Torque Control isolation (TCl)
The Smart Clutch

Dr.-Ing. Albert Albers

In recent years the main emphasis in the deveiopment of clutches and
clutch dises has shifted more and more in the direction of the torsion
damper [1, 2], as has been indicated by the previous presentations. This
work is centered on drive train dynamics, with the goal of improving
driving comfort with respect to:

— transmission noises (rattie)
— body boom
—~ tip-in/back-out performance {surging)

Developments in modern automotive engineering have contributed to the
importance of this design trend as a result of

— reduced idle speeds to improve fuel efficiency

— more rapid combustion and higher engine torque output

— transmission designs that allow driving at low engine speeds with
respect to the gear selected

— reduced weight designs

— traffic situations (traffic jams, stop & go traffic).

Conventicnal torsion dampers (as shown at the top of Figure 1) affect drive
train dynamics only with respect to spring rate and hysteresis. The dual
mass flywheel shifis the distribution of inertial masses in the drive train
and allows further spring rate reductions. Application of these systems
alters the parameters of the torsional vibration chain, but does not allow
for any on-going adjustment in overall performance.

Another approach to affecting drive train dynamics returns us to the clutch
itself. In a conventional system, the clutch represents a shiftable shaft
connection that has no effect on performance during normal driving
operation. Consequently, the clutch does not appear explicitly in either the
model for the torsion damper or the model with the dual mass flywheel.

However, if we introduce the clutch with its transmitting parameters as an
element in the vibration model, we completely alter the system. The clutch
clamp load represents a constantly changing system variable that not only
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actively affects dynamic behavior, but which can actually be used to
manage it [3, 4, 5, 11, 19} :

in developing torque control isolation (TCl), LuK has created a total system
in which an electronically controlled clutch has been designed to have an
impact on overall dynamic drive train performance.

With TC!, LuK has succeeded in significantly improving two major areas:

— Original clutch actuation for start-up and shifting gears is automated,
thus considerably increasing vehicle operating comfort. At the same
time, the design improves driving safety because gear shifting
procedures have been simplified considerably.

— Active control of dynamic drive train performance during vehicle

operation, coupled with vibration isolation of torsional engine
irregularities, considerably enhances driving comfort.
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Drive Train Configuration in Vehicles with TCI
A Model of the Vibration System

The botiom section of Figure 1 shows the simplest vibration model for the
vehicle drive train with TCl in comparison to the conventional model.
Between the engine and the transmission inertias, we have now
introduced & component that allows torque transmission vig lock-up
between the friction surfaces. The torgue transmitted can be controlled by
the clamp load. In this model, the entire drive train represents a controlled
asystem. in order to develop an appropriate control strategy for this system
— the entire drive train — it is necessary {0 determine and describe the
controlied svstem mathematically, along with any possible disturbance
variables. We will discuss a number of important basic relationships.

Eorce Transmission via Friction Surfaces
The Physical Principle

The most important component in this controlled system is the ciutch
with its friction surfaces. The friction phenomenon between two bodies
manifests itself in two different forms:

- resistance to the maintenance of an existing relative movement between
two bodies: dvnamic friction

— resistance to the initiation of a relative movement of one body relative
to another: static friction.
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Figure 2 shows a simple model representing the relationships described
here. Body 1 having the mass m rests with the weight Fy on a belt. The
rollers can set the belt into motion. A spring holds Body 1 in place.

If the belt starts to move, Body 1 starts to move along with it, and the static
friction force Fgy transmitted due to friction contact deflects the spring.
According to Coutomb [6], the friction force is proportionate to the normal
force exerted on the contact surface, that is:

Fru = Fro = o * Fn-

As soon as the retention force F reaches the maximum transferrable static
friction force Fg,, Body 1 cannot deflect the spring any further. Since the
belt continues to move, a relative motion occurs between the belt and
Body 1. The dynamic friction

FR=wu - Fn

acts by the proportionate factor wu, which is the dynamic coefficient of
friction.

if we assume that the static coefficient of friction ux, and the dynamic
coefficient of friction . are equal and constant, then there is no difference
between the forces Fgy and Fg. Given this assumption, Body 1 remains in
the equilibrium position for the spring.

increasing or decreasing the speed of the belt does not change the
position of Body 1 because dynamic friction remains constant. A periodic
motion, for example such as that produced by the irregutarity of an
internal combustion engine as described in Presentation 1, can be
introduced at the belt drive without moving Body 1 from the equilibrium
position it has assumed. Dynamic friction shields Body 1 from the irregular
motion of the belt, that is, it constitutes a filter.

Of course, the friction coefficient u is by no means a natural constant
(6, 7, 8]. Among other factors, p is a function of material mating
characteristics, surface condition, unit pressure and aiso of the slip speed.

Slip speed variation assumes considerable importance for clutch control.
Figure 3 shows basic possible curves for the dynamic coefficient of friction
as a function of slip speed, differentiated according to:

— the constant friction characteristic, which corresponds to ideal Coulomb
friction
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- an increasing friction characteristic
— a decreasing friction characteristic.

As shown in Figure 3, if a periodically changing slip speed is introduced to
the band drive for the model shown in Figure 2, it is apparent that Body 1
will remain in the equilibrium position only if the friction coefficient
remains constant.
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Figure 3:

Basic friction coefficient
curves

Given a changing slip speed, the other two friction characteristics lead to
different dynamic coefficients of friction and thus to changing transmitted
friction forces. This also leads to different retention forces F. Consequently,
Body 1 will move in accordance with the spring characteristic in order to
achieve equilibrium positions. Hence the theoretical filter effect is not
100% effective. In fact, the decreasing friction characteristic can even lead
to the excitation of natural vibrations in the vibration system consisting of
"Boedy 1 + spring” (7, 8, 91
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The following presentation on "Chatter” wili treat this topic in more
detail. Frictional vibrations have a decisive impact on the development of a
controi system because they determine the stability limits of the control
loop. Furthermore, the increasing friction characteristics combined with
the response times and delay components present in every system can
produce phase-excited instabilities in the controlied system. These factors
must also be considered in designing the controf strategy.

A simpie model represents some of the most important characteristics of
the controlled system for such a drive train with a friction clutch. If we
represent the simplified linear system as the rotational vehicle drive train
system, then the "belt” becomes the friction surfaces of the clutch and the
flywheel. "Body 1" with the "retention spring” becomas the rest of the
drive train, consisting of the clutch disc with its facings, the transmission
and the vehicle, as well as the spring characteristics of the drive train
{spring rate} (Figure 4).
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The bottom section of Figure 4 shows two speed measurements.
Measuring point 1is located on the engine flywhesl and measuring point 2
is located at the transmission input shaft. In a system with a "normal”
clutch, the clamp load Fy is designed so that even the highest engine
torque is transmitted due to static friction. in the measurement, it becomes
clear that the periodic irregularity of the engine is completely transmitted
to the transmission input and thus, for instance, excites gear rattie. When
we use the LuK TCl as shown in the measurement on the right, the filter
effect achieved becomes evident. The ciutch is controlled so that the
engine torque is transmitted with a defined reiative movement, that is,
sliding with a certain slip. In spite of the fact that the excitation remains
identical on the engine side, virtually no irregularity occurs at the
transmission input (measuring point 2) — the “slipping clutch” filter is
doing its job. The difference between the average engine speed and the
transmission input speed corresponds to the controlied slip.

LuK’s Torgue Control Isolation (TCH)
in-Vehicle Realization

in order to turn the clutch into a "smart” clutch and to achieve the
demonstrated filter effect in the vehicle, LuK has developed an electronic
clutch control system as shown in the block diagram in Figure 5. The
system consists of 4 major components:

mechanical single-disc clutch as an actuator
hydraulic power controt of the actuator
electronic microcomputer control

sensor system.

!

The interaction of all four components must be carefully optimized in
order to solve the problems associated with both

- automatic clutch operation and
— driving with torgue control isolation.

A setpoint is selected in order to determine the torque to be transmitted by
the responding actuator — the clutch. The 40 — 60 bar hydraulic system
actuates the clutch via a servo cylinder controlied by a proportional valve.
Figure 6 shows the most important componenis.

87



CLUTCH TRAVEL SENSOR
HYDRAULIC CYLINDER

R e — i it St S e St . k. S A

THROTTLE POSITION
SENSOR

INTENTION TOQ
SHIFT GEAR

GEAR RECOGNITION

P SEFED SENSC | |HYDRAULIC

THROTTLE | ENGINE SPEED
! SENSOR
o

GAS PEDAL SENSOR

Figure 5: Electronic Torque Control isolation TCI

A separate electric pump unit or — if available —~ the central vehicle
hydraulic system provides the power supply (Figure 6). The electronic
control system triggers the proportional valve [10]. The heart of the
electronic control system is a microcomputer driven by a program
containing the control algerithms and control strategy. The sensor system
provides information to the microcomputer for determining system
condition. The system includes sensors to register:

— clutch travel

— gear recognition

- recognition of the intention to shift gears
—~ engine speed

- transmission input speed

— gas pedal position

— throttle position.

LuK uses sensors that operate according to proven physical principles

and that have been adapted to meet rugged vehicle performance
reguirements.
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Figure 6: TCl-components
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Figure 7 shows the design structure and the signal flow in the TCI system.
The driver's senses constantly provide him with information on vehicle
operating status. He bases his reactions on this information and responds
to the vehicle via actuators ~ such as the steering wheel, shift lever, light
switches, gas pedal and ciuich pedal.

The vehicle then reacts to the driver’'s setpoint instructions. This internal
control loop in the conventional vehicle is affected by various external
conditions, which constitute disturbance variables — weather, road
conditions, traffic situations, etc. The TCi system is superimposed on this
conventional control foop.

Part of the information on the status of the actuators (clutch travel, gas
pedal, throttle, shift lever) as well as on the current operating condition of
the entire vehicle {engine rpm and transmission speed) is collected by the
sensors and converted 1o be fed to a microcomputer.,
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This microcomputer is based on the INTEL 80C196 16-bit processor and
uses a special software program to process the information collected from
the sensors.

The software has been designed and developed according to strict
modular criteria for structural programming in order to ensure maximum
flexibility, universality, functional capability, reliability, and efficient data
maintenance. Figure 7 illustrates the basic software structure. The TC!
software is made up of the main program and the controller program. The
module manager for the control program resides in the main program.
Depending on the driving status recognized by the sensor system, the
module manager activates the currently appropriate controller module. At
the same time, the module manager transmits control setpoints and
control parameters in order to actively adapt the controller to prevailing
external conditions. Based on the actual sensor vaiues, control parameters
and setpoints are either calculated or read directly out of muiti-
dimensional fields. Parallei to this procedure, monitoring, diagnosis and
emergency operation functions are also implemented in the appropriate
software modules included in the main program.

The controller program consists of three main moduies for:

— Stand-still and start-up
(idle mode, start engine, turn off engine, start-up vehicle, stop, start up
on a grade ...)
- Changing gears
{Disengage, engage, maximum speed monitoring)
— Drive operation
(Drive, coast, maneuvering)

The first twe main modules implement a travel contro! feature for the
ciutch travel and the third main module implements the slip controi
between the engine speed and the transmission speed [12]. The digital
controller determines a setpoint and activates the hydraulic power stage,
which consists of the proportional vaive with the servo cylinder and
responds by adjusting the clutch clamp load. So it is at the clutch that we
are able to intervene in the controlled system represented by the vehicle,
thus influencing the system.
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The Torque Control Loop
Design and Strategy

The three controller modules work together with the main program
module manager to solve all the problems that occur in any given
ocperating situation. The system simplifies start-up on a steep grade just as
readily as maneuvering or shifting gears. The following discussion
provides a brief description of the electronic control system for torque
control operation during normal driving (Figure 8).

The block diagram for the control loop shows the controlled system — that
is, the vehicle represented as a 3-mass maodel; the actuator; the slave
cylinder and clutch; and the controller, represented by the box surrounded
by a broken line. The system features cascade control with proportional,
integral and differential components, {12, 13].

System sensors collect data for engine speed ny, and transmission speed
ng. Then the slip control loop (bottom of graph) first determines the actual
slip ng and compares it with the slip setpoint. Then the Pl-controller
corrects the slip variation A ns. In order to prevent the engine rpm from
revving too high during tip-ins, the cascade control provides a feedback
controi for engine speed. In the case of a hard tip-in, this feedback of the
engine peak causes the clutch to close more tightly. Additional features
designed to improve controller characteristics include a differential
element to provide feedback of the actual clutch travel value and a high
order form filter.
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Figure 8: Electronic control loop during TCl operation {simplified)
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Figure 9 shows the reaction of a vehicle equipped with TCl to a tip-in.

The top graph shows the engine and transmission speed curves, while the
bottom section shows several system signals. The throttle vaive is fully
opened at Point {1). At first, the engine hesitates (2}, but then builds up
increasing torgue and accelerates (3). From (1} to (3), the actual siip
decreases significantly, so the controller opens the clutch. As the engine
accelerates, the system recognizes the great increase in the engine speed
and the engine speed feedback control quickly closes the clutch (3 ~ 4).
The stronger coupling with the vehicle mass causes the engine to brake
again {4 — 6). The clutch opens. At this point, the Pl controller corrects the
slip deviation {6 - 7).

This example illustrates the way the control system operates. The overall
TCI system is highly flexible and features humerous parameters that can
be used to adjust the systerm 1o prevailing vehicle conditions. Individual
tuning is always required. No universal "off-the-shelf” solution can
completely realize the full potential of the TCl system.
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TCi on the Road
Torque Control for improved Comfort

The following iillusirations show measuremaents taken in a TCl vehicle and
are designhed toc demonstrate the practical advantages offered by the
“smart” clutch system. Figure 10 shows a measurement taken in drive
mode. The left side of each graph represents a rigid clutch disc, and the
right side shows the measurement taken with an active TC| system. The
upper section of both graphs shows engine and transmission speed, while
noise measurements and subjective ratings are entered in the bottom
sections.

During drive mode measurement, speed increases continuously as a
function of time. Magnified sections demonstrate rigid performance
without TCH {transmission and engine speed are identical}, With TCl, the
difference between the engine and the transmission speeds reflect the
actual slip. Without TCi, a clear maximum noise with a rating of 3 — 4
cceurs until about 15 sec,, that is 2,000 rpm. With active TCl, the rating is 9
throughout the entire speed range covered. The increase in the noise
signal with increasing engine speed can be explained by vehicie roliover
noises at higher speeds and therafore cannot be influenced.
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Figure 10: Effect of Torque Control Isolaticn on noise-reiated comfort faciors in
drive mode, 4th gear
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The measurements shown in Figure 11 for coast mode without TCl show a
typical noise peak in the higher speed range (in this case after 15 sec. at
about 3,000 rpm). This maximum value is associated with rollover noise,
which is reduced proportionate to the decreasing engine speed. it is
reflected in the subjective rating, which falls to 4. With the active TCI
system, this gear ratile does not occur, which vields a subjective noise
rating of 9 over the entire vehicle speed range.
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Figure 11: Effect of Torque Control isolaticn on noise-related comfort factors in
coast mode, 3rd gear

The last two figures show the filter effect of the TCl system on high
frequency vibrations that can lead to gear rattle and body boom. However,
the TCl system provides vibration isolation down to very low frequenciss,
which enables us to counteratt low-frequency phenomena such as surging
and tip-in/back-out jerk.

Figure 12 shows an example of measurements taken for tip-in/back out
behavior in second gear.

The lower graph shows the fore-aft acceleration measured in the vehicle at
driver head height.
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WATHOUT TCI WITH TCl {ng = 100 RPM}

z
€ 2500 2500 3
g 2000-M 2000
g 1500 | 1500 bezszeaed €7
& 5 5
gcv
o 0
i £
-
Ll
5 -5 , -5
3 0 1 2 0 i 2
< TIME [s] TIME [s]

FORWARD ACCELERATION

— ENGINE
—-——— TRANSMISSION

Figure 12: Improvement in tip-in/back-out performance in 2nd gear using TCl

Without TCl, the broad-band excitation occurring after rapid acceleration
excites the vehicle to natural vibrations in the first natural mode of the
system. The driver perceives these vibrations as "surging” in the vehicle.
When the TCI system is activated, this surging nc longer occurs.

The fore-aft acceleration peak occurs only as a result of the increased
available engine torque in the higher speed range and the utilization of
kinetic energy during the braking of the engine inertia. Neither the engine
speed peak nor the initial low frequency acceleration peak are perceived as
negative in an optimally tuned vehicle.

The following measurements iliustrate another important positive effect of
the TCl system (Figure 13). After short tip-ins in the roiling vehicle {for
instance, stop-and-go traffic, creeping), the vehicle exhibited self-induced,
escalating surge vibrations in the first natural mode . This leads to
extremely unpleasant vehicle reactions (jerky ride). This phenomenon
disappears entirely when TCl is activated.

These few examples have demonstrated TCl's ability to increase driving
comfort.
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Figure 13: Eliminating self-induced drive train vibrations (tip-in, 2nd gear)
using TCI

Combining TCl with Conventional Torsion Dampers
Minimizing Required Slip

As with torque converters, the positive effects achieved using torque
control isolation have a downside — there is some power loss due to the
inherent slip in the system. The design objective must be to keep this slip
as low as possible.

In general, the amount of stip must always be greater than the amplitude
ofthe engineirregularity Ann: (Figure 14). Ininternal combustion engines,
torsional irregularity is strongly dependent on speed and load (Figure 14,
top). Consequently, a torque control isolation system must provide a
flexible method for specifying the slip setpoint. LuK’s TCI congept stores
slip setpoint values in multi-dimensional fields as a function of speed, load
and the selected gear (other parameters can ke accounted for).
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Figure 15 shows one possible siip setpoint field for one gear.

For this purpose, the engine speed range is divided into 12 speed levels
and 4 load levels (throttle settings). These ranges can be defined as freely
as desired. During vehicle tuning, the slip setpoint is determined using the
following criteria:

— vibration isolation
— minimization of energy dissipation.

The effect of different slip setpoints can be studied in Figure 16.

The center column shows the noise measuremants recorded as a function
of speed. The right column for each row indicates engine and transmission
speed curves in the 1,100 rpm range. For the engine speed range under
2,200 rpm, noise performance first increases with increasing slip, but then
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remains stabie above 50 rpm. For engine speeds over 2,200 rpm, a rigid
chitch disc without the TCl system rated a "9”. Obviously, as shown in
Figure 15, we can reduce the slip setpoint to "0".
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Figure 15: CRITERIA FOR OPTIMIZATION

Specification of slip setpoint @ VIBRATION ISOLATION
for TC ® MINIMIZATION OF DISSIPATED ENERGY

if necessary, the TCl system can alsc be combined with a conventional
torsion damper. Figure 17 shows the main relationships for gear rattle.

The graph shows the ratio of the amplitude of the irregularity between the
engine output and the transmission input as a function of engine speed.
The spring rate defined in the torsion damper and the torsional inertias of
the drive train determine the rescnance speed.

At this speed, low damping (that is, Coulomb friction in the torsion
damper}, causes high peak vibration amplitudes at the transmission input.
However, a good isolation effect is achieved in the driving range above
natural frequency. it is possible to reduce resonance peaks by increasing
torsion damper damping, but this is achieved at the cost of isolation above
natural frequency. The TC! system provides satisfactory isolation
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throughout those speed ranges where it is possible to drive with adequate
slip. If we combine both systems, then it is possible to drive with slip in the
lower speed range only, while a conventional torsion damper with low
damping affords the necessary degree of isolation without introducing
slip. In this way, we are able to reduce the overall amount of slip. Of
course, it is necessary to carefully tune both systems to each other.

Friction Facings
Woear Performance and Requirements

The slip actually achieved, that is, the energy converted into heat, is not
only important for the efficiency, but also for the wear of the friction
facings.
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Figure 18 shows specific wear as a function of the operating temperature
for several facings. The advantage of non-asbestos friction facings with
respect to wear in the low and average termperature ranges is ciear to see.
it becomss evident that continued high temperature operation must be
avoided.

Vehicle measurements provide information on the overall thermal
situation. Figure 19 shows an example of measured results for Autobahn
driving in 5th gear at a speed of 70 mph (corresponds to sbout 3,000 rpm).
Operating temperature increases with increasing slip and can be lowered
considerably by ventilating the clutch housing (for instance with
openings).

The necessary slip speed decreases with increasing engine speed, as
shown in Figure 14. However, 'at the same time, the engine torgue
increases. If we also take into consideration the fact that the slip speed
setpoint cannot be fully adjusied to engine irregularity because of possible
control variations, tha reguired dissipation of slin speed coften remains
nearly constant, varying only with respect to the load level {throtile valve
position).
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For the compact cars discussed here,

Psip, 1/1 = 0.8 kW 1/1 load
PS%ip: 3/4 =04 kW 3/4 load
Psiip: 1/2 =~ 0.3 kW 1/2 load

If we can assume more or less equal incidence of the three load levels
during normal driving operation, then we arrive at an average slip
performance of:

Ps“p = 05 kv

in order to account for average clutch stress due o shifting and start-up
procedures, we can assume that total driving time is made up of three
more or less equivalent components, city traffic, country roads, and
Autobahn driving:

PSIip+start~u;) = (.25 kW

Given specific facing wear of 10 mm?®/MJ, a wear reserve of 1 mm and a
facing surface of 25,000 mm?, this assumption yields a total operating hour
value of

Th=1850h
in the speed range up to 2,000 rpm.

Given an average totai number of vehicle operating hours of 3,000, about
60 % could be driven in the speed range under 2,000 rpm [16, 17, 18l

Even if the increased comfort afforded by the TCl sysiem increases the
proportionate amount of time spent driving at lower rpms by 10% in
comparison to current figures, we would still not reach the service life
fimits Tor the friction facings.

Extensive tesgting of facing characteristics is reguired o guarantee safe,
properly dimensioned friction facing selection for use with a TCi system.
The most important factors involved in this testing procedure include:

— the influence of slip speed on the friction coefficient

— wear psrformance

— long-term stability of the friction coeficiant.

LuK performs these tests on specially designed test stands. The following
presentation will discuss these fests in more detail.
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Summary

The development of future automobile generations will be increasingly
characterized by the introduction of new electronic systems {Figure 20}
(20, 211.

By this point in time, there aren’t any components left in the modern
motor vehicle whose properties will not be optimized using electronics.
This trend is by no means limited to clutches.
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The preceding presentation has introduced you to the LuK torque controi
isolation system (TCl). Optimized conventional mechanical clutch
technology combined with fiexible modern electronics and sensor systems
have produced a new kind of solution to drive train problems. The most
important improvements achieved here include:
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— start-up without using the clutch pedal

— problem-free start-up on a grade

- no stalling

— shifting gears without manual clutch operation

— shifting without letting up on the gas

— increased driving safety thanks to simplified shifting cycles
~ no idle mode rattle

— reduced idle speed

— no drive and coast rattle

- strongly reduced bedy boom

~ torgue limiter function

~ no bucking bronco effect

— meaningful enhancement of ABS and ASR

— energy savings by virtue of free-wheeling function.

LuK’'s TCl system promises considerable improvement in both driving
comfort and driving safety in order to ensure your share of the motor
vehicle market of the future.
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