twice the
original average fitness but the original and stagerage fithess values remain the same. A
graphical representation of this mapping can ba seEigure 4-9.

In this way the fittest individual will reproducencaverage twice as often as the average
individual. Thus a healthy competition is maintairia both the early and later generations. In
order to prevent negative fitness values, which megur when using a scaling function, any
scaled fitness value less than zero is mappedatua of0.1.

43



Figure 4-9 . Fitness scaling used to promote healthy competiti on.

4-3-4 Selection and Mutation rate

Between each generation it is necessary to matpdpelation. A selection function chooses two
members of the population for crossover. The pritibalbhat any member for reproduction is
proportional to their fitness value. This routisegenerally referred to as a “roulette wheel” style
selection [38]. For every two selected memberdefgopulation, two offspring are generated. If
the same individual is selected twice, it can beefieial to cancel the mate and send the member
back to the population through the mutation alfponit It has been shown that this diversity
monitor increases the number of acceptable solut@drihe end of the program without lowering
the maximum fitness level [38].

For every pair of mating individuals, a random nembetween one and the chromosome length
is chosen. This is the crossover site. For repriimlucthe two chromosomes are split at the
crossover site, and the latter portions of the mlnsomes are swapped between individuals. Put
another way, each bit of the chromosome that ocaftes the crossover site are swapped between
the individuals.

Before the offspring are sent back to the poputatibey are passed through a mutation function.
The purpose of this routine is to switch the vabfeone randomly selected bit within the
chromosome. As implemented here, this mutation rsoaith probability of 0.033. There is equal
probability that any bit on the chromosome willdsdected for mutation.

4-3-5 Stop Criteria

There is one stop criteria built into the genetgoéathm. This stop limits the maximum number
of generations that can be produced, essentialljndgime limit on the program. No more than
100 generations were produced during this studgdttition, the member with the highest fithess
throughout all generations is stored such thatritlze retrieved when the program terminates.
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4-4 Results

Both the genetic algorithm and the design spacéadetvere run on a 3[GHz] processor. The
stress achieved through either method was comgar@bk genetic algorithm achieved a lowest
contact stress of 144[MPa], while the enumeratiesifgh space method produced a design with a
stress of 137[MPa]. The final parameters choserbfth methods can be seen in Table 8. The
two designs are close, within five percent of eather except for the follower length. The
genetic algorithm took nearly twice as long to asthe other program, which could be due to
both the higher number of designs analyzed, antigpsr a higher overhead of processing
required.

Table 8: Final parameter values resulting from the optimizations.

wr/r] | Rdin] | Rfin] | RAin] | ,(O)[rad]
GA 0.33 2.45 1.25| 0.68 5.68
Enum| 0.34 2.40 1.43| 0.70] 5.54

It would appear that the enumeration method outperéd the genetic algorithm approach, but
this would be underestimating the power of genalgorithms. It is actually more indicative of
the type of problem defined by this transmissioanttanything else. That is, the design space
defined by the specified parameter ranges has #dse fpeaks, such that the enumeration
technique hones in on the global peak quicklyherd is a wide array of possible solutions, such
that many designs achieve a minimum contact sti&fiser case though would make it appear
that the enumeration process is outperforming #@megc algorithm.

The power of the genetic algorithm though comemfits simplicity, flexibility, and efficiency.
Once the primary functions have been written, whichtself is straightforward, they can be
applied to a myriad of problems because they dell with chromosomes. Only a new fitness
function must be written for different optimizatmn
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5 Mechanical Design Improvements

The Cam-based IVT is a unique transmission withyraapabilities beyond that of other current
ratcheting drives and IVT technologies such agdéh®idal and belt driven types. Much like the
torroidial drives, in which most if not all of thdriving torque passes through a small contact
region, the entire reaction force to the drivingytee of the Cam-based IVT is transmitted through
the contact area between the rollers and cam. fidrerehis small region exhibits a very high
Hertzian contact stress which is proportional @ itput torque. For a given transmission size, it
was found that this contact stress is the limifmgfor of the torque capacity of the transmission.
While other highly stressed components can beeddia accommodate high loads, such as the
sprag clutches, input shaft, and planetary geaesysthe cam and roller system has a much
greater effect on the overall transmission size ttee other components. So for a given input
torque, the overall size of the transmission wasrd@ned such that this contact stress was within
the limits of both the cam and roller material.

In the previous chapter, two optimization algoritwere employed to search a parameter space
to minimize this contact stress. The results ekéhalgorithms significantly reduced the contact
stress to within acceptable levels thereby increplie torque capacity of the transmission near
to the desired capacity of 120[N-m]. This chaptedrasses two major mechanical design
improvements that were implemented on the Cam-bBéedo further reduce the contact stress
through both the reduction of the contact forcettanroller, and minimizing the stress resulting
from this force. To reduce the contact force, iasieg the number of followers, number of
rollers, and/or changing the transmission pararsetmre studied. Aside from minimizing the
contact force, changing the diameters of the ctintabodies, reducing the modulus of elasticity
of the materials involved, or changing the geomefrthe contact region were all suitable means
of minimizing the stress for a given contact force.

The end approach was two pronged, to at least dahiel number of rollers under load at any
time, and also to modify the overall topology oé ttmechanism to incorporate an inverted and
external cam surface which surrounded the resthefmechanism. Utilizing a unique cable

differential, which splits the input torque evertgtween two followers, allowed for two active

followers and therefore loaded rollers. Invertitg ttam provided a larger radius of curvature,
and a more complimentary surface for the rollefiotlmw. Both methods and their characteristics
are presented here.
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5-1 Contact Stress Model

A method for finding the contact force between ithieer and cam has been presented in Chapter
4, and this method was used in these calculationshke active region of the cam considering
only static loads. All design approaches and mdsh@were evaluated using these calculations.
The transmission specifications called for a maxmminput torque capacity of 120 [Nm] and an
input rpm of 150 [rpm]. To correctly model the catit stress, the radius of curvature of the pitch
curve and the cam surface itself were estimatedifathe system was a planar cam
mechanism[35]. Therefore, the effect of the drafila of the cam was not modeled as part of the
cam surface radius, but was taken into accountinitie contact force model. The effect of this
draft angle on the radii calculation is small andfss is a safe assumption. In the calculation of
the Hertzian contact stress, the roller and canassaemed to be spherical. Therefore, the contact
stress will be slightly over-estimated if one caless the cam surface is actually a ruled surface
and could be more closely modeled as a cylinder.

5-1-1 Methods Contact Stress Reduction

A systematic approach was taken to minimizing toistact stress by beginning with a look at the
Hertzian contact stress equations. Consideringgdmmetry of the contacting bodies first, the
effect of the diameters on the contacting aredisngby Equation 5-1:

eff:i+i

d d, (5-1)

whered; and d, are the diameters of the two contacting bodies[3®krefore, changing the
diameters such that Equation 5-1 is minimized waflult in the largest contact area and therefore
smallest stress. Either increasing the diametesinig a negative diameter, equivalent to utilizing
the inner surface of a hollow sphere, will suffi&eich was the goal of utilizing the inner surface
of an inverted and external cam. This approach ashices the contact stress through an
improved topology which allows the highly stressesimponents to be made larger while
transmission size remains the same.

Changing the geometry such that cylindrical coniagiresent as opposed to spherical will also
introduce a significant reduction in the contacess. This is a result of a larger contact area
between bodies for a given deformation. Such amcagh has been tried in a similar ratcheting
IVT also based on a cam drive which can be seétigure 5-1.

While the use of cylindrical rollers in conjunctievith a three dimensional cam can reduce the
contact stress, the complexity is increased duwntadditional degree of freedom that is required
to allow the rollers to rock back and forth as tfi@jow the draft of the cam. More significantly,
sliding between the roller and the cam is also nmevalent as the ends of the rollers follow
different cam profiles. Therefore this approach wasfollowed, but rather the design, materials,
and other mechanisms within the transmission wemnghasized.
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Figure 5-1. Model of Naude’s cam driven IVT with cylindrical rollers [33].

When using aluminum or plastic as the cam andrrafigterial, the roller contact region exhibits
the highest stress within the transmission. If thesign were to remain the same, higher
performance materials could be substituted forcim to achieve a greater torque capacity. In
particular, titanium was investigated for its lovedulus and high strength properties. Because of
its high cost and the fact that it is difficult meachine, this approach was abandoned. Although,
this could be implemented after other mechanism dedign improvements to increase
performance.

Minimizing the contact force is more difficult asdepends on transmission parameters which are
more closely tied to the design criteria. To achidhis reduction then, distribution of the contact
force was emphasized. In the following sectionhbatdual roller follower and a dual active
follower system are investigated as means of ackshmpg this. The unique mechanisms
necessary for their utilization such as the calfferéntial are also presented here.

5-2 Dual active follower system

Increasing the number of active rollers in contatth the cam allows the input load to be
distributed across more rollers and therefore deserethe contact stress. This can be
accomplished in two different ways. Firstly, themher of followers can be increased, such that
two followers, and hence rollers, will be activeaaty time. The second option is to add an
additional roller to each follower, which can besen such as the model in Figure 5-2 next to
the current follower design. In the latter caseshepair of rollers is mounted on a “truck” such
that they are loaded equally. The former was rebear first because the solution could be more
readily implemented. In addition, at the time ofitimg, no literature was found regarding the
method required to determine a cam surface for @ duoller follower. In the future, both
solutions could be implemented simultaneously €othfer improvement and a method of finding
the correct cam surface will be investigated.

5-2-1 Benefits

Aside from the reduction in contact stress the dodbwer system allows, there are some

additional benefits. Considering the static céise,net reaction on both the cam and the carrier
will be reduced to a moment only, thereby redudimg load on any supports. Had there been
only one active follower, or two active followerschted adjacent to each other as opposed to
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across, the normal forces from the followers ondéi@ would not cancel, and the resulting force
can be very large, in our case almost 4000[N].

Figure 5-2. The current follower system on the left and the dual roller follower concept.

In addition, there are several advantages whenirigo&t the dynamics of the mechanism. By
placing the followers across from one another,djx@amic imbalances that could be present as
the followers rotate with respect to the carriee aminimized or completely eliminated. This
particular follower arrangement also produces aimlagymmetrical cam, one which is
dynamically balanced, which is ideal for inversiavtsich require a rotating cam.

It was predicted that moving from one to two acfiekowers would have a significant impact on
the contact stress. It was necessary to test thethgsis because although the followers would
see a reduced load, the higher acceleration retjoir¢he shorter acting profile would decrease
the cam surface curvature. The system was modelbthilab® with a carrier radius of 62[mm],
follower length of 37[mm], and a roller radius &[fhm]. A transmission ratio of 3 was achieved
with a follower velocity of 0.30[rad/rad] and a pk&t to sun ratio of 2.2. With four total
followers, one being active at a time, the maximuoontact stress was 340[MPa] with a
maximum shear stress of 102[MPa]. Using the caifferdntial with the same follower velocity,
the stress is reduced by 41% to 199[MPa] and 52]v#2pectively.

5-2-2 Differential System Requirements

Ideally, two followers could be engaged at any timgeplacing a second planet gear on the same
sun gear as the opposite follower. The operatiorthid transmission though precludes this
solution for two reasons. The first is that mantifeing tolerances in the cam, carrier, or follower
may allow one follower to disengage from the caheréby overloading the second follower.
This would occur for instance if the cam surfaceswendersized on one side of the cam.
Secondly, because of the unique shifting mecharbitinis design, which allows for shifting
while stopped or under load, the followers may netessarily be on the same cam profile.
Therefore the roller on the more aggressive prafileEbecome the sole active follower leading to
a similar overloading situation as above. It i;aclidat a differential type mechanism is needed to
split the load equally between the two while allogvithem to move relative to each other. For
this application, a unique planar cable differdntias developed.

5-2-3 Prior Art

The constraints for the mechanism were a narrovihyidght weight, ease of construction, and
high torque capacity. Because of the nature oftrdr@smission, the relative motion between the
two inputs, the planet pulleys, would remain smahe maximum swing of the follower in this
transmission is around 45 degrees; therefore, intmus motion device was unnecessary. While
a conventional differential would work and was istigated, these are generally more expensive
(due to manufacturing), heavier, and complicatesh ta cable based system due to the nature of
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force transmission through conventional gear tekthaddition, a cable based system is less
limited by the selection of stock gears.

The use of cable based differential and power migson systems is commonly seen in robotic
applications, where low backlash, high accuracy kv weight are of primary concern [40].
These make the mechanisms ideal for transmissipoweér over a distance with few drawbacks.
In both the Schillebeeckx and Jacobsen mechanitiese differentials drive an output which is
at a right angle to the inputs, as can be seenigaré 5-3 [40,41]. In these cases, with a
perpendicular drive, the difficulty becomes routiihg cable through the pulleys while keeping
the cable from becoming wedged between the pullegmselves. In addition, because of the
planar topology of the planetary gearset withintta@smission, these existing cable differentials
are not suitable.

Input
Gears

Differential
Carrier

Output
Gears

Figure 5-3. Cable driven differential drive mechanism. [41]

5-2-4 Cable Differential Design

The particular solution was chosen because ofiitgpliity, light weight, and high torque
transmissibility. The design consists of a ropeaiyle wrapped around a pinion pulley, where the
tension,T in both the ropes is equal, as seen in Figuretbedforce on the upper pinion pulley is
then 2T. If the free ends of the cable are wrapgedind two other input pulleys, such that a
torque can be transmitted through them, the readticce for the pinion pulley on its mounts is
directly related to the input torques. Attaching fiinion pulley to a central sun pulley will result
in a differentially geared pulley system as seethéoright in Figure 5-4. The cable differential
system used in the CVT, right, is an adaptatiora afonventional pulley systeniThe center
pulley then becomes analogous to the carrier arwventional automotive differential while the
small pulley attached to it is similar to the pimigears. The output force then becomes an output
torgue, which is directly related to the input teeg on the planet pulleys.
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Figure 5-4 . The cable differential system used in the CVT, right, is an adaptation of a conventional pulley
system.

One of the primary concerns when incorporatingdable differential into the Cam-based IVT
was the routing path of the cable around the psll&he path must allow for a sufficient range of
motion of all three pulleys, be of narrow width damust minimize additional components. Two
such cable routing examples which were investigatatd be seen in Figure 5-5; the difference
being that one routes the cable through the insfdéhe sun pulley while the other is routed
entirely around the sun pulley. In the most redsfit prototype, the interior region of the sun
pulley was occupied with a sprag clutch, and treeethe cable was routed around the sun gear,
running back against itself for a portion of thecamference. The former routing option could be
implemented if the width of the mechanism was aediowriority and the cable on cable
interaction was a concern. They are otherwise id&lnn operation.

Figure 5-5. Two optional cable routes for the cable differential, one through the middle of the sun pulley, one
which is routed around the sun.
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5-2-5 Kinematic Equation

The equation of motion of this system is derivedcabguming the chord is inextensible. Using this
assumption, the total length of the chord at arliepuyposition is:

L =Ly + 20,0, + TppGpn t TopGrs (5-2)

where pa and pg are the amounts of cable wrap in radians of tlaagil pulleys, ; the wrap
around the sun pulley,is the respective pulley’s radils, is the sum of the lengths of cable not
wrapped around a pulley, ahds the total length of the chord. Taking the datilve of Equation
5-2 yields:

Noallpa + IogWpg = - 2r3”’3. (5_3)

L, is constant because the cable is designed to metawagient to the pulleys at all times and this
tangency point will remain at the same locationhwiéspect to the carrier. Also, the pulley
rotation axes do not move in relation to one amothesimilar relationship can be derived by
looking at the energy flow through the system. ¢iwpr is give by torque times velocity,

conservation of energy states that:

Trollpp + Thoghipg + 2T, = 0 (5-4)

where Tis the tension in the cable and can be divided Tha. result will be the same as Equation
5-3. In practice, the differential is treated astandard gearset because the followers are assumed
to be on the same profile for most of the transimiss operation and this simplifies the
calculations.

Studying Equation 5-4, it can be shown that a se@ivantage of the cable differential over a
geared version is that the torque split can beedabiy changing the relative pulley sizes. A
comparable feature on a bevel gear differential ldraequire gears cut at non-conventional
angles. Also, with this cable differential, it isgsible to vary the pulley size ratios throughet t
travel of the mechanism, much like non-circularrge&he manufacturing of such pulleys though
is considerably easier than that of non-circulargelf such a design were to be used, the motion
of the transmission would be the same as Equati8nexceptr, would be a function of the
follower position. This characteristic is of patiar interest because it would allow the pressure
angle of the Cam-based IVT follower to be tailotedspecific points of the follower motion for
improved force transmission.

5-3 Mechanical Design

The experimental prototype seen in Figure 5-6 wassitucted from aluminum and plastic to
verify the operation of the differential under baotbrmal operation and during shifting. A detail
shot of the differential mechanism can be seerngarg 5-6.
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Planet

Sun Pulley

Figure 5-6 .Transmission prototype with cable differential.

A dual active follower system requires a differeaim profile then a single follower design.
There are now two identical active profiles peraletion, as seen in Figure 5-7 for a follower
velocity of 0.3[rad/rad]. This requires a much églacceleration of the followers if no changes
are made to the follower profile function. Thisabs the effect of reducing the angular range of
travel of the follower, which is beneficial whenngthe cable based differential.

Figure 5-7. Comparison of the single follower cam profile to that of the dual follower design.

The performance of the differential system was tbtmbe more than adequate. While the input
load applied remained small due to the limits @f pnototype, the performance of the differential
was confirmed. At a constant gear ratio, the outfpthe transmission appeared smooth, and with
a planet to sun ratio of 1.8, an overall transmissatios between 1 and 2.5 was achieved. As can
be seen in Figure 5-8, the flexibility of the skifring is confirmed, allowing the followers to be
approximately half an inch apart on the cam surf&eh a situation occurs when the IVT is
shifted while either under load or while stationddypon leaving the active region of the cam, the
followers begin moving across the cam and finadlgah the new cam profile as the ring moves
through the shifter guides. As the transmissiorrates with followers at different positions, the
differential is able to maintain contact betweea ttbllers and cam. This is evidenced by the wear
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present on the aluminum sun pulley from the cahbtling to adapt to the different follower
velocities. This amount of wear though is not digant and it is believed this will not affect the
durability of the mechanism.

Figure 5-8 . Maximum offset of followers during normal operation.

It was found that the maximum torque carrying cégadf this differential is primarily limited by
the type of cord being used, which in general,ighér than a geared system of similar weight.
This is the case because the system is non-consnamd therefore all the connections between
the cord and pulleys are hard, as opposed todniciased connections of an endless belt
mechanism. In our case we are using a Kevlar®iitle 500[N] working limit. Future versions
though will call for Spectra® material based cabith a much higher strength. The polymer

based cables are chosen for because they can ppedraround smaller radii then a comparable
metallic cable.

5-4 External Inverted Cam

While future versions will all incorporate the califferential and dual active followers for their
many improvements, development is continuing towadrttorporating an external cam which
dramatically reduces the contact stress for a gomriact force. A partial model is presented in
Figure 5-9 for reference.

54



Figure 5-9. Partial CAD model of transmission including the external cam, followers, and carriers.

5-4-1 Benefits

In addition to the cam being larger as comparedanointernal cam, the most dramatic
improvement in contact stress results from a nogatiee radius of curvature as the spherical
roller is now on the inner as opposed to the osteface of the cam. Thus Equation 5-1 is
reduced, and the resulting contact area betweenrdler and cam is increased with less
deformation of the roller. For example, using ariearradius of 62[mm], a follower length of
37[mm], and a roller of 12[mm], the older, internedm produces a maximum pressure of
280[MPa] on the cam surface with a maximum sheasingss of 82[MPa]. Using the same
dimensions and material properties, which is arkahy situation as will be described later, the
maximum pressure and shear stresses are reducetb3722[MPa] and 52[MPa] respectively.

The use of an external cam offers several otherawgments in terms of packaging. With an
internal cam, there was a large region of spaddentie cam which could not be utilized. With
the external cam, this space is moved to the atsidhe transmission, freeing up a large amount
of space on the inside. Being as such, the shiftieghanism can be moved to the inside, and the
size of the more highly stressed components candpeased while the overall transmission size
remains the same. For example, with the exteraal, ¢he carrier radius can be increased from
62 to 68 [mm], and the roller from 12 to 17[mm]rther reducing the contact pressure to
19.7[ksi] and the shear to 5.9[ksi].

Although this transmission has a uniform outputoegy given a constant input, a significant
problem with the early prototypes was the non-uniféorque output. This was the result of the
heavy follower return springs storing and releagingrgy as they held the followers to the cam.
Because of the initial internal cam design, largengs were needed to hold the rather massive
followers to the cam at high velocities. In additithe higher follower acceleration required with
the dual active followers exacerbated the probleateed, it was experimentally determined that
even heavier springs were needed then were btoltire design. As such, the external cam will
reduce or eliminate the need for large springs umedhe inertia of the followers will naturally
force them onto the cam surface. Therefore lighpeings can be used which are required to only
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maintain tension in the cables of the cable difiéet. The torque fluctuations can then be almost
entirely eliminated in future prototypes.

5-4-2 Incorporation of the External Cam

The cam profile generation algorithm is almost it to the internal cam; the same follower
envelope equations were used with only a sign ahassgdescribed in Tsay [42]. To maintain the
correct follower rotation direction and force, ttodlers now lead the follower, as opposed to trail.
Also, to eliminate the interference between thdowér and the cam, the follower has been
redesigned from that seen in Figure 5-2 to thd&igure 5-10. The main body of the follow has

been eliminated, and the roller now sits on thenpry cross shaft. In addition to reducing the
part count and the follower weight, this allows ttegrier radius to be increased beyond the
minimum inner radius of the cam, as can be seeRigare 5-9. With this cross shaft going

through the middle of the roller, the minimum roltadius is limited such that the shaft does not
interfere with the cam surface. Although a largelter radius is generally desired to reduce
contact stress, this minimum limit becomes an issben the roller size must be reduced to
prevent undercutting of the cam.

Figure 5-10 . CAD model of the follower and roller assembly to be used with the external inverted cam
design.

The shifter ring will remain similar to prior desig, but will most likely be made more flexible,
as it will have to accommodate both the lateral emoent of the roller along the cam as the
current design does, as well as the movement ofdther due to the rotation of the follower.
Because of this additional movement, the placerénhe shifter becomes more critical. This
corresponds to where the draft of the cam is zasollustrated in Figure 5-11. At this point,
regardless of the particular profile the followare on, the rollers and shifter ring will remairaat
constant distance from the center and the shittetegsize can be minimized.
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Figure 5-11 Points on the inactive profile of the cam of zero draft, also where the shifter guides should be
located to minimize shifting loads.

5-5Conclusions

In this chapter, several mechanisms and desigroappes used to improve the torque and speed
capacity of the unique Cam-based IVT have beerepted. The number of active followers was
doubled, allowing a greater distribution of the uhpeaction force, by the use of a compact,
lightweight, and capable differential mechanismeolsn a cord and pulley system. This system
also reduces the reaction forces on the carrieisandyear bearings by creating pure moments as
opposed to wrench type moments on these componédrgscontact stress between the followers
and the cam surface was reduced by 41% due tonthchanism alone as compared to a single
active follower arrangement. A kinematic model goweg the motion of this differential was
presented with a few experimental results fromphaotype which showed a smooth output, a
wide gear range, and shifting under load were @dsble. An external cam mechanism was also
presented which further reduced the contact stesmgther 21% through improved contact
geometry and component resizing. The torque outpuhe transmission is also expected to
improve through a reduction in the return sprirag shade possible by the inverted, external cam.
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6 Prototype Testing

The previous two chapters have detailed the mechhmlesign changes and optimization
approaches that were used to improve the torquactgpof the Cam-based IVT. This section
describes the physical realization of those impnoets. Specifically, a prototype was built to
incorporate both the external cam and the cabléerdiitial mechanism for contact stress
reduction. In addition, all major transmission paegers such as the carrier size, follower length,
roller radius etc, were determined through therojgttion algorithms. The entire design was
modeled in a computer aided design software pac&kagemanufactured in house. This chapter
will also describe an electric brake dynamometet tas fabricated to test the transmission
prototype.

6-1 Prototype History

Several Cam-based IVT prototypes have been fabdaater the years. The first was a one speed
demonstration model built from Lego® building blsclas seen in Figure 6-1. From the Lego
version evolved a three speed version, which waditht to be built from engineered materials
such as aluminum and carbon fiber. This prototifeha’, also pictured in Figure 6-1, could not
be shifted while in motion however, and the threencprofiles were shaped by hand which
resulted in non-uniform output speeds and causpgirsy between gears and their shafts due to
very high torques. Later that year, the first fullynctional continuously variable version was
designed and built, called 'Beta’. This versiortuied a CNC machined cammoid made from
Delrin® as well as high performance sprag clutotegzable of transmitting 120[N-m]; it can be
seen in Figure 6-1. As the first functional profmy the Beta version was particularly valuable
even though manufacturing errors and design shoitggs prohibited it from transmitting large
loads. It was the first version with the dual feller cable differential system described in Chapter
5 and a shifting mechanism that would activelytsitiile the transmission was operating.

Following the completion of the 'Beta' prototyp&vdlopment began on the '‘Gamma’' version,
which was the first prototype to include both treble differential mechanism as well as the
external cam. In addition, all significant transeon parameters were decided upon through
optimization algorithms. The Gamma version wa® alssigned to meet the much tougher
constraints described in Chapter 4, which werererfbso that the design could be implemented
on an off-road bicycle. A detailed design revieiwtie components in the Gamma prototype are
described below.
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Figure 6-1. Prototypes from left to right: one speed Lego, three speed 'Alpha’, fully functional 'Beta' version.

6-2 Gamma Prototype Design

The Gamma prototype, seen in Figure 6-2, was harila fairly rigorous application, that of an

off-road bicycle. As such the design took advaatafall available technologies for design and
fabrication. The system was mathematically moddtedoptimization, modeled in CAD as a

complete system, and CNC machined. The designusetul as a study of the analytical work
reviewed in this work because it represents a ation of all the theories and principles
described above.

Figure 6-2. Gamma prototype with external cam and cable differential gear mechanism.

For the Gamma prototype, the application restrictedoverall transmission size to not exceed
150[mm] in either diameter or length to fit in thame between the bicycle pedals. Bicycles also
have very large gear ranges, up to a 600% differbetween the lowest and highest gear. While
it is theoretically possible to create a Cam-baB&O with such a range, to limit the design
challenges associated with such a large ratio @amngnore conservative goal of 300% was set.
A cyclist can generate quite large input torquesp@servative limit might be up to 240[N-m)].
Therefore, the transmission is designed to hangB§NEm] with the expectation that the input
will be geared up from the bicycle cranks to redtieeinput torque to this level. Although this
limit may be low for some cyclist, it was again setthe low side to reduce the challenge while
still producing an operable transmission for thestvenajority of riders. These values are
summarized in Table 9.
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Table 9: Design specifications for optimization algorithms.

Specification Value | Units
Torque Capacity 120 N-m
Gear range 100-300%

Diameter 150 mm
Length 150 mm

Of the six possible inversions, the one using tireas the input and the carrier as the output was
again chosen, as it had been for all previous phygbrototypes. This is because in this
application, the input and output directions am shme, so to eliminate the need for a geartrain
to reverse directions, a positive transmissiororatas desired. In addition, only relatively small
gear ratios can be applied to the input or outpw@chieve the correct system ratios. Specifically,
one can only expect to get a 2:1 or 1:2 advantaigedr out of the transmission, therefore IVT
ranges close to the system ratio were desired éuhertotal system ratios should be close to 1:1
to 1:3). Moreover, it was desirable to speed tipaiirup, and slow the output down to reduce the
torque load on the IVT. Therefore the system ratitge was set as 1:1 to 1:3. The two inversions
which most closely met the requirements were 3 @ndnversion 3 though gives a larger
transmission ratio change for the same changernmliég and because size and weight were a
primary concern, this inversion was chosen.

Following the selection of the suitable inversithe nest step of the design process was to
establish the major design parameters. The nunhesgeaich was used at the time, and to ensure
that the resulting transmission would meet thegiespecifications, the constraints were adjusted
for this particular inversion. As was mentionedliegrthe maximum transmission size was kept
below 150[mm]. In this design, an external camtikzed to reduce the contact stress through the
unique geometry. The external cam is the largestybim the transmission, and so the
transmission size is controlled by the cam sizethi® end, the radius of each point on the cam
surface of the most extreme profile to the cenfethe cam was computed. This radius was
maintained to below 70[mm] to allow for some thieks of the cam at the extremes.
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Figure 6-3 . The maximum external radius of the cam surface was computed to allow for .1[in] at the thinnest section.

With the external cam mechanism, the shifting af$gnis moved to the center of the
transmission. To ensure there is no interferendevdmn this assembly and the rollers or
followers at their most central point, the minimuadius of the pitch curve was required to
greater than the sum of the roller radius and thrimum shifter assembly radius.

Also, to eliminate the interference between thdowér and the cam, the follower has been
redesigned that seen in Figure 6-4 to that in Eidi+6. The main body of the follow has been

eliminated, and the roller now sits on the primargss shaft. In addition to reducing the part
count and the follower weight, this allows the marradius to be increased beyond the minimum
inner radius of the cam, as can be seen in FigeBeWith this cross shaft going through the

middle of the roller, the minimum roller radiuslisited such that the shaft does not interfere
with the cam surface. That is, in order to prevamnerference between the cam and the
follower/roller support shaft, the roller radiugeimust be greater than the maximum difference
in radius between the two edges of the cam profiteus the radius of the roller shaft.

Figure 6-4. CAD model of the follower and roller assembly used with the internal cam design.
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Figure 6-5 . CAD model of the follower and roller assembly used with the external inverted cam design.

The numerical search optimized five parameters,nhgimum follower velocity (analogous to
the follower lift), the carrier radius, followerrlgth, roller radius, and the follower initial pdsit
at the start of the active follower. The resultshef optimization are seen in Table 10.

Table 10: Final parameter values resulting from the optimizations.

wir/r] | Rdin] | Rfiin] | Riin] | ,(0)[rad]
Numerical | 0.33 2.45 1.25| 0.68| 5.68
Results

As seen in Figure 6-2, and Figure 6-6, an exteraal based continuously variable transmission
includes four follower assemblies. As shown inufey6-5, a follower assembly includes a planet
pulley, a roller shaft, a roller, and a roller ghafpport. The roller shaft extends through holes
the planet pulleys, the roller bearing, and thderashaft support, with the roller between the
planet pulleys and the roller shaft support. Theftsk fixed to the pulley and the support through
a light press fit and a pinned hole. Both endsheffbllower assembly are rotatably fixed to the
carrier at either end of the transmission via alixdring.

Figure 6-6 . Gamma prototype with cam removed for clarity.
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The planet pulley is generally stirrup-shaped, eensn Figure 6-5 and includes a planet pulley
groove. The planet pulley groove extends aroundhiusection on the side of the planet pulley
in each follower assembly, and is parallel to tide s2dges of the planet pulley. When the
transmission is in use, a cable extends aroungehiphery of the planet pulley, guided by the
planet pulley groove. This cable is part of thelealifferential system which equally distributes
the reaction torque on the sun pulley to a paplahet pulleys. Either end of the cable is affixed
to one of the followers with a clamping bolt. Thare four follower assemblies rotating when the
transmission is engaged.

6-2-1 Sun Assembly

As seen in Figure 6-6, at the core of the transonss what is called the sun assembly. As
shown in Figure 6-7, a sun assembly comprisesngslley, a sun pulley bearing, a sprag clutch,
a differential pulley, and a differential cable d&i Both a sprag clutch and a bearing fit in the su
pulley with the outer race of the sprag clutch dixe the sun pulley inner diameter. Similarly, the
inner race of the sprag is pressed onto the sueypsihaft. The purpose of the sun pulley bearing
is to provide support of the sun pulley and theef&un assembly as forces are applied to the sun
assembly by the cable of the cable differentiatesys Fortunately, because the two ends of the
cable leave the sun pulley in opposite directidhete will be little force on this bearing, sost i
there mostly as a precaution against unequal Igagents. Future versions will incorporate a
bushing instead here to reduce the overall size.

This version of the sun pulley exemplifies one puesdesign for the cable differential system
and is by no means the only method of accomplistiegtorque splitting task. This sun pulley
includes a set of cable grooves and a sun pulteyTfie cable grooves are in an outer wall of the
sun pulley and extend all around the circumferembe. cable grooves again act as a guide for the
cable as the matching grooves do on the planet\pull

Figure 6-7 . Sun assembly on left, and individual sun pulley on right.

The sun assembly includes a differential pulley andifferential cable guide for guiding the
cable when the transmission is in use. The diffekpulley and the differential cable guide are
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each separately rotatably attached to the extepdeibn of the sun pulley extended portion. The
sun pulley fin extends from between the groovethenneck portion up toward the differential

pulley. When the transmission is in use, one cahters in a first groove of the sun pulley from
the planet pulley, wraps around the differentidlgyy and exits in a second groove of the sun
pulley. The sun pulley fin prevents the cable fioeroming entangled. A schematic of the cable
routing can be seen in Figure 6-8.

Figure 6-8 . Schematic of cable routing from one planet pulley to another around the sun and differential pulleys.

A sprag clutch is a type of one way clutch whicHyoallows relative rotation between two

components in one direction. No relative motiopassible in the opposite direction and the two
components will rotate together. The purpose ofsiprag clutch is to allow the sun assembly to
freewheel on the sun pulley shaft while the followesembly rotates during the inactive profile.
When the follower assembly in the opposite direttias it does during the active region of the
cam, the sprag clutch is engaged, causing thessemiply, and sun pulley shaft to move as one.

6-2-2 Input Assembly

As seen in Figure 6-7, two sun pulley assembliesnasunted on a common shaft, the sun shatft.
Together with a cog mount used to mount an inpat @e sprocket, this assembly is called the
input assembly. This unit is responsible for transfg the input power to one of the two sun

pulleys. Ordinarily, a carrier is located betweblp tnput spider and the first sun assembly, as
seen in Figure 6-6. For this reason, the carriduges a central hole and bearing through which
the sun shaft extends.

6-2-3 Carrier

There are two carriers on the Cam-based IVT, oneithrer side of the transmission. Only the
input cog mount, output cog, and small portiongha center shaft and sun shaft are located
outside. The cam, sun pulleys, followers, and shitissemblies are all located between the
carriers. The carriers serve two purposes in thm-Based IVT. The first is to rotatably locate
the four followers around the inside of the camr Haus purpose each end of the follower
assembly is mounted through ball bearings to ortbetwo carriers. Because the output of this
inversion is also the carriers, one of the twoieasris also designed with mounting holes to
which an output gear or sprocket can be installedthis way, a chain drive or gear train can be
used to load the IVT. The carrier assembly cagsdan below in Figure 6-9.
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Figure 6-9 . Carrier of the Cam-based IVT.

6-2-4 Shifter

The shifter assembly has one of the more complkkstevithin the Cam-based IVT. Its primary
purpose of course is to locate all four rollersoatiie correct cam profile. The mechanics of such
a task and the constraints on its dimensions thoogke the design of this component difficult.
For instance, the shifter must allow three degefseedom to the roller, two DOFs for their
translation around the cam as the followers moveang down around the cam and a third
rotational DOF of the rollers about the roller sh&floreover, it is desirable to minimize the
width of the shifter so as to minimize the widthtloé transmission.

The shifter should also allow some degree of campék in the axial direction of the IVT at
certain angular positions around the cam, spedtiifiround the active regions of the cam
profile. This compliance is reduces the force neassto translate the rollers across the cam by
allowing the loaded followers to remain on the samnefile while the inactive followers are
shifted to a new profile. In this way the shifteechanism does not have to overcome the large
amount of static friction between the active raland the cam. Then, when the active followers
become inactive, they shifter will redirect thenthie new desired profile.

Several shifter solutions have been proposed, #&mee tdifferent mechanisms have been
experimentally tested. On the 'Beta' prototypear@e compliant nylon ring was used to

interconnect all of the followers. Two guides wéoeated radially around the cam near the
inactive portion of the profile. The guides areiposed with leadscrews along the length of the
cam and reposition the shifter using a pair ofersll Because of the compliance of the shifter
ring, a large amount of offset was possible betwibenactive and inactive followers, as can be
seen in Figure 6-10. For the Beta prototype, tinerkiatics were slightly simplified because the
shifter ring was mounted to the followers at tteeiis of rotation, therefore it required one fewer
DOFs than is present on the Gamma prototype.
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Figure 6-10 . Shifter mechanism of the 'Beta’ prototype on left, and its inherent compliance on right used to reduce
shifting loads.

Two variations on the shifter design were impleradnbn the gamma prototype. The first and
simpler of the two was comprised of two compliaylbn plates that sandwiched the rollers. The
two plates were bolted together and were positiomigtd a shifting rod through the center shaft.
Because the angular travel of the followers wadtdichby the interference with the edges of the
cam, as described above, the shifting plates doelldesigned so that they constantly overlapped
with the sides of the rollers. While this shiftem€tioned well, it generated drag against the
rollers during shifting as the sides of the rollglid along the non-rotating plates.

Figure 6-11 . Shifter mechanism of the 'Gamma’' prototype on left, and its position in the transmission on right.

A second generation shifter was designed to impngpen the efficiency of the first whilst
maintaining the necessary performance. Therefostead of a stationary plate, a rotating
compliant shifting linkage was developed so aslitnieate most of the relative motion between
the shifter and the rollers. There was also antiaahdil bearing between the center shaft and the
shifter to allow it to rotate. By eliminating thédéng between the rollers and the shifter that
occurred with the first design, it was expected thé version of the shifter would be more
efficient. Through experimental tests it was canéid that the new shifter was quite a bit less
noisy then the first, and would therefore supploet hypothesis that it was more efficient. While
the efficiency appears to be improved, observatginmav that the four independent flexible arms
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that interact with the rollers do not locate thdlems as accurately as desired and therefore
alternative solutions are still being sought.

6-2-5 Assembled Transmission

Figure 6-12 illustrates the fully assembled tramsioin including the base plate used for

dynamometer testing. The transmission is suppanteelither end, on the driving side by the sun

shaft, and on the opposite side by the end of &meec shaft. There is a bearing located between
the two, such that the input shaft can spin, wtlile center shaft remains fixed to the housing.

This is done to ensure that the shifter can rersi@itionary if desired.

6-1 Dynamometer Design

The achievable efficiency of a CVT is often usedtaslefining characteristic. In that light, a test
rig was developed by a senior design team undeguligance of the author. Using an electric
gear motor and several load cells, the efficieneg wxperimentally determined. The design of
the experiments and the results are presented Beree final thoughts and possible future
directions are presented lastly.

Figure 6-12 . Assembled transmission on base with input and output cogs shown.

The dynamometer is comprised of three main comgsnenotor, transmission and load [43].
The motor is a simple electric gearmotor from adhdrill and is used to supply power to the
transmission via a chain drive. Connected to titput of the transmission is a load consisting of
a disc brake and caliper. By measuring the inprdue and speed and the speed and torque
applied to the transmission by the load, the efficy can be determined. The current
configuration can be seen in Figure 6-13.
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LOAD
CIVT MOTOR

Figure 6-13. The current dynamometer setup including the current CIVT design. The three components of
the design are connected together by a chain.

The input and output powers were calculated useig érom Hall effect sensors for measured
speed and load cells for measured torques. Therevarload cells, both are S-bend type devices
with integrated Wheatstone bridge from HBM, onetbe input and another on the brake that
measure the reaction torques generated by theateapeomponents. Therefore both the motor
and the brake caliper are mounted on free spinb@agings so the reaction can be measured via
lever arms mounted to either component. Each laedidscconnected to a National Instruments
data acquisition board through a signal amplifieardl. The Hall effect sensors record the change
in a magnetic field that occurs at the passingesfous metals. Four bolts, that attach the
sprockets to their mounts, are used as the 'eriosbeels and trigger the Hall sensors. The speed
of either the brake or motor can then be calculktexiving the position versus time data.

6-2 Testing procedure

Before measuring the efficiency of the Cam-based, ¥ baseline efficiency of the chain drives
was established. The transmission was tested atpat speed of between 70 and 80 [rpm].
While the transmission is designed for ratios up@6%, the upper gear ratios were impossible to
reach due to the unexpected additional width ofdthiéer prohibiting its full range of motion.
An input torque of only 5[N-m] was applied for #lfie tests. This is again significantly smaller
than the designed torque capacity of the transamsdiut larger magnitudes of torque were
prohibited due to design and manufacturing flaves pgresented themselves after assembly.

Data was recorded at 1[kHz] using a National Imatrnts data acquisition system and filtered
after sampling using a discrete time low passrfittet to 30[Hz], also known as a ‘exponential
weighted moving average' as described in [44]. égdiency domain plot of the unfiltered and

filtered data can be seen in Figure 6-14. Therfiltequency was set low to reduce any electrical
noise that may be present in the system, as welleap the sampling time step sufficiently

smaller then the filter time constant. [44]
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Figure 6-14. Unfiltered raw data on left, versus the data that has been averaged using a discrete time low-
pass filter with a break frequency of 30 [Hz].

6-3 Results

A baseline run was performed with the two chainveBj one for the input and one for the output,
connected to a free spinning dummy cog. It was datinat the combination of chains were 95%
efficient. Research shows that a single bicyclaércigaround 98% efficient, and because there
are two chains in series on dynamometer, one cprcexat best an efficiency of 96% [45].
Therefore it is believed an efficiency of 95% iasenable.

The Cam-based IVT was then assembled, installdtiedynamometer, and run at 75[rpm] with
an input torque of 5[N-m]. While is a fairly smatiput torque, due to limitations of the cable
attachment points of the cable differential systéhis was the largest torque that could be
transmitted. Similarly, only the lowest gear ramgeild effectively be used to due interferences
resulting from modifications made to adapt différehifting mechanisms. Nevertheless, given
the early stage of development that the IVT isnmganingful conclusions can be drawn from
these results.

As before, the input and output torque and speeaé vezorded. Data was recorded over a 1[sec]
period at 1[kHz]. The torque data can be seen gurei 6-15, with torque on the y-axis and the
sample number on the x-axis. The input torque &plged in red, while the output is in blue. The
output torque is adjusted in this case by the trésson ratio, therefore summing the torques
over a sample period gives an indication of the @amhaf work that went into and out of the
transmission. Using segments of ten samples, figeeicy was calculated to be 88% including
the chain drives. Therefore, factoring out the ogficy of the chains yields an average
transmission efficiency of 93%. The standard déstabf these samples though was large, 10%,
indicating a large variation in measurements. Psgauses for these variations are discussed
later.

Two things are noteworthy in Figure 6-15. One, ¢hér a large amount of high frequency
variation in the data, indicating roughness or afioan somewhere in the system. On the motor
side, such vibration may originate in the geamtrafi the motor (a roughness which is apparent
when the motor is spun by hand). This would explahy it is less apparent in the load data.
There are also larger and lower frequency variationboth sets of data that are probably the
result of either inconsistencies of the load brak&ansmission. The second noteworthy point is
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that the input torque drops below the adjusted wutprque, indicating stored energy from
somewhere in the system is driving the output dutimese phase. This is most likely due to
inertial forces that result from rough spots in tfEsmission, for example parts catching on each
other and releasing or sliding against one anathdrreleasing. Regardless, the trend shows that
at these levels of torque and speed, only a snmation of the energy is being lost in the
transmission. It is these latter large variatianshie energy flow that result in the large standard
deviation of the results. Nevertheless, on a whbie transmission shows promising efficiency
numbers.

Figure 6-15. Filtered torque data from the dynamometer versus the sample number.

When further experimentation is done, several impneents should be made to the
dynamometer to improve the quality of the data tleaults. Firstly, it is suggested an electric
brake be used as opposed to the mechanical vafibty.should produce smoother and more
consistent loads on the transmission. Secondiypitld be interesting to be able to more closely
see any variations in the speed of the output coadp® the input. As it is, the hall sensors could
only be effectively measured every quarter rotatsm variations in speed occurring at higher
frequencies were impossible to measure. This waldld improve the accuracy of the calculated
power at any given time.

With some small improvements, the Cam-based IVT lmanested at much higher torques and
speeds. Given the loss mechanisms in the traniemjghese improved designs are expected to
be competitive with conventional transmissions. ig\ghis IVT transmits 93% of the energy put
through it.

6-4 Scalability of the Cam-based IVT

The transmission presented in the majority of ttiesis was designed around a specific

application, and while the analysis, optimizati@md mechanisms presented here should be
scalable, some discussion is necessary to addreshange in performance that results when the
transmission is scaled. This is of course of gimabrtance as it indicates which applications are

appropriate for the Cam-based IVT.
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There are several factors used when determiningppeopriateness of a transmission, including
size, torque, and weight, but arguably the mostomgmt and encompassing parameter is the
power that the transmission can transmit. Of egysswer can be given described as in Equation
6-1:

nLMN PL oUNp VNNg. (6-1)

The scalability analysis will attempt to quantifgvir the torque and speed characteristics of the
transmission change with its scale, where scalefised as the transmissions linear dimensions.

Firstly, because the maximum contact pressureddlithiting stress in the transmission at the
scales studied, it is assumed that the trend wiitinue at least around this design point for which
this analysis is valid. The contact pressure iegiby Equation 6-2:

§ * * #Z
a"— —$ 7, (6-2)

.S .=
whereP is the pressure;; is a constantF is the contact force, andi andd, are the related
diameters. For a given contact pressure not toeektbe material parameters, Equation 6-2
shows that the contact fordg, is proportional to the square of scale. This fascalso inversely
and linearly proportional to the transmission s¢#ie radius) as can be seen in Equation 6-3:

r PLoUNp)qU . (6-3)

It follows that the torque capacity of the transsiog is proportional to the cube of the scalepas i
Equation 6-4:

PL oUN t j)KNVY. (6-4)

This is to be expected as the contact areas orhviices act go up with the square of scale and
if the forces go down linearly with scale, the weeqill go up with the cube of scale.

The stresses due to the rotational speed of thertiasion how must be considered. The inertial
forces of the rotating masses generate stressegumtion 6-5:

v 2P (6-5)

X+

wherem is the mass, is the angular velocity,, is the stress, andis the radius. This equation
generally applies to all the rotating masses inolwdthe oscillating followers under the
assumption that the cam profile does not drasjicdiange with scale. Given that the mass rises
proportionally with the cube of the scale and as#th the square of scale, this equation can be
rewritten as Equation 6-6:

p /. (6-6)
Therefore given a constant stress that does naeexthe material parameters, the maximum
angular velocity of the transmission is linearljated to the inverse of the scale of the
transmission, as in Equation 6-7:

VNNq t ——. (6-7)
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Finally, from Equation 6-1, 6-4, and 6-7, one candude that power throughput of the
transmission is related by Equation 6-8:

nLMN t j)KN /. (6-8)

Equation 6-8 shows that the power throughput oftthiesmission goes up with the square of the
transmission scale. The preceding analysis alsevsktmat as the transmission grows in size, it is
beneficial to increase the torque throughput ardlice its operating speed to maximize its
potential. Therefore initial estimates show thHat Cam-based IVT will scale up well to fit
applications with more demanding power requirem#res those used in this thesis.

6-5 Conclusions

The Cam-based IVT concept has been continually Idped since its inception using both
optimization and mechanical design techniques. $bition describes the physical realization of
those improvements. Specifically, a prototype waitt bo incorporate both the external cam and
the cable differential mechanism for contact streskiction. In addition, all major transmission
parameters such as the carrier size, follower kengtler radius etc, were determined through the
optimization algorithms. The entire design was nhedlén a computer aided design software
package and manufactured in house. This chaptr alio describe an electric brake
dynamometer that was fabricated to test the traswam prototype. Under light loads and small
gear ratios, the Cam-based IVT was found to be @&ient. It is expected that continuing
development will yield similarly high efficienciesnder larger loads and higher transmission
ratios.
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7 Conclusions

The goal of this thesis work was to analyze andgdes continuously variable transmission of the
ratcheting type. Both CVTs and IVTs are uniquéhigir capability amongst transmission devices
to produce any gear ratio within a certain rangewan an infinite gear range. Therefore, CVTs
do not have a finite number of gear ratios unlikeventional transmissions but rather, allow the
attached devices to rotate at completely indepandemeds. This capability makes them
especially useful to improve the efficiency of betigines and generators among other things.

Of all the different types of CVTs, those most elgsrelated to the Cam-based IVT are the
traction, belt, and ratcheting drives types. Oritgse transmit motion through mechanical
interactions as opposed to hydraulic or electrma¢s. All mechanical CVTs must transmit
motion through frictional interfaces. Traction d¥s/do so with a number of discs and/or rollers.
By changing the geometry between rollers, the gatio can be continuously changed. Belt
drives on the other hand use adjustable pulleysaabelt to accomplish the same thing. Recent
research has been directed at reducing excessiwerfal and operating losses that result from
the frictional interface of moving components. ¢Rating drives circumvent some of these losses
by using mechanical diode type one way clutcheghasfrictional elements which transmit
motion with no losses once engaged. Ratchetingslthough have traditionally suffered from a
non-uniform output given a uniform input. The deyenent of the Cam-based IVT has sought to
alleviate this problem while maintaining the higfiolency and simplicity inherent to ratcheting
CVTs.

The operation of the Cam-based IVT depends on sijomctomponents, those being the cam,
followers, carrier, planet gears, sun gears, amddhe way clutches. The cam is centrally
positioned in the transmission, with at least tvadloivers positioned around the cam and
rotatably mounted to the carrier. Each followecasinected to a planet gear, and that planet gear
connected to one sun gear. One way clutches atalled inside each sun gear with the inner
race of the clutches being connected to a commatt chlled the sun shaft. The operation of the
transmission is very similar to a planetary geargetwhich either the cam, sun shaft, or the
carrier can serve as either the input, output ouigd. A description of the operation of two
common inversions is given in this thesis.

A kinematic analysis was presented which buildstioéf principles of operation. The equations
governing the motion of the CVT are derived froragh of a planetary gearset, and for a constant
output case, are relatively simple. The equationgife cam design are constructed from both a
constant velocity and zero acceleration curve toegge the constant velocity transmission
output with a trapezoidal acceleration curve far teturn profile. This type of return profile is
easy to work with and keeps jerk to acceptablel$eviéhe derivations presented here are used to
study the inversion characteristics.

As mentioned, there are six possible simple ineassiof the Cam-based IVT, where each
inversion is characterized by the components usatieainput and output, whether it is the sun,
carrier, or cam. Each inversion has special caitiebiand limitations; of particular importance is
the available gear ratio. A systematic method veslbped to analyze the available gear range
for each inversion that compares the direction mbliad torque to the follower versus its
direction of rotation. If the two are congruentnclusions can be drawn about specific ratio
ranges. Other factors such as the torque on thgear, cam eccentricity, and packaging are also
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important when determining which inversion is measitable for a particular application and
some discussion was given to these factors.

As with many power transmission devices, the proldé contact stress is an issue with the Cam-
based IVT as well. In this case, the problem arésea result not of the frictional members in the
transmission, but between the cam and followeersllA broad study of the factors influencing
this stress is presented as a way of understatigéngesults from two optimization strategies that
were implemented. The study shows that the magmistission parameters affecting the contact
force are the follower radius, planet/sun geaordbllower velocity, and position. These results
are used to frame and provide respective on twamig#tion strategies developed for this
transmission.

The first strategy presented is that of an iteeativute force type numerical search, in which a
broad design space is systematically searched foopgimum. This method searched a five
dimensional design space over a course grid. At éacation, the optimal point on the grid was

chosen that met all the constraints, and a new §ind used around this design point. A second
optimization using a genetic algorithm was use@ asmparison. This type of algorithm fills a

population with random design parameters and ssibedg mates and mutates members
according to their fitness. After a certain amowfttime, an optimal emerges from the

population. Both of these algorithms showed simikssults, indicating some type of global

optimum was found. Significant improvement in samssion performance also resulted from
these optimization techniques.

In addition to the optimization schemes, severathmaical solutions were developed as a way of
reducing the contact stress. Firstly, a cable diffdal was designed to double the number of
rollers under load at any time, nearly halving #teess. The cable transmission allowed the
reaction force to the input torque to be distriduganongst a pair of rollers. So while the cam
eccentricity was necessarily a little higher, asrall reduction of contact stress was achieved. In
addition, the differential action of the cable gystallowed for greater variation in machining

tolerances as well as maintaining shifting easas Elistem also generated a symmetric cam,
which is important to in inversion in which the caotates, as well as reduce loads on other
components within the transmission.

Secondly an external cam was devised to provid®m momplementary contact surface for the
roller, further reducing the stress. That is, iadtef two contacting convex bodies, (the cam and
roller), a concave and convex body will be in cohtd his dramatically improves the contact
stress for a given contact force. In addition,ltltger and more heavily stressed components are
moved to the periphery of the transmission, andntibee light loaded shifting mechanisms are
moved inwards resulting in better overall use o Hvailable transmission space. The cable
differential mechanism, the external inverted cang the optimization results were incorporated
into a prototype transmission. Along with the dasggesented, a discussion is included on the
scalability of the transmission concept which iradiés the input power should scale linearly with
size.

The achievable efficiency of a CVT is often usedtaslefining characteristic. In that light, a test
rig was developed by a senior design team undegtance of the author. Using a cradled
electric gear motor and a disc brake as a Pronardgmeter, the input and output torque and
speeds could be measured. The transmission waat ffiairly low input torques, 5[Nm], and at
80[rpm] due to limitations with the prototype. Fraims, the efficiency was experimentally
determined to be 93%.
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9 Appendix

9-1 Nomenclature

Nomenclature:
a, maximum level of follower acceleration;
Fn, contact force between roller and cam;
n, number of followers;
rs, sun gear radius;
ra,rp, gear radii
I, planet gear radius;
R:, vector along length of follower;
1,angular position of the cam;
»2.angular position of the carrier;
3. angular position of the sun gear,
L, magnitude of follower lift during acting profile;
p,angular position of the follower and planet gear;
Tin, input torque;
Vi, Normal vector to surface of cam at the point oftaon
1, angular velocity of the cam,;
2, angular velocity of the carrier;
3, angular velocity of the sun gear;
p,angular velocity of the followers and planet gears;
(x,¥r,Z), coordinates of the roller center;
(%Yo, Z), coordinates of contact point between roller asuah;c
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9-2 Inversion Analysis Continued

input:carrier, output:cam, 0:1

Figure 9-1. Input Carrier, Output Cam

The analysis of all four quadrants of Figure 9-4 sinown below.

Quadrant 1: The transmission ratio is positive k&sd than one, so the carrier rotates CW as the
input. The cam also rotates CW but at a rate slalgn the carrier as the output. To maintain a
positive internal ratio, a negative value ofs necessary. By Figure 3-9, configuration 'd' ninest
used (rule 4). For this inversion, the reactiomt@ generated on the sun must be determined. A
CW torque is applied to the input (rule 3), andGV/Ctorque larger in magnitude than the input is
applied to the output. Therefore the reaction fanehe sun must be in the CW direction. This
torgue rotates the followers into the cam, andetfoee the transmission ratios in this quadrant are
valid.

Quadrant 2: The transmission ratio is positive grehter than one, so the carrier rotates CW as
the input and the cam rotates CW at a rate faktar the carrier as the output. To maintain a
negative internal ratio, a positive value gfs necessary. By Figure 3-9, configuration 'a’ niest
used (rule 4). A CW torque is still applied to tin@ut (rule 3), but a CCW torque smaller in
magnitude than the input is applied to the outpberefore the reaction force on the sun must be
in the CCW direction. This torque rotates the fekos away from the cam, and therefore the
transmission ratios in this quadrant are invalid.

Quadrant 3: There are no possible transmissioosratithis quadrant, so no analysis is necessary.
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Quadrant 4: The transmission ratio is negativaheaarrier rotates CW as the input and the cam
rotates CCW as the output. To maintain a positviernal ratio, a negative value of is
necessary. By Figure 3-9, configuration 'd' musused (rule 4). A CW torque is still applied to
the input (rule 3), and a CW torque is appliedhe output. Therefore the reaction force on the
sun must be in the CCW direction. This torque estahe followers away from the cam, and
therefore the transmission ratios in this quadaaatinvalid.

input:cam, output:sun, -i:i
10
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Figure 9-2. Input cam, Output sun

The analysis of all four quadrants of Figure 9-€ sinown below.

Quadrant 1: The transmission ratio is positivetrsocam rotates CW as the input and the sun
rotates CW as the output. To maintain a posititerimal ratio, a negative value qfis necessary.
By Figure 3-9, configuration 'b' must be used (dileAs the output, a CCW torque is applied to
the sun (rule 3). This torque rotates the followiete the cam, and therefore the transmission
ratios in this quadrant are valid.

Quadrant 2: There are no possible transmissioosratithis quadrant, so no analysis is necessary.

Quadrant 3: The transmission ratio is negativetheocam rotates CW as the input and the sun
rotates CCW as the output. To maintain a negatiternal ratio, a positive value of is
necessary. By Figure 3-9, configuration 'b' musubed (rule 4). As the output, a CW torque is
applied to the sun (rule 3). This torque rotates fibllowers into the cam, and therefore the
transmission ratios in this quadrant are valid.

Quadrant 4: There are no possible transmissioosratithis quadrant, so no analysis is necessary.
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input:sun, output:cam, 0

R

Figure 9-3. Input sun, Output cam
The analysis of all four quadrants of Figure 9-@ sinown below.

Quadrant 1: The transmission ratio is positivels sun rotates CW as the input and the cam
rotates CW as the output. To maintain a posititerimal ratio, a negative value qfis necessary.

By Figure 3-9, configuration 'b' must be used (4jleAs the input, a CW torque is applied to the

sun (rule 3). This torque rotates the followers yafvam the cam, and therefore the transmission
ratios in this quadrant are invalid.

Quadrant 2: There are no possible transmissioosratithis quadrant, so no analysis is necessary.

Quadrant 3: The transmission ratio is negativethsosun rotates CW as the input and the cam
rotates CCW as the output. To maintain a negatitermal ratio, a positive value of is
necessary. By Figure 3-9, configuration 'c' musubed (rule 4). As the input, a CW torque is
applied to the sun (rule 3). This torque rotatesfthllowers away from the cam, and therefore the
transmission ratios in this quadrant are invalid.

Quadrant 4: There are no possible transmissioosratithis quadrant, so no analysis is necessary.
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input:carrier, output:sun, -i:0

Figure 9-4. Input carrier, Output sun

The analysis of all four quadrants of Figure 9-& stnown below.

Quadrant 1: The transmission ratio is positivetr@ocarrier rotates CW as the input and the sun
rotates CW as the output. To maintain a posititerimal ratio, a negative value qfis necessary.
By Figure 3-9, configuration 'd' must be used (dileAs the output, a CCW torque is applied to
the sun (rule 3). This torque rotates the followargay from the cam, and therefore the
transmission ratios in this quadrant are invalid.

Quadrant 2: The transmission ratio is positivetreocarrier rotates CW as the input and the sun
rotates CW as the output. To maintain a negatiterrial ratio, a positive value of is necessary.
By Figure 3-9, configuration 'c' must be used (4ileAs the output, a CCW torque is applied to
the sun (rule 3). This torque rotates the followiets the cam, and therefore the transmission
ratios in this quadrant are valid.

Quadrant 3: There are no possible transmissioosratithis quadrant, so no analysis is necessary.

Quadrant 4: The transmission ratio is negativeheccarrier rotates CW as the input and the sun
rotates CCW as the output. To maintain a positviernal ratio, a negative value of is
necessary. By Figure 3-9, configuration 'd' mustibed (rule 4). As the output, a CW torque is
applied to the sun (rule 3). This torque rotates fibllowers into the cam, and therefore the
transmission ratios in this quadrant are valid.
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