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TORSTONAL VIBRATIONS AND TRANSMISSTION NOISE

Introduction:

In the last few years, the development of clutches and clutch
discs for passenger cars has focused more and more on the tor-
sion damper, The torsion damper has rnothing to do with the

basic ciuteh function of connecting the engine with the drive

train. However, it plays an important role of reducing the

vibrations transmitted to the drive train to an acceptable

level. These vibrations are produced by the engine as a re-

sult of each individual combustion cycle.

Driver comfort is the primary concern, that is, decreasing
gear rattle or body boom. Only minimal attention is given to

the added stress on the transmission due to the torsional

vibrations. We can assume that transmission service life will
be increased if most of the torsional vibrations are filtered
cut before reaching the transmission. However, the following

discussion will only deal with the comfort aspect.

1 0006/5/G1 B6/S+5




-2 -

The Internal Combustion Engine as a Source of Torsional
Vibration

Each time the combustion mixture in a cylinder ignites, the
gas pressure produces an angular acceleration of the crank
shaft, followed by a deceleration due to compression in the

rext cylinder. This causes fluctuations of the engine speed.

The middle graph in Figure 1 shows the measurement of typical
engine speed fluctuations of a Y-c¢yl. engine with 2 ignitions
per revolution., Consequently we talk about a 2nd order exci-

tation.

Integration of the engine speed fluctuations results in the
advance and retard of the torsional angle (Figure 1, top
graph). This gives us, for example, the minimum torsional

angle for the neutral idle range of the damper.

Differentiation of the engine speed yields the angular accel-
eration curve¢5 (Figure 1, bottom graph), from which we can

determine the alternating torque values based on the formula
T=4J+w (T = torque, J = moment of inertia). These values
are important for calculating the torsional vibrations in the

drive train. The angular acceleration is also advantageous
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for our calculations in that its amplitude, in both idle and
drive mode, is dependent on the throttle opening, but hardly

at all on the engire speed,

The bottom graph in Figure 2 shows the almost constant ampli-
tude curve of the angular acceleration for drive mode with

wide open throttle.

As the engine speed N decreases, speed fluctuations increase

{middle graph} by approximately 1/N.

The angular displacement is even more strongly dependent on

the engine speed, and increases by a factor of 1/NZ2.

This relationship, which also applies to neutral idle, leads
to very significant increases in the amplitude of the vibra-

tion angle when tﬁe idle speed is reduced.

As shown above, the amplitude of the angular acceleration is
practically independent of the engine speed, so it is well

suited for comparing different engines.
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Figure 3 illustrates the peak-peak amplitude of the angular
acceleration for varicus engine types--diesel, fuel-injected
and carbureted--for idle mode as well as for drive with wide

cpen throttle.

In neutral idle bY-cyl. diesel engines exhibit especially high
angular accelerations. These differences are less distinet in
drive mode. Of course, these values are also strongly influ-

enced by the zize of the flywheel.

Effect of Torsional Vibrations on the Transmission

The torsional vibrations produced by the engine are transmit-
ted to the transmission. There is always lash between the
transmission gears, so the torsional vibrations can cause rat-

tle noises due to the gear teeth impacting with one another.

How high the torsicnal vibrations can bew~without the gear
rattle becoming annoyingly noticeable--depends upon many fac-
tors, such as: extraneous noises, noise paths through the

body, damping in the transmission, and transmission gear lash.
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Figure 4% illustrates the relationship between subjective noise

rating and the input of speed fluctuations into the transmis-
sion at idie speed. This is shown for a vehicle with a k-cyl.
diesel engine and for a vehicle with a 4-cyl. gascline engine.

For the subjective ncise evaluation we used the universal rat-

ing scale, beginning with O for "very loud," and ending at 10

for "inaudible."

While we were able to get an acceptable noise rating of better

than 5 for the diesel engine at speed fluctuations under 70

rpm, speed fluctuation had to be decreased below 20 rpm for
the gasoline engine. This could be attributed to the signifi-
cantly higher noise level of the diesel engine drowning out
the transmission noise, and the better acoustic insulation of

the diesel vehicle.

Measuring and Calculating Vibrations

At LuK we evaluate the performance of a torsion damper by both
measuring and calculating the torsional vibrations. This pro-
vides insight into the vibration process and makes it possible

to draw appropriate conclusions.

1 0006/5/01 86/5 +5




LuK has developed a mobile data recording system which, when
installed in the vehicle, simultaneously measures the speed of
the flywheel ahead of the torsion damper and of the transmis-
sion input shaft behind the torsion damper (Figure 5). Tor-

sional vibrations are determined from the speed measurement.

Engine and transmission rpm readings are sampled at a fre-
quency of 2000 Hz and stored digitally on magnetic tape. To
check the stored data it is possible to read out the measured
data to a plotter in the vehicle. The data on the magnetic
tapes is then fed into a main frame computer for further pro-
cessing., It is easy to determﬁne whether the torsional vibra-
tions are reduced, unchanged or amplified by resonance as they
are transmitted into the transmission., In practice all three

situations occur,

Analytical models with various degrees of freedom are availa-
ble to back up calculations., Figure 6 shows a simple model
which is adequate for many cases. The spring and friection
components in the drawing represent the torsion damper and
connect the rotating parts of the engine and the transmission
with each other. The spring and damping element between the

transmission and the vehicle mass represent the drive train,
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We always use comparative measurements to check whether models
of this kind truly describe the actual drive train vibration
system. We have to use complicated analytical models only in
exceptional cases. It is impossible to take all the fine de~
tails of the drive train into consideration because the vehi-
cle manufacturers generally do not have all the necessary
data, such as irertias, elasticities, and lash in the trans-
mission and differential, u-joints, shafts, ete. As shown in
the following discussion, fthis is not generally necessary.
Given the appropriate level of experience, even simple models
can provide all the necessary information the cluteh manufac-

turer needs.

LuK uses non-linear analytical models to take into account the
engine excitation and all the typical features of a torsion
damper. Figure 7 shows a schematic wind-up characteristic

curve, Special features include:

- B8-stage torgue rate

-~ Pre-loaded coil springs

~ B8pline lash between the clutch disc and the transmission
input shaft

- l-stage hysteresis.
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In addition, the following features are also possible;

- Veloecityw~proportionate damping
- Floating or spring-loaded friction control pilate

- Two damper characteristics in series.

The same test engineer calculates and measures the torsional
vibrations and evaluates the vehicle ncise, This leads to an

in-depth understanding of the processes irnvolved.

Figure 8 shows how measurement and calculatior mutually com-

plement each other based on an example of neutral rattle tun-

ing.

first the vehicle is evaluated and vibrations are measured
with the current damper installed (see the upper left graph,
Figure 8). The evaluation yields the speed fluctuations of
the engine and of the transmission., The first step in the
tuning proceas imvolves a vibration calculation. This re-

guires the following data:

-~ Engire irregularity
- Mass moments of irertia of the engine, the flywheel, the

clutceh, the clutech dise, and the transmission
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-~ Wind-up characteristic of the installed torsicn damper
- Drag torque of the transmission

- Damping properties of the transmission oil.

The graph or the upper right shows the results of this kind of
calcul ation. The correlation between this measurement and the
caloulation is usually very good, as long as the data cited

above are sufficiently accurate.

At this point the calculation is repeated using an optimized
windwup characteristic for neutral idle. It is possible to
find a wind-up characteristic which can be achieved and which
will reduce the torsional vibrations in the transmission
(Figure 8 bottom right). In the third step, a clutch disc

with this wind-up characteristie is evaluated in the vehicle

(bottom left}).

If vehicle tests indicate that the calculated characteristic

curve is still not optimal, steps 2 and 3 are repeated.
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Torsicon Damper Tuning for Neutral Idle Mode

In most cases neutral rattle problems are solved by lowering
the natural frequency below the engine idle speed. Figure 9
shows a rescnance curve for which the magrnification function,
that is, the ratic between the vibration amplifudes on the
transmission input shaft and those on the crank shaft, is
plotted schematically vs., the engine speed. This is a 1 to 1
ratio at very low speeds, meaning that the torsional vibra-
tions on the transmission input shaft are exactly equal to
those of the engire. When speed approaches the natural fre-
quency, the magnification function and the torsional vibra.
tions on the transmission input shaft take on high values.
Therefore we must definitely aveid this speed range. The vi-
bration isolation range begins at speeds above about 1.5 times
the natural freguency. Torsional vibrations of the transmis-
sion input shaft become smaller to the extent by which the
operating speed exceeds the natural frequency. This can be
achieved with very low torque rates of 0.1 to 0.6 Nm/degree.
When the damper is operating above the natural frequency, tor-
sional vibrations can be quite effectively isolated from the

transmission.
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However, we have difficul ties with this kind of flat neutral
idle characteristic because the transmission drag torque is
noticeably higher at low temperatures due tc the fact that the
transmission fluid is more viscous, as shown in Figure 10. Of
course, the amount of drag torque alsoc depends upon the kind
of transmission in the vehicle, For instance, a 5-speed
transmission has a higher drag torque than a lY-speed transmis-

sion.

Figure 11 shows a schematic damper characteristic with an idle
stage., Initially, one would anticipate that the torsion damp-
er would vibrate symmetrically about the zero position. Actu-
ally the oberating range is displaced in the drive direction
corresponding to the transmission drag torque which is depen-

dent on the temperature of the transmission fluid.

If the drag torque is greater than the torque capacity of the
idle stage, the torsion damper will vibrate in the transition
range between the idle stage and the drive stage. Each vibra-
tion cycle then "bumps" on the drive stage. This is measured
as a sudden strong acceleration in transmission input and is
acoustically noticeable as gear rattle, Figure 12 shows the
measurement and calculation of the torsional vibrations des-

cribed above, which can be observed at average temperatures.
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One can clearly see the sharp speed rise as a result of this
"bumping." At lower temperatures, the entire operating range
will lie in the range of the drive stage and no "bumping,"

with its high acceleration peaks, will occur.

This behavior can be simulated by the computer by continuously
inereasing the drag torque. Figure 13 shows the computed re-
sult of the vibrations in the transmission with increasing
drag torque or decreasing transmission fluid temperature.

When the transmission is hot, torsional vibrations in the
transmission are minimal. When the transmission is cold,
there is no vibration isoclation because the torsion damper is
vibrating in the drive stage, Nevertheleés there is generally
no audible gear rattle because the viscous fluid provides suf-
ficient damping. The area in the middie of the temperature
range where bumping on the main stage occurs rarely spans more
than 10°C in practical cases, Consequently it 1is easily over-
looked during tuning, but can be locali%ed with sufficient

accuracy using the vibration calculation.

The longer the idle stage of a multi-stage torsion damper is,
the greater will be the deviation from a nominal linear tor-

sion damper characteristic, Then phenomena occur,
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particularly in diesel vehicles, that are generally observed

for non~linear vibration systems.

We know from vibration theory that the resonance curve tips to
the right for progressive spring characteristics, as shown in
Figure 14, For purposes of comparison, the graph at the top
of the illustration again shows the resonance curve with a
linear characteristic. In the case of the non-linear charac-
teristic (bottom graph) the system can assume two stable
vibration conditions, shown here as Points 1 and 2, in the
speed range above the natural frequency. Point 1 is the
result of a smooth clutch engagement with low vibration ampli-
tudes in the transmission. At Point 2 clutch engagement is

abrupt and leads to resonance.

Figure 15 compares these two vibration conditions. At Point 1
(on the left) the speed fluctuations of the transmission input
(dotted line) are clearly lower than those of the flywheel.
At Point 2 (right-hand graph) the vibrations are very much
greater, The correlation between the vibration measurement

and calculation is goed.

™e unfavorable vibration condition at Point 2 and the result-

ing strong transmission noise can be prevented by using an
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additional friction control device effective only at high vi-
bration amplitudes (Figure 16). This is why many torsion
dampers for diesel vehicles have friction control plates.

This device eliminates the overhang in the resonance curve if

the friction values and the operating angle are correct.

Torsion Damper Tuning for the Drive Mode

In drive mode, that is, when driving under load, the goal of
torsion damper tuning is to reduce the amplitude of the vibra-
tions input into the transmission, Jjust as was the case for

reutral idle rattle tuning.

In passenger cars it is practically impossible to move the
natural frequency below the operating speed in the way we can
do it for the reutral idle mode. This would require a torque
rate under 1 Nm/degree, a rate which would yield a damper
wind-up angle which is not feasible. Hence torsion damper
tuning in the drive mode is only capable of suppressing res-
onance peaks through friction or by displacing them into

ranges where they are less audible.
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Figure 17 illustrates the effects of resonances based on the

example of a front-wheel drive vehicle with a 4_cyl. engine.

The top graph plots subjective noise ratings with respect to
engine speed. Sigrnificant noise peaks are registered at about
900 and 1750 rpm. Simultaneous torsicnal vibration measure-
ments were taken on the transmission input shaft, They are
plotted as speed fluctuations with respect to the engine
speed. They also show two peaks (middle graph), and the er-

velope curve corresponds to the subjective noise rating.

The bottom graph in Figure 17 compares vibration measurements
and their related calculations for characteristic engine
speeds. We see resonance of the 2nd order at about 1750 rpm.
At half this engine speed, about 900 rpm, resonance of the Bth
order appears, causing the transmission to vibrate at twice
the engine frequency. Lower torsional vibrations and conse-
quently lower transmission noises are observed at engine
speeds between these two points. We don't enter the over-
eritical range, that is the vibration isolation range, until

we reach speeds over 2000 rpm.
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Current torsion damper tuning uses computers teo study the en-
tire characteristic field of speed fluctuations with relaticn-
ship to engine speed, hysteresis and torgue rates. Figure 18
shows this kind of overview, in which the speed fluctuations
of the input shaft are plotted for different torque rates and
hysteresis combinations, At low hysteresis values, we can see
that the resonance speeds are between 1000 and 4000 rpm for
all the illustrated torque rates, It is easy to recognize
that it is practically impossible to move the resonances out
of the driving range. If we increase the hysteresis, the tor-
sional vibration of the transmission approaches that of the
engine, until we have a quasi-rigid performance. In many
cases this represents the best possible condition for the

drive mode.

This quasi-rigid performance could lead to the assumption that
we don't need any torsion damper at all, that a rigid clutch

disc is adequate.

However, this is not the case because a "rigid" clutch disc,
together with the transmission input shaft, possesses a torque
rate. Depending upon the vehicle, this rate is 100 to 600
Nm/degree, which is not really rigid. In general this pro-

duces resonances at higher speeds, leading to high amplitudes
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due to the lack of damping and consequently causes strong
transmission rattle. For the most part vibration performance
corresponds to the lower left-hand graph with the high damper

torsion rate,

In summary, we have determined that, using conventiconal tor-
sion dampers, it is not possible to achieve effective
vibration isolation for drive mode cver the entire relevant

engine speed range.

Torsion Damper Tuning for Coast Mode

In contrast to drive mode, in which the strongest gear rattle
generally occurs at engine speeds below 2000 rpm, coast rattle
usually occurs at engine speeds far above 2000 rpm. al though
in both cases the computed resonance speeds are the same. We
have shown in Figure 2 that in drive mode the angular acceler-
ation, and consequently the vibration excitation vs. the en-
gire speed, is practically constant. Az illustrated in Figure
19, the angular acceleration decreases significantly in coast
mode with reduced engire speed. Under 2000 rpm there is no
longer any strong vibration excitation, which could lead to
resonance. Hence coast noises usually are limited to high

engine speeds,

10006/5/01.86/S +5
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As a result, experience has shown that it is usually satisfac-
tory to reduce the resonance speed below about 2000 rpm. We
can achieve this with damper torque rates of about 10 Nm/deg.
Since the torque capacity of the coast side doesn't have to be
as high as the torque capacity of the drive side, we %arely

run into difficulties here.

Summary

In neutral idle mode it is almost always possible to isclate
the torsional vibrations from the transmission using an appro-
priate idle stége in the torsion damper. Because enéine eXCiw
tation, transmission design, moment of inertia, drag torque
and noise insulation vary considerably, the idle characteris-
tic of the torsion damper must be optimized for each vehicle

model,

For coast mode, weak excitation at low engine speeds and low
coast torques usually make it possible to find an acceptable

solution to gear rattle.

Vibration isolation in drive mode is only partially successful
because it isn't practical to build torsion dampers that will

shift the resonance speeds to a range below the idle speed.
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Consequently optimizing the torsion damper for drive mode must
be limited to shifting resonances and damping them through
friction. It is often impossible $o achieve satisfactory vi-
bration isolation at low engine speeds with conventional tor-

sion dampers.

The following presentation will discuss the dual mass fly-
wheel, which makes it possible to shift resonance speeds to
very low engine speeds even in the drive mode. Consequently

it omena up a new avenue for eliminating transmission rattle.
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