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Preface: 

Eindhoven, 22.01.03 

This report is the result of my traineeship at LuK GmbH, in SOhl Germany. I have 
investigated the possibility if the amount of stressing of the arc springs of a dual mass 
flywheel could be predicted. The dual mass flywheel (DMF) was a vehicle drive train 
component of which I had little knowledge. During this internship I have learned a lot about 
vehicle drive train vibrations and how they can be isolated with the help of the DMF. I have 
also seen how diverse the work of a research engineer at LuK is. I have tried to write this 
report in a way that a reader without knowledge of vehicle drive train vibrations and the 
dual mass flywheel is able to understand it. 

First! want to thank Dr. Ad Kooy, manager of the department EZ (development dual mass 
flywheel) at LuK for giving me the opportunity to perform my traineeship at LuK and for his 
help during my traineeship. I also like to thank my supervisor at LuK Dip!. Ing. R. Klein for 
his help, further thanks for Dipl. Ing. S. Charles, Dipl. Ing. O. Moog and Dip!. Ing. S. 
Werner for helping me with the simulations and calculations that I have made during my 
research. And I wish Dipl. Ing. Moog success with the further realisation of the research. 
Special thanks for Dip!. Ing .. M. Dumora, Dipl. Ing. Stoetzel and Dipl. Ing. Theriot for 
helping me during this internship, but also for sharing a lot of laughs with me. 
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Chapter 1: Introduction 

§1.1: LuK Buhl GmbH 

Eindhoven, 22.01.03 

In BOhl, a village in the southwest of Germany, the head-concern of the world-wide active 
company LuK GmbH is situated. It was founded there, at the foot of the Black Forest, in 
1965. Since then LuK has become a mayor vehicle drive train components supplier, 
Worldwide 25% of new build cars leaves the factory with a clutch from LuK. LuK has 17 
production concerns in Germany, Brazil, Great Britain, India, Mexico, South Africa, 
Hungary and the USA. Every year the 7500 employees of these concerns produce among 
other things more than 12 million clutches, 3 million lock up dampers and 3 million dual 
mass flyvv'heels (DMF). They also produce and develop components for automatic 
transmissions and automated manual transmissions, torque converters, clutch release 
systems and hydraulic pumps. They not only supply car manufacturers with parts and 
develop new parts in co-operation with them, but another part of their occupations is 
innovation. One of their innovations is the already mentioned dual-mass flywheel (DMF), 
which improves drive comfort in millions of cars. This vehicle drive train component, that is 
becoming more and more custom in new vehicles with manual transmissions, was the 
subject of my traineeship at LuK. 

§1.2: Problem formulation and strategy 

One of the most important actions, when construction a new DMF is defining the arc spring 
characteristic. When this has been defined a prototype is made and tested in a vehicle or 
simulations of the torsional vibrations of the vehicle drive train are made. For engines with 
high engine irregularity and big start moments the starting behaviour can lead to R~9blems 
with the DMF due to the high excitations. When that is the case during the simulations or 
tests with prototypes a new arc spring characteristic has to be defined or other solutions to 
improve the starting behaviour have to be found. At the moment the knowledge on the 
starting behaviour isn't perfect enough to always construct a DMF with a good start 
behaviour the first time. LuK wants to develop instructions for the construction engineers 
for the defining of the arc spring characteristic, which will lead to a good start behaviour for 
the DMF. 

To solve this problem I first took a brief look at the physics of torsional vibrations of a 
vehicle drive train. And I studied the principle of how the DMF achieves isolation of these 
vibrations, and how it behaves during start. After that I informed myself about the current 
method which is used by the construction department to construct a new DMF, and how 
the arc spring characteristic is defined. My next step was to skill myself in the use of 
TORS, a program that can simulate torsional vibrations of vehicle drive trains, which is 
designed by LuK itself. With TORS I could make simulations of the starting behaviour of a 
vehicle and vary the different parameters, which play a role during start to study their 
influence. Then I selected the most important parameters and, by making more detailed 
simulations, recorded their effect on the starting behaviour. With that knowledge I have 
attempted to develop predictions, which apply for the starting behaviour of different 
engines. The starting behaviour seemed too complex and has too many parameters of 
influence to develop usable predictions, which could be used to develop instructions for 
the defining of the arc spring characteristic. This process is described in chapters 2 
through 6. 

Then there had been decided to see if it was possible to make a program for the 
construction engineers, with which they can see which arc spring characteristic:: wilf read to 
a good starting behaviour. The way to realise this will be described in chapter 7 and in 
chapter 8 recommendations will be given. 
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Chapter 2: Principle of the dual-mass-flywheel (OMF) 

§2.1: Torsional vibrations of the vehicle drive train 

Eindhoven, 22.01.03 

When a new car is being developed a lot of attention is paid to the problem of torsional 
vibrations of the vehicle drive frain. These torsional vibrations cause problems like gear 
rattle and boom. But because of the sizes of the inertias they can also lead to loads that 
far exceed the maximum engine torque. These high loads can cause damage to the 
different drive train components. That is why much attention is paid to the elimination and 
isolation of these torsional vibrations. One of the biggest causes of these torsional 
vibrations is the internal combustion engine (ICE). The combustions in the ICE's cylinders 
cause a periodic excitation on the ICE's crankshaft. Next to the combustions also the 
inertia! load of the osciiiating parts and the compressioniexpansion of the air inside the 
cylinder contribute to this periodic excitation. This periodic excitation is calied the engine 
irregularity. In figure 2.1 an example of the different moments and the resulting moment of 
a single engine cylinder is shown. 

Mass moment 

Compression! expansion moment 

p . VI(" = canst. 

!! ~-
Combustion moment 

!I ~ 
O· 360· 720· 

Crankshaft angle n 

Resulting moment 

360· 

Crankshaft angle [0] 

Figure 2.1: Example of the different moments that cause the periodic excitation and their resulting moment 

Every two revolutions of the crankshaft one combustion occurs in each cylinder. So for a 
four-cylinder ICE each two revolutions of the crankshaft there will be four excitations acting 
on the crankshaft due to combustion in the cylinders, a 2nd order excitation. The engine 
irregularity decreases for a higher cylinder number, because there will be more ignitions 
every two revolutions of the crankshaft. For ICE's with high combustion torques, like 
diesels, the engine irregularity is bigger. A bigger engine irregularity will lead to more 
powerful excitation and thus cause larger torsional vibrations in the vehicle drive train. 

To understand the type of vibrations we are dealing with we will take a look at a simplified 
model of a \(ehicle drive train of a vehicle with a manual transmission. A complete 
description of the drive train would require a complicated vibration model. However, a 
three- inertia vibration system already is adequate to illustrate to drive train problems of 
importance for the problem in this report. This system has two resonance frequencies with 
accompanying natural modes as can be seen in figure 2.2. 
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Vibration model 

Mode 1 surging 
f1=2-5 Hz 

Mode 2 noise 
fz=40-80 Hz. 

Eindhoven, 22.01.03 

Engine transmission 
Vehicle 

f ~ 

Figure 2.2: First two natural modes of a conventional vehicle drive train with torsional damper 

The 1st natural mode, called surging of the engine, is essentially a vibration of the engine 
in opposition to the vehicle. These vibrations lie typically in the range of 2-5Hz, depending 
on the vehicle and chosen gear. The natural frequency of this mode is so low that 
excitation due to the engine irregularity during drive is ruled out. This type of vibration 
occurs when the driver wants to drive the car in a gear that is too high for the engine and 
vehicle speed or after a tip-in of the gas pedal at low engine speeds. This will result in 
vibrations that will be experienced by the driver as a booming noise due to vibrating of the 
coachwork. 

In the 2nd natural mode the transmissjon vibrates at high amplitudes within the 40-80Hz 
range in opposition to the engine and vehicle. This gear resonance occurs at engine 

, speeds above idle and can be excited during drive by the engine· irregularity. The 
vibrations can be heard as noise called gear rattle. This 2nd natural mode leads to 
unwanted problems during drive and there has to be found a method to eliminate these 
problems. 

In theory there are several options for modifying the vibration performance of a vehicle 
drive train. However, compelling engineering considerations prevent us from making any 
changes on most of the components of the drive train. With exception of the flywheel 
mass, it is hardly possible to change the mass moments of inertia of the system or the 
stiffness' of the tires, half axles and drive shafts. The only option to modify is the 
connection between the engine and the transmission. The conventional way of dealing 
with the torsional vibrations is by adding a torsion damper, a damped torsionally elastic 
coupling. It is used to shift the resonance speeds, damp resonance amplitudes and it also 
achieves some vibration isolation. In these conventional drive train designs with torsion 
damper the resonance point lies between 700 and 2000 rpm. Due to the available space 
for and the design of the torsion damper it isn't possible to shift these vibrations any lower. 
The only option there is to eliminate the resonance point is by adding damping, however 
this will lead to a more rigid behaviour and thus it negatively influences the vibration 
isolation above the natural frequency, as can be. seen in figure 2.3. 
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Figure 2.3: Vibration isolation of a drive train with a conventional torsion damper, 4th gear measurement. 

So as a result torsion damper tuning always will be a compromise. Low damping results in 
good vibration isolation at high speeds, but high resonance amplitudes at low speeds. And 
high damping leads to rigid behaviour. Another problem for the elimination of the torsional 
vibrations is that new engines are becoming stronger and stronger. And due to weight and 
efficiency optimising of drive trains the drive trains have become more and more sensitive 
to excitations. Due to these developments it isn't possible to fulfil the customer comfort 
expectations on driving comfort anymore with the torsion damper. So a better way for 
vibration isolation had to be found. Possibilities forbetler vibration isolation are a torque 
control isolation system (TCI), a hydrodynamic coupling or the dual-mass-flywheel (DMF) 
that has been developed by LuK. The DMF will be discussed on the following paragraphs. 

§2.2: The principle of the dual mass flywheel 

With the DMF concept LuK was able to achieve far better vibration isolation than a 
conventional drive train concept with a torsion damper. In this paragraph the principle of 
the DMF will be explained. An example of a standard DMF can be seen in picture 2.1 with 
the names of some of its most important components. 

Flange Primary mass 

Secondary mass 

Picture 2.1: Standard DMF cut open + exploded view standard DMF 

With the DMF LuK shifted the resonance point of the 2nd natural mode below idle engine 
speeds. The single inertia flywheel is replaced by two inertias coupled by arc springs. 
Adding one of the inertias to the transmission input shaft and using lower spring rates 
made it possible to shift the resonance speeds below idle speed of the engine. Shifting the 
clutch behind the divided flywheel ensures that the transmission can still be synchronised. 
This can be seen schematically in pic. 2.2 on the next page. 
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Picture 2.2: Schematic representation of vehicle drive train with a DMF 

Eindhoven, 22.01.03 

This produces a vibration isolation range beginning below idle speed. This can be 
explained by looking at the 2nd natural frequency of the system of a vehicle drive train with 
the represented DMF as two masses coupled by a spring. The first mass consists of the 
,... .... ,..; .... ,...'5 "r,.. .... "Sh,..-/+ ; .... ,....-4-; ............ ~ fhe ..,.r;r.-.a n , ; .... e.-4-;a ,...of fh,.,. nt...H: fhe s,.,.",...nrl n->8"'''' ",...nsisf", 
CIIl::fIlIC viOIIr. 1I0IlIIICI1I0 011\..1 1I1 1-'11111 11 III III VI LII"" LJIVIJ, LII ","vVIIU III ...... VV11 I L.;1 

of the secondary inertia of the DMF, the clutch and the transmission inertia. FOi the natura! 
frequency of a two-mass-spring vibration system holds: 

inat = -2
1 J JC 
;rr sub 

with (2.1a,b) 

J =(~+_1 )-1 
sub J J 

1 2 

Here can be seen that a lower spring rate c [Nm/rad] and a higher substitute mass Jsub 

[kgm2
] lead to a lower natural frequency fnat [Hz]. In between the two masses of the divided 

flywheel the arc springs are situated, which couple the two masses to each other. These 
arc springs make it possible to achieve lower spring rates than with the convent~onal 
springs used in a torsion damper. This is because due to their arced form they can be 
longer. With these springs the rate of isolation and the position of the resonance point can 
be effected. In picture 2.1 these arc springs and there positions in the DMF can be seen. 
By adding a part of the mass of the flywheel to the transmission Jsub becomes higher, while 
keeping the total flywheel mass the same. This is the second way in which the DMF can 
reach lower natural frequencies. 

The primary side of the DMF is attached to the crankshaft of the ICE and the secondary 
side of the DMF is attached to the clutch that on his turn can be coupled to the 
transmission shaft. They can rotate relative to each other via a bearing. A flange is 
attached to the secondary part and lies in between the two inertias. When the two inertias . 
rotate relative to each other two fingers at the outside of the flange will stress the arc 
springs. For excitations above the natural frequency of the DMF, the DMF will provide 
damping of the torsional vibrations, figure 2.4. 

Q) 
"0 

~ a. 
E 
co 

"0 
Q) 
Q) 
0-en 

idle 

Transmission - _ . 
............. _----------

speed [1/min] 

Figure 2.4: Vibration isolation of drive train with DMF, 4th gear measurement. 
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Eindhoven, 22.01.03 

Engine irregularity is increased by the DMF as can be seen by comparing figure 2.3 with 
2.4. This is because the effective mass moment of inertia of the DMF on the engine side is 
lower than that of a conventional flywheel. But this doesn't lead to problems because the 
isolation effect of the DMF easily can compensate that. The resonance of the second 
natural mode doesn't disappear due to the DMF as can be thought when looking at figure 
2.4, but is shifted outside the driving speed range. The 2nd mode now represents a 
resonance between the primary and secondary inertia in opposition to each other. 

The advantages of the DMF over the conventional flywheel and torsion damper don't only 
include the shifting of the resonance point below idle speed and providing vibra"tion 
isolation. In table 2.1 some advantages and disadvantages of the DMF as compared to the 
conventional system with flywheel and torsion damper are listed. 

Advantages DMF Disadvantages DMF 

Better vibration isolation in More expensive 
drive, coast and idle 

Lower fuel consumption and 2nd mode resonance point is 
emissions encountered during start and 

stop 

Transmission dispensation Worse starting behaviour 

Crankshaft dispensation 

Higher lifespan 

Table 2.1: Advantages and disadvantages of the DMF over the conventional system with torsion damper. 

The reason that with the DMF lower fuel consumption and emissions are achieved is that 
due absence of the resonance above idle speed the car will be driven with lower engine 
speeds. The other advantages of a DMF won't be discussed in this report, because they 
won't provide knowledge necessary for the further understanding of this report. More 
information on these subjects you can be found in [4]. =The disadvantage of encountering 
the 2nd natural mode during start will be discussed in the next paragraph. 

§2.3: Startina behaviour of a vehicle with a DMF' ... -
As can be read in table 2.1 the disadvantage of shifting the resonance point below idle 
point is that when the car has to be started it has to pass through the resonance point of 
the 2nd natural mode. This will lead to a worse starting behaviour and can cause problems 
when the vehicle gets stuck in this resonance. Due to the big masses it can lead to 
moments as high as 20 times the maximum engine torque. It is obvious that this will 
damage the DMF or other components of the vehicle drive train. The reason of the 
problems that are caused by the DMF during start is the torque loss due to the friction of 
the arc springs with the outer shell of the DMF. When the arc springs are stressed they will 
be pressed against the shell because of their arced form. Because the biggest vibration 
amplitudes occur when the DMF is in its resonance point, the torque loss shows a peak in 
that point. In figure 2.5 an example of the torque loss of a DMF is given. The start moment 
of the engine has to be big enough to overcome this torque loss and also torque loss due 
to the friction in the engine of the cylinders and other components of the vehicle drive train. 
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When starting the engine has to get past the resonance point of the DMF to assure that it 
reaches idle speed. The biggest resonance amplitudes are achieved by engines with the 
highest engine irregularity, due to the high excitation. This means that diesel engines, due 
to their high torques, with low cylinder numbers provide the most problems during start. In 
figure 2.6a,b and c examples of the engine speed during a normal 'good' start and bad 
starts can be seen . 

..... 

1200

1 
[ soo~ 
.::. 
"0 
C3) 

[ 400 
C/) 

o 

400~------~~------~--------~--

1200 

'[ SOO 
.::. 
"0 
C3) 
C3) 

§; 400 

0.0 0.4 o.s 1.2 t [5] 0.0 

Start resonance 

400~1--------~,--------~,---------,~ 
0.0 0.4 O.S 1.2 t [5] 

Figure 2.6a,b,c: (a) Normal start, (b) Short start, (c) Start resonance 

Short start 

-........ / .... 
Starter 
disengages 

0.4 O.S 1.2 t [5] 

In Figure 2.6a can be seen that when the starter stays engaged during the whole start, it 
can help the engine to get over the resonance point and reach idle. If the starter only is 
engaged for a short period it can happen that the engine hasn't build up enough torque yet 
to keep itself running, and it will stop, this can be seen in figure 2.6b. This 'dying' of the 
engine can cause big vibrations. In some cases the engine has got enough torque to keep 
itself running, but not enough to overcome the resonance, then it can get stuck in the 
resonance. These problems· primarily occur for diesel engines, because due to their high 
excitation they have got the biggest vibration amplitudes and biggest torque losses. 
Because the diesel fuel injection pump already is injecting the maximum amount of fuel in 
the cylinders it is even impossible to accelerate up to idle speed by stepping on the gas. 
This situation can also occur for a normal start in which the starter stays engaged. An 
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example of the engine speed during a start resonance can be seen in figure 2.6c. The 
problem of these resonances is that when the relative angle of the primary and secondary 
mass of the DMF gets too big, the arc springs will block. Due to the big masses of the 
DMF these can lead to high moments, which can damage or destroy the DMF or other 
parts of the vehicle drive train. This is called a DMF impact. So the situation that the DMF 
gets stuck in a resonance has to be avoided. Measurements that can be taken to improve 
the starting behaviour and avoid impacts of an engine with a DMF are: 

Higher start moment of the engine 

Starter help until rpm higher than the resonance rpm 

Damping (friction hysteresis in DMF) 

High primary inertia 

Low secondary inertia 

Low spring rate 

The engine needs a minimal start moment to overcome the torque loss due to the DMF, 
other torque losses of the drive train. The higher start moment of the engine the more 
moment can be used to accelerate faster through the resonance point and the less big the 
vibration amplitudes of the resonance can become, but a too high start moment will lead to 
a big excitation of the resonances. Therefore the start moment hasn't got to get too big. 

The starter also plays a big part in the starting behaviour. When the starter RPM is high 
enough to help the engine to go trough the reSonance frequency it will reach idle speed 
easier and faster. And as long as it supports the engine, the engine can't decelerate below 
the starter rpm. 

Damping has a positive effect on the starting behaviour, because it damps the resonance 
amplitudes. It dissipates the energy of the vibrations. Damping in the DMF can be realised 
by different types of friction. Types of friction that exist in the DMF are, the friction of the 
arc springs with the DMF. This friction increases at higher speeds, because the centrifugal 
force gets bigger and the friction force is linear dependent of the centrifugal force. But this 
type of friction has a negative effect on the starting behaviour as explained before. There 
also is the friction of other parts of the DMF with are in contact and slide relative to each 
other. This friction is independent of the speed. And will cause the DMF to show more rigid 
behaviour, which' is positive for the starting behaviour. Another type ,is the controlled 
additive friction. This is a type of friction that can be deliberately added to the DMF to 
damp the resonance amplitudes and is realised by what is called a friction control plate 
(FCP). This FCP only provides the DMF with extra friction for large relative rotations of the 
DMF inertias. This is done because friction of the DMF is a characteristic that is desired 
during start, but during drive makes the vibration isolation worse. During normal driving 
conditions the vibrations of the DMF stay within the free angle of the FCP. So when the car 
with a DMF has a poor starting behaviour, and more dampfng is desired to improve it, the 
best method is to use a friction control plate. Because this won't effect the vibration 
isolation when it isn't desired. 

A higher primary inertia makes the engine irregularity smaller and shifts the resonance 
amplitudes to lower engine speeds. But the primary inertia can't be made to big because it 
would make the engines responses too slow. A lower secondary inertia also has a positive 
influence on the starting behaviour because it will lower the peak of the resonance 
amplitude, but it can't be made to low because then the resonance will be shifted to 
speeds above idle speed and then of course the DMF will lose it function. 

The spring rate of the arc springs plays a big role in improving starting behaviour. Because 
the arc springs of the DMF are the most important component with which LuK can 
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determine the characteristic of the DMF their influence on the DMF behaviour will be 
discussed more extensive in the following paragraph. 

§2.4: Arc springs of the DMF 

The arc springs of the DMF thank their name to their arced form. The reason that they 
have the arc form is that in that way the length of the springs is the maximal possible 
length with which it still is possible for them to fit inside the DMF. The advantage of a 
longer length is that the spring rate of the arc springs can be made lower. This can be 
explained by looking at the spring as a serial combination of small springs, each coil can 
be seen as a small spring with its own stiffness. The formula for spring in a serial 
arrangement with each other is: 

1 1 1 1 
---+-+ ....... +-

(2.2) 
c = stiffness _[ Nm / 0] 

The total stiffness of the serial combination Ctot will get smaller when more springs are 
used. So for a longer spring it is possible to use more coils and thus the spring rate can be 
lower. The advantage of a low spring rate is that the natural frequency will be lower and it 
gives a better vibration isolation. So a low spring rate is favourable for all driving situations 
with the DMF. With respect to the starting behaviour of a vehicle a low spring rate is 
favourable because this also results in lower resonance frequencies and amplitudes. So it 
will be easier for the engine to go through the resonance point and reach idle. When the 
natural frequency is low enough it even is possible to already get the engine through the 
resonance point with the starter. The problem is that the spring rate is dependent from the 
maximum engine torque. Blocking of the spring has to be avoided, because this wilUead to 
impacts and high moments. So the arc springs have to be able to handle the maximum 
engine torque within their maximum displacement angle. 

Max.M eng = C • CfJmax (2.3) 

Max. Meng= maximum engine torque in [Nm] 

C = stiffness in [Nmr] 

F max = maximum displacement angle in [0] 

When a car has a poor starting behaviour and tnere is decided to solve this by lowering 
the spring rate there are several ways to achieve this. The whole spring can be replaced 
by a spring with a lower spring rate, but this will lead to more impact probability as 
explained above. A way to solve that problem is. using different arc spring arrangements. 
This means that through the combination and arrangement of the different arc springs a 
suitable spring characteristic can be obtained. An example is shown in figure 2.7 on the 
next page. 

12 



LuK GmbH & Co. 
Jaap de Cock / EZV 

·Max. Men 

Angle <i> 

Figure 2.7: Arc spring angle - torque diagram 
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<i>max 

Here can be seen that an arc spring with a stiffness of e.g. 3,5 Nm/o (because there are 2 
arc springs in the DMF which are situated parallel this leads to a DMF stiffness of 7 Nmr) 
would be needed to cover the max. engine moment. When the starting behaviour-would 
have to be improved and a DMF with stiffness 4 Nmr would be used, there can be seen in 
fig. 2.7 that this DMF wouldn't be able to cover the max. engine moment with the same 
displacement angle. Therefore a second stage with a higher stiffness has to be added to 
the arc spring. In this way during start and low engine torque situations there is a low 
spring rate available and when the max. Meng is needed the second stage with th~ higher 
stiffness is able to handle this torque. In practice LuK designs the arc springs in a way that 
the max. torque that the arc spring can handle is higher than the max. Meng, this will be 
discussed in chapter 3. To achieve an arc spring with a two-stage stiffness characteristic 
two different spring arrangements can be made. A serial and a parallel arrangement. 

With the serial arrangement two springs wjth a different stiffness are placed within the 
DMF. The first stage will have the total stiffness of the serial spring combination. The 
second stage will be used when the first spring with the lowest stiffness reaches his max. 
displacement angle. Then only the second stiffer spring is available, which forms the 
second stage. The stiffnesses of the two stages are: 

C first = ( J-. + ...!.-,-l and csecond = c 2 
\ C1 C2 J 

(2.4a,b) 

With the parallel arrangement a second shorter spring is used. So the first part of the 
displacement angle only the longest spring is stressed until the displacement angle 
becomes so big that also the other spring will be stressed. It is possible to place these two 
springs side to side, but because there isn't much place in the DMF LuK makes the 
diameter of the second spring smaller and places it inside the other spring. The stiffnesses 
of the two stages in this case are: 

(2.5a,b) 

Advantages of the serial arrangement over the parallel arrangement are that the serial 
arrangement is cheaper, easier to construct and causes less friction (in the parallel arc 
spring the two springs rub together). The disadvantage is that, due to the fact that the last 
windings are placed one to another to form a flat surface (figure 2.8), the maximum 
displacement angle of a serial arrangement is smaller. The consequence of that is that to 
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be able handle the same max. engine moment the serial arc spring has to be stiffer than 
the parallel arc spring. 

Figure 2.8: Standard arc spring end 

Because two-stage arc spring usuaiiy are used for vehicies which have a bad starting 
behaviour and high engine torques and first stage is used to improve this starting 
behaviour, this stage also is called the starting stage of the arc spring (which doesn't mean 
that the second stage isn't used during starts). 

LuK uses much more different arc springs and arrangements, but they won't all be 
discussed in this report because that knowledge isn't necessary for the further 
understanding of the problem. 
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Chapter 3: Current methods use.d for DMF construction and research 

§3.1: Current method for DMF construction 

Another important subject, which is necessary for a good understanding and illustration of 
the problem, is the way in which LuK currently constructs it DMF. The most decisive step 
for the characteristic of the DMF is the determining of the arc spring characteristic. That is 
why in this chapter the most attention is paid to this step in the construction process. As 
discussed in §2.4 the arc springs need to provide the DMF with a good starting behaviour 
and need to have enough stiffness arid displacement angle to cover the engine torque. 
When a new DMF has to be constructed LuK needs some information from the 
manufacturer of the car for which the DMF has to be designed. This information is: 

Motor type (diesel/Otto, cylinder number, motor capacity) 

Maximum engine torque 

Build space for the DMF 

Size of the primary and secondary inertia of the DMF 
--

The build space and size of the inertias already determine most of the dimensions of the 
DMF. For a normal DMF for an engine with a low maximum torque usually no extra 
components have to be added, next to the arc springs, to provide a good DMF 
characteristic. The arc springs and their arrangement are determined after calculating the 
max. moment which they need to be able to handle. The method that is used for this is: 

Mk=Meng+10%(engine irregularity)+10%(arc spring deformation)+10%(engine dispersion) 

Mk=1 ,3*Meng in [Nm] 

The maximum engine moment is a middle value of the car manufacturer and therefore 
there is 10% added for the engine irregularity. Not every engine will have exactly the 
maximum moment that is given by the manufacturer so therefore another 10% for the 
engine dispersion is added. Another 10% is added for the arc spring deformation. During 
the life cycle of the arc spring it will deform and become shorter due to the stresses. A 
shorter arc spring won't be able to handle as much moment as initial. The max. 
displacement angle of the arc springs is determined by the dimensions of the DMF and its 
components and the dimensions of the arc spring. At the moment a simple rule for 
determining the arc spring stiffness,. which in most cases assures a good start, is being 
used: 1 Nmr per cylinder. The construction engineer now already knows some other spring 
parameters with which he, with the use of a program, can calculate if a arc spring of 
standard material and dimensions is able to cover the max. engine torque and satisfy the 
1 Nmr rule. In figure 3.1 can be seen that when an arc spring has to be used for e.g. a 4-
cylinder diesel engine with high engine torque an arc spring with a stiffness of 4Nmr (DMF 
stiffness 8 Nmr) can't handle enough moment. In this case the construction engineer has 
to adjust the arc spring. For this he has a few different options. 

When the difference between the max. moment and the moment which current the spring 
can handle isn't very big there can be chosen for a measure which increases the max. 
displacement angle of the arc spring. On of these measures is a spring from a higher 
quality of material. The coils of this spring can be thinner for the same spring rate. This 
leads to a bigger max. displacement angle of the spring and thus it can handle more 
moment. Another option is two parallel springs, these parallel springs can have a lower 
spring rate and thus thinner coils. The last and most simple option is making the whole 
spring stiffer, but because this can lead to a bad starting behaviour and less good vibration 
isolation most of the time this is avoided. 
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Figure 3.1: Arc spring angle - torque diagram 
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When the difference is too big there has to be chosen for other options. Making the whole 
spring much stiffer will lead to a bad starting behaviour. So therefore LuK uses the spring 
arrangements that also have been dis.cussed in § 2.4 with the start stage with a lower 
stiffness than the second stage. 

For most diesel engines also an FCP is added, because with their high torques they 
usually show bad starting behaviour with big vibration amplitudes. 

VVhen the spring rate and the arrangement of springs have been determined. A prototype 
will be build and tested in a vehicle or in some cases the designed DMF will be tested by 
making simulations with it in TORS by a R&D engineer. TORS is a program, which can be 
used to simulate vehicle drive train vibrations. It is used to calculate the angles, moments, 
speeds and acceleration of the inertias during different stages of use of the DMF. Such as 
start, stop, drive, coast and idle. When there is a problem during one of these situations, 
like blocking of the arc springs (impacts) or a bad starting behaviour. There can be made 
simulations with parameter variations. In this way there can be seen if choosing other 
spring rates or adding an FCP or other components can solve the problem. When the 
measures which have to be taken are to expensive for the car manufacturer, there has to 
be looked at the option if there are some parameters in the drive train of the car that can 
be changed, like the inertias or the minimal start moment: When the problem is solved the 
DMF has to be re-constructed with the new parameters. In the case when a prototype has 
been build the behaviour of the DMF is measured in the vehicle. When the stresses that 
are measured are too high there also will be made variation simulations in TORS to find a 
solution. 

It is clear that when problems occur after the first design of a DMF it costs LuK a lot of 
extra time and thus money to find the solution for the problem and make a new design. 
This primarily occurs for the diesel engines with high torque and low cylinder numbers. 
The goal of LuK for this problem, which is the subject of this report, is to provide the 
construction engineers with predictions of the starting behaviour of an engine. With these 
predictions they can choose parameters for the DMF that guarantee a good starting 
behaviour. This will eliminate the extra simulations or tests that have to be made by the 
development engineer when a DMF shows problems. And thus save time and money. In 
the next chapters the processes of finding and making a usable method for the 
construction engineers will be discussed. 
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Chapter 4: Parameters of influence for start 

§ 4.1: Start model for TORS 

BOhl, den 08.01.03 

Before the start simulations with parameter variations in TORS can be made, to see how 
the parameters influence the start, a mass-spring-damper model of a vehicle drive train 
during start is made. Figure 4.1 shows a simplified torsional model of the vehicle drive train 
during start. While explaining this model also some information on the program TORS is 
given to understand the basics of the program. 

Starter 
Primary mass Secondary mass 

Sprocket 

Freewheel 

Figure 4.1: Simplified mass-spring-damper model of a vehicle drive train during start 

The first inertia J1 represents the inertia of the starter that is reduced on the engines 
crankshaft. J 1 is excited by a moment Mst, this is the starter torque characteristic. J 1 is 
coupled to J2, the inertia of the starter sprocket reduced on the engines crankshaft, with a 
freewheel with a high stiffness in the engines drive direction, but no stiffness in the 
opposite direction. J3 is the inertia of the rotating components of the engine and the 
primary mass of the OMF. The coupling of J2 and J3 has a high stiffness to represent the 
gear teeth coupling of the starter sprocket with the gear rim at the primary mass of the 
DMF. J4 represents the secondary mass of the DMF, the clutch and the transmission 
shaft. The inertias J3 and J4 are coupled by the arc springs and there also is damping in 
the DMF. On J3 works the engine friction, which in TORS can be modelled as inertia of 
high value J5, and if necessary the inertia of the auxiliaries can be added to the model too . 
as a sixth inertia, which is coupled to J3 with a spring, and a viscous damper that 
represent the belt that drives the auxiliaries. Most important on J3 works the moment Meng 
this is th'e engine torque. 

In TORS it is possible to build this model and make simulations of the drive train vibrations 
with it. In the program TORS there are several options available to simulate for example 
the arc springs or friction plates. There also is an option for the excitation moment with 
which you excite an inertia, for example an combustion engine, periodic or harmonic 
torque excitation or you can prescribe an excitation yourself. In the start simulation the 
combustion engine option is used for the moment that excites J3. In this option the torque 
curve of the engine torque is calculated with the geometrical engine data, with which the 
mass moment and the moment due to the compression and expansion can be calculated. 
And the combustion moment is calculated with an empirical procedure. When a complete 
model is constructed in TORS there can be chosen what type of calculation you want to 
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make under which conditions and which output data you need. A normal calculation of the 
model can be made or a calculation which varies one or more parameters of the model. In 
a special output option you can define which graphs you would like to see or which 
numerical data you need. This output data can be torques at inertias or couplings, angles, 
speeds or accelerations of inertias or frictions in couplings. 

§ 4.2: Finding the most important start model parameters 

§ 4.2.1: TORS-simulations plan 

To investigate the influences of the different parameters of the start model I have used the 
program TORS. As drive train model I have used the model of a Ford Transit vehicle drive 
train with a 4-cylinder diesel engine with which there are a lot of problems among other 
things due to its high engine irregularity. In this way the influences of the different 
parameters can be seen very good. The model had been altered a little to make it suitable 
for the simulations. The original model was equipped with a FCP and a very low spring 
rate (1,63 Nmr) with which it had a good starting behaviour. The goal of the simulations 
was to see how the different parameters of the start model make the starting behaviour 
better or worse. Under these conditions it was difficult to become a bad start with the 
model, so the FCP is removed. But because they influence of the FCP had to be taken 
along also, for some simulations it was added again. Because I wanteo to see the size of 
the max. reI. angle without the chance of the arc springs to block and without an influence 
of the second stage, the two-stage parallel arc spring is replaced by a single stage arc 
spring with an very large blocking angle. Large enough to eliminate the chance of an 
impact. The arc spring had been made stiffer (2,5Nmr) to increase the chance of a 
resonance. The details and exact parameters of this model can be seen in appendix I and 
also an example of the output graphs from TORS for a start with these parameters_ c~m be 
seen in appendix Ila,b. Graph 1 shows the speeds of the primary and secondary inertia, 
graph 2 the moments which work on the inertias and graph 3 the reI. displacement angle 
of the DMF. The simulations only have been made for normal starts with a starter that 
stays engaged, because the delayed start wouldn't provide extra information in this case. 
As criterion for comparing the simulations I have used the maximum relative angle of the 
primary and secondary mass during the start simulation and the time it takes for the 
engine to reach idle speed. I have chosen for the maximum relative angle, because as can 
be read in chapter 3 this parameter plays several important roles. A large maximum 
relative angle is negative for the starting behaviour of the engine. This is because the 
bigger the vibration amplitudes, the higher th-e accelerations of the inertias (also depending 
of the spring rate, the higher the spring rate the higher the accelerations) which leads to 
higher moments and more chance to impacts. It also is negative, because a bigger start 
stage would be necessary and then the second stage would have to be much stiffer. The 
criterion of the time the engine needs to reach idle speed is chosen, because with this 
criterion can be seen if the engine reaches idle speed or not. Also holds the shorter the 
start time the better. When the engine gets stuck in a resonance it won't reach idle or will 
take longer than normal, when it is able to get through the resonance after all. 

To see how the different parameters of the start model influence the start model I have 
varied them 25% bigger and smaller and then looked at their influence on the two different 
criteria. The results of these variations will be shown and discussed in the next 
paragraphs. In reality not all parameters can or will be varied for a range of 25%, some 
can or will be varied more or some less. But this is done to be able to compare the 
different influence of the different parameters better. 

§ 4.2.2: Parameter variation results 

Not all parameters of the start model, which has been discussed in § 4.1, have been 
varied during these simulations. It is clear that stiffnesses or inertias that are several 
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orders bigger than stiffnesses or inertias from the same model, won't lead to any 
significant influence on the starting behaviour compared to the other parameters. For this 
reason the inertia J5 that helps to represent the engine friction and the stiffnesses K2 and 
K3 haven't been varied. The results of the other variations with respect to the max. reI. 
angle criterion can be seen in the next 3 figures. 
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Figure 4.2.1: Influence of the inertias of the start model on the max. rei. angle during start 
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Figure 4.2.3: Influence of the DMF parameters on the max. reI. angle during start 

As can be seen in fig. 4.2.1, J3 and J4 have got the biggest influences on the max. reI. 
angle. After making them respectively 25% bigger and smaller, the effect of the change J3 
on the max. reI. angle is that it becomes respectively approximately 4,5% smaller and 
bigger. A bigger primary inertia of the DMF leads toa smaller max. reI. angle of the DMF 
and thus to a better starting behaviour. This corresponds with the theory of chapter 2. For 
the change of J2 the max. reI. angle in both cases gets bigger (approx. 4 and 7%) and 
thus has got a negative effect. This doesn't correspond with the theory of chapter 2 and 
will therefore be examined more detailed later. The inertias J 1 and J2 haven't got any 
significant effect on the max. reI. angle after changing them. The influence of the 
auxiliaries inertia is bigger than that of the starter inertias J1 and J2, but it still is smaller 
then a 3% change. ' 

In the next figure, fig. 4.2.2, some other parameters of the vehicle drive train have been 
varied. Here can be seen that the Start moment of the engine, the starter torque and the 
starter RPM especially have got big influences. This also has been said in chapter 2 the 
theory. The big effect on the starter RPM change can be explained by the fact that with a 
low RPM the starter can't help the engine through the resonance point and thus the 
vibration amplitudes will be much bigger. The influence of the starter torque is that a 
starter with a higher torque can help the engine to a slightly higher RPM. The max. RPM 
up to where the starter will help the engine is the RPM where the starter torque is equal to 
moment of the friction of the drive train components. With fig. 4.2.4 this is graphically 
explained. The starter characteristic is represented as a straight line in this case, normally 
it is slightly curved but in this situation it is easier to graphically display. 
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Figure 4.2.4: Starter torque change influence on the maximum reached RPM of the starter during start 

In fig. 4.2.4 'also can be seen why the lowering of the starter torque leads to a bigger 
change of the max. reI. angle than the increasing of the start torque. But the starter 
parameters are parameters that only the car manufacturer can influence. So there can be 
concluded that it is important for engines,. which have a big chance to get stuck in a 
resonance, to try to get the natural frequency of the drive train below a speed up to where 
the starter can support the engine. But because the LuK can't change the starter 
parameters they won't be treated anymore in the further simulations. For the other 3 
parameters also holds that they can't be influenced by LuK and also their infiuences on the 
max. reI. angle aren't very big. 

Looking at fig. 4.2.3, with the 25% variations of Jhe DMF parameters, there can be seen 
that the arc spring rate has got a big influence. But in both cases of increasing and 
lowering the spring rate with 25% the max. reI. angle got bigger. The reason for this is that 
due to the lower spring rate the displacement angle of the spring has to be bigger to 
handle the same moment as before. So with this criterion there can't be seen if with the 
lowering of the spring rate the start got better or worse another criterion has to be used. 
But, when the max. reI. angle gets bigger for a stiffer spring, this means that the moments 
of the vibrations have got bigger and thus also the vibrations amplitudes, because the 
inertias didn't change. And therefore can be concluded that in this case the start did get 
worse. In fig. 4.2.3 can be seen that for all the types damping of the DMF holds that a 
higher damping has a positive (lowering) effect on the vibration amplitudes of the DMF. 
Because all types of damping have the same effect to a certain extent and the Fep has 
got the biggest influence and can be varied the most of all damping parameters, this 
parameter will be used in further simulations. In this way the number of parameters that 
have to be varied in further simulations, and therefore the number of simulations which 
have to be made, can be lowered. 

The parameters that are of the biggest influence on the max. reI. angle now are known. 
There also already has been discussed which parameters can be altered by LuK and 
which ones not. To limit the number of parameters and thus number of further simulations, 
which have to be made, the following parameters are selected to be used for the further 
simulations: 
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1. Primary inertia 

2. Secondary inertia 

3. Start moment of the engine 

4. Arc spring rate (DMF stiffness) 

5. Friction control plate damping 

Eindhoven, 22.01.03 

These parameters also already have been mentioned in chapter 2 as the parameters that 
can be used to improve the starting behaviour. After these simulations it is also more clear 
in what extent they can influence a for the construction engineer important parameter, the 
relative displacement angle of the DMF. 

The 25% variations aiso have been compared with the time to reach idle/start time 
criterion. For the start time criterion a c++-file has been used to calculate the time the 
engine takes after the ignition of the first cylinder to the first moment the average engine 
speed reaches 850 1/min, the idle speed. In appendix lib can be seen that in the case of 
these parameter variation simulations that leads to a problem. The idle speed is shown as 
the blue line in the first graph and the average engine speed GIS the red line. For the 
simulation with the standard values for all parameters there can be seen that the first time 
the engine reaches idle it doesn't stay above idle, it drops again and thus when the speed 
that the engine reaches at that moment gets a little bit smaller, the start time becomes 
relatively much longer. That is why the results of this criterion have to be viewed at critical. 
Therefore the results of these parameter variations aren't shown here and discussed. But 
they can be seen in appendix IIla,b and there can be concluded that the parameters which 
had the most influence on the max. reI: angle, also have got a big influence on the start 
time. 
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Chapter 5: The influence of the parameters on the starting behaviour 
and their relation with each other. 

In this chapter I will describe how I have tried to make predictions for the starting 
behaviour of different engines with the use of parameter variation simulations to see how 
the different parameters behave. I started with making some more parameter variations 
with the five in chapter 4 selected parameters to see how the starting behaviour changes 
when they are changed. The first two parameters that are studied are the primary and 
secondary inertia, from now they will be called J1 and J2 for ease. The most common 
values of J1 approximately lie between 0.09-0.24 kgm2 for J2 this is betvveen 0.08-0.19 
kgm2

. There have been made parameter variations of these inertias for these values with 
steps of 0.1 kgm2 for different values of the other 4 parameters. This has been done to see 
if the behaviour of the influence of the inertias changes for other values of the other 
parameters. The max. rei. displacement angle is used again as a criterion to compare the 

. different simulations. In the cases where the spring rate has been changed too, the max. 
moment in the arc springs (DMF moment) is used as a criterion, because as became clear 
in chapter 4 with only the max. reI. angle criterion there can't always be seen if the start 
becomes better or not. For the simulations with a constant spring rate the DMF moment 
doesn't provide extra information because the DMF is a linear function of the displacement 
angle and the spring rate of the arc springs: 

M DMF = 2 . CAS . <P DMF 

with, 

M DMF = DMF _ moment 

CAS = Spring _ rate 

<P DMF = Max.rel.angle 

(5.1 ) 

Because the two arc springs in the DMF work parallel the MOMF is the product of the 
moments of the 2 arc springs. 

The spring rate has been varied between 1 and 3,75 Nmr with steps of 0,25 Nmr, which 
means a variation of the DMF stiffness from 2-7,5 Nmr. The FCP friction has been varied 
from 0-55 Nm with steps of 5 Nm. And the start moment of the engine between 40 and 190 
Nm, which means an effective moment on the engines crankshaft of 6-156 Nm (34 Nm 
engine friction) with steps of 10 Nm. There has to be kept in mind that in reality not every 
ignition results in the same moment on the engine crankshaft. But to be able to study the 
parameter start moment this has been held constant. The results of the simulations will be 
discussed in the following paragraphs, and the graphs can be found in the appendices. 

§ 5.1: Primary inertia influence 

In the graphs in appendix IVa,b can be seen that in all cases for J1 holds that the bigger it 
gets the smaller the displacement angle of arc springs becomes. The max. reI. angle 
almost linear descends for an increasing J 1 in most cases. This can be explained with the 
theory of chapter 2. When J1 becomes bigger it will decrease the engine irregularity and 
thus the excitation of the 2nd order vibrations will be smaller. Due to the lower excitation the 
vibration energy that is put into the system is lower. Another observation that can be made 
is that there can be seen that the other parameters have got an influence on the slope of 
the curve. E.G for a bigger J2 the slope gets less steep. For the different DMF stiffnesses 
the curves show a linear descend, but for the DMF stiffness of 4Nmr the curve is steeper 
for small J 1 's, the curve shows a bend. After observing the output graphs of the relative 
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displacement angle J1-J2 in TORS it became clear that in the simulations for the DMF 
stiffness of 4 Nmr the maximum angle didn't occur for the same vibration every time. In 
figure 5.1.1 can be seen that the largest angle occurs at point 1, this is for the simulation 
with J1 =0,09 kgm2

. For the simulations with J1 =0,14 kgm2 this occurred at point 2 in figure 
5.1.2. So in the beginning point 1 had the largest displacement angle, but apparently this 
angle decreased faster then the displacement angle at point 2. 

50 

o 

-50 

o 
Time [5] 

Figure 5.1.1: Displacement angle J1-J2 during start for the DMF stiffness of 4Nm;o and J1 =0, 09kgm2 
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Figure 5.1.2: Displacement angle J1-J2 during start for the DMF stiffness of 4 Nm;oand J1=0, 14 kgm2 

In appendix Va,b the graphs of the displacement angle J1-J2 for DMF stiffness 4Nmr and 
5 Nm/o for 4 different primary inertias can be seen. When comparing these graphs it is 
clear that the graphs of the displacement angle J1-J2 don't correspond with respect to the 
development of the displacement angle during start when parameters have been varied. 
So it is important for further interpretations of the results of the simulations with respect to 
the maximum relative angle criterion, that this criterion only provides information about the 
size of the max. reI. displacement and not about the moment at which it occurs and also 
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not about the number of big relative displacement angles which occur. So if the engine 
gets stuck in a resonance it can't be recognised with this criterion. This information has to 
be taken into account for the further interpretations of the simulation results. 

In the results of the J1 variations with different values for the other parameters can be 
observed that in each case the max. rei angle gets smaller for a bigger J 1. And that the 
variation of J2 in combination with the variation of another parameter doesn't influence this 
behaviour in a big way. 

§ 5.2: Secondary inertia influence 

The graphs of the secondary inertia variations can be seen in appendix Vla,b. For the 
variation of J2 for different DMF stiffnesses there can be seen in the first 2 graphs that the 
shape of each curve is very different. One thing that they have got in common is that they 
all show a maximum and for the curve of the DMF stiffness of 5Nmr seems to have a 
second maximum because it rises again. For the variations of J2 for different J 1 and Fep 
friction there can be seen that the shapes of the curves don't change but the max. reI. 
angle gets smaller for a bigger J1 or higher Fep friction. For the variation of J2 for different 
starting moments can be seen that in the be~inning the curves don't show a lot of 
difference, but from approximately J2=0,16 kgm they all go a different way. The reason 
for this is that due to a short resonance the same problems occur as have been seen with 
the variations of J 1, the max. reI. angles don't take place in the same point the during the 
start. 

§ 5.3: Fep friction influence 

In the Fep friction variation simulations, appendix Vlla,b, is seen that in each case the 
curves descend for an increasing Fep friction. This corresponds with the theory-·that 
friction in the DMF provides damping of the resonances and thus smaller vibration 
amplitudes. In the results of the variations of the Fep friction for different J1 and J2 there 
aren't seen any irregularities. For the start moments can be seen that their influence isn't 
very big when a Fep has been added only for the highest start moment at high Fep 
values, there differ the max. reI. angles a little more than in the other situations. 

§ 5.4: Start moment influence 

In appendix Vllla,b,c can be seen that in the case of varying the start moment for different 
DMF stiffnesses there can be seen some interesting differences in the curves. That is also 
why there have been made simulations from 2-8 Nmr for the DMF stiffness while varying 
the start moment. For 3 and 4 Nmr the curves show a nice linear behaviour, but for higher 
stiffnesses the curves start to show an arbitrarily behaviour. The only conclusion that can 
be made for these curves is that they generally rise for a bigger start moment. Which when 
explained with the theory that for a bigger excitation the vibration amplitudes get bigger is 
correct. For the curve of 2 Nmr can be seen that for the start moments of 160 Nm and 
lower the max. reI. angle seems to have a minimal amplitude of approximately 55°. When 
looking at the DMF moment graph this means that there is a minimal moment of 
approximately 110 Nm that is stored in the arc springs of the DMF. After studying the 
displacement angle graph of one of these measurements I saw that this minimal 
displacement angle was caused by the starter excitation. The results of the variations for 
different J 1 and Fep friction don't show any surprises. But in case of the start moment 
variations for different J2 there is another example of the problem of the max. rei angle 
occurring at different points for the lower values of the start moment, approx. 40-80 Nm. 
But after looking at the output graphs of TORS of the start simulations there is seen that 
for these start moments the engine gets stuck in a resonance because they are too low. 
An example of the output graphs of one of these simulations can be seen in appendix IX. 
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§ 5.5: Arc spring rate/DMF stiffness influence 

Eindhoven, 22.01.03 

The results of these simulations can be found in appendix Xa,b,c. For the variations for 
different J1 all the curves show a maximum for the max. reI. angle at 3,5 Nmrand after 
that local minimum for 4,5 Nmr. When looking at the DMF moment curves, they don't 
show anything special at 3,5 Nmr, but for the 4,5 Nmr there is a bend in the curve. 
Comparing the graphs of the speeds of J1 and J2 and their relative displacement angle for 
3-6 Nmr and a constant J1 =0,14 kgm2 (appendix Xla,b,c) shows us that it was the familiar 
problem again the max. reI. angle doesn't take place at the same moment during the start 
simulations. It also showed that for the simulations from a DMF stiffness of 4 Nmr the 
engine has more difficulty to get through the resonance point. But for a DMF stiffness of 5 
Nmr it only shows big vibration amplitudes up to the second ignition and after that reaches 
idle 'vvithout further problems. This can't be explained using the theory and \1I!ou!d have to 
be studied further to find an explanation. The other variations for different J2 show us that 
the maximum shifts to lower DMF stiffnesses and that the local minimum slowly 
disappears for bigger J2. It seems that the influence of the arc spring rate on the starting 
behaviour is dependent of J2. The spring rate variations for different FCP frictions show 
that the FCP friction doesn't influence these phenomena. In the variations for different start 
moments can be seen that for higher start moments the local minimum is shifted to higher 
DMF stiffnesses, but the DMF moment graph shows an almost linear increase without 
peculiarities .. 

26 



LuK GmbH & Co. 
Jaap de Cock I EZV 

Chapter 6: Other problem approaches and recommendations 

Eindhoven, 22.01.03 

From the results of the parameter variations, which were discussed in the previous 
chapter, there can be concluded that, although the problem already had been simplified by 
only considering the most influential variables of the start model, the influences of the 
parameter are very complex, which makes it very difficult to make predictions for situations 
in which all the parameters change. Therefore I have attempted to try to simplify the 
problem further. But without losing the information of any of the parameters. I have tried 2 
different approaches, which will be discussed in the next 2 paragraphs. 

§ 6.1: DMF natural frequency 

The parameters primary inertia, secondary inertia and the arc spring rate can be 
considered together when the DMF natural frequency is chosen as a parameter to vary. 
With formula 2.1 a and b can be seen that these 3 parameters together define the natural 
frequency of the DMF. 

hw =~/ 
sub 

with (2.1a,b) 

J =(~+_1 J-
1 

sub J J 
1 2 

fnat = natural frequency in Hz 

c = stiffness in Nm/rad 

J = inertia in kgm2 

To be able to use the DMF natural frequency as a parameter there has to be checked if 
the start behaviour stays the same for situations with the same natural frequencies of the 
DMF, but different values for J1, J2 and the arc spring rate. Therefore there have been 
made some simulations for several different natural frequencies with every time only the 
variation of one of the· parameters. For the first simulation the standard model with 
parameter values as described in appendix I with a natural frequency of 10,2 Hz (or 2nd 

order nat. freq. of 305 1/min) is used. The results of these simulations can be seen in 
figure 6.1.1 a,b. 
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Figure 6.1.1a Max. reI. angle for several natural frequencies with different J1, J2 and C 
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Figure 6.1. 1b Max. DMF moment for several natural frequencies with different J1, J2 and C 

The values that have been used for J1, J2 and C (the DMF stiffness) and the quantitative 
results of the simulations can be seen in appendix XII. 

From figures 6.1.1a,b can be seen that unfortunately it isn't possible to use the DMF 
natural frequency as a parameter to describe the starting behaviour. The effects of the 
variations of J1, J2 and C to reach the same natural frequencies didn't lead to the same 
results in starting behaviour. Which could be expected because to reach a smaller nat. 
freq. J1 and J2 both have to be increased. And as seen in the other simulations they both 
have a different influence when varied. 

§ 6.2: Energy of the DMF 

In another attempt to solve the problem, I have looked at the total energy of the vehicle 
drive train with the DMF and tried to see if this can be used as a criterion for a goOd or a 
bad start. The energy of the combustions in the engine cylinders is converted into heat and 
kinetic energy of the engines rotating and translating parts and the rotating parts of the 
vehicle drivetrain with the DMF. A part of this kinetic energy is converted into potential 
energy and heat when the arc springs are stressed. The potential energy in the arc springs 
will be converted back into kinetic energy, but the energy that is converted into heat is lost. 
The bigger the vibration amplitudes of the DMF are the bigger the part of the energy that 
will be lost as heat will be, this can be explained with the following formulas: 

Ekin1 = E kin2 + E pot + Q 
With, Ekin1 > E kin2 

Q = M jDMFrpDMF + M firpi 

(6.2.1) 

(6.2.2) 

(6.2.3) 

(6.2.4) 

With the kinetic and potential energy, Ekin and Epot, and the heat Q in [J]. The rotation 
speed of the inertias (A in [rad/s]. And the relative displacement angle of J1 and J2 rpDMF 

and the rotation angle of the inertias rpi in [rad]. The DMF stiffness C in [Nm/rad] and the 
moment due to friction in the DMF MfDMF and the moment due to friction of the other drive 
line parts Mf in [Nm]. So with these formulas there can be seen that if the system gets in a 
resonance and thus has large vibration amplitudes that more and more energy is lost as 
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heat. If the amount of energy that is lost as heat is too big, the engine will slow down and 
stop or get stuck in the resonance. So if the total energy that is put into the system is 
known and the kinetic and potential energy of the system at the end of the start can be 
calculated, because the rotational speeds of the inertias and the displacement angle of the 
DMF are known, the amount of energy that is lost as heat can be calculated. The amount 
of lost energy will be higher for starts with big vibration amplitudes. The problem of using 
the energy that is lost as heat as a criterion is that it doesn't give any information about the 
number and size of the vibration amplitudes. A start which reaches idle after a long time, 
but without any large vibration amplitudes will have lost more energy than a start that only 
has had one big resonance vibration and after that reached idle speed without any further 
problems. So with the energy lost as heat criterion to much information about the start 
behaviour is lost to use it as a criterion to define if a start can be called good or bad. In the 
case where the engine gets stuck in a resonance or stops.during the start, the criterion 
would be able to show that, but the criterion that already has been used in chapter 3 for 
the parameter influences, the start time, also can provide us with this information. The 
calculation of the energy would also be more complex then the use of the start time 
criterion. 

§ 6.3: Conclusions and recommendations for further research 

Because the start behaviour is a non-stationary process with a large number of 
parameters that influence the starting behaviour and some each other. And because it also 
is very difficult to define simple practicable criteria to determine if a start is good or bad. It 
was too difficult to make predictions with enough safety, on the basis of a number of 
simulations, for the start behaviour of an engine. Although I believe that the simulations 
which have been conducted by me do provide more knowledge about the exact influence 
and the complexity of the influence of some of the parameters involved during start. 

Possibilities to solve the problem with future research would have to include a more 
intensive research for the exact influence of J1, J2, C, the FCP friction and the start 
moment on the starting behaviour and each other for new criteria. These new criteria 
should provide information about the size of the relative displacement angle of the DMF, 
how many big relative displacement angles occur and if the engine reaches idle speed or 
not. 

Then I also would advise to look separately at the starter influence and in what way during 
the construction process the influence of the starter already can be taken into account. 
The effects of the starter staying engaged or being disengaged prematurely also can be 
considered in this research. . 

Another point, which might be interesting to observe, is the effect of the spring 
arrangement that is used. The different spring arrangements show differences in the 
amount friction and maximum displacement angles. And new arrangements that could 
help to improve the starting behaviour could be developed with the knowledge that this 
research would provide. 

Because all this research would require a lot of time, I was asked to look at the possibilities 
of finding a solution for the problem by which the capabilities of TORS of making start 
simulations could be used. When the necessary vehicle data is available the program 
TORS can make start simUlations that show a good resemblance with reality of the starting 
behaviour. The problem is that to make these simulations certain skills to operate the 
program are needed. To teach every construction engineer how to operate the program is 
a possibility, but a time and money inefficient option. So in the next chapter I will describe 
a method by which a program is created which can use TORS to make start simUlations 
and then present the results in an easy manageable form to the construction engineer. 
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Chapte-r 7: Start simulation with parameter variation sequence 

§ 7.1: Providing TORS with suitable information 

To make it possible for the construction engineer to let TORS perform start simulations 
with parameter variations, there has to be found a way to provide TORS with the 
information it needs to make the s.imulations without the construction engineer having to 
learn how to operate TORS. This requires a program in which the construction engineer 
can give in the data and then the program has to feed the data into TORS. The more exact 
you want the simulations to correspond with reality the more data TORS needs. Because 
not every time all the vehicle data is available it is practical to make a standard model, with 
the average values of the different parameters, of a start simulation in TORS. So if certain 
data isn't available the model will use an average value for that data. Because the average 
data of engines with different cylinder numbers or combustion principle differs it is the best 
when there are made different start models for diesel and gasoline engines and for 
different cylinder numbers. An example of an excel-file in which the data can be given in 
by the construction engineer, after which the excel-file calculates the right data that is 
needed for TORS is presented in figure 7.1 : 

Engine data: 
BenzinlDiesel [BID]: 0 
Cylinder number: 4 
Engine capacity [cc]: 1998 
Max. Meng [Nm]: 450 
Idle speed [1/min]: 800 

OM F data: 
Primary inertia [kgm2]: 0.1765 
Secondary inertia [kgm2]: 0.1146 
Arc spring radius [mm]: 126 
Arc spring rate [Nmr]: 2 

Starter data: 
Max. Moment [Nm]: I 500 
Max. RPM [1/min]: I 232 

Variations step size 
Arc spring rate [Nmr]: 0,5 

tep 
1/0 I _ 1 

FCP friction [Nm]: 10 
Mstart [Nm]: 10 

TORS data: 
Variations data: Engine geometry data: 
OM F stiffness F C P frictio n Mstart Osc. Mass [g] 1150 
2 0 70 Diameter of the bore [mm] 84 
2,5 10 80 Stroke of the piston [mm] 90 
3 20 90 Length of the rod [mm] 136 
3,5 30 100 Compression ratio [-] 18 
4 40 110 
4,5 50 120 
5 
5,5 
6 
FIgure 7.1: Excel sheet for engme data with as output TORS mput data (for a 4 cylmder dIesel engme) 
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The construction engineer can feed in the data he has got into the first fields of the sheet, 
engine data, DMF data and starter data. With the cylinder number and. combustion 
principle the standard model that has to be used for the simulations is determined (the 
best method is to use 4 models for a 4- or 6-cylinder engine and a diesel or gasoline). 
Because the engine geometry data that TORS needs usually isn't available the excel 
sheet will calculate these. This data consists of the oscillating mass of the engine, the bore 
diameter, the piston stroke, the rod length and the compression ratio (e). The compression 
ratio also is needed, but normally doesn't differ very much for engines of the same 
combustion principle. For diesel and gasoline engines holds, the higher the compression 
the higher the efficiency. So the engine manufacturer will try to get this as high as 
possible. But for a gasoline engine the maximum compression ratio is determined by the 
fuels knocking tendency. The average value for this is approximately e=1 0 [5]. For a diesel 
engine the maximum compression ratio is determined by the maximum mechanical load 
the engines components can handle and the mechanical friction losses that will increase 
with a higher e. For diesel engines the average value is approximately e=18 [5]. Because 
the oscillating mass of an engine is almost linearly dependent of the engine capacity [6], 
the other geometrical data of the engine can be calculated by multiplying the geometry 
data of the standard model with the ratio of the standard model engine capacity and the 
engine capacity of the to be simulated model. Only for the diameter of the bore this has to 
be the squ~re root of this ratio. 

All the other data, like the primary and secondary inertias, can be put directly into TORS 
without altering. Therefore a link between the excel-file and TORS has to be programmed. 
With the current experience it is possible to give in a value for the arc spring rate, which 
will be near to the arc spring rate that will give the DMF a good starting behaviour. With 
this value and a free to choose variation step size the other values for the parameter 
variation simulations can be determined. With the option FCP; there can be decided by the 
construction engineer if there also have to be made simulations with a FCP or not. In the 
case of most gasoline engines this won't be necessary, because they usually don't have 
got big vibration amplitudes. But for diesel engines it is advised to use this option because 
of their big vibration amplitudes. Here also the step size of the variations can be chosen. 
For the start moment it is important to realise that the values in the excel-sheet aren't the 
effective moment that acts on the engines crankshaft. For the start moment it is also 
important to know which minimum start moment the engine needs to go through the 
resonance point and what is the maximum value for which the excitation gets to big. So 
the step sizes are determined by the minimum and maximum value with which the 
construction engineer wants to make the simulations. 

§ 7.2: Simulation resuits processing 

There already have been made some simulations as an example with a BMW 2.0L diesel 
motor (M47TUE), the data of these simulations can be seen in fig. 7.1. The results ofthese 
simulations have to be presented in a way in which they are usable for the construction 
engineers. In figure 7.2 the results are plotted in a graph with the max. reI. angle as y-axis 
arid the start moment as x-axis. For each DMF stiffness the results of the simulations are 
given for the simulation without FCP and the simulation with the biggest FCP 
friction=50Nm. 
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Figure 7.2: Simulation results for different DMF stiffnesses without FCP and with FCP friction=50Nm 

In fig. 7.2 it is easy to see what maximum displacement angles the DMF makes without 
Fep (broken line) and what maximum displacement angles it will make when a Fep is 
added with 50Nm friction (normal line) for different DMF stiffnesses. In between the 2 lines 
the lines for the simulations with the other Fep frictions are situated. The problem for this 
type of presentation of the results is that can't be seen if there have occurred problems 
during the start or not or if it even has reached idle or not. 

§ 7.3: Reviewing the results with criteria 

So to realise that, some criteria are needed for the results to see if the start was good or 
not. The simulations have been reviewed with 3 criteria. First the start time criterion was 
used. With this criterion the start simulations that don't reach idle, because they get stuck 
in a resonance are detected. If wanted a maximum start time can be set by the 
construction enaineer. A aood start without anv problems will reach idle speeds fast. ..., - " . ~ 

Second the maximum displacement angle criterion was used. The construction engineer 
himself can choose the maximum allowable displacement angle of the start stage. In this 
way all simulations which show vibration amplitudes for the start that are too large so that 
a very stiff second stage would be needed, which means worse isolation during drive, can 
be eliminated. And starts that would lead to a block of the arc springs also. 

As a third criterion the maximum DMF moment is used, in that way a sort resonance can 
be detected because this would lead to high moments. Blocking of the arc springs also will 
be detected, because this will lead to very high moments. 

To compare the results with these criteria a c++-file, which has been written by Ms. 
Werner from LuK, was used. The c++-file needs two types of output data from TORS to 
present the start time, maximum moment and maximum displacement angle of the 
simulation. These data types are: .viwand .vmzd.vmd data. The results are presented as a 
.Iog-file which has to be loaded into an excel-file for the further processing of the results. 
The excel-file sorts the data from the . log-file. First a column for the DMF stiffness, starting 
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with the simulations with the lowest stiffnesses, after that for the FCP friction and then the 
start moment. In excel the results have to be compared with the value's for the criteria 
given in be the construction engineer after which they can be presented in a graph. 
Because the large number of lines there would be needed to represent the results for each 
different stiffness and FCP friction in one graph, the results are presented in separate 
graphs for each stiffness. An example of such a graph in which only the results of the 
simulations that had good starts according to the criteria can be seen in figure 7.3. 

C=3,5Nm/O 

!-FCP=20Nm -FCP=30Nm -FCP=40Nm -FCP=50Nm! 

60 

..... 55 
0 ..... 
LL 

~ 50 
..5!:! 
g' 45 
ca 
G) 

40 a.. 

>< 
C'CS 

::E 35 

30 
70 80 90 100 110 120 

Start moment [Nm] 

Figure 7.3: Parameter simulation results for DMF stiffness=3,5 Nmr after comparing them with the criteria 

In fig. 7.3 it is easy to see for the construction engineer that for a DMF stiffness of 3,5 Nmr 
an FCP with less than 20 Nm doesn't provide a good start. A DMF with stiffness 3,5 Nmr 
and FCP friction 20 Nm would in this case provide the vehicle drive train with a good 
starting behaviour for start moments up to 120 Nm. When wished there could be made 
some further simulations with smaller step sizes. To fine-tune the parameters. 

To make this process usable for the construction engineers, without teaching them how to 
use TORS and the c++-files, the process has to be automated. The different steps of the 
process have to be programmed so that they will automatically be executed after the 
construction engineer has given in the data in the excel-file as presented in figure 7.1. 
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Chapter 8: Conclusions and recommendations 

§ 8.1: Conclusions 

Eindhoven, 22.01.03 

In §6.3 I have already made the conclusion that the original goal of this internship: making 
predictions for the stresses in the arc springs during the start, couldn't be reached due to 
the complexity of the start behaviour of an engine and the influence of the parameters on 
each other. Therefore there was decided to use the program TORS, which can simulate 
the starting behaviour of an engine to make these predictions for us. I have investigated 
the possibility to use TORS for this purpose and get usable results for the construction 
engineers. In chapter 7 of this report I have described a process to realise this. The 
process isn't autmnated yet. This will be done by a programmer of the calculation 
department of LuK. My conclusion is that it is possibie to make a piOQram that can use 
TORS to make parameter variation simulations and then present the results to the 
construction engineer in a usable way. 

§ 8.2: Recommendations for realisation and possible improvements of the start 
simulation process 

There have to be found some good standard models (4-cylinder gasoline and diesel model 
and 6-cylinder gasoline and diesel model) that have to be used for the simulations. These 
models should have average values for the different start parameters. In this way the 
chance that the results will differ a lot from reality is minimized. 

The precision of the results from the simulations should be examined in order to see if the 
standard model that is adapted with the values the construction engineer, provides him 
with good results. In this way the minimal amount ofdata and what data is needed can be 
established. 

Further research what could be made is looking for new start criteria that provide more 
detailed information about the start. These start criteria should not only look at momentary 
situations, like the max. displacement angle or max. moment. But monitor the total 
progress of the vibration amplitudes of the DMF during the start to be able to make good 
comparisons with other starts. 
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Appendix I: Start model parameter values for TORS 

Engine Ford 2.4L TO 90 PS (V184) 
Start moment 114 Nm 
Effective start moment 80 Nm 
Engine friction 34 Nm 
Idle speed 8501/mln 

Pressure curve procedure Iserman 
Simulation option Orehzahl-Reglung 

Inertia's [kgm2] 
Starter J1 0.8 
Starter pinion J2 0.02 
Primary mass J3 0.14 
Secondary mass J4 0.14 
Engine friction inertia J5 "1.00e25 
Auxiliaries J6 0.045 

Couplings c [Nmr] b [Nms] 
Freewheel K2 0 0 
Pinion-primary mass K3 0 0 
OMFK4 0 0.4 
Belts aux. K3,6 30 10 

Starter 
Max. RPM 2321/min 
Max. moment 500 Nm 

*) Only active in simulations with FCP parameter variation 
FCP parameter 
FCP friction 
FCP free angle 

IArc spring parameter 
AS rate 
AS mass 
AS friction value 
Relaxed angle 
Max. displacement angle 
Work radius 
Friction radius 

30 Nm 
140 

2,5 Nmr 
301 g 
0.12 
1650 

165° 
116.3° 
128.4° 

Rc [Nm] 
10000 (drive) 
10000 
2 
0 

Eindhoven, 22.01.03 

Options 
b=b(f,m) 
x 
Arc spring-option, FCP* 
x 
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Appendix lIa: Output graph TORS from start simulation model 
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Appendix lib: Output graph TORS with motor and controller data 
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Appendix ilia: Influence of start model parameters on the start time 
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Appendix IIIb: Influence of start model parameters on the start time 
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Appendix IVa: Primary inertia influence 
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Appendix IVb: Primary inertia influence 
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Appendix Va: Relative displacement angle J1-J2, CDMF=4Nm/o 
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Appendix Vb: Relative displacement angle J1-J2, CDMF=5Nm/o 
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Appendix VI a: Secondary inertia influence 
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Appendix VI b: Secondary inertia influence 
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Appendix Vila: FCP friction influence 
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Appendix Vllb: FCP friction influence 
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Appendix Villa: Start moment influence 
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Appendix Vlllb: Start moment influence 
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Appendix Vlllc: Start moment influence 
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Appendix Xa: Arc spring rate/DMF stiffness influence 
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Appendix Xb: Arc spring rate/DMF stiffness influence 
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Appendix Xc: Arc spring rate/DMF stiffness influence 
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Appendix Xla: TORS output start simulation for C=3-4 Nm/o 
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Appendix Xlb: TORS output start simulation for C=4-5 Nm/o 
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Appendix Xlc: TORS output start simulation for C=5-6 Nm/o 
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Appendix XII: Values of parameters and results of nat. freq. Variations 
Simulation 1 2 3 4 5 6 7 
J1 [kgm2] 0,14 0,15 0,14 0,14 0,165 0,14 0,14 
J2 [kgm2] 0,14 0,14 0,15 0,14 0,14 0,165 0,14 
C [Nmr] 5 5 5 4,83 5 5 4,62 
2nd ord nat freq [Hz] 10,2 10 10 10 9,8 9,8 9,8 
2nd ord nat freq [1/min] 305 300 300 300 294 294 294 
Max. angle n 72,12 71,08 71,51 71,78 69,53 69,02 70,46 
Max. moment J 1 [Nm] 452,66 453,58 456,78 445,37 458,73 476,64 458,35 
Max. moment J2 [Nm] 380,15 374,79 377,01 365,74 366,76 364,11 343,84 
ZMS moment [Nm] 360,60 355,41 357,57 346,69 347,65 345,10 325,53 
Angular velocity J1 [RPM 357 375 351 369 1 35(1 333 351 
Angular velocity J2 [RPM 357 375 351 369 357 333 351 
Kin energy J1 [J] 97,9 
Kin energy J2 [J] 97,9 
Pot energy arc spring [J] 227,1 
Total energy [J] 422,9 

, Time at max angle [5] 0,461 0,463 0,466 0,463 0,465 0,471 0,464 
reaches idle yin y y y y y y y 
Simulation 8 9 10 11 12 13 
J1 [kgm2J 0,18 0,14 0,14 0,195 0,14 0,14 
J2 [kgm2] 0,14 0,18 0,14 0,14 0,195 0,14 
C [Nmr] 5 5 4,44 5 5 4,28 
2nd ord nat freq [Hz] 9,6 9,6 9,6 9,4 9,4 9,4 
2nd ord nat freq [1/min] 288 288 288 283 283 283 
Max. angle [0] 67,98 67,99 68,27 . 66,43 70,00 68,50 
Max. moment J1 [Nm] 472,48 473,29 451,15 484,80 539,94 456,44 
Max. moment J2 [Nm] 358,71 358,39 320,60 350,66 368,68 309,86 
ZMS moment [Nm] 339,90 339,95 303,11 332,16 350,02 293,18 
Angular velocity J1 [RPM] 357 333 357 363 333 387 
Angular velocity J2 [RPM] 357 333 357 363 333 387 
Time at max angle [5] 0,467 0,362 0,465 0,468 0,366 0,355 
reaches idle yin y .y y y y y 
Simulation 14 15 16 17 18 19 
J1 [kgm2] 0,225 .0,14 0,14 0,25 0,14 0,14 
J2 [kgm2] 0,14 0,225 0,14 0,14 0,25 0,14 
C [Nmr] 5 5 4,05 5 5 3,95 
2nd ord nat freq [Hz] 9,2 9,2 9,2 9 9 9 
2nd ord nat freq [1/min] 275 275 275 270 270 270 
Max. angle [0] 63,40 71,72 71,57 60,50 70,94 72,76 
Max. moment J1 [Nm] 505,94 565,92 494,86 520,65 496,05 498,64 
Max. moment J2 [Nm] 334,79 377,45 . 306,31 321,92 373,45 303,71 
ZMS moment [Nm] 316,98 358,59 289,86 302,49 354,71 287,41 
Angular velocity J1 [RPM] 381 315 381 375 298 375 
Angular velocity J2 [RPM] 381 315 381 375 298 375 
Kin energy J 1 [J] 193,1 68,1 107,8 
Kin energy J2 [J] 107,8 121,7 107,8 
Pot energy arc spring [J] 162,2 218 182,5 
Total energy [J] 463,1 407,8 398,1 
Time at max angle [5] 0,472 0,372 0,357 0,475 0,376 0,358 
reaches idle yin y y y y y y 
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