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This report presents the results of desizn studies of
ccatlmcue!{tva!ubh vatio transmissions (CVI) featuring

cone and roller traction slements and computerized controls.
ARy S et AR R B * 1 BOMs T

-5 5 -~ e~ e '
. This work was part of the Electric and Hybrid Vehicle
Program of the U.S. Dogn'mmt of Energy. It vas performed
under contract DEN 3-115 and managed by the Buri.ng. Gearing,
and Transmission Section of the A Lewis Research Center.
i bR SNy = R o —. . " 87 ¥
i A computer controlled traction drive CVT embodying
traction cones and rollers in a regenerative path epicyclic
gear differential vas designed and analyzed. 3ika ;

‘¥ petalled assessment of cone-roller Traction CVE suit-
ability to the electrical vehicle application was made. ki
Vehicle configurations included: 1) f1 .sl energy storage
systen driving through the CVT to an ¢ ectric motor into the
vehicle differential; 2) electric motor driving thzough the
CVT into the differentisl; and 3) hybrid I.C. engine driving
through the CVT with CVT and electric motor input into the
differeatial. (See Figures 1 through 3, pages 5 through 7).

+« The computer controlled regenerative traction unic
controls the speed of the ring gear in the epicyclic gear

differentfal. The tracticn unit comnsists of a crowne roller

and four cones. The roller, driven by the center shaft
through a recirculating ball spline, drives the traction
cones. The center :hait slso drives the sun gear of the

eplciclic gear 41_£fergnthl (Figure 4, 5 and 5, pages 16, 17
. i- Speed variation of the output shaft i{s accomplished by
moving the traction roller axially along the cones, thus
varying the cone rotational sgeed and, in turn, varying the
ring gear spesd relative to the sun gear speed, . @z . .
R DR —epaniiddasi:
Pover from a flywheel is transmitted through an input
epicyclic reduction stage to the center shaft. The ving

gear of the input reduction unit is controlled by a modulating

clutch, The clutch allows dc-coupling of the flywheel at
flywheel speeds below minimm (less than 14000 ), to
de-couple the flywheel at output shaft speeds below 850 RFM

and reverse output speeds.

The computer control system maintains optimum tractionm,
speed, and powver for all cperating conditions via traction
slip monitoring and slip control feedback. Continuous
sampling of system parameters {cone and roller speed, zero

1

-~
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slip ratio setting, cone piston. pressure, input speed,’-:
accelerator pedsl position, brake pedal pressure, provides
' continyous control system updating. Opt tractioa -
7 control provides maximum component life, minimum power drain
: from the batteriss, and maximum vehicls range and performince.
LY L1 2 L R &t LY DN B LT R iy Yanw T SRR e b 9.3 L ,
= Study resulis indicate an oversil opsrating efficiency
"\ of the r;generuwe CVT as 91.5% for the mean power condition, i
r 16KW (22HP) and 3,000 Rpm ocutput. Calculated efficiency '
ranged from 92.1% at 13KW (20HP), 14,000 Rpmin, 3,000
out, to 76.64% at wheel slip "Torque Limit" of 39.8KW (53.4
HP) with 28,000 Rpm input and 850 Rpm output. (See Appendix
! B, page 79). :
I . o B R TIC R NI WRT ERL 2 R s
! Based on the design and analysis results obtained, the
I computer controlled traction CVI's as presented herein meets
. or exceeds all rezuiruentc set forth in the design criteria.
. Further, a scalability analysis indicates the basic concept
' to be spplicable to lower and higher power units, with upward
scaling for increased power designs being more readily .
accomplished.

! The present study specifically addresses:
! - Efficfency

Size and weight

Reliabilicy

- Noise

- Controls .
. - Mafantatinability
' = Cost

.. B &aim“li‘*”iﬁ'&V' PRI 4 - JRE .;“lmi&

: of a traction regenerative configuration. The objective of

! ° this study is to desifn a traction CVT vhich meets or exceeds
: all the des specifications and operating requirements

' established the contract. Analytical substantiation of
traction elementa, bearings, and gear stresses and life will
also be investigated for the design. Structursl alternatives
are presented for prospective problem areas and trade-off
conslderations made.

- Weight: Approximately 34 Kg (75 1lbs) for 75 KW (100 HP)
) - Production Coat: Estimated at $330.00

it L ad b)) WA
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INTRODUCTION 1. -

“rpra Sl alld
As a fuel efficient alternative to the reciprocating
engine driven vehicle, the electric vehicle (E,V.) has been
recognized and is being developed., Considerable E,V. wmw
investigations have been performed through snalysis, subsysten
development tut!.ng. and vehicle service evaluation, ™. -
Combinations of hybrid power plant, energy storsge flywheel,
varisble ratio transmission, and vehicle/motor control systems
are being investigated for the purpose of devising a viadble
electric vehicle, . .. uidbiiasmesod PO ReEl bl

v ek o I B ik 4 N - © .o s
«* The purpose of the gteunt study is to contribute to

the mechanical transmission subsystem technology for the
electric vehicle. « The study covers analysis and design of a
continuously varifable traction transmission (CVT) which -
accepts input from an energy storage flywheel and provides
varisble speed drive continuity to the electric motor.  Two
‘13‘};“;‘{3‘ ap roncho:n vl/xigb ut:u:e‘the CVT are pure electric
an, rid reciprocat electric drives, ... ... ..

e ’:-M':;LW'Ww*ixwﬁ*«az X

72! It has 1 been recognized that the E.V. could most
effectively utilize the CVT to achieve maximum performance.
The {nnate ability of the CVT to allow the drive motor to
operate at optimum speed and minimize battery drain strongly
suggests justification for intensive study and d‘volog:nn:
of the CVT, A government sponsored study concluded that the
CVT with flywheel was necessary to make the electric postal
jeep meet minimum satisfactory performance. Without the

CcvT tli: vehicle could not perform satisfactorily for most
terrains.

—— i e
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PROGRAM SCOPE
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' The scope of the program encompasses the desigr of
CVT of vsasonable size, weight, and cost to pyovide sn --
sffective snd relisble means of controlling and utiliszing
pover sugmentation ¢f an enevgy storage flywheel fn an - -
slectric vehicle. The CVT must accept &wer output fro: the
flywvheel at any speed between 14,000 RPM and 28,000 RPM and
vovide output shaft power at any speed between 8350 RPM and
,000 RPM, De-coupling must be accomplished for output
shaft speeds belov 8§50 RPM, and reverse. An alternative to
de-coup ing is 8 CVT design which provides neutral and reverse
(effectively an IVT, infinitely variable transmission),
Figure 1, page 5 -

Alternative applications are the pure electric and hybrid
electric vehicles as depicted in Figures 2 and 3, pages 6
and 7, respectively.
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APPROACH

The approach taken herein was to perform the design
study through tterative laysuts concurrent with an assess-
ment of possible technology advancements required to support
the design. The study was fmplemented through the following
statement of work,

et e B s s aadni it
A. Task 1| - Design Study of & CVT for Fl heel licatfion
L e  ———— A T R T .

~ A, #= Conduct an engineering design study and perform the
necessary analysis to determine the optimun arrangement of
3 continuously variable speed transmission (CVT) to couple
the high speed output shaft of an energy storage flywvheel to
the drive train of an electric vehicle as shown in Figure 1,
page 5. The CVT shall be comprised of the variadle speed
element together with nnK ancillary mechanicsl cowponents,
such as couplings, clutches or gear sets, vhich are required
to satisfy the requirements specified below.

DESIGN REQUIREMENTS

. (RTINS
The following design requirements, based on o reprasen-
tative vehicle having 4 curd weight of 1700 Kilograms
(3750 pounds), shall apply;

1. The speed ratio of the CVT shall b§ continuously con-
trollable over the following range of input and output speeds:

~ b
High speed (tlyvhegl output shaft), 14,000 to 28,000 RPNM.
Lov speed (differentfal fnput shaft), zero to $000 RPM.

TR A Rl g gk e ¢ . L L L
If Lt 19 impractical to desfgn the proposed CVT to be cone
tinyously controllabla down to gero ou put ctcod. then the ¢Vt
shall be designed to bde ¢ontinucusly controtladble down to a
pinimum speed not to exceed 830 RFM and a varfable s eed
clutch element shall be incorporated to regulate differential
fnput speed to zero.

AT A " : . .
2.  The CVT shall provide forward vehicle speed only, since
reverse may be accompliished b‘ revor.in’ electrie wotor
rotation, unless reverse can be accompiished within the cvT
without additional complexity.

). ‘btaonfagomcnt of the flywheel from the drive traln shall
be accomplished with the CVT or with a clutch, if required,
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4. The CVT shall be capable of withstanding all sudden shock
toads and sudden torque conditions that may de expected in
typical automotive spplicaticns.

S.  The CVT shall b_oﬂca able of bi-directional powoi flow at
the above power ratings for regenerstive braking and for
charging of the flywheel with the electric motor.

The op‘nting power and life requirements for the trans-
misaton as stipulated are:

1. Mean output pover = 16 XW (22 HP)
2. Meaa output speed = 3,000 RPM
3.  Mean fnput speed = 21,000 RPM

4. Life at mean conditions = 2,600 hours at 90%
surviviadility.

$. Maximum output speed - 5,000 RPM
6. - Maximum input speed = 28,000 RPM ‘
7.  Minimum output speed = 850 RPM (clutched to zero)
8. Minimun input speed 14,000 RPM
fn addition, the following operating parameters are considered:

1. Maxioum useable energy froo flywheel = 1.8 WJ

- (1.5 xwm)
2. Maximum CVT transient power output = 75 KW (100 HP)
for 5 sec. c
3.  Maximum CVT torque output at wheel slip = 430 N-a
(330 fc. 1b.)

4. Maxipum time from maximum to sinfmum reduction ratio,
or vice versa, 2 seconds.

DESIGN CRITERIA

The design of the CVT and asscciated drive systea com-
ponents, shall be ¢én the basis of the following criteris in

order of oversall {mportances .

1. Effictency « The tranemiseion shall have high efficlency
over fts entire operating spectrun, Special attention shall

e i mticattentlitmndiuitit i -—-44
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be given to maxtn!zint transmission efficiency under those
ogerating conditions in which the transmission spends most
of its operating time. - ieryzi- ecicr (o HioTi ol Zhl)

i g gyl 1ae3ddg b iRGALY 1o capIUALL s 2 BN
2. - Cost - The future production cost of the transmission,
on a large scale basis (100,000 units per year), shall be
an early consideration., The use of special manufacturing
processes snd materials shall be avoided. Dcniin techniques,
as well as drive system components such as dbearings, gears,
and seals, shaii be typical of, and consistent with, auto-
motive practice., . - . .:6. = . i T IO
. f.u,-.{.m;,:,;';;itﬁg_.“iﬂ&n,uggh‘;bﬁ,i-l:,;f;i. i
3, Sigze and Weight - The ¢verall size and weight of the
CVT, including suitable controls end all ancillary mechanical
components, shall not be significantly greater than present
automotive transmission of equal horsepower capacity.
. "I‘»,‘\g‘"“'“’wma»- F A S hw ew S
4, - Reliability - The transmission tncluding all support
systems (i.e. coollng and conttolnf. shall be designed to
gpe:;tedn Tinimum 2! 600 hours at the conditions specified
n the design requirements, . -
ig :m’,uw

. . S 7 A r e A2 R P
S. - Noise - An ifmportant connldcratloﬁ in the early stages

of design shall be to eliminate Kotcntl.l no'se generating
sources and to contain (vithin the transmission ousing)
that noise Yhieh {s unavoidanly generated. ’ aaiaBs

O ) ” 2 o
6. »i Controls - The control system used to ogotatc the trans-
wission drive o{lten shall be stable, re'fable and responsive.
The system shall provide driver “feel" response similar to
that of a standard pessenger vehicle, equipped with an -
{nternsl combustion engine and standard automatic transmission.
The control system selected shall closely simulate the full-
scale systen requived for actual vehicle application.

7.  Maintainability - The transmission shall te designed
with paintatnabilfty equal to, or better than, the meintain-
ability of present-day sutomotive automatic transmission.

All {nternal components vhich require nornel maintensnce and/or
occasional replacement shall be made readily accessible.

8. Task 11 - 1dentificaticn of Required Technolo Advances
ioﬂii“""“"""""""""'s"‘"""“““‘zz"'*“""‘

tdentify ati technology advancements required to develop
the selected CVT to the polat of satisfying the deeign require-
ments and criteria of Task 1.

Define the nature of the required advancements, define
the difficuity of the problems, and estimate the neans and

10
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effort rcauired to solve the problems.™ Areas of technology
considered shall include, but shall not be 1imited to

materials, lubricants, bearings, sesls, gears, controls, and

other subsystems or modules required. ¥y
L 2 M B

C. Task I1I - Determination of CVT Concept Suitability for
XTternate Electric and Hybrld Vehicle Applications
y —— —— iR ———— > :
¥ petermine the suitability of the concept of the CVI
designed in Task 1 for the slternate electric and hybrid
vehicle applications specified below. This task shall be
limited to the identification of: (1) the differences in
arrangement, size, ratlo, or other design variables, and
(2) any addlttcnai new technology required to .ppl{ the CVT
concept to each alternate application. Perform only the
prelinminary deaiﬁn analysis necessary to identify in a broad,
eneral sense, the above differences and not perform specific
eclin snalyses or prepare layocut drawings for these altermate
spplications.

Electric Vehicle Powered by Electric Moter Only

Determine the sultability of the CVT concegt of Task 1
to match an electric motor to the drive train ol an electric
vehicle (without flywheel energy storage) as shown in Figure

2, page 6.

Design Requireﬁents

1. The speed ratio of the CVT shall be continuously
contsqllable over the following range of fmput and ocutput
speeds:

High speed (wotor ovtput shaft), zero to 6000 RPM

Low speed (differential fnput shaft), zero to 3000 RPM

2, All other requirements shall apply except for those
specifically referring to the fiywheel storage device which
are deleted for this spplication.
Design Criteria

All criteria stated in Task T shall spply to this
slternate spplication.

Hybrid Electric Vehicle Nith An Internal Combusticn Engine
Deternine the suitsbllity of the CVI concept of Task 1

1
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to match an internal combustion engine to the drave train of
a hybrid electric vehicle as shown in Figure 3, page 7.

Design Requirements SRy

. TRt L P sdEL R L

1. ° The speed ratio of the GVT shall be continuously
controllable such that the cutput spesd shall range from ,
Zero to 3000 RPM with the input speed and power requirements : .
according to the specified englne operating schedule. i

1
Cew s SR : ‘
2. The CVT shall provide forward, reverse, neutral, i

and at-rest yehiclo operation with u_ngic lever operation.
3. ALl other réquirements, as stated in Taek I, shall

apply, excegt those specifically veferring to the flywheel

storage device which are deleted from this application.

iyt it Le . ) ‘
Scalability of Selected CVT With Flywheel Energy Storage for :
ternate mum_Output rorques ‘
L bt waiadde dang Letii ARl LA ¢
, Determine the ouuabni% of the CVT concept of Task I
with fiyvheel one;_ﬁy storage for scaling to alternate maximum
output torques. ¢ design requirements and criteris shall
be the same as specified in Task 1 except that ths following
alternate maximun output torques at wheel :ng shall be
considered., Low mod (differential fnput) shall be zero to
$000 RPM and the faput speeds shall be 14,000 to 28,000
RPM in all cases.

i e,

CASE VERICLE WEICHT MAXIMUM CVT QUTRUT
(DIFFERENTIAL INPUT) TORQUE
1 790 kg (1750 1ds.) 210 N.m (155 1b.f¢)
2 10,000 (22,000 1be.) 2,600 N-m {1900 1b-ft)

Assessment Reposrt

Submit a desfgn report of the CVT concept together with
supporting data and ana {tu. Sufficlent detail and analysis
lhlgl be provided to verify that the design {s credible and
capable of meeting the required design specifications and

criteria.

An uuutloﬁ of the steady state efficlencies at 1.5,
15, 30, 82, and 73 ml output lpud renge of -texo to 5000 RPH
for input speeds of 14,000, 21,F,V, and 28,000 RPN,

12
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Transmission Dectigti -

.. The transmission is a ¢ontinuously variadble (CVT) -
regenerative traction drive gearbox (Figure 5, page 17).
Power flows through the input planetary uuuﬁly to the
splined throughshaft. The power is transmitted to the
traction cone by the roller together with part of the
power which {s transmitted regeneratively from the sun
gear of the output planetary assembly back to the roller
shaft. . The cones drive the rin? gear of ths output &

lanetary assembly through a spiral bevel-helical gear.

e purpose of the vegencrative power loop ts to expand
the basic cone speed ratio. WA .. oo B8 .. s Ll ke

s Ao e 3 2 _ MRS o
4 It may be seen in Figure 6, page 18, that if the
cutput carxier shaft is restrained; rotating the {nput
roller shaft turns the planetary sun gear,  With the =
carrier stationary, thae sun causes counter rotation of .
the planst idlers and couples that rotation to the rin
iur. The ring gear motion then turns the cones via the
dler, so as to cause it to counter rotate against the 3
roller. 3 It may be seen therefore that roller and cone b %
diameters may be selected so that the system simply rotates
without driving the carrier. This point occurs when the ¢
ring and sun gear have velocities that are equal in magnitude
but oppoaite their direction and ia equivalent to nzutral
or an infinfte ({nput/output) Rpm ratfo, Hovin{ the roller
from this neutral position upsets the peripheral veloclty
balances in the system and causes carrier output motion or
traction in the c¢ontaet to occur. T ..

. LA e g g R okl 4 R, g = e B AN U

Moving the roller toward the minor dismeter of the
cone would cause the cone Rpm to increase to maintain the
same perfipheral velocu‘ as the roller. The increased c¢one

18 transaitted to the ring gear and theredy causes the
carrier to bea driven in a reverse direction in respect to.
the input. The transmission studied, as shown in Figure $,
page 17, fs of this type by has gear and traction component
diameters selected to preclude the output from reaching
neutral at the largest cone diameter.
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ﬁ“l 1f a restraint, such as an external load, is applied
to the carrier output shaft, it will tend to decrease in
Rpm. The ring ‘rﬁ“t and hence the cone Rpm would also tend
to decrease, - The cone Rpu decrease produces shear (slip)

in the fluld film betveen the traction conjunction and the
resulting shear force creates a torque load. The amount of
torque load varies with the amount of shear (slip), tem-
peraturs, contract geometry and peripherial velocity dut in
the design studled the maximm power transfer (optimunm B’
slip) ranged from 0.8% to 2.0% over the tange of design &
varisbles. Due to the output Yhneury expansion of cone
ratio, the affect of siip is also expanded and appedrs as
speed droop in the cutput shaft. Speed droop for the design

ranged from 1.75% to 3.25% for 0.8% to 2.0% slip respectively.
N s N e —— L S SR SCE e R <t A Y.
) ¥ 1t is clear from Figure 6, page 18, that a transuission
with any desired input to output ratio range can be designed
using any given cona geometry by selecting the a propriate
roller-cone diameters. This feature ia used in the current
design to expand the spproxiumta traction cone-roller ratio
range of 3.5/1 to produce the required overall transmissfon
ratio range of about 12/}, Rdfyy Liis L paida takih o

S

B Transmissfons which go to zero (neutral) as descridbed
are called "Infinitely Variable Transsissions (IVT)." Even
though the design presented 1s not an IVT, it employs the
same regenerative principles to expand the basic cone ratio
and therefore must be evaluated as a limited range IVT, =«
Specifically, regenerative gearin used in IVI'se or in this :
case & high reduction ratio “'Cont nuoual{ Vvarisble Transmission -
(cvr)Y, produces nification of power internally and this
sust be considered in the design. This is reflected in the
dats and may be seen by noting that for 75 XW (100 HP) output
the total cone-roller traction power varies from 95 XW gu HP)
to 316 KW (424 m’z {n this design. (A pagnification "o’
value of 1.27 to 4.24) Ty

Sy i RRT e e g g e VT - .

The overall efficlency of the transuission {s impacted
b{omy change in internal power, When internal power rises
above output power, efficiency is decreased because the
internal percentage pover Loss of components are applied
against larger smounts of horsepover.

Algo any Incresse {n internal horsepower increases the
heat 1oad that must be dlseapated b{ the oll cooler. So
there is a conpound effect to efficlency 1oss by using
regeneration to expand basic cone ratio,

. :
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Regeneration mu{ be viewed as "recycling” and therefore
power must make mult tle asses through the same contacts or
components, which logically holds that net efficiency muat
also be decreased in direct relation.to the amount of ragen-
eratfon in the system for any given operatipg point. So
this effect varies as the system cperating ratio is varied.

T ' " g

These features, inherent in any reg‘nerative design, make
it imperative that a fudgement be made batween the losses
generated in the traction contact by the basfc cone design, :
chosen to produce a varisble speed component, versus the !
amount of regeneration used to expand the cone ratio; and ;
tmust further be wveighed against other means of expanding over-
all transmission ratio (See Appendix B, page 79). :

7 { -

Toxrque capacity of an 1IVT or high reduction CVT that
employs regeneration, 1a & functfon of the ioarlng used and
the traction coefficlent, . The traction coe ficient 1s a -
function of the fluid selected, temperature, RYu surface A
finish and component geometry used. : The norma foad applied i!
(gresaurc) between the traction components, in conjunction :
with the traction coefficlent, results in the production of
the specific torque generated. £ o L

The design takes advantage of a thin fluid film which
aeparates the traction elements and the fact that the fluid
viscosity and reststance to shear (slip) rises rapidly under
high pressure (contact Herte stress in the conjunction)., The
tranenittal of power through a fluid film requires that some
shearing action (strain) in the fluid occur. ¥ )

Figure 7 paga 19, is a plot of torque multiplication
and speed ratlo of an EVT wit ut the input planetary re- -
duction (Figure 6, page 18) versus output speed and for the
operating range of the current desfgn, gerccnt speed {8 carrier

Sun gear . The graph reflects that the current design
1s well above the point vhere torque eapnelt{ is lost. Torque
capacity to faput/output ratfo in a CVT, unlike gears, s
1iaited by the tractive forca produced at speciflc shear
velocities in the fluld flln teporattng the variable speed
components, g&ih Overall reduction ratios are produced in
regenerative s by docreaolsg differential velocities
4¢ross planetary components. en the percentage differential
velocity {n the planetary {onro becones smaller than the
“optimum" percent shear (s lg) veloeity for peak torqua
transfer by the fluld film then the capacity to transait
torque decreases. - This feature allows the traction conj

unction
to effectivaly become a variable teuteband fluid coupling
which .{n the normal operatlng ranges varies from fractions
of & percent alfp to around } but repidly goes to 100%
at neutral, 1In comparison a fluid torque converter will
typlecally Vlt{.fron 10% to SOL in the operating range with
variation fn load and still applies some minfmum torque 10ad
vhen the output shaft fs stopped with low Rpm to the input.

13
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X Fratio (Rpm In/rp'n Cut) = uotﬂ'al Torqua tultiplication
of gears,

¢ Torque Kultiplication Computed, Traction 1v7y,

il & st
vt or High Roductlon CV?
‘to:quo Multiplication Cepacity

g

and Ratl.o

22 Torque Hultlpl..lcat.ton

Current Desig‘i‘l Operating Range

37 850Rpw/9, 600Rpm | S,000Rpa/4,800R
26 (8.8%) {104%
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The transnission ratfo varistion is accomplished by
movinf the traction roller along, and Yara!lel to, the
0!

traction cones, thereby varying the vo llni radi{us of the
cones. The speed of the output rtng gear is therefore
varied, which, in turnm, proportionally varies the ocutput
shafc. _:,_'.‘ LR AR,
R 0 A SRR TP T PR RN SETRR
Traction forces are generated between the roller and
cones through a normal force applied at the small end of the
cone. The force is sugplied by a hydraulic piston which
houses a cone support bearing. The magnitude of the normal
force {s determined by the transmission output torque
requirement, traction coefficient (u), ratio expansion and
operating nitp.
DT g ALt L
Pressure modulation to the hydraulic cylinder (which
furnishes the cone force) is provided by a signal from the
cOmpug;; control system. (See control system description,
page T IS T T N, e VRS

- v
s A

Y s s

Referring to Figure $, page 17, output from the flywheel
povers the sun gear of the {nput planetary assembly. The
ring ienr is clutched by a band brake to engage or disengage
the flywheel. The input planetary carrier is attached to the
splined through-shaft, as is the oil pump drive gear. [i:.

e S € Vil e e e O Sy el .

The through-shaft is the inner race of a recirculating
ball spline vhich drives the traction roller, while allowing
relatively free axial motion of the roller to accomplish ratio
change. . The through-shaft also supports, and is driven by,
the output sun gear.™: Four traction cones, driven at high
sgeed by the roller, transmit powver to the spiral bavel-helical
cluster gears which, in turn, drive the output ring gear.

. Rl RS =k 40C o il S mOER Rlaa s 7. i v .

Spiral bevel gears on the idler are necessary to tumn the

9.24° shaft angle of the cones to the centerline of the B.
gearbox. ' The helical gear teeth have a helix angle which
produces an opposite and equal axial force to the spiral bevel
ear axial load. This enables the use of cylindrical roller
earings since no thrust exists. The use of helical gears

. also reduces noise generation. The action of helical and

spiral bevel gears with adequate spiral or helix angles is

ouch smoother than straight spur feara; hence, the operating
noise levels are relatively much lower.

DI e e e P s . :

The ontg?t planetary carrier is the transumission ocutput
member. With the inputs of the through-shaft to the sun gear
and the cones to the ring gear a variable ratio is accomplished
to the carrier (output shaft). For normal input speed range

of 14,000 to 28,000 R of the flywheel, the output speed

range is from 850 RPM to 5,000 RPM.

.

20

abtih i nn bl oo ) o i e iliagf hot Rt b i ‘!mm“




BT PR R S T : R P AT
The output shaft is de-clutched fyom the flywheel by the
{nput planetary band clutch vhen zero output speed {s vequived.
De<clutching i3 necessary to enable the drlve motor to veverse
divection and drive the vehicle in reverse. The clutch slso
ailm{llthe clegtrlcdmotor to propel the vehicle when the fly-
wheel i3 not charged. . R I ST I
RIAATL-L TP VA L 3 3 SR T
. "A toothed disc is mounted on the cone (or to reduce its
lgeed and provide greater civcumference it may be 1oeatad on
the rtn{ gear) to provide cone speed information to che -
controller via a photoslectric or magnetic read head. ' Pulses
or square waves are generated by the encoder read head as the
aperatures rotate past the device.™ Spatial timing or fre-
quency to voltage 1/0 processing converts the encoder signals
into speed data. The systen is insensictive to absolute
accuracy of speed measuTement because the technique employs
speed ratios. See Figure 8, page 22.
N ""b""‘-w'\'“;' . ;~&7 - L
. It is the ratio in speed indicated that is important to
the system, not the absolute representation of "true" RPN,
or "true" ratio. ' This dramatically reduces the controller

design requirements. . PTRIErS
& ':unswzrmﬁiﬂi( figgic. ..

Similarly the disc mounted on the input planetary carrier
provides roller speed information. From the 'relative”
cone-roller speed information, cone/roller sgeed rvatio is
derived by division producing MSR (Messured peed Ratio). And
as above, the absolute accuracy of the MSR is unigpportant.
What becomes important fs the ability of the controller to
predict an equivalent Theoretical Speed Ratio (TSR) with no
slip, vhich is based upon the selected com{onent eometry
and the traction conjunction location axially. is is
accomplished by attaching a linear transducer between the
case and the roller csrrier assembly. @ ', .

© vy O NI 2 SRR aa Syt gl A A 4 5

TSR positional accuracy in absolute terms is not needed.
However. correlation between TSR and the MSR (vith no-slip)
is most important because deviation between MSR and TSR
signsls represents ''siip" in the traction junction. G

) e AR ISl i s engppliift et . - N

Traction component speeds ave divided to produce Measured
Speed Ratio (MSR), which ls then divided by Theoretical Speed
Ratio (TSR) to produce a % speed result. * 1 - % speed becomes
% slip and {s subtracted from a varying slip reference to
produce % slip error. The error 1s integrated and the driver
amplifier modulates the préessure control valve to regulate
normal force in a direction to correct for slip error. For a
more detatled discussion on the system, and specifically
regarding components of roducing the variable slip reference,
gzc control system details in the appendix starting on page

e
8w
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Transmission output speed is grovlded by Traction Speed

In (TSI) and Traction Speed Out (TSP), in accordance with the
planetary power flow formulation and may likewise be converted
to road speed by mathematical treatment fncluding rear axle
ratio and tire size.

Bom = uc = WSSKr - WRRr _ TSI(Sr) - TSO(Rr)K i
e T W T TR T ZCr .

Where K {s the reduction ratio between the cone and ring.

Output speed and road sgeed are not required for traction
control but may be used {n the vehicle control system (VCS).

St ba S i .
‘i The materisls which comprise the rolling elements are
chosen for particular stresses aud/or associated fatlure modes.
The prevalent failure mode is v>ilin -element fatique for
virtually all dynamically loaded rol ler and gear elements.

-.*" All gears in the transmission will be fabricated from
surface hardenable steel (eg., SAE 93100, SAE 4620) and :;
finished to automotive tolerances and surface conditions, .
Opetattnf bending and surface compressive stresses are kept
relatively low in order to avoid the traction losses associated
with the traction fluid under high compressive contacts (high
pressure with sliding)., The gears will be relatively five
pitch heltcal spur designs except for the spiral bevil g+ T8
on the cones. ) ) . [

Fat

L N .
Materials 3;

L i

i The be’;:rings in the tran's:nia'slon are comerchlly availadle,

fabricated from vacuwm degassed 52100 steel, heat treated to
Re 58-81. ;' .oisise . ikt .

AT ik N P

! The roller in the transmission is fadricated from vacuum-
degassed 52100 steel heat treated to Re 60-63. The roller
outside diameter is finish ground with a 12.7 co (5 inch) crown
radius. Normal bearfng steel heat treatment practice s
observed in producing the roller. . :

. - MR ST S 3 ik e, e T Fan.

The cones are fabricated from preaiun vacuum-processed
SAE 9210 steel. They are carburized all over to produce a .10
cm (.040 tnch) deeg case of Rc 60 hardness. The roller
Journals, cone surfaces, and spiral bevel felt cone journal
ghm;;;u are finish ground to a surface finish of approximately

The housings are cast llmix;uu. Thelr simplicity suggests
the use of the dfe casting technique in their productton.

23
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Lubricatfon System .. . o _
FY T TN SCTETPSE S TSRS £ 0 X | S P Bet i LR SR
The lubrication system consists of an ofl pump, oil

€ilter, pressure modulation valve, pressure reducing valve,
and reftef valve. The distribution of ofl to the pertinent
dynamic elements is accowplished by oil transfer tubes, cast
passages, and an oil manifold/jet system on the roller
positioner. . I . s
A% :nmﬂ"‘w kA IR AR 7 Lo iy

0{l {s pumped from the sump through the filter to the
pressure modulator valve, The oil flow is then divided; part
flowing to the cone loading cylinders, and part to the
lubrication system of the gearbox. o

. PRURRURNIE TET - “KOpun Y- SapgPe B § s SRR o e s B R

011 that is directed to the cone loadlng,c{linders is
ressure modulated to provide a closely controlled piston
oad on the cones. The modulating signal is produced through
the computer to maintain the required amount of normal force
between the rollers and cones to provide optimum slip. A
flow control valve in each cylinder allows pressure relief
during load relaxation periods.

011 that flows to the pressure reducing valve is directed

to the lubricating jets and passages at 34 x 10% to 48 to 10

RN
N/m2 (50 to 70 psi). Surplus oil then flows through a relief
valve to the sump, -~ .
pesnpltenstilidy . - L B

The jet system on the roller positioner consists of a
manifold which supplies oil to four jets. These jets, in turn,
spray oil into the traction conjunction. A telescoping
transfer piston attached at one end to the forward bearing
support provides oil to the positioner.

A I 1 T R 11 7Y
Tractfon Control System M

s $ < FIN s -5

i’ The instantaneous torque capacity of the traction contact
depends on the normal load between the roller and cone, the
lubrication traction coefficient, peripheral velocitg. surface
finish, temperature and component geometry. Figure 9, page 27
depicts the relationshig existing between roller and cone -
traction force (proportional to torque) versus slip at constant
normal force (proportional to control pressure). At sufficient
rolling velocity (vr), to form and maintsin an elastohydro-
dynamic (EHD) film thickness great enough to separate the
contacting elements, the transmitted torque increases rnﬁldly
as slip (Vr-Ve) increases from zero until a pedk is veached,
This {3 the optimum operating slip value for the traction to
exhibit maximum torque at the particular normal force. As can
be seen the amount of torque that may be generated diminishes

24




M R
T

for values of slip greater or lesser than the optimum vslue,
Conversely, in order to generate a predetermined or definite
amount of torque, it is necessary to apply the depicted 2.
normal force itor fixed rotational speed, temperature, etc.).
The depicted normal force is then the minimum necessary to
glve required transmicted torque. The relationship between
traction and various normal forces is shown in Figure 10,
page 28. It can be seen from the figures that traction o
torque capacity dimishes vhen slip is tco high or o0 low ©
or wvhen normal force s changed vhile operat ni-at optimum =
slip conditions. Therefore, if slip can be maintained at the
optimun value for any normal force then maximum traction B
torque vwill be generated, § Extending this rationale to cover

a variable torque requirement, {f optimum slip can be obtained
by varying the normal force then maxinun traction may be =
generated with minimm normal force for all values of required
traction torque. Minus (-) slip is defined as insufficient
slip %less than ogtm\n) and positive (+) slip as excessive
slip for control oilc ﬁurgoses.' Referring to Figure 11, {t
can be seen that 1,112 N. (250 1bf) traction may be generated
by normal forces of 21,240 N (4,775 1bf) at -2.8% and +6.4%
slip. Also bz 18,896 N (4,248 1bf) at -3.5% slip and +5.2%
slip, or 17,940 N (4,033 1bf) at +/- &4.2% slip. = Obviously,

any normal force greater than 17,940 N (4,033 1bf) fs excessive

and if more is actually surplled to the traction couponents
then an insufficient (-) slip condition exfsts for the M:-
1,112 N (250 1bf) traction requiremert. With less normal
force, slip becomes excessive. = Component life and horsepower

capacity suffer for any slip/pressure conditions except optimum.

ey v B e
The computer analyzes the information and oucputs control
information to the pressure control valve modulatin; the cone
loading hydraulic system. System gressure to the cone loading
piston {s increased if sensed sl‘lig is too high, so that a
greater normal force is imposed which will reduce slip to the

required value. Conversely, the pressure {s decreased, if slip

is too low, until slip fncreases to the required value. The
control system assures optimum pressure between roller and
cones for all traction loop torque requirements.

B - SRS T S N S SV, i 4,
Control System Component Description
I R e R PG L e e BRR G AR Y i Eia
Components comprising the control system are an analog
or micro-processor computer (MPU), two encoder read heads,
two toothed discs, two linear transducers, a pressure
modulating value, two pressure transducers, and a positioner
drive motor, (One linear transducer is used on the accelera-
tor, one pressure transducer 13 used on the brakes, and the
remainder of components are used for Optimized Traction
Control (0TIC)). See Figures 32 and 37, pages 85 and 97
in the appendix.
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The positioner drive motor reversibly actuates. the lead
screw on the roller carrier., The vehicle control system (VCS)
delivers the required gollrtty and motor speed information
to an smplifier, and then to the drive motor. . The positioner
is moved at the rate and in the direction dictsted y the
computer. The motion of the drive motor ceases when the ratio
is correct, as determfned by the linear actuator attached
to the accelerator or pressure on the brake,
Lo true vehicie speed. . . .. 4, i 23 i3 -

RS SRS 2 EYN TR IY 53 3 ST

Functionally, vhen the accelerator is depressed the
ratio changes and causes the flywheel to deliver increased
power through the CVT and hence to the rear wheels. The
actual ratio is deternined by instantaneous flyvheel speed
and output speed requirement., As power is delivered to the
CVT the slip condition in the traction cones and roller will
change. Thls change will de manifest as an acceleration
betveen the roller and cones, and electronically is an MSR
change without comensurate TSR change,

.....
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ANALYTICAL RESULTS
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Efficiency pir:l o :
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+ii.The overall sfficlency of the Transmission is detersined
by summing the individual component power losses. Each gear
and bearing is analyzed and the power losses multiplied by
the number of like gears or bearings, then added together.
The traction component losses are ikewise added to produce
the cumlative effect of the four cone/roller contacts. Total
pover loss for varied input and output speeds the power is
shown in Table 1, page 30. Corresponding effictencies are
sgown insgable 2, p;gel32. and Figure 11 through 15, page 34
throug , vespectively., gie.pa ' o oieri.gh. iigi
{Lr---w--m.t caghahikbnbidhs sag %
+-% Figure 16, page 19, graphically expresses the linear
relationship between the ratio of recirculating horsepower
{(m) to tota outgut horsepover, and the total CVT ratio.
Figure 17 through 21, page 40 through 44, are plots of
total efficlency versus the total CVT ratio and the ratio of

——

-

g Y3

recirculating horsepower to total ocutput horsepower. fg
‘(%‘-"-.‘lF"llII--.I'I‘.'l-.ll'..h_J.-.l..i__.--..]iiikb
244 The bearings are analyzed by a high speed digical computer

wvhich calculntel-bolrlng 1ives, operating stresses, and
{nternal loads, kinematics, and friction losses, ® Bearing *-
friction losses are predicated on a constant coefflcient of :
friction of .UJS. - This value is Teasonably close at very Righ
Beari Toads, but the actual friction coefficient at moderate
to Yow loads is much lower. e pover loss attributed to the
Bearings 1s therefore much lcwer than 1is calculated by the

computer program. A cortespondlnt Increase in efficiency would
be reflected through lower power 1oss if a varlable.friction

coefficient wvere used, . . _ Li: - .. e T BB
T i o5 d ATl S b 5 b *&2‘1&&1&&]}&““‘H&
Gear losses are deternined from the gear geometry, ratio,
and friction coefficients as presented in Reference 1. Each
different gear mesh is anal{zed to determine the power loss
factor then multiplied by the number of like meshes. Total
pover loss attributed to the gears is then determined for each
power condition by multi 1ying the gear loss factor by the
operating power (Hpo X ®). The component power loss factors

were assumed to be constant, for a conservative .appraisal, and
were used as such throughout the analysis. (Table 3, page 43).

29




REGENERATIVE CVT
TOTAL POWER LOSS

(INCLUDES GEARS, BEARINGS AND TRACTION ELEMENTS)

2.5 KW (10 HP)

gy e

m% — 28,000 21,000 14,000
(-]
l N loss
5000 1.00 © .93 B |
4000 .92 .95 .83
3000 1.01 .99 .80
1500 1.39 1.24 .95
850 1.97 1.59 1.21
15 KV (20 HP) i
5000 1.89 1.75 1.61 '
4000 1.73 1.64 1.58
' 3000 ) 1.92 1.75 1.62
1500 2.86 2.45 1.93
950 4,06 3. 2.47
30 XW (40 HP)
5000 3.5 3.62 3.64
4000 3.45 3.43 3.56
3000 3.98 3.70 3.58
1500 6.28 5.35 ' 4.28
850 8.91 7.30 5.31
' 52 KW (70 HP)
: 5000 6.63 7.05 7.88
. 4000 6.73 6.61 7.40
: 3000 7.68 7.23 7.46
‘ 1500 12.00 10.43 8.69
*(39.8KW) 850 *(53.4 HP) 17.79 (10.3) ¢ 14.62 (7.86) * 10.65 (5.55) *

Table 13 *() Wheel S1ip Limit
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TOTAL POWER LOSS (REGENERATIVE CVI), continued

(O T

Table 1:  *() Wheel Slip Limit
Continued

‘ n

15_KW_(100 HP) Ki Loss

5000 9.66 10.52 12.54
4000 9.98 9.98 11.09
3000 .11 10.54 11.32

*(70.3KW) 1500 *(94.3 HP) 16.73 (16.09)* 14.73 (12.86)* 13.70 (9.76)*
*(39.8KW) 850 *(53.4 HP) 26.46 (12.8)* 21.62 ( 9.59)* 16.92 (6.85)*
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\
REGENERATIVE CVT EFFICIENCY
1.5 KW (10 HP
Roen \qu — 28,000 21,000 14,000
. 1 ©
: 1 N\ Yercent
L
* 5000 90.0 90.7 90.9
4000 90.8 90.5 9.7
3000 89.9 90.1 92.0
1500 86.1 87.6 90.5
850 80.3 84.1 87.9
15 KW (20 HP
5000 90.6 91.3 92.0
4000 91.4 91.8 92.1
3000 ) 90.4 91.3 91.9
1500 85.7 87.8 90.4
850 79.7 83.5 87.7
30 KW (40 HP
5000 91.2 91.0 90.9
4000 91.4 91.4 91.1
3000 90.1 90.8 91.1 -
1500 84.3 86.6 89.3 i
850 77.7 81.8 86.7
$2 KW (70 HP) ’ 2
5000 90.5 89.9 88.7
4000 90.4 90.6 89.4
3000 89.0 89.7 89.3
1500 82.9 85.1 87.6
*(39.8KW) 850 *(53.4 HP) 74.6 (80.72)* 79.1 (85.30)* 84.8 (89.61)*

Table 23 *{) wheel Siip Limit
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Vs
i
] l.
§ REGENERATIVE CVT EFFICIENCY (continued)
1 3
‘ 75_KW_(100 KP) Percent
‘? 5000 .3 89.5 87.5
oo 4000 9.0 90.0 88.9
R 3000 88.9 89.5 88.7
b *(70.3KW) 1500 *(94.3 HP) 83.3 (86.14)% 85.3 (86.36)% 86.3 (89.65)¢
L *(39.8KW) 850 *(53.4 HP) 73.5 (76.64)¢ 78.4 (82.04)¢ 83.1 (87.17)¢
“ i
i by
t
|
)
]
]
i
}
r
Tadble 2 () Wheel S1{p Lintt¢ ,
|
! ”» '
L'

R ——



REGENERATIVE CVT
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LFFICIZNCY (i)

kEGeNERATIVE CVT
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Figute 120 CV1 Efficlency At 15 K« (20 Hp)»
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; RECENERATIVE CYT
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d O 14,000 RP¥

.o

X 21,000 KEK
8 A 28,000 RPE -

100

95
|
, z 90
! >
2
-
: 3
| 2 85
! 2
=J
) 80

75

70

6s

Cutput Kpm X 10’

Flgure 131 CYT Lifledercy AL )0 Ka (4O Hp)
36

L’- P PR . I QU R SN -




LPPICIRMY (%)

i
;
MEGLNERATIVE CVT ‘
INFUT SEEED
O 14,000 Ab¥
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Flgute 141 CVT Lfficlency at 82 kv (70 Hp). » :
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LFPICILMCY (a)

RLGLNERATIVE CVT
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Flgure 1% CVT Lfficlenty At 25 X¢ (100 Hp).
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TOTAL HP&/NPO

REGENERATIVE CVT

)} X e
0 5 10 ’ 20 5

total CVT katle

Flgure 161+ Eatio of Reelteulatlhg Kp to
Output p ¥s Total Cvil Xatlo
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cfficlency VS Ratlo of aecirculating Hp
f0 Cutput Hp and Total CVT 3atlo At

75 K& (10 Hp).

FLY®HREL nFlM
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‘ REGENERATIVE CVT
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95
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65
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total €V Aatlo
Figure 174
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' Efficiency Vs Ratlo of Recirculating Hp to
Cutput Hp and Total CVT Ratio At 15 Kv
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Efficiency YS fatio of Recirculating Kp to
Cutput Hp and iotal CYT Ratlo At 30 KV
(l’o HP) ]
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Efficlency VS Ratio of Reclrculating Hp to
Output Hp and Total CVT Ratlo At 52 Ki
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' Efficiency VS 3atlo of Feclreulating Hp to
Outgut Hp and Total CVT Ratlo At 75 Kv/
(100 Hp).
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Regenerative CVT Loss Source

% Loss
Each
Input Planetary 0.65
Spiral Bevel « Idler 0.81
Helfical - tdler 0.44
Output Planetary 0.49
9.24° Conef/Roller Junction 1.60
Cone Bearings (3 sets/comne)
wvide varfance with RPM and
roller position (radial load
distribution). 2,3/8.1
Loss Totals 6.29/12.09
Baseline Effictency 93.7 to 87.91

The % loss totals are of internal horsepower., “m'", and
wheel slfp 1imit values Eroduclng net output efficiency over
the operating spectrum of 76.64% to 92.1%,

Table ):
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The traction unit losses are determined by using the
oethod shown in Reference 1 as a guide. An example calcu-
lation is shown in the Appendix on page 159. 3 Incremental
positions of the roller & ong the cone (Table &, g;ge 47)

for fixed flyvheel Rpm (Rpm ) to fix output Rpa ( °)-i

Tt i — el - AT eyl —..

{s used to tdentify cone diameters at specific transmission
ratio points (Table 5, page 48), and from which Traction
Ratio and Cone Speed may be equated, § These relationships
are carried throughout ealculations to determine Cone Torgue
(Table 18, page 135), Cone Normal Load (Tulle 21, page 141),
Single Cone Horsepower (Table 19, page 137), Total Cone
Horsepower (Table 20, page 159), and Traction Power Loss
(Table 25, page 149) at specific output horsepower levels

to quantify efficiency over the operating spectrum under
given conditions. Sample calculations of these values axe
given In the Appendix as 1{sted on page 70. < :rvis . a4,

;:"V‘t"""“""‘“‘li‘.’ﬁf"‘:}f > %

The contact geometry is calculated (Apgendlx page 151),
then the spin veldcity fn the contact area is determined
(Appendix page 145). "Finally, the power loss through the
tractfon unit (J7/34), reference 1) is determined from tadulated
values of slip and spin parameters (Appendix page 163 and
164). The power loss factor is then used to establish power
loss in the traction unit for each power spectrum trensmitted.

The coeffictent of traction was taken to be & constant
0.07 for all calculations., Figure 22, page 49, is a
volumetric plot of computer calculated peak traction coef-
fielents over the operating spectrum for the regenerative CVT
geometry.

o AR g e i = . - :

Power 1038 due to windsge of the gears was shown to be ,
negligible. ® (See Appendix D, page 112). . An overall loss factor
of 0.037 x¥ (0.05 H § vas added to account for lightly loaded
rolier bearing conditions. - .

rerefg. o SISFACEL S LDELE Lok ¢ T o0 ==Y ¥ IR
. Study results {ndicate an overall operating efficiency
of the regenerative CVT as 91.5% for the mean power condition,
16XW (228F) and 3,000 Rpm output, ' Calculated efficiency -
ranged from 92.1% at 13KW 220 Hp), 14,000 Rpm In, 3,000 Rym
out, to 16,641 at vheel s1p “Torque Limie" of 39.8KW (53.4 HP)
with 28,000 Rpm input and 630 Rpm output. Cone speed at the
mean -condition 1s agproxlmately 23,480 Rpm; roller speed is
7,200 Rpm, The Roller Rpm equates to the output planetary sun
gear (Rpm)) and {s used In certain calculations.

Rpa, = Flyvheel Rpm (Rpm ) / 2.91666 -
(See Table 32, page 168).
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- ROLLER
AXTAL LOCATICN

| 6.8 Cm
! r—=<2.677 §n.)
1.92 ¢n I I TR P
(0,755 n.) : i
1r - 1
— &
o
3-“0 Ccm
(1.3&01“-) ¢
19.81 ¢m(7.8in,) ——>
-
Xi. Cm (ln.).
AXIAL LOCATION
RP¥_~p 28,000 21.600 14,000
ah _
*O DI ¢ IR 4 FRYY THTN
5006 5.62{2.213) 3.90(2.534 1.80(0.710
Looo 7.06(2.781) 5,22{(2.056 3.62(1.142
3000 9.02(3.550)  7.06(2.781) 5.51(1.775
: 1500 13.65(5.375) 11.78{4.637) 9.02(3.550)
850 16,87(6.,643) 15.34(6.038) 12.85(5.060)
|
.
3 Table 43
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Dc = 11.53 cmch (%.65 1n./Rc)

CONE DIAMETER.: Cm (10.)

""og Ms ——> 9600
0

X 50 3.15(1.282)
g 4000 3.62(1.426)
. 3000 4.25(1.615)
1500 5.76(2.266)
850 6.80(2.677)

rReMO = (.2154 Rc - .2857) RPMs

R, = Eﬁ-& . 2857

RPMo Ms ——> 9600

5600
4000
3000
1500
, 850

RPMs = RPMn/2.91666

7200
2,60(1.022)
3.03(1.191)
3.62(1.426)
5.15(2.027)
6.30(2.481)

TRACTION RATIO
RPMs = RPMn/2,91666

3,244
3.261
2,117
2.052
1.737

7200

4.550
3.906
3.261
2.294
1.874

CONE_SPEED (RPM)

| RPK_ = (R.) (RPM,)

) RPM RPM_ ——> 9600
* [+] | 3
35942

5000
| 4000
= 3000
: 1500
850

Tahle 5¢

31306
26659
19699
16675

7200

32760
28123
23479
16316
13493

48

4800
1.92(0.255)
2.27(0.895)
2.79(1.100)
4.25(1.675)
5.50(2.164)

4800

6.162
5.195
4.228
2,717
2,149

RPM, = RPM_ / 2.9166 -

4800

29578
24936
20294
13329
10315
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Cost

A detailed review of all the elements comprtnlnf the
transnission based on operating parameters and quantity per
gearbox and a comparison to standard autouwotive parts was
made. A weight and cost anslysis vas conducted for 5 makes
of passenger car automatic transmiseions in use for the past
10 years., Common elements in the CVT uses conventional
&utomotive gears and bearings, planetary assembiies, and
housings, . The weight and cost analysis (Table 6, page 51)
indicates a cost/pound of $3.20 to ¥7.60 for existing auto-
matic transmissfons with torque converters. Elements that
differ are torque converter, control valve body, disc
clutches, and control system in the standard automatic, and
in the traction components and control system in the CVT.
s i L S R ¥ LA Y
The automatic transmission ts considerably more complex
than the CVT in the areas of number of detail Savts. machining
requirements, and assembly time, based on 100,000 units of
each. . The CVT has strinient tolerance and balazce requirements
on the cones and the finlsh requirements are oa the order of
antifriction bearing values. ... ... i .o’lkEose . ...

»

-4 However, all machining and rocessing variables necessary
to manufacture the cones and rolgera are well established.
Tooling requirements would be no more restrictive or costly
than for bearings or other precision components. Although

no actual cost analysis has been possible (as by a bearing
manufacturer) the Yrocesslng techniques (grinding, heat treat,
inspection) are well developed. - A qualitative statement
based on relative similaritles between detail parts and
processes {n the autcmatic transmission and the CVT then
would indicate a close simflarity in cost per pound for each
on a like production level basis. Based on this premise, it
is believed that the CVT cost would be $330.00, dased on a
dry weight of 34 KG (75 1bs.).

Weight B T " . .

A detailed weight analysis of the CVT produced a total
weight of 39 KG (85 1bs), Table 7, page 52. The housings
are cast aluminum and the planetar{ carriers as shown are
forged aluminum. However, in a value analysis program for
the gearbox, the carriers would probably be made from steel
stampings with selective welded construction. The weight
and cost would be reduced for a high volume production run.

50
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REGENERATIVE CVT
l TRANSMISSION CuSTS

(RETAIL, AUTOMOTIVE)

COST*

| TYeE VEIGNT*  §/ke  s/uB

b FORD C-4 532,85 60.8(134) §8.76  $3.98
FORD C-6 § 562.85  79.9(176) § 7.06  $3.20

, @4 200 § 82900  50.8(112) $16.32  $7.40 1
oM 300 $ 862,00  53.1(117) $16.23  §7.37 '
@1 350 $1008.00  65.8(145) $15.32  $6.95
CHRYLSER § 650.00  72.2¢159) § 9.00  $4.09

(TORQUEFLITE)

*VITH TORQUE CONVERTER

’ AVERAGE COST = $§12.11/KG ($5.50/LB)

RETAIL MARK-UP (ASSUMED) = 20%
MANUFACTURING COST = (.8) ($12.11) = $9.69/KG ($6.40/LE)

QUANTLITY FRODUCTION COST OF CVT = $9.69/KG
FOR 34 KG (75 LB) (MAX), COST = $330.00

e d

Table 63 (31




© 1TEM

INPUT HOUSING
HAIN HOUSING
OUTPUT HOUSING
INPUT SUN GEAR
INPUT RING GEAR
INPUT PLANET
INPUT CARRIER
INPUT PLANET SHAFT
BRAKE

ENCODER DISC

OIL PUMP PINION
OIL PUMP GEAR
PLANETARY KEY
LEAD SCREW

WORM GEAR

WORK

ROLLER POSITIONER
ROLLER

BALL SPINE

PISTON

SPRING

SPHERICAL SLEEVE

Table 7

REGENERATIVE CVT
TRANSMISSION WEIGHT

WEIGHT

(LB) XG

(2.1%)0.
(11.86)5.
(3.39)1,
(.711)0.
(.89)0.
(.07)0.
(.44)0.
(.03)0.
(.28)0.
(.21)0.
(.25)0.
(.30)0.
(.004)0.
(1.72)0.
(.05)0.
(.06)0.
(.97)0.
(3.40)1.
(1.96)0
(.1710.
(.03)0.
(.25)0.

97
39
34
32
40
03
20
ol
13
10
11
14
0018
78
02
03
44
35

.89

08
(18
11

52

QUAN-
Y

1
1
1
1§
1
3
1
3
1
1
1
1
1
1
1
1
1
1
1
4
4
4

TOTAL WEIGHT
(LB) kG

(2.14)0.97
(11.86)5.39
(3.39)1.54
(.71)0.32
(.89)0.40
(.21)0.10
(.44)0.20
(.09)0.04
(.28)0.13
(.21)0.10
(.25)0.11
(.30)0.14
(.004)0.00
(1.72)0.78
(.05)0.02
(.06)0.03
(.97)0.44
(3.40)1.55
(1.96)0.89
(.68)0.31
(.12)0.05
(1.00)0.45

18




O S O sOWPRP

QUAN-
Ty

ITEM
CONE

CONE NUT (ROLLER
BRG END)

CONE NUT (DUPLEX

BRG END)

DUPLEX LINER
DUPLEX CLAMP PLATE

CONE ENCODER
SPIRAL BEVEL PINION

PINION KEY

IDLER

IDLER SHAFT

IDLER PLATE (LEFT)
IDLER PLATE (RIGHT)
SPACER, BALL SPLINE
SHAFT

OUTPUT RING GEAR
OUTPUT PLANET GEAR
OUTPUT PLANET SHAFT
OUTPUT CARRIER
OUTPUT SUN GEAR
OUTPUT FLANGE

BEARING, INPUT SUN
DUPLEX (6904)

BEARING, INPUT RING
BALL (6910)

BEARING, BALL SPLINE
DUPLEX (6004) :

Table 7 (continued)

WEIGHT
LB) X¢

(5.05)2.3
(.05)0.02

(.05)0.02
(.60)0.27
(.58)0.26
(.09)0.04
€.12)0.05
(.01)0.0045
(.43)0.20
(.09).041
(1.29)0.58
(.71)6.32

(.0550.22
(2.04)0.93
(.29)0.13
(.07)0.03
(.70)0.32
(.34)0.15
(.18)0.08

(.16)0.07
(.28)0.13

(.32)0.15

s3

4

R R Y T T S S

Y S S

PES W

L 2T

TOTAL WEIGHT
(LB) KG

(20.20)9.18
(.20)0.09

€.26)6.09
(2.40)0.11
(2.32)1.05
(.09)0.04
(.48)0.22
(.04)0.02
(1.72)0.78 .
(.36) .16
(1.29) .58
.7 .32

(.05) .22
(2.08) .93
(1.16) .53

(.28) .13

(.70) .32

(.34)0.15

(.18)0.08

(.16)0.07
(.28)0.13

{.32)0.15
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WEIGHT
1IEM (18) XG

BEARING, ROLLER
POSITIONER BALL

(SPECIAL) (.24)0.11
BEARING, OUTPUT RING

BALL (4004) (.16)0.07
BEARING, OUTPUT BALL

(6004) (.16)0.07
BEARING, CONE ROLLER

(304) (.38)0.17
BEARING, CONE DUPLEX

(7206) (.90)0.41
BEARING, INPUT PLANET

ROLLER' (B-78) (.02)0.009

BEARING, BALL SPLINE
ROLLER' (B-167, IR-128)  (.08)0.04

BEARING, IDLER ROLLER
OR-100)

| - (.02)0.009
BEARING, OUTPUT PLANET .

ROLLER (MR-100) (.02)0.009
OIL PUMP *(.50)0.23
oIL (9.38)4.26
MISC. (NUTS, BOLTS,

SNAP RINGS., SEALS,

ETC.) *(2.00)0.91

*Estimated

TOTAL WEIGHT
(LB) KG

(.48)0.22
(.16)0.07
(.18)0.07

(1.52)0.69

(3.60)1.64
(.06)0.03
(.08)0.04
(.16)0.07

(.16)0.07
(.50)0.23
(9.38)4.26

(2.00)0.91

TOTAL TRANSMISSION WEIGHT = 38.37KG (84.51LB)
DRY WEIGHT = 34.11KG (75.13LB)

" (DOES NOT INCLUDE CONTROLS, ELECTRONICS, OR FILTER)

Table 7 (Céntlnued) 54
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Noise
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Noise generating components in the CVT are gears,
hydraulics and uindage 1oss components (vind noise). x;.

- The gear teeth in the (VT are helical spur designs and
spiral bevel designs which are sized to have a sufficiently
large helix (spiral) angle to yield a high (» 2.0) total
contact ratio. Helical action at the be%tﬁnms and end of
action of the conjugste teeth is much quieter than for -.
straight spur gears. Gear tooth modifications of lead and
profile also are used to assure smooth action. The gear
teeth are ughtl{ loaded so modifications will be small. By
virtue of the light lcads and helicel and spiral gear designs
the noise generated by the operating gears will be vell below
the azudible ranie in the vehicle. The windage losses within the
CVT are also quite low, hence the noise level will be below
the audible level. ;

The noise effect of bearings and traction components
will be much lower than for the gears. Therefore it is
expected that the CVT will run quieter than the comparable
automatic transmission.

Ledh LRt ke s th o sac iR

.. The CVT is designed for 2600 hours minimum life at the
mean condition of 16 KW (22 HP) out at 3000 RPM output and
21,000 RPM input. The gear stresses at mean and maximum

B e oA Sl TP
torque are all less than 82.7 x 10° N/m (12,000 psi) and

» PSR 6 - 2 mﬂbk""
413.7 x 10° N/m? (60,000 psi), respectively, which results
in a virtual infinite life for the maximum stressed component.
Similarly, the lowest life bearing is the input planetary
pinfon roller bearing with a life of 22,960 hours at the mean
condition (Table 8, page 57). ASME life modification factors
for the bearings are shown. Cwkhg thEiesa hiog ik o ik faa

Reliabflity ' ', 1 g
N p 'y t

a3 R T
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_The minimum traction elament life is 2920 hours (Appendix,
sa%e 134), as determined by the analytical method defined in
eference 3. The life of the traction elements, aiain. are
determined at mean condition: 16 KW (22 HP) out 21,000 RPN
in, 3,000 RPM out. Stress calculations are based on an 11.8 cm
(4.65 inch) diameter roller, at 7200 RPM, with a 12.7 ¢em -
(S inch) crown radfus and 3,6 cm (1.426 inch) diameter cone,
with a normal load of 2,217 n (498.5 1bs). Figure 23, page 58,
i{llustrates the dramatic decrease in contact life as the power
to the CVT is increased. Hertz stress at the traction contac; 9
point at the mean and maximum torque conditfions was 1.58 x 10?7 N/m

(230,480 psi) and 2.97 x 107 N/m® (432,060 psi), respectively
(Appendix LL, page 137).
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The respective cone bending stresses vere 38.3 x 10° N/m

(5560 psi) and 259.0 x 10° N/m? (37,530 psi) (Appendix U, page
130). Figure 24, page 59, is single cone HP vs output RPH
ey e e et 3.5 S A L P ¥ L L5 T B el

' while fatigue life of the dynamic elements is the Tenenl
criterion for determining gearbox longevity, it is equally =
necessary to consider vear. The elements which are subjected
to relative sliding may produce wear and wear particles vhich
further accelerate the tendency to wear. Gear teeth, bearings,
and traction elements are subject to wear, depending on the
lubrication regime in which t e{ operste. In all instances
the dynamic elements are operating at such a relative velocity
as to preclude gross metal to metal contact.™ Each set of gears
in mesh are separated by a film of oil sufficiently thick to
virtually eliminate any metallic contact. The same is true
of the traction elements where the film thickness is 10.1 x 10 "mm
(39.6 in.) at the mean pouer condition (Appendix KK, page 155).
The worst condition of power loadtnf. 75 (100 HP) at 450 E:
gg;osfz-ll)n) output results in a film thickuess of 7.1 x 107

BCY VIER

.
L2

! Pk 3. -

The ratio of film thickness to composite roughness in
the traction cone.and roller is h/ = 4.66 (wean). There
will be relatively insignificant wear associated with this
condftion. Table 9, page 60, reflects gear stresses at
waximum and mean power conditions.

Maintafinabilicy . . :

id i b/égmb P17 \ CORRFT S SR

.’} Maintenance requirements for the CVT will be minimal.
Due to the lack of wear exhibited by the dynamic components
in conjunction with the variable toad mechanism for the
cones against the roller, it is anticipated that the only
s!elrvice r:guﬁ:d after {nitial run-in will consist of ro more
than an o ter change. ' . - I:iJ8 i cEa Ll .

: uv-_-‘;ju:_,gsfwm' 2 TARE: V¥ = T P

! Seal leakage, the wajor cause of transeission removal,
vill be minimized. The input seal is a carbon face magnetic
seal, operating in a well aligned state, which adequately
accepts the speed of the fnput shaft (up to 28,000 RPM). The
output seal is a standard double lip elastomeric seal operating
at low rubbing specd also in a well aligned condition. The
only other seal is a double lip seal on the positioner motor.
This seal is well above the static oil level in the CVT so no
leakage i{s anticipated. This seal will be splash lubricated.
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BEARING LIVES AT MEAN CONDITION

BEARING
(LOCATION)

BALL, DUPLEX
(INPUT)

BALL, INPUT . .

(RING SUPPORT)
ROLLER ‘

(INPUT PLANETARY)
BALL, DUPLEX

(ROLLER SHAFT)
ROLLER :

(CONE SUPPORT)
BALL, DUPLEX
(CONE SUPPORT)
BALL, OUTPUT

(RING SUPPORT)
ROLLER

(ROLLER SHAFT)
ROLLER

(OUTPUT PLANETARY)

BALL
(OUT_PUT SHAFT)

Table 8

e Lo y
- ® 0 (HOURS)
(REF. 5)
.. > 1.06
.- > 108
6 22,960
.- > 10%
6 23,480
6 34,590
- > 1.06
.- > 106
.- 31,120
.. > 108
57

. b WP STy LI J




COMPOSITr TKRACTION CONTACT LIFE (X 1(."J HOUKS) o

;
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Figure 22

FLYJHEEL INPU2

1 35 5 25 5 35y bS5
Cutput RPX X 107

Composite Tractlion Contact Life VS
Output Speed.
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Scalability
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- The design Tequirement and criteria for scalability are
the same as specified previously, with the exception of
paximum output torque at wheel aliY‘.) f’rhe wheel slip torgues

to be considered are 210 N-m (155 t) and 2690 N-m (1900

) i iy i e . 2 N
, ‘ﬁ$;at§j.'.§§&iﬂﬂﬁl;3sb;;;;él&satii{&*é‘bﬁﬁﬁpﬂi£$b“

-, i 1n reference 3 it is shown that the life of a traction.
conjunction varies in preportion to the size to the 8.4 power.
That is, the life increases at a very rapid rate with any
{ncreases in sfze.' While no actual calculations were performed
to verify a similar trend of cagacit with size, one set of
calculations using a 22.9cm (9.0 in.) diameter roller and &
7.6 cm (3.0 in.) diameter cone was used to determine the
capacity of the traction elements, With the surface velocity
maintained the same as the baseline unit, 44.5 ufs, and using
six cones, the capacity of the traction unit was glo KW(1086 HP)

Bdae PREREREY X *FY S "v*&lv'iﬁii;'- RS SR

based on 13.2 x 108 Nla2 (192,300 psi) Hertz stress in the
conjunction, The rxotational speed of roller and cones vas
reduced to maintafn the same surface vetocity. - The veight of
such a unit would vary at a slightly higher rate than the
square of the dlameters. That 1s, the weigbﬁaof&an 810 xw
.I. LR . . ., ‘_‘:'u»"‘ ;'\(
geardox would vary slightly more than (9/6.65)2 = 3,76 times
the 75 ¥XW (100 KP) unit, which was designed for this study.
AL X Y Gl & o T L T PSamEFT VAR L,

Downward scalabilfty is more difficule to attain except
by reducing the number of traction cones. In the case of the
1ower horsepower unit the rating was attained dy simply
reducing the number of cones from 4 to 2. Although for other
practical reasons it would be advantageous to redesign the
unit and maintain a uinimm of 3 cones to wnaxinize inherent
component stability and cqual distribution of forces and
stresses within the a{oten. An attempt to reduce the size
resulted in very little actusl reduction when faced with
vaintaining the 1ife based on surface stresses in the
traction conjunction,

s

. a7 ;
Alternate Electric Drive i3 -
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The electric motor fnput differs very 1tttle from the
fiywheel Lnput in actual funetion. .The use of the CVT, being
directl; driven by the electric moter and directly driving
the differenttal, will provide the required ;e:fornance. The
onlz podification to the basic CVT skown in Figure 1 will be
ratlo.changes in the planetary and cluster gear assemblies
to produce the required output speed,

a
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This will allow the traction portion of the transmission
to remain virtually unchanged for the chanse in prime mover
and operating speeds. The motor is allowed to operate at its
optimum speed for the required vehicle drive power. ., The motor
curxrent would be monftored by the computer, with the control
effect being to either speed up or slow down the motor, inm
conjunction with a CVT ratio change, to seek the minimum power
drain for all conditions. Parameteric sampling by the computer
would be exactly as with the flywheel {nput. e CVT would
furnish the optimum performance for the electric motor only
when compared to the use of stepping devices or other speed
control means to control the motor. - In all alternate schemes
to provide an adequate vehicle speed for all terrains (L.e.,
uphill), the motor luia down. or absorbs too high a current
drain to function efficiently. The use of the CVT, coupled
with the constant monftoring by the computer, eliminates the
adverse effects of excess power drain and assures optimum

erformance, to the extent that a smaller motor could be used
n the same vehicle and exceed the operating characteristics
of the vehicle without the CVT, .

o e shedni kb '
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Alternate Hybrid-Electric Drive

T e p——e gy & .. "tvivv."'l"li i e m““

A similar situatfion exists with the {nternal combustion
(1.C.) engine driviug into the CVT. z I.C. fnput speed would
be rejui:ed to go through a speed-up planetary ascembI{ to .
provide proper traction component speeds. The CVT will perform
the function of allowing the 1.C. engine to operate at its
optimum BRSFC for all output power requirements, The addition
of the electric motor to the output shaft would have no effect
on the actual CVT operation, The electric moter, when sug-
menting 1.C. engine power at high power operating regizes,
would simply transfer power to the vehicle drive wheels.

By S et - REREAR LS ¢ ¢ - i e caAESY R

As previously described, the output planetary ratio and
cone drive idler ratio would necessarily change i{n order to
accomplish the output ogeratlng speed range. The ratio could
be changed to accomplish the reverse and neutral condittons
as required, However, the efficlency at or .near the neutral

ositfon suffers due to the regenerated power in the traction
oop. ~ As an slternative, the addition of an output glanotarr
with reversing clutches could accomplish the range change
without 61ninfohing the efficlency czoud accepted lavels,
Further, & two or more speed unft with clutches could maintain
the high efficlency for most of the speed range with a minjoum
of addltional complexity. While mult ‘otetding,addl some
complexity and number of machined elements to the system the
effects on overall efficiency increass are dramatic. See
Figure 30, page 82,
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IAL PROBLEM AREAS

IR TATIY.
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Certain elements and features of the CVT design present
potential problems and reguire special attention. These are:
reaction to the tanso-tial load on the cones (traction force),
deflection of the ¢¢ .~ and .the assocliated traction contact
pattern skew, hydraulic control response (piston motion and
time), ratfo change rate with the lead screw, binding effect
of the axial force on the io-ltloner imposed by the lead
screw, piston relaxation time after pressure is reduced, and
the accuracy and response time of the encoder/toothed disc
monitor system, Addressing each item in sequence:

. L £ bl L G
Reaction to the tangential load on the cones: ... ;.4
TRkt i v e el g wr % :&Eﬁmﬁ

The traction force is rescted by the cone mounting %
bearings vhich are supported on the aft end by a quill in the
transmission housing and on the forward end by the cone =
loading piston.™ This piston moves radially in plane with
the cone/roller contact. . The traction force generated in the
traction conjunction causes s side load on the piston, which
tends to bind the piston in the cylinder and greven: piston
motion, To prevent the piston from actually dinding an ¢t
integral skirt is provided on either side of the piston to
sccept the side losad,  Further, the cast material will be a
low friction material ’ such as 4032 sluninum containin§ s
high percentage of siltcon, ‘The magnltude of the side force
will be always less then 1780 X (400 1bs) and the relaxation
will lag the pressure drop. This always assures a load
sufficlent to maintain operation on the negative elde of the
optimun alip point. See page 74 for an alternative design.

Deflection of the Cone: , e as

R O e e o SR A AR I o

! pending moments fmposed on the cone by the loading systen
vill cause & curved shape of the cone, distorting the contact
pattern in the traction conjunction. The roller {8 crowmed
with a 12.7¢a (5.0 inch) crowmn radius. The drop from the
point of the crown to the edge of the roller 1s .033 ¢n
(.01) inches) which 13 such arenter than the deflection of
the .cone for any loading condition, The roller fs crowned
to prevent e&ge 1oading under abnormal conditicns and to -

rovide an abbreviated major diameter of the contact ellipse.

Stountag eltninates edse osding, provides reasonadle contact
ellipse dimensions, and reduces spin velocity.
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Hydraulic céntrbl response:

b e e ggeetoe g R L adF o ces . e
. Response of the hydraulic system to a computer output
signal fs determined by the modulator valve response time
and the compliance in the hydraulic system. . The response
time will affect the slip rate and corrective traction force
generation. If the response time is too great the output
torque requirement may cause uncorrectable slip in the &
traction unit, thereby causing a runaway condition. The ™
modulator valve responds in & matter of 1-5 ma {milliseconds)
and the hydraulic system has at least the ofl system pressure
present at all times. The pressure lines are short w th thick
wall passages, Therefore, the response time is sufficiently
short to allow all corrective motions of the piston to occur.
The cnly feature to possibly cause a l;g in the response
motion is in the relaxing direction. e side load may be
sufficient to prevent fmmediate reduction of the load thereby
maintaining the traction load. See page 74 for an alternative
design.
Ratio rate change with the lead screw: .. :
— T LM g .| R iR, w i
- The worm driven lead screw could limit the excursion
time of the positioner from one end of the cone to the other
end. The requirement to traverse the length of the cone
from maximum ratio to minimum ratio, and vice versa, is 2.
seconds. .. The lead screw requires 6.5 turns to gro&uce the
total excursion. * The worm-vheel ratfio s 16.5:1 which
requires the drive motor to rotate 107 turns to move the
positioner fror one end of the cone to the other. The
average speed of the motor would then be 3210 RPM. The
positioner drive motor is 5,000 RPM reversible d.e¢, motor,
w?lch prgvlden adequate margin to accomplish the excursion-
time task.

i | Gy -ai s e MR
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t¢ s recognized that the cholce of a voim drive results
{n considerable 1oss in the worm-vheel set. The drive motor
must therefore be sized to produce the required power for all
control response inputse. ¢ axial yestraint of the roller
at the traction conjunction is an unknown variable which must
be evaluated ¢n test; therefore the actual sfze of drive
motor is an (america{ factor. The worm-wheel desfgn was done .
to maintain stmplicity in concept and may reduire a tower gower :
loss design in zrototyfe and production units. See page 7
for an alternative deaign.

Binding effect of the axtal force on ghé positicner:

Since the positioner lead serew drives the ositionaer
axtally at & consideradble radisl distance from the roller
centerline, a bending moment is spplied to the lead screv. The
lead screw and drive motor may be unable to vithstand the
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bending moment.” The result would be binding {n the screw at
the positioner. In this event a second screw would be
provided dfametrically opposite the exfsting screw. Two
screws thus situated would eliminate the imposed bending
moment and apply a pure axial load to the positfuner. ee
page 73 for an alternative design,
FGRE ¥ 7 L STy
Fiston relaxation time: ,
CCRFR T ae—mrR AL PP Y IE ; .
As previcusly described, the relaxation tfme required
for the piston to unload the cone {s a function of piston
side load and frictfon. . The piston s fitted with a flow
control valve which serves a dual purpose: relieving the
piston zressure to the lubricating system pressure o

34 x 10 N/m2 {50 pst) and lubricatinf the cone support
bearing, In the event that the lag time between load and
relaxation {s greater than the normal loading response time,
the load would be maintained at a value in excess of what is
required which would prevent excessfve sllf. However, this
is not expected. When the pressure is relieved the 1oad
van{sghes, thereb{ relieving the piston side 1oad. Piston
return would follow fmmediately. See page 74.

Accuracy and response time of the encoder/toothed disc
monitof system:

This ftem fs addressed in the sectfon '"Detail Control
System Description”, page 84 in the Appendix.
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TECHNOLOGY ASSESSMEWT
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The mechanfcal transuission design exbodies "conven-
tional” automotive detail components; gears, bearings,
shafting &nd housing. : The unigue elecents are the tractien
components. Uniqueness is only in respect to the use of
tractfon to accomplish variable speed instead of a torque
converter and multispeed transmission. The traction roller
and cone: are fabricated of cenventional materials using con-
ventional processing. , No new technology {s required in

their constructlon. g5 iage. & oo .. UL L. L,

i renarnnnal di ik} ki iy - e bhbkiidhe

“he traction ccngunction physics are similar to gear
tooth action or ball bearing action in that rolling and
sliding exists in a lubricated conjunction. The use of a
traction fluid for a lubricant fmparts a greater traction
force in the rolling-sliding conjunction than with conven-
ticnal gear lubricants. Otherwise, the contacts are quite

siaflar. , . . Y g .
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! In the area of the control system, however, it was
recessary to explore possidle alternatives to the developed
3Kstem presented hereln. . The use of electronic components
that yleld much higher response rates or activity rates
was fnvestigated. Alternates to the toothed disc and en-
coder are pro{raumed magnetic film deposit with read head,
digital signal generator and read head, and analog perma-
nent magnet generator systems, While these components do
not of themselves represent new technology, thelr use {n
the control system would require some deveiopment and test
in order to be feasible. :
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CONCLUSIONS AND RECOMMENDATIONS
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The design study has resulted in a computer controlled,
continuously varfable, transmission featuring multiple
tractfon contracts, in a regenerative power. The traction
elements are a crowvned roller and four (4) cones in the
regenerative design. " The cones are aligned so that the cone
ax{s {s displaced at one half the cone angle from the trans-
mission centerline, This puts the inner surfaces of the cones
parallel to the roller axis. The roller is moved axially on
a recirculating ball spline to affect a ratio change. Power
is transmitted through the traction elements to an output
planetary differential ring gear vhile feedback power is
transmitted through the sun gear of the output planetary
differential rollexr shaft., Tractfon ratio changes cause
the output shaft speed to change.

PRI LY X TS IR SRR PO S LR,

The CYT designs presented heraein result in 1M htvclﬁht.
highly efficient, cost effective transmissions to be used in
an electric vehicle. The designs enable the use of a power
atorage flywheel in conjuictfon with an electric motor, with
an electric motor. Slight modification to the basic design
provides immediate adaptability. -

The computer control system provides exact ratio and
speed changes to match the storage tlzwheel speed to the
vehicle driveshaft speed. - Power may be taken from the
flywheel to propel the vehicle or it may b¢ restored to
the flywheel through braking., The flywheel may also be
charged by the electric motor.

Study results indicate an overall operating efficlency

of the regenerative CVT as 91.5% for the mesn power condition,
16KW (22 HP) and 3,000 Rpm output. Calculated efficienc

ranged from 92.1% at 15KW (20 HP), 14,000 Rpa in, 3,000.Rpm
out, to 76.64% at wheel alig "Torque finit™ of 39.8K% (53.4 HP)
with 28,000 Rpm {nput and 830 Rpm cutput.
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The low wefght and cost of a computer controlled traction
CVT, coupled with its high efficlency, make {t a viable
transmission system for an electric vehicle. Those elements
which rerresent relatively high risk areas have been addressed

in detal Any questions or potential shortcomings of the

design capability at this point would be addresse during test

and demonstration. )

it is recommended that a foilow-on program to conduct a

detafl design, fabricatfon and test program be conducted on

. the basic regenerative CVT or hybrid multispeed shown herein.

] Integration of the CVT with the computer control syster into
the electric vehicle would compliment the optimum propulsfon
system for the E.V,
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APPENDIX A

STRUCTURAL ALTERNATIVES

e R . A '

Based on the detailed analysis of the current design the
following considerations are made &s means io improve design
if required to resolve cited prospective problem areas.

T e R N R ety TV SR .

1. .; Weight may be decreased and cost reduced by conver-
ting to a three cone ag.ten. An approximate 4% increase in
cone radius provides the added power capacity for the
regenerative design and no change {s required for 3 cones in
a multispeed arrangement. The restraints being compressive
stress and cone bearing performance.

. t-.;.—.»*»*y:--vh-»ma.,‘zsal.iw>-~ A

2. Change the shifting mechanisn to a ball screw powered
by a reversible-modulating wet clutch, driven by the input
roller shaft. Or use a hydraulic cylinder to provide a less
strenuous, rapid shift capability, and to eliminate bending
loads on & screw. Strcngthen the roller carrier by using a
lightweight webbed assembly to provide continuous, unf form
thrust on the roller carrier bearings, or include two or more

screvs. .
PR WS 7 TR

"Gibs and vays" may be substituted for the linear ball
bearings at the pads. gure 25, page 173, o
PR TR R & & wEA Ry L, v & s il
3.°% Convert the piston loading and cone mounting to &
conftfutation as depicted {n Figure 26, page 74. The self-
aligning Spherical Liners insure proper earing normal forces
under even siight cone deflection or bending. The belrlns
1iner recepticles boinf fabricated into the case for rigidity,
(in 1ieu of one end being subject to deflection of the piston
{n the cylinder and cone loads indueing sidy forces on the
control plston). . e
sib Lasdabi b v e A S :

.. The gear end spherical liners were selected ollghtly
larger in diameter to permit the cone to pass through the -
tiner recepticle on assembly. The cone i3 werely passed through
the hole and the lover journal elid into its bcarln%ﬁ The liner
and gear end bearing pro orlg centering the cone. e cone 19
free to nove‘nxiallx n its bearings and follows Ats center
1ine angle tovard the transmission center line until it con-

tacts the roller.

The cone will contact the roller at a specific cone
dlameter depending on roller location on assenmbly.

n
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The spiral bevel gear shoulder should be accurately
located a given distance from the large cone shoulder or a
“finish to fit' sleeve used to space the gear properly along
a keyed output shaft for correct gear mesh at cone contact
with the roller.

. RIS IR Y & B F T F R

The technique provides simpler assembly with assured
alignment and greater all azound wigidity. ;. :t:

RN P ;\glewwwlw hi’(a%«

In addition the spiral bevel angle can be designed to
provide thrust i{n the contact loading direction as a function
of traction force (torgue). One of the major complicatinns
to the optimized control system was the external load induced
siip changes and response required to accommodate shock ..
loads. Spiral bevel gear thrust with torque, insures that a
rapid rise in external load, {s countered with immedfate rise
in contact normal force. The load transient cannot induce slip
withcut increased tor%ue sutomatically provldini incveased
normal load because of the traction force to slip relationship
on the rising slope of the curve.

C N 3"@:1»"!3\;.-_‘_, B P Tt ..

The spiral bevel angle should be selected carefully so as
to place its response just slightly less than the correlfonding
A TCP/4 CS slope selected for computer operations. (A slight
"inadequacy"” to maintain traction for the traction coefficient
of the best fluid considered for use). Regular ofl would then
rely more heavily upon the computer to mafntain proper traction.

) P g dewmow sipgrk g 1

The ¢omputer burden would be acutely reduced and fts
adility to respond greatly enhanced. L::. , .

. s R T S % Y bEE ( QR FARE§: B a8,

One added notation (and bdenefit) is the angle of the
g:essura piston. ' 1t 1s not perpendicular to the normal force

ut has a mechanical advantage of 1/tand. ~ For the current

: avendn - . A .

cone destgn 1/tand > (99,24%) % 6.167/1.% And the 5.5%one

has a 10.4/1 advantage. the required control pressure (s -
reduced commensurately, brlnging pressures {ntd the range of
the lubgfcation systemn., 1his elininates the requirement fur

4 high zxessute~oycten.‘ Also the plston ts free floating
restrained from rotating) and suffers no effects from ¢one
orces due to load, Only minor travel {s required for losding
and unloading which {9 accommodated within normal gear backlash

at the spiral bevel. A plston stop should limit the relaxation
travel to restrafn géar backlash to fts waxitnm allowadte

value during 1, 4tial startups, even though there is a spring

in the ¢ylindes to maintain wintenn pressure.

Siip in the junction fnsures proper 1oad sharing between
the cones.

A s2al) ocifice through the sl.ton injects ludbrication

to the lightly loaded thrust bescing separating the cone and
plston,

%
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loading with limited vesponse then needed from the computer.

P23 RPN SR § A

. . - . Y-S 3 FE N -

%. " Change power flow to provide conventional output
shaft rotation using the same cone design and the same output
speeds, (Figure 27, page 77). Stresses are the same as before
because ratio expansion is the same. It requires a nllghtiy
larger planetary. Ring 140 teeth, sun 40 and planets 50 teeth,
in comparison to the original of iOO. 40 and 3( teeth res-
pectively. . o . o

P T W e R A N T A . -

The increased size, however, is offset by the elimination
of the spiral bevel-helical fdler gears. The new spiral bevel
Junction is larger in piteh diameter {20/120) and should prove
note efficlent. However, Aust removing the idler gears and
bearings saves 1-3% over the operating range. ‘

i ba BEEARESL oL p SewREs DErae dag < TR

$. . The predominant loss is (st the highest reduction
ratio) in the duplex cone bearings. Power 108s curves closely
resemble the bearing radfal load curve. Figure 28, page 18
shows load distribution to the cone bearings, for the regenesa-
tive CVT. They share sverage loads equalig but; 91% of the
li{hceat load e(ng carried by the piston besring (a = 1.27 x
.91 = 1.15), and the dazlex bearing must carry 83% of the
highest loads, (o - &.l4 x .85 « 3,6), : The duglex bearings
then have a peak service factor. 3.13 times as large as the
piston bearings, (+2-1.56%). Cone tearing rvadia 10ad dis-
tribution ts enhanced by wldzninf the supgo:t bearing etance.
This becomes readily acceptable In the mu tispeed configuration
where internal horsepover is reduced to 4 fraction of
reaenetatlve CVT horsepower over the operating range, This
zeduces cone bearing loss lencttlvlt{ to roller axfal locaticn
and maintains a wore stable loss/Hp 1a the bearing area.

16
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Cone Bearing Radial Loady N X 10° (ab x 103)
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APPENDIX B

oLV dsesr .

MULTISPEEDING IMPACT ON .

N . DESIGN AND PERFQRMANCE

L Lo idiisiat boiiah il

. Multispeeding step gear transmissions are common in the

industry but multispeeding in conjunction with a iimited range

CVT is of current constderation. r First, cne Yrimaty feature

of a CVI, the simplicity, may be lost by multispeeding. Second,

the drivability must be carefully considered. Other considera-

{igns are cost, sfze, weight, control, efficiency and service
e. B .-

C L andd h IR AR O
_ Size and wefght appear to be reasonable with the overall
design envelope being conducive to retrofft 1f desired. Cost,
control, drivabflity and survlvabillt{ all seen reasonable if
the methed of multispeeding s carefully considered. The
efficlency and survivability of the traction components is
greatly f{mproved by multispeeding.

2E e s e Bviveners: g,

. S ! By A N . -t

Control and drivability are test achieved by clutching
the existing planetary tc redirect powerflow to change range.
clutching't e existing planetary also minimizes the number of
parts added co the system, vhich s helpful from the size,
wefght, cost vantage point. )

Ly TR F P A

The addftion of clutcher should not be detrimental to
survivability since elutchitg 1s deslgned to occur at points
on the ¢one-roller junction vherein there {s minfmum or no
speed differential at closing. g&j‘“ PTTTIRaY 1t TN
< ATEARm— ;. o el N
“Flgure 29, page 81, reflects the desired principle of F
the clutehed {anetAtf ,gowct flow ¢hange, .for achieving range
changes. Ultimate ef {e ency 18 obtained by providing two ...
direct cone drive ranges whereln power regeneration is avoided
and in between these two ranges providing a regeneratfve powar
flow through the planetary to reverse the cone function 80
that a range chanie nay bé nade without Raving to relceate.
the roller as part of the shift. While this Ras been success.
fully done on paper it does require a complex elutching =+ -
arrangecent and another approach is indicated vhere acceptable
to the sggeif!c application. The elutehin comploxlﬁg is not

f

g w e

intolerable and Lt does provide very low atress, 1ight weight
design of the traction cowponents and operate continually at
high effictency. . Vi
B T e R AT L L e R . X

A simpler approach, shown in rlsuto i, {ago 8), 1s to use
a lockable torque converter to provide neutral and hl h inftial
reduction raticens, for range 1. The.rvoller f¢ located at the
winor dfameter of the ¢one and remainse there uatil come ninimun
design speed {s schieved, The torque converter provides a
smooth {nerease {n speed to the {o nt that the CVT may come into
use. This provides the same ninimal stcess designs ad before
but with oaly about half as many ¢lutehes and components,

»
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8 PRI X L R S . g - &

& R gt i i b g | b IDR b Ll
L Range 1 {s with clutches "b" and “¢" engaged and the torque
converter in service. VWhen the minimunm speed (with scme range
overlap) is achieved, the torgue converter begins to lock up.
During this transition the roller only moves to maintain a surge
free shifte, b{ compensating the traction ratio downward to off-
set for the elimination of s;ig vithin the torque converter.
This is a relatively minor roller motion and while longer than
other shifts {n the multispeed design, it is no longer than the
shift of & conventional automatic transmission; plus does not
induce the surge or shock of a conventional shift incurred by
the step change between ranges. . Caies . .
LR YR e LRSS ERMET TR o
. The power flow in range 2 1is through the input spiral tevel
gear driving the cones, through the traction junction to the
roller. With clutches “b" and "¢" eniaged and the torque con-
verter locked, the output (sun gear) is forced to co-rotate
with the roller and no relative gear motion is involved. As
the roller is moved toward the major cone diameter the roller
speed is increased and hence the output speed {ncreases.
ERERE A e W 3 177 ¢ 13 b
When the roller approaches the major cone diameter 2
point {s reached whexe the roller RPm exactly matches the
input spiral bevel iear and clutch "a" may be closed without
a elosing speed differential. Clutch "¢ 1is opened and Yower
flow 18 now split with part fiowing from the input spira
bevel gear driving the con¢s AndTgart through clutch "a"
drivlni the planetar{ carrfer. e part flowing through the
cones drives the roller vhich now only drives the planetary
ring gear. Aa the roller s relocated toward the minor cone
dlameter the ring gear s sloved and it may be seen that
power flowing through the planetary carrier fnduces & step
up speed to the output sun gear, e split power mode
provides range 3. . ... . . , )
s = T A T S PP
. A range 4 may be uted in some 2 pllcationa{ vhich 19 direct
mtor drive accomplished by positioning the roller so0 that the
fnput spiral bevel speed matches the roller speed, then engaging
all clutches and locking the torque converter. By leaving the
roller in this posftion the output speed 13 & direct function
of motor speed and no traction contact losses or geat losses
are generated; this could provide a useful openroad range, i
R ) T LN ¥ Ll Ry L PR :,lmh\-;.
To 6vercome the inherent thrust developed on the cones by
the eone angle, in combination with torque and preqsure, and to.
provide an exc¢ess cf mechanical spiral devel gear thrust ionglng
wlsh torque at the cones, the spiral angle would run from 15% to
28° a8 a function of other design variables and the flufd used,
The computer then "unloads" the tractfon contdet to optimize the
sower capacity and efficlency. Plston ¢ontrol greolureo tequired
n the structure are geduced to normal lubricatisn oll pressures
thereby eliafnating the high greonurc ofl system and further
provides a failaafe control since the transaiseion will work
vithout the benefit of optinmization through unloading pressure.

40
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Rp," HP A Regenerative CVT as Studied

Flywheel/Power
Condittions
A - 14,000/10 L.
. Volumeteric Efficiency
B ?1‘990/40 Over the Operating Spectrum
Cc - 28,000/100* of 7.5 K4{10 HP) to 75 Ki(100 uP

100

OVERALL EFFICIENCY (%)

Plgute 101

bes
Mdabinion- o *c o vk ess

or*sheelslip Limit )

® Typical Multispeed Design (3See Fig. 31, pPg 83)
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APPENDIX C

CONTROL SYSTEM DETAIL

Re!errini to the analog tlow diagran tiéure 32, pege 85
basic automatic slip control is achfeved as Rerain described.
& A
_ TSt; Traction Sgeed In (Roller) and Traction Speed Qut

(Cone); 150, are either in the form of a voltage roportional
to Speed (if permanent magnet generators are usedg or pulses
from an encoder are converted by a frequency to voltage
converter (£/v). N

_r' (RS SV E A 4 . . - [

L. At this point either 781 or 7SO is applied to a high
quality operational amplifier (OP amp) such as MC1741CL with
the other signal being applied to & transconductance quadrant
muktiglier. for examgle. a MC1495L.,  The output of the
MC1741CL s also a{p 1ed to the MC1495L. The response of
this loop is to mu :lgl 180 output by TSI and this product
s applied to the MCii4lCL terminal as negative feed ack.

1o this fashion the MC1493L sultiplier in coubination with
the MC1741CL forms a divider with a net resulting output of

vy = 210¥E o usk (Measured Speed Ratio).

SERN TR O TV S

. MSR and TSR arxe then applied to the inputs of another
divider network with the resuiting output being MSR/TSR or
vice versa, Either arrangement produces 4 £inal output that
represents % speed.

- oL dg- 0 .

For example f -1QV out equal: 100% (no-siip), then 95%
would be «9.5Y out. 1f the reciprocal mathematics vere used,
95% {geed would produce an output of «10.5v. 1n each case

% silp prqdqegn_ova chaage in the proceasor output.

PETLE e TR 1 Sl T AUy Rt amind
‘ 1t may be seen that paseing % speed tnto an “offset nuil"
0SN) shifting amplifier and adiuntlng 10v {nput to equal

out, the 0,3v change vith 5% elip will groduee 4+ 0.5v
output, - (This step 1s not neceasary a3 wi 1 be shown, ) ma&
However to continue the slip contro theme, traction p yoles
1s indifferent to slip 4/ eondition.” Siip 4/ should not be
confused with 4/« siip uted previously., #/e slig denotes the
guanttt{ of n\lg as insufficlent or excessive, Siip +/= is
a2 Tunction of the roller having a higher of {ower peripheral
velocity than the cone (leading or 1agging). Such transitions
can occur when the conestoller junction goes from a retarting
{otc:‘:g a driving force or during scceleration to braking
ran ons.

84
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Since traction {8 & function.of +/- slig and {s indifferent
to vhether the slip is in relation to the roller leading or
lagging the cone (alfp +/-). . The (OSN) slip amplifier output
is appited to a precision rectifier (PR) constructed of two
Ogerational Amplifiers (OA)., This insures detection and w.
linear amplificatfon of very small signals. (Caution: simple
diode rectifiers cannot be used without very high gain of the
slip sigaal because the dicde PN junction has a low voltafe
breakover regfon where current flow i{s a non-linear function to
voltage.) The P.R. arrangement &8s very important since out
;zntem,is anlayzing low slip values, near zero voltage outgut.

¢ alternative of making 1 e3u31 3V means hiih galn and is
prone to produce oscillation, drift and fnstabilities that are
generally to be avoided.. And even at 1% = 2V, the PN Junction
of some diodes are very non-linear from 0-0.4V which {s 0.2%
slip equivalent range that would decome non-lfnear.
B TR S s JOT T TOIRILI N

The output from the P.R. is computed slip (CS) and is
applied to differential amplifier (DF). The other DF input
is a slip reference voltege (RS). It doesn't matter if the
- (lnvertini) or + (non-inverting) terminals are used.
Whichever signal i{s applied to the - terminal is subtracted
from the + signal and the output {s proporticnal to the
difference in the two respective inputs. The choice of + or -
inputs for a particular signal must agree with final drive
supply voltage and the proper response on demand.

The output swings +/- in proportion to the difference
between CS and RS dependirg on which 1s larger and which
terminals have been selected. _

Cor ARl ERRLE AR RE. - P g - s g

The DF output is ollg error (SE) and {s apg!ied to an
integrator, which {s an 0A with caiacitlvo feedback coupling.
The output goes up with even the slightest input current,

The output rise £s coupled to the - terminal and tries to
suppress the rising output, but as the capacitor charges. the
negatfve feeddack current dimintshes. With less feedback
the output continues to rise,.° When the capacitor veceives a
full cliarge the output will be at maxiwum voltage. 1In this
manner even 0,1% error continuen to demand more and more cor-
rective action until exror {s 2iro. )

PRI R R r T S I R

The dlode 18 used to preclude the Integrator from satura-
ting {0 the opposite voltage, 1f alip were less than reference
the integrator unwinds from fts saturated pressure degand
condition and would begin retuming to tero. (f the diode s
not used the amplifier would go past gero and saturate at -
voltage supply instead of plus volts supply. With a single
ended +12v supply to the defver transistor the only {11 effect
would be time loss in response to error requiring renewed
pressure demand,

86
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The ocutput from the integrator drives a power transistor
in the emitter-follower mode to operate the pressure control
valve (PVC) wh}chﬁqltimately causes a pressure change, and slip

-
)
Lo

correction.

5 &&:

o &

Higi Lo esel L -

The capacttive effects of the integrator makeﬂlg;'response

slover than the detection and computation of error. R, added

to the feedback loop of the integrator provides a more
Practical integrator which is much more stadle. It provides
'proportional band” control where demand for pressure is in
response to error magnitude, supplemented by increased demand
as long as error exists.

Examples of other control modifier signals (optional) are

shown attached by broken iines. ;- . .  » ..., ”
in e T h 1 g kol sk iy

. The - terminal of OA's are electronically held to ground
potential (not grounded but held to zero volts) by fnternal

circuit, The OA functionr are based on currents flowini in the
mportant

system to hold the - terrinal at zero. This 1is & very
feature in that several .nputs may be tied to the « terminal
simultaneously by input resistors, With the common side (-
terninal) at ground potentfal each input remains effectively
fsolated. Their input currents produce a collective output
or forms a suming funetion: (A + B).
CoL e, R e IO et ety

The rate amplifier(s), (RA), with capacitive inputs con-
tribute demand roportionai to rate of chanie (8). 0 are
shown: 4 SE or Rate of Slip Error change and ACS, Rate of
Computed stig change. fthese subcircuits contribute stability
to the overall control by alterin, the demand response under
certain conditions. As the rate of error change gets larger
an even greater correction dexand {9 made to get the
situatfon under contol,

4 . . N . : -k

Another modifier showmm Lo CS, which simply grovldet

some baseline pressure demand proportional to sl
R LU L \ e T T R T

Obviously the combination of modifiers 10 virtuall:- un-
1{aited, ' For exam{le. tha peak traction pofat changes with
temperature (ofl v |eoalt¥) suzh that & temperature modifier
would appear advisable, Traction, hence optimun slip vaties
with pesipheral velocity (fila th(eknoao) vf the comPonents
and & speed podifier should be added uaing TSt or 7SO afgnals.
The traétion contact patch geomatry changes over the ratie
range settings hence 2 TSR modifier way be added. Even
pressure (norwal 1oad) ¢hanges the contact patch and optieun
:ltg sng 8 Traction Control Pressute (ICP) modifier could be
neluded,

P,
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Many of the traction variables will necessarily need to be
determined empirically and the decision regarding control
modifier cfrcuits made as a function of cause-effect.

A S L b : : .4 - . R

One other logic loop is shown which {involves two comparator
amplifiers {(CA), and AND Cate, and Two Transmission Gates (1G),
(TG's are electronic switches, controlled by the signal line
shown on the sfde). .- )

Fo B S b o o b R R e RO

The CA's will saturate + anytime their + input exceeds the
level set on the - {nput, and are clamped to zéro anytime the
+ input is below the - input reference, by the negative feed-

back diodes. . e - Y

One CA {s monitoring slis nd its reference would be set
Just above an empirically derived worst case (normal) ogetating
conditfon. The resfstor and capacfitor shown {n broken ilines
would provide an appropriate time delay, sensitive to the
magnitude of the signals. A small transient would be given
louger to be corrected than a large transient. .If slip remains
above normal limits this CA will go from zero to maximun .
voltage., Logically the output {s viewed as a “1" or 0" in
binary terms (on or off, resectively). The "1" or "0" output
1s apnlied to one fnput of the AND Gate.

U R R M X 35 i

The other CA operates {n the same tmanner and {s monitoring
Traction Control Pressure (TCP). This {s the actual pressure,
not demand for pressure. Its reference is set gust below the
maxioum control pressure availabdle as dictated by the high
pressure supply manifold adjustment,

The logle {¢ that {f slip s decoming excessive and
maximun ¢ontrol capability is deing approached, an unsafe
operatlns condition {9 about to oc¢cur; a4 prodlew that must bde
corrected. The AND Gate will gee both conditfons and transmit
a "1" output which oiens transmisafon Cate 1 dropglnf pressure
to 2ero and an auxillary signal fs sent to the Vehicle Control
S{aten (VCS) to shift the zoller in a tracking mode to bring
slip to zero and keep it there.

. O e TN vhel B R
Diodes from the AND Cate output form a latch by auppl¥ing
false "high slip" and "eontrol eatacitg reached’ inputs. The
l1atch is reset by the Vehicle Control System opening 16 2
breaking the false signal supply.
. i A A

v u PR T . St ey

A tener dlode crossscouples the “high olip" CA output to
the TCP imit {nput to the AND Gate. The pLrpose 1s that a
faulty relief valve, scoured pumy, faultg pressure control
valve, plugged filter and man- otter problems could cause actual
control pressure avallable to o1 1ess than normal, eauolnﬁ an
fnability to fncrease pressurc on demand. £n this case the
high s1ip output would i1 tie tener breakever point and shut
the system down by 3 : #lon-

¥
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An alternative to zener dtode protection would be another
pressure transducer on the high pressure supply manifold to
vary the TCP reference but that adds cost and still would not
protect against PCV fatllure or plugged filter problems.

R . B A e o S v - R

Whereas the zener diode effectively determines the controls

are not getting the job done and shuts the system down,
. H-ﬁm‘:h‘.}‘i?‘!*e&“J!'pw eia. e o »

In this sense TCP need not be considered at all but its
tnclusion provides an early warning when the problem is vehicle
overload or some problem other than hydraulic controls are
creating the high slip condition. ¢ .

b e e X I skl b e g R AR - th»: S e ¢

Note that CS also is sent to the VCS system.
be discussed in the V(S presentation. s Y IR

. Previocusly 1 mentioned that the OSN sequence was not .
necessary. s This is because % speed is just as effective as %
slip in control of the system. To eliminate that atep the OSN
becomes a D7 with a % speed reference {n lieu of a % lli.g .
reference. 3 Lf % speed 1s correct (equal to reference) the
output is automatically zero and if % speed is greater or
smaller than the reference the output swings + or - accordingly.
Through the PR an error signal is then applied directly to
the integrator. . .o:i...:.. . .2oceli. .

This will

o ulling §resdg s+ TRE AL RTINS

1f we supply a 951 speed reference we are by negative
logic demanding 5% slip. The system can not tell the difference
in terms of exror and ultimate control, goxi . - sy
~ R R AR S A e . gii-c v, M3

. One last point regarding the basic presentation.’, Trans-

conductance multiplier circuits are quite delicate to calibrate
and used as feedback modifiers to achieve division, become
100-fold greater a problem at small signal levels. - Cascading
two such networks presents undesirable calibration problems.
This has besn overcome by using TSR directly as a gain control
ﬁg:tgor around the % speed amplifier, in lieu of the second

L.

As shown mlrigur‘ 33, page 90, the gain of the 1 speed
amplifier is expressed as:

Gaio = g F T

Since TSR = MSR (without slip) Rx and Rz are adjusted to

. grovide a constant % speed sutput for all TSR ratio settings

f no slip is present. !
DY
For exacple, Lf the roller speed were 5,000 Rpm and the
cone speed varies from 10,000 Rpm to 30,000 Rpm, then TSR

89

C~ >




RO T CA

- ———————— . ..

Rz - st
RS - -

-—— —~— - —_— A e . ¢ = e
. . - > »' - . T .
ahde i Sl . ) v e

T

TSR

b Yo

% Sli’eed Optional -
Divider Structure - : °
(¥rom Figure 32, page 8S)

Fipgure a»

A,

% Speed




N T = L TP
produces roller-cone vratios of 6/ to 2/1; a cone speed
variance of 3/1. - TS IR
R X 3 TR e P ¥
The conversion from true
by a scale adjustment at the

iy - 6 LR wRIBRRE E g

6/2 xatfo to 3/1 fs accomplished

CR, MSR divider and is not crittcal
in that once set, a given rat{o becomes 4v, 6v, 7.2v, or any
relative value., The important point becomes matching che gpan

r
1

i - Of CR vatios (MSR without elip)
s Rx and Rz and not the absolute
? calculation,

output by calibration of rsﬁ,
value or accuracy of ratio

If TSR travel with roller position varies in ves{stance
. from 10K ohms to 700.a; for example, Rz and Rx values for
! proper performance may be found by:

!

)

| L S
|

|

2. 7004 = .7X =31

d: Rx
an - -

] Since: Rxl - sz

FETSCRR)

7.9K = 2Rz

19K | o

Rz = 3,95k

- ——————— e =

3;»
-

=1

RX} w3 (7R + R2) = 2.1K + 3Rz

sz = 10K + Rz

Therefore: 10K + Rz = 2,1K + 3 Rz
10K = 2,1K = 3Rz - Rz

e —— g e
= e
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Hence: Rx « 10K 4+ Re = 10K + 3.95K = 13.95K
and Rx = 2,1K + 3Rz = 2,1K + 3{(3.95K) = 2.1K +

11.85K = 13.95x

Likewise: -
13.95K - 1
and 13,95k 13.95k , ,
IR ¥ 3.95% .

Results:

Rx = 13.95K

Rz = 3.95k . ) -

- s,r'i;a' P B 3 gl N - N ,,s i "" _;’) - .

For different ratio ranges or different values of TSR

resistance over the ratio range these values will vary. But

88 outlined here for a given "no-slip" MSR, the % speed .cx !
amplifier outgut will always remain constant.as the transalssion

1s shifted. If MSR is offset by virtue of the presence of slip,

% speed output will change. Yo achieve this the TSR Leada are
reversed so that when MSKR = 3/1; TSR = 1/1 and when MSR - 1/1;

TSR = 3/1, thareby providing the constant % specd output with

no actual slip.

R s o T = R N
Optimized Traction Control (OTC): - ) ‘-
g — TRy ——e S B PV R R Iy
-*4 In lisu of simple slip control which must be tuned to
etpirical parameters and for maximum effect or benefit must
use additional sensing (such as temperature) another technique

may be used. 5 3 e o oy

S . . e T T O

° That technique involves recognition that every traction
fluid or ofl has a peak traction point. * This point (in terms
of slip) varies from one fiuid to another, temperature,
peripheral velocity, one transmission design geometry ¢o another,
and even at different ratio settings within a given transmission
design. See Figure 34, page 93.

i . i -
- % . Lo E3 e coee
The control system just discussed can be calibrated to a
specific transmission desizn. But to function over a wide
rnnie of environmental changes required added components to
wodlfy its response to such variables and would not work
properly if a different fluid were substituted.
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1,55 (350}

1,333 (300

Traction Force, N (1b)

44 (100)

222 (50)

Figure 341

1,111 (250)]
889 (200

667 (150)

mewm— wor vwer . B e wre e W W .TT

O Foints cf rqual Tractlon Force (Torque)

T s Cptinum $13p Folnts

ffects of Terperature, Speed, Geometery ani
{ Alternate Fluids on tre Traction Optimum uilp
value,

[}

" constant

0 (o)

% Siip

Typical Traction Curve (Constant Normal Force-Pressure).
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, The fact that every fluid has s pesk, and variables only
move the peak cllg value, permits us to develop & controller
that can be attached to any traction drive, using any fluid,
in any workable envivonment, without the necessity of specific
calibration, and vill have much less sensitivity to calibra-
tion drift in the slip computer section.

e B W

It {s shown in Figure 35 and 36, pages 95 , and %6
respectively that regardiess of the absoluts slip magnitude

for .peak trsction, the rate of slip change to rate of pressure

change ( 4CS/ ATCP) = » ,

[0 B

B S R Y OO

. THIS STATEMENT HOLDS TRUE FOR EVERY FLUID, EVERY KNOWN
TRACTION DEVICE, AT ALL SPEEDS, TEMPERATURES OR RATIOS.

v - .

. Control (OTC

. - » - - g v v -
With chat in mind we can start with CS and TCP signals of k
Figure 32 , gaze 85, and develop the Ogtimiud Traction
system, Figure 37, page 97, =% 3

PRI R . :

*:% €8 and TCP signals are converted into +/- 4CS and Gt
+/- ATCP, These rate signals i{n turn are thea applied to a PR
resulting in 4 CS and aTCP signals, The previously described
divider network then has an output that {s proportional. to
a TCP /a CS vhich §s a vepressntation of slope. 2 Slope {dentifies
vhere on the traction curve the system is operating. = =~

S R Reencnet; DA, e Rl O o

Unlike the basic slip system this system would prefer i
& TCP/ ACS instead of 1CS/ ATCP because as shown a slope - |
calculation of 0/X results in "0". 1If 4CS/ 4TICP were used then .
the peak 1s X/0 = = and saturation of computer circuits would
result in data loss nesr the peak. T i h TR 773 O

* The operating slope (0S) calculation and the desired alope
reference (selected operating point at or near the peak) are
applied to a DF. The DF output is +/- slope ervor (SE). SE {is
applied to the - terminal of an integrator such that - SE
produces a + voltage rise out of the integrator. Referring to
Figure 38, page 98, it may be seen that - SE means a slope
value less than the veference (SR), hence closer to the peak
than desirable. The + integrator response will produce a
demand for increased pressure which will reduce slip, bringing
the operating poiat back toward SR;. ...

B S e e e N i £ A RTINS .

. Just as a typical traction curve reflects two equal torque
(Traction Force) points for given values of slip and normal
load, see Figure 34, page 93, equal slope vilues also exist
(See SR; and point 2 of Figure 35, page 95 . A shock load

could transieat the operating condition into the + slip n'g!.ma.
The problem is that reverse logic is produced by control systema
for that slip condition. Such that at point 3, for example,

——— e
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Yraction Control Fressure (Hydralic) Normal Fovee u/kzx 105 (pei X 103)

2,3 (3.5)
2,0 (3.0)
1.7 (2.5)
1.3 (2.0)

1.0 (1.5)

7 (1.0)

333 (.5)

0 (0)

Figure 35

I

tqual +/- Slope Points (Note sllght offset in
pressure values due to asymmetrical curvature.)

Feak traction (rote slip peak is not centered
betwveen equal +/- slope polnts,)

- THTATM € T T4 PIEETI

5 1.5 2.5 3 35 L.s 5.5

% Slip

Typical
Traceqzn Curve
Pressure ¥S % Slip
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Rate Ratio Control Response To Peak Traction

2.9

3.2

3.6
4.2
4.8
5.7
7.1
9.5
14,0
26.6

b}go
90.0

18

(Invert Lor ATCP/ACS, e = 0)

24
22

20

16

14

12
10

oy
Reference

0t

& L2 T -

O N -

5 1.8 2.5 3.5 4,5 5.5
1 2 3 L 5 6

% Slip
Typical Rate Control Curve

Pigure 36 , (&cS/HTCP)
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the slope {s too lsrge and the norwal response for corvection
in the - slig vegime {8 to decvease pressure but in the + olip
regime must Increass pressure, That cendition {s disalloved
by the system rathey than developing reverse logic control,

o e 5 YR P i gannlii 6P 0 i L nibe .

This {s accomplished first by driving s comparator with
the OS stignal, The stor Limit Reference (SLR) will demand
maximum correction anytime OS falls below the preset SLR. It
will continue to démand maximum pressure for as long as 0S
calculations fall below the SLR settings.

Ga UHIINE GEY L A Y
. With adeguate hydromechanical response designed into the
system fanicially the OS Limtt (OSL) should greclude a + slip
condition from occuring. ' xgoadis - g

e gy K

Lo Bab s e aNEICS UESE Y LEHUE R

Hovever, the c¢loser to the peak we can oicute the more
dramacic the benefits of 0TC.™ But consequently a greater
hydromechanical response must be available to maintsain control
and the easier it bdecomes for shock loads to cause an uncon-
trollable transient into the + siip regime. Iw ;p-u-3p1:

R SRR TR ES TR L S A K

Therefore CS and OS signals are analyzed for their trends.
It nay be seen in Figure 35, gage 95, that as the traction
peak fs approached in the - slip regime the slop values
decrease vwith increased slip and slope values increase as slip

Il

decreases. But in the + saip regime slope values increase as slip

increases and vice-versa. In the + slip regime “parity"
occurs i{n the slope and slip trends.
.- “ I R

PO TS5 4 PRy [ i i ‘e o
. This fact is used to fdentify and prohibit continued
operation in the regime by constant demand for increased
pressure. . o Y |
O TITITEE =8 IR DAVES W T Y8 S8 T 70 & B ninad S TR B
This is accomplished by isolating +/-ACS from a compara-
tor using a dicde. Only #CS becomes applied to the CA input.
The other fnput i{s grounded such tbat any +ACS caused waximum
output. The feedback dicde precludes spuricus - saturation.

o EegLd : . - A i

0S is applied to an RA to provide +/-A0S and an
fdentical structure reduces the signal to an "0" or "1"
(+405) output.

......

AR e R b B e vhes o P g2

.+ 0S and - CS logfic signals are applled to an VExclusive
NOR" (ENOR) Gate. The ENOR output is "0" for any conditions
except two "0" fnputs or two "1" inputs. Anytime CS and
A0S are the same, both."0" or both "1", we are operating in
the + slip regime and LNOR response is a "1" output.

The ENOR output {s spplied to an OR Gate in conjuncticn
with the OSL logic output. Anytime a "1" appears out the OR
Cate, maximum pressure 1s demanded by the PCV Driver.

The result is a control 's'ys‘tem that controls pressure to
maintain the traction junction operating at slope calculations
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around s rveference value near peak traction. Once error in
control exists beyond a preset CSL amount, full pressure {s
demanded until the veturn to the normsl control vange -- even
i1f the peak {s transiented in the interim. This may be
fnsured b{ using a ’‘sample and hold" of the slip value at the
time OSL indicates the Cransient may be imminent (not shown),
FUYSTE TP gy

as a reference. st oo fa
erence. ffiﬁ.!..;..

. Just 88 in the basic slip controller Q;hcr modifier

signals are readily available for OTC, Ly#&2" . Jj.,s: -5
- 4 s s o

L

* Since basic slip control caa only do what ve tell it to
do, and cannot tell if that is vight or wrong, ve must test i
eupirfically the effects of temperature, speed, etc., and i
oodify the control response to maintain maximum benefit. The !
OTC system just described will control the pressure to =« ;
maintain optimum conditions even if regular oil is substituted '
for traction fluid. And sutomatically compensetes for all [
variable effects without the necessity of measurirg those . i
factors or withont knowing what sffect such variables have, i
because OTC analysis is of the traction slope produced, after

the influence of such varisbles. AV ELE:&. Sassdus . . | :
"t-—_'-ui-r-buia wbilehs albetaliban . '

Figure 38, page 98 , is a typical control response to
conditions i{n the junction. » The areo between the solid line
and dashed line represents the effect of the integrator with
time. The solid line therefore i - instantaneous response
and {f the error continues the demand for correction will
corraspandingly drive the PCV to full pressure or no pressure
in an attempt to bring conditions exactly to the SR point.

M-+ RS 20 ¥ R e : . S .

The problem with the OTC system just described is that it
only works with a fixed load condition where 4CS is gnly in
response to 8 TCP. :1).22%%. SRR

PP ROEA TSRS Y T NS R SRTREE DS * Of T XN
. 3! The automotive application precents varying external load
conditions and slip would vary with that .load, without a change
in TCP. ' This would produce false ATCP/ aCS slope calculations
and the system becomes lost. .

'Also the system would become lost under quiesent conditions
of caonstant load where aTCP and 8 CS both equal zero.  iHowever,
in this case the system gred\xces its own change and will
oscfllate thereby producing its own 2 TCP which would cause a

A CS response. :

Han& options exist to overcome theze probicms.

First, a torg\u sensing device could be installed to per-
mit computation of the % of ACS due to load change and thereby
leave the appropriate aCS for the ATCP/ aCS slope calculation.
This adds cost and complexity. .
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A hybrid zontrol Fhiloso, hy can replace the need for
torque sensing in 1¢ght of the {mproved cone mounting using
the spiral bevel to assist loading as 2 function of traction
torque., . L )
TR Sl s AR WS e ainl et

- It can be seen that low slope values vwill rvasult from
operating too near the prak or from externsl losd influences.
But the correct vesponse is fncreased pressure in both cases.

w~;.lm?’;&|ﬂr-iﬂi‘i;~';|§;‘ [T N S e SR ’

- It can be seen that an external.load incresse causins
slip to increase actutuz Zoves the operating Yoint toward the
deak and also produces the correce slope calculation change to
produce a corrective sesponse, o 4oio .-t .

T ~ i LYt T 2N e P

“ But & load decrease (vhich {s in the safe direction) could
falsely iniicate near peak conditf{ons and improper resporse
(but safe) of increased pressure would result. po..

x

I!“‘“""""“ v » @ P
 If & basic slip controller therefore were used as the
primsry control and slope calculations as a modifier are
introduced, a system of pressure response to slip (load
influence) around a selected slope point evolves. . N
i - Rk : . » Ll b e oy
3 In this technique slope error values would be averaged
and applied to the siip circult reference vii & suming amp-
lifier. An ocscillator could be used -to insure continuous
& TCP by peoviding a fixed dicher signal to the demand;
although the use of the integrator in the system as well as
dynamic loads may prove adequate on their own., 3ee Figure 39,

age o ; e % =3 e

Pa8e i s ki

343- In this manner a reasonable (safe) starting slip value
may be established and the aveufe slope arror used to bring
the reference into line with environrental ¢onditions but under
short term transfent conditions, respond to ACS as load signals.

et MM P2 o PVt GRS Mgk f L - PN

:ﬁ The net effect is a traction drive under torque feedback
response with slip calculations used to fine tune control

' Tesponses to operate at Or near peak traction conditions. And

slope iogic as wﬂ.l as 1ACS and CS modifiers to preclude
operation in + s reglma. o T
P i, & LUREAENT M W5 .P ﬁhim RIS S Sl %ﬁ{ﬁfg ifFa,
=¥ Unenhanced 0TC control would necessitate a high degree of
compliance to the dither signal as the slope values would need
comge precominately based on controlled = aTC? effects on 4CS
in time frames nuch faster than acCs produced dy normal vehicle
load charges. - ... . P
3 ":"'”'.:l;»“ BN~ LT s
This all becomes possible because for a glven set of con-
dicions there is a particular aCS in response to ATCP at
specific operating slopes and lower fraguency dither may now
be applied and the baseline ATCP/ aCS iltered out. The

temairing STCP and 4CS are vehicle load effects and slip

! 101




se TR Y, -

Normal FPorce

Tractlion Control Precsure (Hydraulic)

s CeedL Al

100 ms = 10 Samplés and Corrections|

By 0t Wi

PR . 3 ia

L2 (7)

4,0 (6)

343 (5)

2.2 (b)

2.0 {3

NAR X 105, (psi X 10%)

1.3 (2)
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Figure 39
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control response induced, ®The specific relationship of
A TCP to 4CS need not be known as {t will change as a <«
function of environmental variables. But on the averago that
information filters into the basic slip control and updates
the slip referenca. PEARAT SRRt oy o ammg g a2 s

Nl gy i

E ‘

In terms of tima, the system hydromechanical response
from no pressure to maximum pressure s 50-100 millf-geconds.

- The pressure available 1s calculated at twice that required
to handle peak desiin horgepower. 1 So from zero to full load
control capability In 25-50 milifi-secondss ususl vebicle load
changes are much slower than that and even shock loads o
(transients) would range from 100-500 willi-seconds. Rubber
tires, axles, drive shafts and the 1ike, absord most load

spikes but if necessary a torsfonal coupling may be added to
smooth out road shock permicting the computer aﬁequ«:e time ¢t
respona. . . :
+ﬂ;-ﬁn¢%&5@_;iﬁg§@;ﬂ et Ve . et
Optimum operating sifp will only change over a period of
1-5 seconds with temperature, speeds or ratfo setting and slope
aversging would allow 0,5-1 second to make corrections to the
slip reference. = - I
Ry - R TSP O . . ks R alh o KA
These basic concepts were provided in analog form to
better facilitate comprehonsion. Obviously such a system may
be conserted to digital and placed under the control of a
microprocessor, ., . . ° P
iy whie e VTR e vk M i PRt S N I T
The analog system would suffer from calibration require-
ments, temperature drift, non-linearities and physical size.
Its advantsage is constant monitoring and a dedicated systenm
. S PO I O

performing control. -=*Mi®hy gee o vo. yin: o S
4 | retmns s ki A ) ; Sk

The microprocessor (MPU) (programmlblol provides gro&ter
flexibilicy durtni development) smaller packaging and Righer
tﬁeed as vell s s avatladble to perform other tasks on a time
s arlnt basis, 1t suffers from nencltivitr to environmental
electrical nolee such as fans, turnlight €lashers and spark
plug firings. 1t can soon lose in terms of speed because of
the program tequired to fulfill complex‘:ompututiona.

SR A& S PR S $EF s oy ST R - L& -

The best all around system would appear to be a hybrid
between an MPU and anntog conversions, By converting monitored
dats (nto analog form, then wultfipléx that data elther
dlrectly or through & logrithmic converter, to an “analog to
digital™ converter, atlows us to supply a high ogeed MPU with
digital numbers that need only to be added or subtracted (4
computer cycles) to achieve addftion, subtraction, multipliea-
tion, or division.
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% Without logrithmic dats, multiplication and division time
by the normal wmultfple precision addition or subtraction
method will vary with tha value of the number being processed
and ususlly re:ilutru a few hundred cycles if numbers large
enoush to provide 0.1 accuracy or resolution are used, (i.s.,
1,000 or greater is 10 Bits minimm in binary). =&» .,

2 JP £ ‘
,i.r alternative 1s to supply a ROM (Read OnI{ Memory) for
lo§t£ehmic valuas over operating-ranges and let inpyut data
address its logrithmic equivalent for use by the MPU. & Thia
would buiuu{ double MPU cycles to 8 but eliminates multi-
plexer and anslog-logrithmic and analog ant’ .og_conversions.
This would be an overall preferred technique. It allows
ninimizing processing time without the bulk and complications
of added external analog processing, .. . o i o
- For example 1f the 7SO ard TSI disc has 60 aperatures and

TSO 13 .ginning at 10,000 Rpm, each aperature would oceupy ™
0.0001 of a second or 100 seconds él mill{onths at a second).
Using an internal clock frequency of 10 Mz (10 million cycles
ger second) 1,000 clock pulses would be counted per aperature.
S1 at 5,000 Rpm wmeans 2,000 counts would accumulate. 1f speed
vere important for display, the MPU would divide 10,000,000 by
the counts accumulated,

10,000,000/1,000 = 10,000 Rpm

| ST ..
10,000,000/2,000 . 5,000 Rpm .
S p TR T LS e e g g
However, that step is not necessary to control, as
ﬁavlo\uly shown, since the system {s looking at ratfos.
erefore the counts would address a log e;: valent wemory and
the respective 16gs would be subtracted. e logyq of

1,000 = 3.000 the logyq of 2,000 = 3.3010. ‘
3.3010 + 3.000 = 0.3010. ".The antilog of 0.3010 = 2.000
or {s equivalent to 10,000/5,000 = 2,000. 1f the clock
frequency {s not exact such that 10,000 = 8,260 for example,
8,260 Rpm » 1,210.65 counts (1,210) and the logm 1,210 «
3.0828. 16,520 Rpm = 603, Logyq 605 = 2.7818,

DY Y

L

-

3.0028 = 2,7818 = 0.3010 the antilog of which = 2.000.
Drift becomes relatively unimportant, R
rels N

Tev v s & s B ‘i Ll
TSR (a9 well as TCP! would sxovldo a variable voltage to a
voltage controlled csclllator (VCO). The VCO would be cali- )
brated to produce o fuquonc{ of 2,000 Ha at the 2/1 rollec-cone
position, One VCO cyele would be timed, At 2,000 s the ulee
vidth would cause 5,000 counts to accumulate. This would be
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converted to logm of 5,000 = 33,6990 and would be subtracted
. from & memory fixed of 4.000, (I..ogm of 10,000 counts)
4,000 - 3.6990 = 0.3010.

The 2/1 ro'lhr-c‘onq ratio computed gﬁove in log;q form of

0.3010 1s subtracted from TSR = 0.3010 and the results = 0.0000.
The antilog 9@10!000 » 1.000 ox 1/1 = no sldpl = : |
Ca ST ke et 6N By e, b bRbad s

. Under the above assumptions it may be seen that if the
roller speed was 5,000 Rpm but the cone speed of 10,000 ngn
was not gtoacnt because of 5% slip + (a cone spsed of 10,500
would exist) the c¢one count would equal 952.38 (952). The
log o 952 = 2.9786. -

3.3010 = 2.9786 = 0,322 as the log;y of roller-cons .
ratio. ‘ This ratio minus the predicted ratio by TSR of 0.3010
equals 0,3224 - 0.3010 = 0.02)4, The antilog of 0.0214 = 1.05
or 5% more speed than there should be. ; T

. . P e Y e 0 LIPS 1 S C CERE ¥

This philosophy can be extended throughout the tylt\cm and
need not be duplicated in this presentation. Due to the control
complexity and the amount of multiplication and division data,
log)o conversion before MPU processing is dictated. The

:ppto riate Bytes of log ROM fa preferred but may be achieved
Other DeBNS. “¢i .ivw o 5. o =, o dpdc et i e
y ) B :t‘jw*: is *j&‘(" ‘% Ay 'm»ﬁ&?_;ﬁ: .

A logrithatie 1ified could convart analog inputs before
the analog to digital conversion. 1In vhich case the frequency
conversion would need to be made or profcnblx use small
voltage generators. But since log,, 1.111 = 0.0437, log,,

11.11 = 1.0487, log,3 of 111.1 - 2,0457 and logyg of ...

1,111 = 3,0457, & ranging unit can be used to assign the -
characterfotic while dig{t decoding may be used to addreas the
logyq of four {1'). {8 cuts memory capacity requirements

to X,
A L Bed BRE

7o aininize mechanical fabrication requiraments for ex-
treme tollerance between open and closed dutg e{elc (See Figure
40, page 106, the MPU is edge triggered and begins counting
the elock with positive or negative transition of the incoming
signal, It continues to count until the next “like", rising or
faf?ing signal 1o recelved. 1t counts from leading edge to
leading edge or trailing edge to trailing edge. This .elinminates
cutter size to disc circumference relstionship problems other-
wise required to keep the duty cycle balanced. Ia the preceding
example only the apersture vas considered snd that also eli-
ninates duty cycle balance but {f the MPU £s to vait for an

2

; -:;;‘._;_ggitifff!&&u: i abbald % 5k 3 k‘wm ..i_\_i i
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aperature, it is preferable for it to count during that time
since more counts improve resolution. Comparable counts are
accomplished by going to 120 aperatures providing twice the
sampling rate.” - - - o o

R RS CAR CCNEINE £ FUT F 1 QUL ¥ T I R NEPPEr SO

- The final output {ntegration will be accomplished by

:repeatod addition of error value into an output accumulator.

This accumulation is continuously applied to a digital to
anaiog converter to drive the PCV amplifier.
[N AL PRER PR R ] Lk »:.J;—'-' R '-,~" 'a"_;.u
Rates are developed by operating lnmiltng an fixed cycles
80 that time need not be computed but is inherent to the data
collection (Cyclel - Cyelez) / fixed sample time interval =

4 counts. iq-,‘ ,‘._ . .
[P SV P-L T8 V3.5 YO PR . . . .
-With a fixed sample time 4 may be used as rate,disregacrding
the sampling time used. tiia.p g . -9an.ilo .y 227050
v i PN mzé;.‘n.nui;;h; e
“. Keeping computer time to a minimum permits time for more
c0mgutat ons, Some useful computations as far as traction goes
would be ATCP/ APCV. This 1s a measure of hydromechanical
response not only inherent in an{ given design but {s alao
sensfitive to teuperature and fluld used. Such that the computed
pressure lag could be ueed in the program to vary the frequency
of adding error into the output accumulator. iy ‘
N g T g T
-. This ¢auses the integrator to respond faster {n cold weather
(nonuning ofl viscosity change has caused an increase in
hydromechanical response time). fig. I i 43 b3dus
gt SRS &g TR EY ki Acdigs
. - Adding the slope over 10 cycles can reflect a change in
terrain by successive excursions toward the peak, . Unlike slip
error 4/« which would average zero for any given amount of
erzor (+/« 1% or 4/~ 3% around a set point), l10£¢ is tanp
and the trigometric function means the aversge will shife
dramaticslly as the oscillations vary from +7~ 1% or 4/« 5%
around the set point, Such that transient conditicns and
responses become ealilz detected, That information can be
used to either offset the slip reference downward or preferably
to increase PCY (integrator) response, This incresses the
tautband of the control by changing the error addition
frequency into the integrator. EEF I i s 3.3t .
U~ -t ST T I T ¥ L % L S S PO e+ r CY T
It {8 recommended therefore that a small programmadle MPU
be used, with a 10 Miz internal clock. And a ninloum of 4 edge
triggered I/0 ports for TCP, TSR, TSI and TSO signals. A 10
Bit wide 0 port to provide beteer than 0.1% Yretoaro control
resolution, and at lesst 1,000 memories for 0819 Value storage;
plus appropriate processing space,

Haéing developed the descrided control retponic'ln actusl
hardvare a custom system can be developed on a single chip for
wass production which uses ROM for the fixed progran.

a
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¥CS (Vehicle Control System): Mg, .. .-

Tt =—man hnll¥ 5%, kb r v . At
VCS units are already available commercially in terms of

"ogtimlzmg the performance of an electric mo-or or proper
t

rottle uttini for best BSFC of an IC engine. So only
those aspects of V(S as l{puen in a unique way to the traction
GVT and/or flywheel are discussed. ‘
Vo e AR g 8 RN L .

In the prior discussion it was noted that (computed alip)
CS vas made avaflable to the VCS unit.
e ek a A AERAK LG A §

_ The purpose is several-fold.

1:“53 S1ip may be used to offset Tranemission Speed Control
a

(T$C), theredby reducing the rate of shift to preclude driver
demand from placing uncontrollable slip conditions on the unit.
This would not normally be a problem dbut it is possible that
the driver could attach a trailer to the vehicle or in scme
cther fashion {nduce abnormal vehicle loads into the system.
(such as attemtttng to push a second vehicle or operate with
the brakes locked u{). 3y interlocking the MPU demand for
shift of the transwlission, to elip in the traction junction,
hundreds of potentially destructive possidbilities are precluded.
The transmiseion would only shift to the point that slip limits
would allow, There £t would stop trying and when maximun
control pressure is reached an overload warning light would tell
the driver his prodlevw. = c o sr . ..
e S eegtems, e TQ MR SRR T3tz ql80an
2, i- Also should any condition such as plugged filter or
punp failure preclude continued control of pressure, the basic
s1490/0TC system would set the safety shutdown. The set signal
would then {nstruct the MPU to operate TSC to malntain zero
sligi gr track output speed with no clamping pressure befng
. ‘ . K . : 2 N A' B - N -
ppES PR E RN L S PPN I W VR I LA S S R EERC D RN - E §
Obviously 4P wmonitoring should warm the driver well in
advance that a filter problem is fmminent but {f thet winor
problen is not fixed we should still preclude the destruction
of the transoiesion, - Indeed 4f the prodlem fs a slovly groviug
one, warnings and automatic steps could be taken to preciude
the undesirable tozal shutdown on the open road. Such &
possidility would be TSC feedback from filter 4P. The vehicles
performance would diminlah demandinﬁ attention as well as
providing a vaming indicatfon to the driver,

The T8¢ normally functions b{‘the difference between
vehicle speed out (VSO) and Vehicle Speed Demand (VSD). VSD
fe derived from the floor pedal and brake pedal pressure (BPD).

VSO may te developed by normnl.opeed-o-metcr meang at the
output shaft or ft may be derived by the MPU.
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The output i%:khtbf the blanetnry is a fixed relationship ) E
to the sun gear spsed (TSI) and ring gear speed (TS0): Where:

WS = Sun Rpm = TSI
WR = Ring Rym = TSO
WC = Carrier Fpm = Output = VSO
Sr = Sun radius
Rx = Ring radius Sy
Cr = Carrier radius = center of planet gears to sim
ear center. .
X = Constant taking tire size, rear axle ratio
etc. into account for conversion into Mph

Hc- WSSr - WRRK
Cr

RO

PR

Cone gear coupling ratio = (Cgr)

P 1Y 1T R LI LY MR R B .
Since these sfgnals are available the additional conven-
tional speed-o-meter can be eliminated, 342 f-:- .. ...
L5 S R sl MR D88 SRR 5 K : $Xiisk 5805
‘13 T6C to further modiffed to take into account the current
ogotating conditions of the motor. In other words, & l.rt‘
differential between VSD and VSO would generally mean rapid
shife of TSC to increase VSO, such that vehicle acceleration
correspords to driver demand. But TSC is offset {f the engine
is being overloaded (aﬁn below optimum for demand) and &
decision to downshift TSC and increase throttle could result.
But the final vehicle response fs still heavy acceleration for
large demand differential to current speed,
ER L T T > & Sige fYe SR @E 1
1£ VSD-VSO is negative tho results may be ignored and a
coast dowm would occur. To best simulate today's driver feel
the - result can csuse a slovw downshift of TSC or CREEP signal,
duplicating normal vehiele cosast down with the driver's foot
removed from the pedal.

‘ R * . ° P ;»'___ . N
8PD becomes a modiffer for Creep, As a larger BPD is
detected creep is incressed causing & more rapid downshift of
7SC resulting in regenerative braking. BPD 18 set a0 "master”
8o that pressing toth pedals produces braking,

The combinatfon of regenerative braking with normal brakes
rovides a most suitable arrangezent {n that under gentle
raking TSC 1s causing recovery of energy. But should more
rapid braking be dictated and slip starts to override TSC then
the tncreased pedal pressure (vhich is normel driver respcase
even with power brakes) causes normal braking to becowe
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predominate.” This fs less efficlent because regenerative
energy is being lost but getting sto Ked safely {s more
important than capturing energy at cg s point. This system
not only provides smooth transition from TSC regenerative
braking to normal braking but insures maximum regeneration
will be utilized and even with transmission fatlure leaves
the driver with ample norwal brakes as a safety backup.

TR g Pl o e T

Having TSC shift spesd tied to the magnitude of VSD-Vio
oekes the response duplicate conventional Srivlng of torque
demand vith an accelerator pedal,
Con, ARV IREY G - L i e

Cruise may be accomplished in a conventional manner by
storing VSO, at the moment cruise {s set, into-the memory for
reference in 1feu of VSD. VSD can override VSO memory for
temporary fncreases in speed, largér value as demand result,
by OR logic.

. TSC = (VSO Memory or VSD) - vsO. .
g LT TR N R T TN SO S £75 S 1O - &
Notice that & - TSC mesns road speed greater .than desired. |
In the cruise mode TSC may respond to maintsin constant road !
speed resulting in slight regenerative draking in hilly
country, to be used to climb the next hill,
Rt e L I T S A
BPD wiltl clear cruise as normal.” 1 would add to the
usual array of buttons.an Increment (increase) and Decrement
(decresse) memory button. This would provide finite trimminrg
of cruise speed to suft speed limits, traffic or weather
conditions, . . . R
L L TS AEEIETTIE S |- PPN L P YR < P
Logic may be provided to preclude going into reverse
with + VSO computed and vice-versa. A bottom 1imit to this
interlock should be grovlded to permit rocking the vehicle
48 & mesns of rewoval from mud or snow, f.e., below 2-3 mph.

N ":{h the conu§e§ on board one added safety feature can
¢ eaAs 4¢CO shed. ST A 3 S R - N U

. _’,;;. f.mp Gl 'Ki,ﬁﬁ'iaiiiéﬁi‘wga AT AT R T T

- By monitoring VSO, and comparing {t with a frame accelero

mater, skidding may be precluded. The computer would know
when tire traction was being lost and could override normal
TSC or 37D signais, To take advantage of the possibility for
antiskid circuitry the direct pressure link between the pedal
(8PD) and the wheels would need to be broken so that a
composite pressure signal from the pedal and the computer
activates cylinder pressure.

This excluding an{ desired startup or shutdown sequences,
added safety, or auxillery indicator fuactions and flywheel
monitoring and clutch control, would conclude a controls package
for the CVYT presented. '
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The flywheel may engage only during braking until an
operating speed range is achleved, at which time it remains
engaged. The motor controls in conjunction with 7SC will
maintain operating speed on the flywheel as well as control
vohicle speed. A shutdown sequence by removing the key could
cause an output clutch to disengage and engage the motor,
causing it to brake the flyvheel by genern:lng {nto the .
bacterles. (LIf the motor is designed to produce counter emf).

L o f - 5

- z N . . - -
~+ In the final analysis the control technology exists. .The
final design to be predicated by details of the application
and desired festures in performance, which must be weighed
against size and cost of an MPU to achfeve all the functions
reliably in acceptable time frames.
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AFPPENDIX D

. GEAR WINDAGE POWER LOSS

B e e
-

[.r_

)

BEVEL PINION:
P.L.

P.L.

BEVEL GEAR:
P.L.
P.L,

IDLER HELICAL:
P.L.
P.L.

P.L. = 1'4‘“3’ @) (L no!?

= 1.5 FOR JET LUBRICATION NO ROTATING

L’ . .
5 .
I PR RPN SRR = SV P REPT SN BV we V- 3 -

PARTS SUBMERGED,

(1.5) (23479)3 (1.54)% (.59 771017
.0001 KP

(1.5) (16552)3 (2.1)3 (.5) 771017
.0001? Hp

(1.5) (16552)? (1.54)% (.5)' " 1017
00004 HP
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APPENDIX E

BEARING LUBRICATION FACTOR(REF. 5)

BEARING au o )? )7 (ro)"“/\_!'

ROLLER CONE ‘ 8.

SUPPORT (6.3)(107) (5.5)(1077) (1146)¢.59)(2.14)> 3.0

BALL, DUPLEX b e .8 .

CONE ' SUPPORT (8 (10%) (55)(10"%) (1080)(.65)(30.9) > 3.0
1)

TR T VUGN A
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APPENDIX F

TRANSHISSION RATIO ANALYSIS

monew v oy s

K,q = OUTPUT SHAFT SPEED, SUN DRIVING = (RPHS) (%)

N,

40
Ry " yHE T mmms - 2857

o

Y

RPM, = SUN SPEED = Flywheel RPN /2.9166

N,, = -2857 RPN,

Noy = OUTPUT SHAFT SPEED, RING DRIVING = (RP“,) (Rr)

N
R = i = k0 = 7143
T N’ ¥ N‘ 50 + [UU

Ho = 7142 RPN,
reM, = (reM,) ROLLER DIA - (apvEr 10LER RAT10)
- (RPM) (R) (Rp)
N, = QUIPUT SHAFT SPEED
or [-1 ]

L1921,
Ry = 37°'7%% .3016

N, = (.2154 R - .2857) RPM,

» 7lywheel RPM RPK, R, RPM, o
' 16,000 4800 4.65/.75 5038
< 21,000 1200 4.65/1.426 3300
28,000 9690 4.65/2.68 843
Table 10,
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APPENDIX G

Tedble 11

.
.
L;.l...___.._.“ .
- e - - - [” I P

INPUT PLANETARY CEAR DATA

SUN

48
20.0

22.5°
30°
23.09
19.7°
1.75
2.40
2.50

2.28

.02
077
.50

118

PLANET

22

1.10
1.20

.98

.02
077
.50

4.60
4.70

4.48

.02
.079
.50




APPENDIX H

INPUT PLANETARY SUN LOSS FACTOR
st metere v S D |

_
’ 2
Hg ('_‘ER;_I{(;Q) - cos?y, - swp
-(2{4}13&) H(‘—g-az - c0s? 19.7339 - s1v 19.7339

Hg = .353

Hy = (Mg + 1) E,(:g)z - cos?p - smo,:]

2.15\2 2
= (41/19 + 1) (2—“) - €05° 19.7339 - SIN 19.733¢

Hp =~ .394
P, = (50) (.03) (cos? 30° [.3532 + 3942
L)“éorﬁ'(nnq. L1 I ¢ 7o
By = .448%
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APPENDIX 1

INPUT PLANETARY RING GEAR LOSS FACTOR

g2 2
p=50fcos?V ¥ + He
s IN )

[
He = Mg = 1 roz-co;szo - SIND
s~ gt () e S
=t | 1.08 2 . cos? 19.7339 - SIN 19.7339

Hg = .1835

— .
IIR ,
-1 2
Mg - 1) (R'?‘) - cos?p - sIND

3.95\2 2 )
9719 - 1) (m) - cos? 19.7339 - SIN 19.2339

’i!:
L}

Hp = .2228

P, = (50 (.03) (cos? 30 18352 4+ 22282
TES T8

P - .245% (PER MESH)
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APPENDIX J

INPUT PLANETARY ASSY POWER DERIVATION

Ty = $300 HPig

AT _MEAN CONDITION:

'T!.n - Q%OOE&ZZ!

= 66 IN.LB.
W, = 2T
Ts in -
(D,) (Wo. PLANETS)
- 2 T
in
(¢ 1))
=325 T
T (Hrg) Rpy
A
= 154 Ty
FLYWIIEEL RPM
28000
Table 12:¢ 21000
- 14000
118
.y e L e P . dka 2 it B

PLANET
39780
29830
19890




APPENDIX K

OUTPUT PLANETARY GEAR DATA

RING l

n SUN PLANET ,
N 40 . 30 100 !
Pr 20
or 22.796°
v 30°
Dp 2.00 1.500 5.00
2.10 1.60 4.90
L 1.86 1.36 5.14
R¢ .03 .03 .03
F .50 .75 .50
t .077 .077. .081
Py 23.09%
Py 20°
b
Table 131
3
119
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APPENDIX L

OUTPUT PLANET SPEED DERIVATION

A

\

n \ [
RPMp, -(Ni) RPM_ (N% RPM,

RPM, = (RPN,) (R} (Ry) -
= (REK,) (R_) (,3016)

RPMp; = E.sols) (lgg)xc + 1:| RPM,

- ( 156 R, + 1) RPM,

RPMp,,
.*
\g,\——r 9600 7200
RPRY .
50%0 36700 31901
4000 33206 28405
3000 29701 24903
1500 24453 19654
850 221713 17374

*RPMs = Flywheel RPM /2.9166

Table 14 :

PN (IS SISO R S P G
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4800

27102
23602
20102
14851
12578
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APPENDIX X

QUTPUT PLANETARY SUN-PLANET POWER LOSS FACTOR

)
r,_-sotools:Y n’:z:*‘r]

-

2
- T - 2 -
Hp = Mg + 1 ;g) c0s SIN

L.

2 i
40730 + 1 J(H) - cos? 20 - sIN 20

.2847

-

T
w
[ ]

2.1\2 2, :
(40730 + 1) (276) - cos? 20 - sIN 20

Hg = .2951

P = (50)(03)(cos’ 30) [g.zam’ + g.z9suj
. + .

Py = .34
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APPENDIX N

OUTPUT PLANETARY PLANET-RING POWER LOSS FACTOR

Hp =

Hs'

Hg =

. 2 2
(.03) (cos’Y) "s *“r

~ [

s [ o w]

.1139

2
(100730 - 1) Hﬂ - ¢0s® 20 - SIN 20

.1276

50) (. 03) (cos? 30) 21392 + (1276)2
PL= . ¥,

P

L

= .145%
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APPENDIX O

QUTPUT PLANETARY ASSY POWER DERIVATION

T w 63000 BP,

'

=]

T = o = .2857 7,

d

-—lt

[ ]

N
o
.

»l
o]
[ 4
|
——
=
[
L]
-
\r‘/

5 ()

" oot ()

- 63000 HE, \
13500 HPb
10_ur,

=]

HPp, = Tpy, RPMy, . (FOR 4 PLANETS)

13500 HP, | RPMy
o

HPp; = .0536 (HPO) RPM,,
o
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APPENDIX P

HPPL -

7.5KR (10 HP)

0336 WP (

OUTPUT PLANET POWER

[ \
KL
')

mg\ B 28,000
nk
{

3000
4000
3000
1500

850

15K4_(20 HP)

5000
4000
3000
1500

850

30K (40 HP)

5000
4000
3009
1500

850

Table 15¢

3.93
4.45
5.31
8.74

13.98

7.87
2.89
10.61
17.48
27.96

15.74
17.78
21.2)
34.95

35.93

124
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21,000

3.42
3.81
4,45
7.02
10.96

6.84
7.61
8.90
14.03
21.91

13.68
15.23
17.80
28.09
43.82

~-N W wwe N

~ O W

11.
12,
14,
21.
1.

14,000

.91
.16
.59
i3 S
.93

.81
.33
.18
10.
15,

61
86

62
65
37
23
73




APPENDIX P (continued)

52KW (70 KP)
5000 27.54
4000 31.12
3000 3.15
1500 61.16
850 *97.87
15K4 (100 HP)
5000 39.34
4000 44.45
3000 _ 53.07
1500 *87.38
850 %139, 82

*NOTE: The values shown do not reflect the limiting
wheelslip torque of 330 FT. LBS.

.

Table 15: (Continuad) 128

23.94
26,64
31.15
49.16
*76.69

34.20
38.06
44.49
*70.23
*109.56

Ny T

20.34
22.14
25,14
37.18

*55.52

29.05
31.63
35.92

*53.07
*79.32




SPIRAL BEVEL GEAR DATA

~ ©. v =

SHAFT ANGLE
OUTER CONE DISF.
WHOLE DEPTH
HAND OF SPIRAL
OUTSIDE DIA.

o
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APPENDIX R

SPIRAL BEVEL GEAR POWER LOSS FACTOR

i
. cosy? | #g?+n? 1
N PL= 350 £(cos [+ cos¥) G H_R“ :
F = 5.433°
; = 3.817°
Y- 30° . ;
# - 22.5° I
’ = . .
r \? ol o
Mg + ) __9_) - cos? g - sIN P
r N
Y 19+1H(1 539) zzs-smzz{, 5
i
Hp = .3629 . {
2
H +1 A’(R°) cos? g - sIN
s = Mg ) b " g - 4
Hg = 7719 + 1) [J(%-ggi)z - cos? 22.5 - s1y zz.{,
Hg = .2955
.3629%2 + 2955
= (50)(.03)(COS 5.433 + COS 3.812)| 3T+ 7335
P, = .807%
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APPENDIX §

Table 17;

HELICAL IDLER GEAR DATA

PINION
21
14.894

21.789°
24.427°

1.41
1.544

1.222
.035

.50
.104
16.358

20°
2.350

128

GEAR .

49

3.2899
3.42642

3.1019
.035

.50
.103
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APPENDIX T

HELICAL IDLER POWER LOSS FACTOR

K p - 30£60s2¥ | u?+n?
¢ N Hg™ ¥ Hy
5 -

g - Mgl N( o) - cose? - su’:o]

= ‘9.
H r
L 4921 41 1.548)" - cos? 20° - sIN 20°
4572 121 -
Hg = .3146 .

X
-3
(]

R\ 2

2 N .
(49/21 ¥ .I(%—%S%) - cos? 20 - SIN 20

. Hy = .3517

50){.03) {c0S? 24.427 .3146)2 + {.3517)2
Py = ; S
pu

P, = .444%

L
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APPENDIX U

¢

CONE BENDING STRESS R,

JTHHRAN

oty

P

MEAN cbmotou: . b
a. .
R; = RESULTANT LOAD = 29.35 ~4=» 345.6 = 345.8 LB,

Ko = (R)) (1) = (306.8)(.472) = 163.8 IN. 3.

1 = .049 D% = (L049)¢.671)% = .0099 tN.4
o - M. (163.8)(.335) = 3360 Pst
g~ fo. U6LN)

HAXEHUH CONDION:

|

L]
S, » M = R = (2350)(,672) (. 335
B

Sy * 37,330 pSt

ARy
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APPENDIX V

CONE HORSEPOWER DERIVATION

HP, FORMULA ¢

HP

HP

HP

-

(HP,) (6300)

4
T HqQa - R)
(T, (RPY )
{63000) (&)
(T,) (Ry) (RPN,)
“TEI000Y &Y

(KP,) (63000) (RP“C)(X - R?l

(RH,)

(EI000 (%)
(HP,) (R (RPH ) (1 = R)

WIS R, T IS

(4P) (. 3016) (R} (. 7143)
YT 2Se R, = . 2857)

(.0539) (HP,) (R,)
(ry 181 Wt 1))

111

da




APPENDIX W

TRACTION CONE LIFE AT
FEAN CONDITION (REF.J)

L=k, &% @2 )63 w°?

. 8
K4 6.43 X 10

1.3 x 108

=
~
.

498.5 L8,

1 1
- %
E = 2.2

o
[}

1.
t 7 2,015

L= (6.63%10%)(1.3 % 1059 (498.5)°3 (2.015)°83 (. 722)"-?
« 2.68 X 10% (m)

¢ 10%
Lio" %%g)i(%% = 19,020 HOURS (Single cone 1ife)

132 f
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' APPENDIX X
TRACTION -ROLLER LIFE AT
. FEAN CONDITTON (REF. 3)
h
Lex, k0 @2 © !
X, = 6.43x 10
4
6
K, = L.3X10
Q = 498.5 1B,
E‘ﬁ-zs-?%**:-%—zzﬁz.Ols
L - 6.4 x 108)¢1.3 x 1057 (498.5)°3 (2.015)°¢? (2.325) "%
L = 9.36 x 107 MR
' ’ 6 .
(9,36 x 101106 |
Lo = HrnSantiy - - 3420 Houks
)
!
1
L’...J..u;: PRSPV NP e d nviadunfathiiee ek
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APPENDIX Y

TRACTION CONTACT COMPOSITE LIFE
AT MEAX CONDITION

-9/10

N . M
be = | 7w 077 73 '!
1 2 \
N. = NUMBER OF CONES = &

NUMBER OF ROLLERS = 1

z
[ ]

INDIVIOUAL CONE LIFE, HRS. 19020

x
-

H, = ROLLER LIFE, HRS. = 5420

-9
‘ 4 1 |
L. = 4 —— 10
e *ls020)1977 T oy 77

L, = 2920 HOURS
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APPENDIX 2

CONE TORQUE (IN. 1B.)

= HP, X 63025
RPN,

[
<

1.5KW (10 HP)
\ RPM —— 28,000 21,000
arluo
5000 6.79 6.79
4000 . 8.49 8.49
3000 11.32 11.32
1500 22,63 22,63
850 39.99 39.99
1% (20 HP)
5000 19.58 13.38
4000 16.98 16.98
3000 22.64 22,64
1500 45.26 43.26
850 19.98 19.98
IOKW (40 HP)
5000 21.16 27.16
4000 33.96 33.96
3000 43.28 43.28
1500 90.52 90.52
850 159.96 159.96
Table 131
138

—ahd

14,000

6.79
8.49
11.32
22,63
39.99

13.58
16.98
22.64
45.26
79.98

27.1%
33.96
45.28
90.52
159.96
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APPENDIX Z (continued)

S2KW (70 HP
5000

4000
3000
1500
39.8KW(53.4 Hp) 8350

15KW (100 HP)
5000

4000
3000
70.4XW(94.3 Hp) 1500
39.8KW(53.4 Hp) 850

47.53

59.43

7%.24
158.41
219.93%

67.90

84,90
113.20
226.30*
399,90+

47.53

59.43

79.24
158.41
279.93*

67.90
84.90
113.20
226.30%
399.90%

47.53

59.4)

79.24
158.41
279.93*

67.90
84.90
113.20
226.30*
399.90%

* THE NUMBERS SHOWN ARE THEORET1ICAL ONLY. THE MAXIMUM WHEEL

SLIP TORQUE OF 330 FT. L3S, LIMITS THE CONE TORQUE.

Tadble 131 Contin.ed

L»:.—; PP I ORI PN

136




APPENDIX AA

SINGLE CONE HORSEPOWER (HP)

7.5k (10 ¥F)

RPY —— 28,000 21,000
. npuo\
séb

0 3.88 3.53
4000 4.22 .79
3000 6,79 4.22
1500 7.08 5.93

850 10.59 8.56
15KW (20 HP)
5000 7.15 7.06
4000 8.43 7.58
3000 . 9.58 8.4
1500 14.1% 11.86
850 21.17 17.13
30KW (40 HP) .
5000 15.50 14,13
4000 16.87 15.16
3000 19.16 16.87
1500 28.30 23.73
850 42.34 36,28
Table 19
137

14,000

6.38
6.12
1.29
9.8
13.07

12.75
13.44
14.58
19.16
26.15




APPENDIX AA (continued)

52KW (70 HP)
5000
N 4000

3000

1500

850

75KM (100 HP)
5000
4000
3000
1500
850

ONGINAL PAGE 18
OF PCOR QUALITY

27.13 24.72
29.53 26.52
33.53 29.53
49.53 41.53

74.10 (56.53) 59.94 (45.7))

38.75 35.39
42.18 37.89
47.90 42.18

10.63(66.69) 39.32(55.91)
105.88(56.53) 85.63(45.73)

22,32

23.52
25.52
33.53 .
45.76 (34.91]

31.89
33.60
36.646
47.90 (65.15
65.37 (34,91}

NOTE: THE MAXIMUM WHEEL SL1P TORQUE OF 330 FT. LBS. LIMITS

THE CONE HORSEPOWER TO THE VALUES IN PARENTHESIS.

| Table 191 Continued
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APPENDIX BB

TOTAL CONE HORSEPOWER (HP): FOUR (4) CONES
- £.539) (HPo)(Re " w. . Total cone power
Hp é.ZIS%;IEc;-.Z&H X4 R Fower out

7.5K4_(10 HP)

\ RPM —-—% 28,000 21,000 14,000
RPM -\ |
5000 15.52 14.12 12,76
4000 16.88 15.16 13.44
3000 19.16 16.88 14,60
1500 8.2 23.72 19.16
8so ' 42.36 34,24 26.16
15KW (20 HP)

5000 .00 28.24 25.%2
4000 19.172 30.32 26.88
3000 18.32 33.7¢ 29.16
1500 $6.60 47.44 38,32
850 84,68 68.52 52,28
JOKW (40 HP) _ » ‘
$000 62,00 $6.56 $1.00
4000 67.48 60.64 $3.76
3000 16.64 62.48 $8.12
1500 113.20 94.92 76.64
850 169.36 137.0 104.6
Table 200
139
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APPENDIX BB (continued)

S2KW (70 HP)
5000

4000
3000
1500

850

75KW (100 KP)

5000
4000
3000
150¢

850

108.5
118.1
134.1
198.1
296.4(226.1)

155.0
168.7
191.6
282.5(266.8)
423.4(226.1)

98.88
106.1
118.1
166.1
239.8(182.9)

141.6
151.6
168.7
237.3(223.6)
342.5(182.9)

89.28
94.08

. 102.1

134.1
183(13%.6)

127.6
134.4
145.8
191.6(180.6)
261.5(139.6)

NOTE: THE MAXIMUM WHEEL SL1P TORQUE OF 330 FI. LBS. LIMITS
THE CONE HORSEPOWER TO THE VALUES IN PARENTHESES ().

Table 201 Contifued

P TR e
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APPENDIX CC

. 7.5KW (10 HP)

N \\\\\\fruh —_—
R{Co

5000
4000
3000
1500

850

15KW (20 HP)

5000
4000
3000
1500

850

30KM (40 HP

$000
4000
3000
1500

850

S2KW (70 HP)

$000
4000
3000
1500

830

Table 21

ven

CONE NORMAL LOAD (1.B.)

28,000

156.20
170.11
193.09
285.34
426.81

312.40
js0.21
386.18
$70.67
853.62

624.80
680,42
112,37
1141.34
1707.24

1093.40
1190. 74
13%1.64
1991.35

2981.99
(2213.33)

21,000

189.82
203.67
226.81
318.98
460.53

379.65
407.34
436.62
632.96
921.06

759.30
814.68
907.2)
1275.92
1842.11

1328.77
1623.69
1587.66
2234.86

3224.0h
(2452.93)

141
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14,000

256.95
271.03
294.03
386.01
527.99

513.91
542.06
588.05
172,02
1055.98

1027.81

1084.12
1176.10
1544.0%
2111.96

1798.68
1897.21
2058.18
2702.09

3696.33
(2812.29)
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APPENDIX CC (continued)

75KH_(100 KP)
5000 1562.00
| 4000 1701.06
. 3000 1930.92
: 1500 2053.36
(2685.66)
850 4268.10
(2273.33)

1898.24
2036.70
2268.08

3189.79
(3002.32)

4605.28
(2452.93)

2569.54
2710.30
2940.26
3860.13

(3633.26),
5279.90

(2812.25)

NOTE: THE MAXIMUM WHEEL SLIP TORQUE OF 330 FT. LB.
LIMITS THE CONE NORMAL LOAD TO THE VALUES

SHOWN IN PARENTHESES.

3

Tabje 21s Continued
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APPENDIX DD

CONE_BEARING 10SS

(4 cones)

2.5 KW (10 HP)
REM_ \\\\\fruﬂ-pzs ,000 21,000
sooo .39 .383
4000 . 260 .360
3000 .266 L3642
1500 .320 .340
850 .390 1
15 KW (20 HP)
5000 720 . 700
4000 460 .510
3000 480 .500
1500 .760 .00
830 950 .800
30 KW (40 HP)
5000 1.240 1.568
4000 .960 1.180
3000 1.158 1.206
1500 2,140 1.870
850 2,737 2.295
$2_KW (10 HP)
$000 2,66 3.32
4000 2,20 2.60
3000 2,54 2.7%
1500 4,44 4.1
850 (53.4 HP) 6.50 (4.3)  5.%5 (3)
15 KW (10¢ uP)
$000 4.3 5.46
4000 .83 4.5
Tadble 229
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APPENDIX DD

CONE BEARING LOSS (CONTINUED)

(4 CONES)

N 3000 4.13 4.47  6.22
(30KW) 1500 (94.3 HP) 6.45 (6.4) 6.20 (4.8) 6.95 (3.4)
(39.8KW) 850 (53.4 HP)1L.11 (4.3) 9.29 (3) 7.65 (1.9)

{ ) WHEEL SLIP TORQUE LIMITED VALUES.

' Table 22: Continued
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APPENDIX EE

SPIN VELCCITY DERIVATION

TANGENTIAL VELOCITY = Drolle (RPM,)

RPN, = Flyvheel RPM /2.9166 -t
® P - %—g—)(%)(ﬂ—”‘:“) (RPM,)

Y= .00618 (RPM)) W/SEC

v 2 8 a
AV2
Avl = “e(Rl)‘("R)Rxon
' Ra av - “c(Rcone ta TAN")'(“R)RRDII
R
2 R, o< = (CONE ANGLE)/2 '
Wy = W (Regpe + 2 TANW) - (ug) Rpo1l
Reoone 2
l‘f% Rcone + a TAN«< "c = Rc ("R)
< « kroll Reone = Rroll/flc
] w’/ W, = RC(HR)TAN =<
*RPM_ ——— 28000 21000 14000 .
*RPM_——> 9600 7200 4800
W RAD ‘
Roll gpe 1005 754 503
V (M/SEC) 59.37 44,53 29.69
| W, - (RAD/SEC) = (Rc)("rou} TAN o<
RPM_ REM, 9600 7200 4800
5000 612 558 504
4000 533 479 425 :
3000 454 400 346 i
1500 335 281 227 |
850 284 230 176 '
Table 23: i
|
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APPENDIX FF

J6' DIMENSIONLESS SPIN TORQUE FACTOR (REF.1)

I.3 KW (10 HP)

REHNP%—OZB,OOO 21,000 14,000

5000 .009 .007 .004%
4000 .008 .0055 .0035
3000 .007 .006 .0028
1500 .0065 .005 .0022
850 .006 .004 .002
15 KW (Z0 HP)
5000 .012 .009 .006
- 4000 .010 .008 .0045
3000 .00 .007 .0038
1500 .008 .006 .0032
850 L0075 .005 .0027
30 KW (40 HP)
5000 014 .010 .007
4000 .01 .009 .006
3000 .012 .008 .005
1500 .01 .007 .004
850 .010 .006 .0035
52 XW (70 HP)
5000 .016 .012 .008
4000 .015 .011 .007
3000 .014 .099 .006
1500 .013 .008 .005
850 .012 .007 .00&
75 KW (100 HP)
5000 .019 .015 .0085
4000 .018 012 L0075
3000 .01? .010 .0065
1500 .016 .009 .0055
850 .015 .008 .0045
Table 24
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APPENDIX GG

TRACTION LOAD DETERMINATION

3 ‘ MEAN CONDLTION:
» ) N .
(. HP;, . = 22 HORSEPOWER !
! RPM_ . = 3000 RPN
' T_ = (HP. .)(63000)
° out - 462 in. 1b.
out

Ty = (T)(RP) = (462)(.2857) = 132 in. 1b.

= (T,)(1-Fp) =(462)(1-.2857) = 330 in 1b.

Teone ™ 2%52 = 24.88 in. 1b./cone

! T

| ring

)

i Toone = (Teing) (Rg) = (330)(.3016) = 99.5 fn. 1b.
; FOR 4 CONES:

l

J W _T . 24.88 _ 4
: Teone K gpe - (LiZ) ~ 39 195
W, W.
N = 'T=349.
cone -  THY7 498.5 1bs.

MAXIMUM CONDITION:

HP e = 100 HP

T, = 330 FT. LB. = 3960 IN. LB.
RPM = 100 x 63025/3960 = 1592 RPH
RPN, = 14,000 RPN

- n -
R o + .2857 ll;';i'g%+ .2857 = 2.866

<
- IF

. . B I L e . .- - ——




APPENDIX GG

TRACTION LOAD DETERMINATION (CONTINUED)

D, = 4.65/R, = 4.65/2.866 = 1.622 {n,
RPM, = R, RPM, = 2.866 (4800) = 13757 RPM
Tring = To (1-R)) = 3960 (1 - .2857) = 2829 IN. LB.

Teone * Tring Ry = 2829 (.3016) = 853 IN. LB. (4 gones)

PER CONE:

Teone = 833/4 = 213 IN. LB.

Wo =T
R T cone = 213 2
cone X o, u 832 ‘(‘D%)‘ = 3750 LB.
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APPENDIX HH

TRACTION POWER LOSS (HP, FOR & CONTACTS) ( REFERENCE 2)

povER L0ss = (015177774 (HP)

i<
7.5 KW (10 HP)
arro\_nmn-—' 28,000
5000 N .25
4000 .27
3000 .31
1500 .46
850 .69
15 KW _(20 HP)
5000 .50
4000 .55
3000 .62
1500 .92
850 1.37
30 KW (40 HP)
5000 1.00
4000 1.09
3000 1.24
1500 1.83
850 2.74
52 KW (70 HP)
5000 1.75
4000 1.91
3000 2.17
1500 3.21
850 4.80 (3.69)
25 KW (100 HP)
5000 2.50
4000 2.73
Table 251

21,000 14,000
.23 .21
.25 .22
.27 .24
.38 .31
.56 .42
.46 .41
.49 b
.55 .47
. .62

1.11 .85
91 .83
.98 .89

1.10 .94

1.54 1.26

2.22 1.70

1.60 1.45

1.72 1.55

1.92 1.65

2.69 2.17

3.89 (2.99) 2.97 (2.24)

2.80 2.07

2.45 2.22

149
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APPENDIX HH

TRACTION POWER 10SS (HP, FOR 4 CONTACTS) (REFERENCE) (CONTINUED)

POWER LOSS = (.015) Y7794 (HP.) .
K ‘1
3000 3.10 2.7 2.3 i
1500 4.58 (4.33) 3.84 (3.58) . 3.10 (2.92)
850 6.86 (3.49) 5.55 (2.99)  4.24 (2.24)
NOTE: THE MAXIMUM WMEEL SLIP TORQUE OF 330 FT. LBS LIMITS i 1
THE POWER LOSS TO THE VALUES SHOWN IN PARENTHESES. B
}‘
Table 25:; Continued
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APPENDIX II

CONTACT ELLIPSE DIMENSIONS, a/b (IN.) (REF. 6)

, bexg a= pg .
Vngm——-——-y 28,000 , 21,000 I 14,000
RPM_

1.5 XW (10 HP) i a/o in,
5000 .0456/.0101  ,0492/.0098  .0507/.0086
4000 .0462/.0109  .0499/.0108  .0561/.0105
3000 .0478/.0122  .0508/.0120  .0566/.0118
1500 .0531/.0155  .0556/.0155  .0600/.0153
850 : .0601/.0188  .0618/.0188  ,0656/.0188
15_KW (20 HP) e o E
5000 .0574/.0127  .0619/.0124  .0702/.0120
4000 .0581/.0138  .0630/.0136  .0708/.0132
3000 .0600/.0153  .0545/.0153  .0713/.0148
1500 -0670/.0195  .0702/.0192  .0758/.0193
850 .0752/.0237  .07797.0237 .0825/.0236
30 KW (40 EP) LR o
5000 .0723/.0160  .0780/.0157  .0886/.0151
4000 .0733/.0174  .0793/.0171  .0892/.0167
3000 .0758/.0193  .0306/.0191  .0900/.0187
1500 " .0843/.0246  .0884/.0246  .0955/.0244
850 .0953/.0299  .0981/.0299  .1041/.0298
32 KW_(70 HP) . o
5000 .0872/.0192  .0941/.0189  .1068/.0182
4000 , .08847.0209  .0956/.0207 .1073/.0201
3000 .0914/.0233  .0972/.0230  .1085/.0226
1500 .1017/.0296  .1067/.0297 .1150/.0293
850 .1147/.0360  .1183/.0360  .1253/.0359

(.10477.0329) (.1079/.0328) (.11457/.0328)

Table 263
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APPENDIX 11

(ONTACT ELLIPSE DIMENSIONS, a/b (IN.) (REF. 6) (CONTINUED)

15 Kd_(100_HP) o o
5000 .0980/.0216  .1060/.0213  .1201/.0205

4000 .0995/.0236 .1075/.0232 .1210/.0226
3000 .1028/7.0262 .1096/.0259 .1222/.0254
1500 -11457.0334 .1200/.0334- .1295/.0330
(.11217.0327) (.11777.0327) (.1269/.0324)

850 -1292/.0408 .1332/.0403 -1412/.0404

(.10477.0329) (.1079/.0328) (.1145/.0328)

NOTE: THE MAXIMUM WHEEL SLIP TORQUE OF 330 FT. LB LIMITS
"b/a" TO THE VALUES SHOWN IN PARENTHESES.

Table 263 Continuved
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APPENDIX JJ

‘\mzn—rza ,000
nsI%

1.5 KW (10 HP)
5000 .0190
4000 .0201
3000 - .0218
1500 .0264
850 . .0312
15_KW (20 KP)
5000 .0239
4000 .0253
3000 L0274
1500 0333
850 .0393
30 KW (40 HP)
5000 .0301
4000 .0319
3000 .0346
1500 .0419
850 .0495
52 KW (70 HP)
5000 .0363
4000 .0385
3000 L0417
1500 .0505
850 .. .0596
.13 KW (100 HP)
5000 .0408
4000 ] .0433
Table 273

M T PR W PR SR 5 T

.0193
.0205
.0221
.0268
.0315

.0243
.0259
.0281
.0338
.0397

.0306
.0326
-0351
.0426
.0300

.0369
.0393
.0423
.0514
(.0548)  .0603 (.0550)

.0416
. 0442

153

.0197
.0201
.0227
.0274
.0322

.0248
.0265
.0286
.0346
.0405

.0313
.0334
.0361
.0436
.0511

.0377
.0402
.0435
.0525
.0615

0424
-0453

(.0562)




AFPENDIX JJ

REF. 6) (CONTINUED

3000 469 .0477 0490
1500 L0569 (.0557) .0578 (.0567) .0591 (.0579)
850 L0671 (.0544) .0679 (.0550) .0693 (.0562)
NOTE: THE MAXIMUM WHEEL SLIP TORQUE OF 330 rt LB. LIMITS

"&" TO THE VALUES SHOWN IN PARENTHESES
Table 27 ;
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APPENDIX KX

ELASTOHYDRODYNAMIC
(EKD) FILM THICKNESS AT

TRACTION CONTACT (REF. 7)

.74 .407
R (uy +u,) (R
h = 2.04 (1 + n_;)(/‘."_lz_“_z.) ( 1) (

AT MEAN CONDITION:

R, = 1 - .551
. N )
T35 TOTNR

R, = 1

2%yl = 5.0
5.0 Y éo
. "~
po = 81 % 106 AT 176°F
<=1.5x10"%

u1+u2
=

Q = 498.5 LB.

= W(.63)(1200). 1953 1n./sEC.

-.74 -6 -4 \.
h = 2.04 (1 + 3{.5515 (.87 x108x1.5x10% x 1753)
6
('551).407‘ ((30-:(‘1% .

h = 39.6/( in. :

e =(012 + 6t )-5 -(6*+ 62)'5 = 8.49

h/C = 39.6/8.49 s 4.66

155
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APPENDIX KK

EHD FILM THICKNESS AT !
TRACTION CONTACT (REF. 7) '
(CONTINUED)

) |
AT MAXIMUM CONDITION: 1

Rl - 1 = 607 IN,
D S
otz .

Ry = 5.0 IN.

Q = 3750 LB.

up + ¥ 2(4.65) (4800) = 1169 IN./SEC.
DT L 3(4.65), (4800)

S T A -6 -4 \. 74
h = 2.04 (1 + 2{507)) (.37 x 1078 x1.5x107"x 1169)
6 074
(.607)-407 ((%9_—"-‘!%7'3‘7'“) = 27.8 4 in.

h = 27.8 & IN.

h/e = 27.8/8.49 = 3.27
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APPENDIX LL

HERTZIAN
TRAGTION CONTACT STRESS
. {RET. &) )
. MEAN CONDITION: ‘
P = 498.5 LB,
R,, = 2.235 IN.
Ryp = 5.0 IN, ,
R.. = 1.426 / (2 cos 9.24°%) = .722 IN. ;
Bl
2T 1/3
498.5 \ -
g=.00659 (T 1 1 -0288
15V I SR ¥ ¥ ]
- | S U
cos = T35 50003 L s
735 *so0t oz
A = 2,300
? = .543 .

b = g = (2.300)(.0287) = .0662
a= ypg = (.543)(.0287) = .0156
ASPECT RATIO = .0662/.0156 = 4.24

Spax " (I%XW%‘%%BG))' 230,480 PSI (MEAN)

MAXIMUM CONDITION:
? = Wy = 3750 LB.
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APPENDIX LL

TRACTION CONTACT STRESS (CONTINUED)

Rg.y = 1.622(2 cos 9.24°) = .822 IN.

(.00459) 1 3”1’0 | 2
&=t st 5t I
1
3
1
3

1 ]
TIT5 " 51 B | 44y
cos T = L1, I '
7375 .1
Sm 2,208
<P = 566

b= g = 2.208 (.0581) = .128)
a = pg = 0,556 (.0581) = 0323

= .0581

ASPECT RATIO = ,128)/.0323 = 3.972

Smar * 2 '(-m%;%gum)‘ a 432,060 PS1 (MAX)
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APPENDIX MM

EXAMPLE: TRACTION LOSS CALCULATION

From Referencel , page 15.

- m power loss
Loss factor 181 -{k - 3 (powet nPUt)

Pover Loss = Loss factor (8) (power input) JW.A‘LT.(;)

Loss factor = J,IJa

Power Loss = ,849 (J7/3,) (power input)

o

For four contacts, and assuming m/a = 220

Power loss = ,01$ (J,IJ,.) (power input)

e

3" n Ay (Siip Factor, Ref. 1, page 9)
ne-TAS AT P ‘ ¢

Assuning —e—“ e ,016

Jy = 6134k = 8,30 .

k = appect ratio Bf Hertzian contéct - l.o

Jy - _3_!‘!.; . y_ua_,A]n.b .r]k (Spin Factor, Ref.\, page 9)

For We = 606 rad/see, ' (Spiﬁ Veloeity)
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APPENDIX MM

EXAMPLE: TRACTION LOSS CALCULATION (CONTINUED)

and u = 60 w/sec (Velocity)

and eince k = a/b

J3 = 2592 b
Fer b= 0013 n

Iy = .37

Jy/Jy = 8.30/3.37 = 2.46

Froam Reference 1, page 30:

3, = 1.0

From Referencel, page I):
J6 - 506

J’,J‘ - J6 XJ3 + Jk le
s

s 06 x 3.3) + 1.0 x 8.3

313, = 8,50

Thetefore,

Power Lose = 015 (8.30) (power input)
AT

Pover loas = 064 (pover input)
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APPENDIX MM

EXAMPLE: TRACTION LOSS CALCULATION (CONTINUED)

Where power loss is per four contacts and
power input is horsepower per contact.

161




APPENDIX NN

R?“o
5000
4000
3000
1500
850

Table 201

J7IJA

LOSS FACTOR (REF. 1)

W Jg 3yt
33, = J6 73 T 4y
»
RPM, —— 28,000 21,000
8.78 9.32
8.44 9.09
8.21 8.44
1 7.78
1.0 7.60
162

14,000

10.22
9.70
9.23
8.21
7.69

e —



APPENDIX 00

Jl' DIMENSIONLESS SLIP FACTOR (Ref.l)

3 - (g_v;_) (220)€.016)4K = 4.15 {K

\ RPM, —= 9600 7200 4800 j
REM

wh

[+]
50‘00 8.82 9.26 10.05
4000 8.54 8.92 9.59
3000 8.21 8.5 9.09
1500 7.68 7.86 8.22
850 1.62 7.52 7.75
Table 294
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APPENDIX PP
J3

DIMENSIONLESS SPIN FACTOR (REF. 1)

) G )T

o) = ()T
3y = 4.366 W, - b (AT 28,000 RPH)
Jy=3.215¥, - b (AT 21,000 REM)
Jy= 2183 W, - b (AT 16,000 RPM)

(b {s in meters)

7.5 KW (10 HP) : _
RPM N\ RPM —— 28,00 21,000
séoo 3.09 2.24
) 4000 2.3 1.99
3000 2.41 1.69
< 1500 1.97 1.0
; 8350 1.89 1.18
= 15 XW (20 HP)
-, $000 3.90 2.8
4000 1.4) 2.51
3000 3,02 2.1%
1500 2,49 1.64
8350 2,38 1.49
10 kW (40 HP)
$000 4.91 3.62
4000 4.3 .16
3000 3.42 2.68
Table 39,
164

14,000

1.42
1.32
1.09
a6
.64

1.96
1.67
1.3
.95
.81

2,48
2,10
1.1
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APPENDIX PP

1500
850

DIMENSIONLESS SPIN FACTOR (REF. 1) { CONTINUED)

52 XW (70 HP)

5000
4000
3000
1500

850

75 KW (100 HP

5000
4000
3000
1500

850

() HOTE:

3.13 2.07 1.20
3.o0 1.88 1.02
5.92 4.37 2.98
5.23 3.81 2.53
4.60 3.3 2.08
3.78 2.49 1.45

3.61 (3.30) 2.26 (2.06) 1.22 (1.12)

6.65 4.92 3.36
5.88 5,28 2.85
5.18 3.65 2.3
4.25 ¢4.16) 2.80 (2.75) 1.63 (1.60)
4.07 (3.30) 2.55 (2.06) 1.38 (1.12)

Values at vhéelslip torque limft values.

Table 301 (Continued)
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APPENDIX QQ

1/3

SI(W“) (REF. 6)*
AN
nrf;\\ifnn————+ 28,000 21,000
sobo .00352 .00336
4000 .00363 .00349
1000 00377 .00363
1500 .00401 .00393
850 .00414 .00408
Rg = 1= D /(2 COS 9.24°) fn.*

5000 629 .518
4000 122 .603
3000 . 849 .722
1500 1.148 1.027
850 1.35%6 1.257

‘ cos ¥ #
5000 .820 .843
4000 .801 ,828
3000 219 .801
1500 134 151
850 . 107 219
5000 2,402 2.5%49
4000 2.297 2,432
3000 2.191 2.297
1500 2,01) 2,078
830 1.92% 1.962
Tadle 3,

166

.l VRS W 3

14,000

.00310
.00325
.00342
.00377
.00398

.382
453
.557
.849
1.096

877
.859
.838
.19
241

2.8
2.670
2,494
2.191
2,038




APPENDIX QQ

1/3
8/ (Wy) (REF. 6)* (CONTINUED)

RPf(&RP)"h —b 2
5000 .
4000
3000
1500
850

Table 3 s(Contlnued)

O .

L —
8,000 21,000
530 .512
564 .526
.559 .544
587 577
.604 .597

14,000

.483
499
.519
. 559
.583




APPERDIX RR

RPM, = Flywheel RPM /2.9166

Flywheel RPN~ 28,000 21,000
RPM, ——————=b 9,600 7,200
Tadle 32,

1¢9

14,000
4,800




APPENDIX SS

; BEARING AND GEAR ' o
N COMPUTER DATA.
]
}
}
)
]
)
)

; _
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APPENDIX 5T

SYMBOLS
~DESCRIPTION
proportional

measure of change N
Traction Coefficlent or Micro(lx107%)
Infinity

Centigrade

Cone Spesd

Continously Variable Transaission
Electric Vehicle

Force

Frequency

Feet

Gate

Hours

Horlopbvor

Herts (Cycles/Seconds)

Input to Output Buffer Circuit
Angle (Degrees)

Joules

Kilovatts

1x10?

Pounds

Kilograms

Maters or MillL (1x10°Y)
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APPENDIX TT

SYIBOLS (CONTINUED)

SYMBOL DESCRIPTION
MWPU Microprocessor Unit

N Newtons

n Nano (1110.9)

oTC Optimized Traction Control
4 Pressure

PCY Pressure Control Valve

PT Pressure Transducer

TPC Traction Pressure Control
Rg " Rockvell Hardness Scale "¢ '
R, Roller/Cone Ratio ‘.
ROM Read Only Memory

RPMor w Revolutions Per Minute

Rs Roller Speed

Spory Sltp

T Torque

L Tine

Te Traction Force

$4 Speed

v Veloclty or \folu

Vo Surface Velocity of Cone
a Surface Velocity of Roller
L Norwal losd
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