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OPTIMIZATION DESIGN PARAMETERS OF DUAL MASS FLYWHEEL
COUPLED WITH A NON-LINEAR ELASTIC PATH

SUMMARY

Today, expectations from automotive industry are high in the fields of performance,
comfort, economy and environmental protection. That is why, the automotive industry
must have a knowledge, experience, development processes, and strong research.
Hence, the design of the components that transmit power from the internal combustion
engine to the wheels via axes in a vehicle are crucial research topics. The flywheel,
which is the primary element in power transmission system, works in engine in order
to reduce the speed fluctuations on the crankshaft. Along with the studies in the field
of flywheel development, dual-mass flywheels have been started to be used as an
alternative to the single-mass flywheel. Briefly, the dual mass flywheel can be defined
as the combination of two single mass flywheels. The spring damper system is
combined with these two single mass flywheels. The dual-mass flywheel, which is
used in diesel engines, is thought to have favorable effects on the dynamics of the
power transmission system compared to the single-mass flywheel.

In 1985, the first dual mass flywheel (DMF) was manufactured in automotive sector.
In begin, dampers in flywheel were not lubricated and the springs are stand away from
outside and created some wear problems. In 1987, DMF is lubricated with grease oil
for the first time. Service life problem was no longer an issue thanks to grease oil
application.

Around 1989, arc spring damper was innovation for the DMF, and it had pretty much
solved all resonance problems. Alson manufacturing costs were continually reduced.
The primary mass of flywheel was made by casting or forged steel at first production
batches. Over time, the primary mass was formed from sheet metal parts by metal-
forming specialists. In 1995, folded masses were developed from sheet metal in order
to increase inertia moment of primary mass of flywheel. This development led to the
widespread use of the DMF.

However, there is some disadvantages such as cost, the achievable improvements are
seen clearly, therefore, DMF are used widespread in vehicles. There are some
advantages of dual mass flywheel such as isolation from torsional vibration, relief of
transmission and crankshaft.

Within the scope of this study, firstly, give information about flywheel, parts of dual
mass flywheel and its advantages. Then, while engine is running, the working
principles of dual mass flywheel is mentioned. Also, the single mass flywheel and dual
mass flywheel are compared and it has been observed that the resonance regions are
reduced below the engine idle speed with the use of dual-mass flywheel. After all
crucial information was explained, mathematical model of DMF is built. The model
was solved in Matlab for all optimization. Sensitivity analysis was done in order to
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determine the parameter effects on system. The design parameters were determined as
stiffness ratio, damping ratio and inertia ratio. Also, the system was running on non-
linear cubic path, that is why, non-linear stiffness ratio is also important parameter to
examine system correctly. The primary body represent not only primary flywheel itself
but also engine side dynamic properties. The system has 2 degrees of freedom and
torque input was only from engine-side, in contrast, transmission side was assumed
constant. Thus, any obtained displacement datas from secondary mass means the value
of penetrate of vibration to transmission side.

In this paper, the heavy-duty engine, which is used for truck or marine application,
was examined and torque values were obtained from 16 truck engine test datas.
According to obtaining test datas, output of two mass were examined thanks to torque
input and another defined parameter such as inertias, damping coefficients and
stiffening coefficients. Also, dual mass flywheel was investigated and chose feasible
flywheel from Geislinger supplier booklet. When selecting the appropriate flywheel,
dimensionally SAE standards were taken into account. SAE-1 flywheel is chosen since
selected engine has SAE-1 design.

In the second part of the thesis, the mathematical calculations made behind the model
and the mathematical infrastructure are explained. First of all, create equation of
motions according to mathematical model. Then, equations of motion are created,
moreover, equations were converted to non-dimensional because of non-linear term in
equations. For solving system in frequency domain, the multi-term harmonic balance
method (MHBM) is used to built steady-state response in system coupled with non-
linear cubic path. Hence, non-dimensional equations convert to nonlinear governing
equations with using MHBM.

In third section in this paper, the important system parameters were changed, and
system response was analyzed according to parameter deviations. Stiffness, damping
and inertia values were modified on system, and system response was argued at third
section in detail. This system analysis was done both in time and frequency domains.

The final chapter gives a last comment about results obtained from nonlinear model in
time and frequency domains.
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LINEER OLMAYAN ELASTIK YOL iLE CALISAN CIFT KUTLELI
VOLANIN TASARIM PARAMETRELERI OPTIMiZASYONU

OZET

Guniimiizde, otomotiv endiistrisinde ¢evre koruma, konfor, siiriis dinamikleri,
performans ve ekonomi anlaminda beklentiler ¢ok yukaridadir. Bu yiizden otomotiv
sektoriinde bilgi birikimi, tecriibe, Ar-ge ¢alismalar1 bu beklentiyi destekler nitelikte
olmalidir. Igten yanmali motordan elde edilen giiciin akslara oradan da tekere iletilmesi
konusunda birgok 6nemli ¢alisma bulunmaktadir. Gii¢ aktarim sisteminde en dnemli
pargalardan biri olan volanin gorevi motor tarafinda olusan hiz/tork dalgalanma
diizeyini diisiirmektir. Volan stiinde yapilan ¢aligmalarla paralel olarak sadece tek
kiitleli volan degil ayn1 zamanda ¢ift kiitleli volanin da kullanilabilecegi ortaya
cikmistir. Cift kiitleli volan kisaca iki adet tek kiitleli volanin arasinda yayli amortisor
sistemi ile birbirine baglanmig hali olarak kabul edilebilir. Genelde gii¢ yogunlugu
fazla olan motor tiplerinde kullanildigindan dolayi, dizel motorlarda daha yaygin
oldugu goriilmektedir ve giic aktarim sistemi dinamikleri iizerinde olumlu etkilere
sahip oldugu diisiiniilmektedir.

Cift kiitleli volanin tarihgesine bakarsak, ilk olarak 1985 yilinda iiretildi. Baslangigta
volan igindeki amortisorler yaglanmadan kullanilmistir. Ayrica yaylar disaridan
baglantili oldugu i¢in baz1 asinma problemleri olusturuyordu. 1987 yilina
gelindiginde, ¢ift kiitleli volan ilk kez gres yag1 kullanilarak yaglanmistir. Boylelikle
cift kiitleli volanin 6miir problem ortadan kaldirilmistir.

1989 yilinda cift kiitleli volanlarda ark yayli séniimleyici kullanilmaya basland:1 ve
bunun sayesinde rezonans problemleri ¢6ziildii. Ayrica yapilan her bir gelistirme ile
tiretim maliyetleri de siirekli azalmaktaydi. Volanin ana (birinci) kiitlesi ilk {iretim
yapilirken dokiim veya dovme celikten yapilmistir. Ancak zaman gectikce birincil
kiitle sac pargalardan olusturulmaya baslanmistir. 1995 yilinda volanin birincil
kiitlesinin atalet momentini arttirmak adina sacdan yapilmis katlanmus kiitleler (folded
masses) gelistirildi. Bu gelisme ile birlikte ¢ift kiitleli volanin araclarda kullanilma
siklig1 artmaya baglamistir.

Cift kiitleli volanin ¢alisma prensibine bakildiginda, bu tez 6zelinde se¢ilen volanin 6
adet egri yay1 (arc-spring), 8 adet de yay yatagi bulunmaktadir. Motorun krank
eksenine dik eksende bu yay ve yataklar1 simetrik olarak konumlanmistir. Dolayistyla
volanin {i¢ yay ve dort yay yatagi var gibi ¢calisma prensibine deginilecektir.

Sistem sikigmaya baslamadan Once ii¢ yay birbirine seri olarak baglidir. Daha sonra
volanin acisal hareketi ile birlikte, iiglincii yay sikismaya baslayacak; ticlincii ve
dordiincii yatak birbirine yaklagsmaya baglayacak. Bu duruma birinci sikisma evresi
denmektedir. Ikinci sikisma seviyesinde, volanin donme agis1 daha da artmaktadir ve
dordiincii yatak, tiglincii yataga temas edecektir. Bu durumda iiciincii yay daha fazla
sikisamayacaktir ve sistemde sadece birinci ve ikinci yaylar calismaya devam
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edecektir. Ugiincii sikisma seviyesi ise sistemin en fazla ¢alisabilecegi araligi gdsterir.
Ucgiincii sikisma evresinin sonunda artik son iki yay yatag: ikinci yatak ile temas
etmektedir. Bunun sonucunda ikinci yay da sikisamaz hale gelmektedir. Bu evre,
secilen volanin maksimum ¢aligma araligini1 gosterir.

Tek kiitleli volan ile karsilastirildiginda, ¢ift kiitleli volanin maliyet gibi dezavantajlari
olsa da elde edilecek potansiyel iyilestirmeler dikkate alindiginda cift kiitleli volanin
kullanim1 yayginlagmistir. Bu avantajlardan tezde detaylica bahsedilecek olup kisaca,
burulma titresimini diisiirme, izolasyon, sanzimana gelen yiiklerin azaltilmasi, krank
miline gelen yiiklerin azaltilmas1 denebilir.

Bu tez ¢alismasinda 6ncelikle volan hakkinda bilgi verilmistir. Daha sonra ¢ift kiitleli
volanin pargalarindan ve avantajlarindan bahsedilmistir. Devaminda motor ¢alisirken,
cift kiitleli volanin ¢alisma prensiplerinden ve davranisindan bahsedilmistir. Ayrica
tek kiitleli volan ile karsilastirilmis olup, ¢ift kiitleli volan kullanimi ile motorun
rezonans bolgelerinin motor rolanti devrinin altina diisiirdigli gozlemlenmistir. Tim
bu onemli bilgiler aciklandiktan sonra, ¢ift kiitleli volanin matematiksel modeli
olusturulmustur. Modelde yapilan tiim analizler Matlab program ile yapilmstir.
Segilen parametrelerin sistem tizerindeki etkilerini belirlemek i¢in duyarlilik analizi
yapilmustir. Segilen tasarim parametrelerinden kisaca bahsedecek olursak rijitlik orani,
sonlimleme orani ve atalet oranidir. Bu oranlardaki yapilan optimizasyon ¢aligsmasinda
degisiklikler ikinci kiitle ilizerinde yapilmis olup, oran artis azalist bu sekilde
saglanmistir. Ayrica sistem lineer olmayan kiibik bir yolda ¢alistigi i¢in lineer olmayan
rijitlik orani da sistemi dogru incelemek i¢in dnemli bir parametredir. Olusturulan
matematik modeline gore birincil kiitle, sadece kendisi i¢in degil ayn1 zamanda motor
tarafinin dinamik ozelliklerini de temsil etmektedir. Bu ylizden sistem 3 yerine 2
serbestlik derecesine sahiptir ve tork girisi motor tarafindan verilmistir. Burada asil
titresim dengesizliginin yaratildigi bolgenin i¢ten yanmali motor tarafinda olmasi esas
almmustir. Icten yanmali motorda her bir silindir i¢i patlamada olusan bu hiz ve tork
salmimmi matematik modelde belirtilmeye calisilmistir. Motor girisine gore
bakildiginda transmisyon tarafindaki acgisal yer degistirmeler stabil kaldigindan
modelin transmisyon ile baglantisi sabit kabul edilmistir. Analiz ¢iktilarina ilerleyen
boliimlerde detayli bakilacaktir. Ancak kisaca deginilmek istenirse, secilen sistemde
atalet oranlarin1 (I2/l1) azaltigimizda sistemi tanimlayan kiitlelerin genliklerinin
diistiigiinii gorebiliriz. Sonlim oraninin etkisi ise ters orantilidir. Yani soniim oranini
arttirdigimiz zaman, sistemdeki kiitlelerin hareket genlikleri diisiis gostermektedir.
Yay kat sayis1 orant diger parametrelerin aksine (ki/kz) olarak alindigi igin orani
arttirmak icin ikinci yayin kat sayisini diisiirmek gerekmektedir. Yay katsay1 oram
arttirtlirsa sistemin deplasmani da diigsmektedir.

Bu calismada incelenen motor, kamyon ve deniz tasitlarinda kullanilan agir hizmet
motorlari ile ayn1 prensiptedir. Bu tezde kullanilan tork degerleri bilgisayar ortaminda
elde edilmis 16 kamyon motoru verileridir. Elde edilen test verilerine gore, tork girisi
ve ataletler, sonlimleme katsayilar1 ve rijitlik katsayilar1 gibi tanimlanmig parametreler
sayesinde iki kiitlenin yer degistirme cevaplar1 incelenmistir. Ayrica ¢ift kiitleli volan
secilirken birgok tedarikg¢i incelenip, Valeo ya da Geislinger kitapgiklarindan sisteme
uygun bir ¢ift kiitleli volan bulunabilmektedir. Uygun volan segilirken boyutsal olarak
SAE standartlar1 dikkate alinmistir. Secilen motorun volan-transmisyon tarafinda
SAE-1 tasarimina sahip oldugu i¢in volan da uygun olarak SAE-1 standardinda
secilmistir.
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Tezin ikinci boliimiinde ise olusturulan modelin arka planinda yapilan matematik
hesaplar1 ve bu hesaplarin teorisinden bahsedilmistir. Oncelikle matematiksel modelin
hareket denklemleri olusturulur. Bu noktada sistem 2 serbestlik derecesine sahip
oldugu icin 2 adet hareket denklemi kurulmasi dogrudur. Sistemin bir tarafi
transmisyon tarafi olup herhangi bir dis kuvvet ya da tork eklenmemistir. Sistemin
diger tarafinda ise i¢ten yanmali motor bulunmaktadir ve buradaki tork dalgalanmalari
elde edilen test verileri kullanilarak matematik modeline eklenmistir. Sistem, lineer
olmayan kiibik yolla birlestirilen hareket denklemlerine sahip oldugu igin
denklemlerin daha kolay ¢oziilmesi adina boyutsuz hale doniistiiriilmiistiir. Zaman
alanindaki ¢oziimler bu sekilde yapilmis ve tiim parametrelerin etkileri anlatilmak
istenmistir. Bu noktada secilen parametreler kiitlelerin atalet, sonlim ve yay katsayilari
oranlaridir. Ayrica sistem lineer olmayan bir sistem oldugu icin, sistemde ekli olan
lineer olmayan yay katsayisi da incelenmistir. Frekans alanindaki ¢6ziimii elde etmek
i¢cin ¢ok terimli harmonik denge yontemi (MHBM) kullanilmistir. Dolayisiyla zaman
alanindaki ¢oziimde kullanilan boyutsuz denklemler MHBM kullanilarak
dontistiirillmiistiir. Buradaki amag lineer olmayan sistemin sabit durum cevabi (steady-
state response) vermesidir.

Tezin {iglincii boliimiinde ise dnemli sistem parametreleri degistirilmis ve parametre
sapmalarina gore sistem yaniti analiz edilmistir. Rijitlik, sontimleme ve atalet degerleri
sistem {izerinde modifiye edilmis ve sistem tepkisi {igiincii boliimde ayrintili olarak
tartisilmigtir. Bu sistem analizi hem zaman hem de frekans alaninda yapilmistir.

Son boliimde ise zaman ve frekans alanlarinda dogrusal olmayan modelden elde edilen
sonuglar incelenmistir. Parametrelerin degisikligi sistemi nasil ve ne kadar etkiledigi
incelenmis ve genel olarak son bir yorum belirtilmistir.
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1. INTRODUCTION

Nowadays, the developments in internal combustion engines (ICE) concentrate on
getting better the engine performance, less fuel consumption of engine and also
reducing emissions. Increasing peak cylinder pressures and modify engine
configurations to reach high engine working points. To achieve this, engines can be
used less cylinders and worked high power density conditions. Also, with using less
cylinder and downsizing engine reduce manufacturing cost. Because of environmental,
economical and technical requirements, ICE should modify to using less cylinder,
therefore, engines should work with high cylinder pressures. However, this
improvement makes a problem in the field of durability of engine components which

works under high loads.

These engines have high torque, high power density and high engine speed
characteristics, hence, the torsional behavior of system is getting crucial for these
engines. Torsional vibrations may create noise, vibration and harshness (NVH), and
also some durability problems of system. That is why, torsional vibrations should be
reduced to safe zone for engine durability performance.

Heavy duty engines, which operate in marine and truck, have high level torsional
vibrations because of high cylinder pressures. In fact, the applications of reducing
torsional vibration are major issue for high power density engines. Torsional
vibrations, which are generally seen in internal combustion engines, can be prevented
with a torsional vibration damper, or they can be resolved by dual-mass flywheel used

at the rear end of the crankshaft.

1.1 Motivation

Torsional vibrations of the engine reduce with using dual mass flywheel, when high
power density internal combustion engines. In the literature, there are a lot of paper
about comparison of single mass to dual mass flywheel. But dual mass flywheel which

works on non-linear cubic path is not common study in the literature. The aim of this



paper is that optimize the performance of dual mass flywheel at non-linear cubic
working path. After explaining the basic design of flywheel, it would like to build non-
linear mathematical model of flywheel and solved equations of motion. Because of all
these, the objective of extensive thesis study is solving motion of dual mass flywheel
in non-linear cubic path which does not have an overall knowledge in the literature.
With this motivation, the effects of whole design parameter are desired to be examined

with numerical method.

1.2 Purposes of Thesis

In this paper, dual mass flywheel will be investigated as 2-DOF system. Effects of
changing on damping, inertia and stiffness ratios on dual mass flywheel will be
determined. The goal of the thesis is that explain the working principle of dual mass

flywheel and analyze with different cases in time and frequency domains.

When DFM is built model, some limitations were encountered. The most important

restrictions or simplifications are listed below;
- The analysis will be in 1-D model

- Potential energy (gravitational effect) is assumed to less value term with

respect to kinetic energy term. So, gravitational energy is neglected.
- Only torsional vibrations are considered.

- In this paper, DMF is just examined with numerical methods. There is no data

is gathered from experimental or test benches.

- The input torque is assumed as sine wave.



2. GENERAL REMARKS

2.1 Historical Development of Dual Mass Flywheel

In 1985, the first dual mass flywheel (DMF) was manufactured in automotive sector.
The development of DMF is presented in Figure 2.1. In begin, dampers in flywheel
were not lubricated and the springs are stand away from outside and created some wear
problems. In 1987, DMF is lubricated with grease oil for the first time. Service life

problem was no longer an issue thanks to grease oil application.

1987

1988 1895

planned for 2000

Figure 2.1: Development history of DMF



Around 1989, arc spring damper was innovation for the DMF, and it had pretty much
solved all resonance problems. Alson manufacturing costs were continually reduced.
The primary mass of flywheel was made by casting or forged steel at first production
batches. Over time, the primary mass was formed from sheet metal parts by metal-
forming specialists. In 1995, folded masses were developed from sheet metal in order
to increase inertia moment of primary mass of flywheel. This development led to the
widespread use of the DMF. In Figure 2.2, DMF production increase for German car

manufacturers can be seen clearly [4].

volume in million parts

, :::mmﬂﬂﬂﬂﬂ

1985 1990 1995 year

Figure 2.2: Development of DMF production for German car manufacturers.
2.2 Advantages of Dual Mass Flywheel

However, there is some disadvantages such as cost, the achievable improvements are
seen clearly, therefore, DMF are used widespread in vehicles. Advantages of dual mass

flywheel is described below.



2.2.1 Isolation from torsional vibrations

The main advantage of DMF is the nearly completely isolation of torsional vibrations.
In Figure 2.3, there is an angle acceleration comparison of conventional system with a
torsion damper and DMF in clutch disc. At low speeds, there is no vibration isolation

in clutch disc for with torsion damper.

conventional system DMFW
7
< 20000
£ engine
=
&
E 10000- engine
@ transmission
: _ e
E l] T T 1 T T 1
"—g‘: 1000 2000 3000 1000 2000 3000
® speed [rpm] speed [rpm]

Figure 2.3: Comparison of torsional vibration isolation in conventional system to
DMF.

On the contrary, DMF is almost isolate all torsional vibrations and engine
irregularities. No longer resonance is not occurred in driving range. The transmission
input shaft and also the secondary flywheel side operate almost uniform, that’s why,

gear rattle is not occurred longer.

In DMF system, the primary mass of flywheel has lower than the conventional one,
therefore, the irregularity of engine itself is getting bigger with DMF. Hence, the

engine accessories drive should be retuned occasionally.

During especially low-speed driving, DMF leads to low fuel consumption thanks to
good vibration isolation. Many modern vehicles, engines have generally flat torque

curve, therefore, many manufacturers prefer DMF.



2.2.2 Transmission relief

Another advantages of DMF is effect on transmission stress relief. The stresses on

transmission and drive train are relieved thanks to lack of engine irregularities.

In Figure 2.4, the full load torque curve of typical diesel engine is represented with
black curve. With additional dynamic torques, black curve is superimposed to red
curve and clearly seen the dynamic torques can generate more than 10% extra load on

engine.

400 —
5
o 200 ==
% wide open throttle characteristic curve
o

0 |
1000 2000 3000

speed [rpm]

Figure 2.4: Increase of full throat torque curve due to engine irregularities.

2.2.3 Crankshaft relief

DMF completely change the vibration characteristic of the crankshaft. For
conventional system without secondary mass, flywheel is rigidly connected with
crankshaft and flywheel has also clutch. The large inertia of whole flywheel assembly

generates high reaction forces on the crankshaft.

In DMF system, secondary mass is not rigidly connected to flywheel. It is loosely
connected via roller bearing to first flywheel mass. Therefore, flywheel has no much

bigger bending load than conventional one.

The primary flywheel of DMF has much less mass according to conventional flywheel

and is also elastic, like a flexplate. Resonance caused by bending and torsional form



change with DMF and crankshaft is generally relieved. It is clearly seen in Figure 2.5
that the bending and torsional vibrations are less with DMF.
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Figure 2.5: Comparison of torsion and bending vibration of conventional system to
DMF.

2.2.4 Engine start

DMF is good choice for vibration isolation thanks to shift the resonance frequency to
below idle speed successfully via secondary flywheel mass.

In another aspect, engine speed should pass the resonance frequency range for each
start of engine. Because of this problem, during the development of DMF, resonance
amplitudes should be considered in design.

The bigger inertia creates the higher torque, therefore, only three or four-cylinders
diesel engines is more available for DMF application. Engine frictions, load friction
and arc spring friction create damping effect. Because, these damping effects can

diminish the isolation, there are some limits in engine type and number of cylinders.



To eliminate starting resonance range, electronically controlled engines is developed.
According to researches, the starting torque of engine is important factor to resonance
form. The more starter speed is achieved with the more engine acceleration. It means
that engine pass through the range of below idle speed faster. In Figure 2.6, poor

starting behavior is represented.
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Figure 2.6: Poor starting behavior literature review.

2.2.5 Dual mass flywheel

In vehicles, power package which includes transmission, engine and powertrain is a
complex multi-degree of freedom (MDOF) non-linear system, which is seen
schematically in Figure 2.7. The transmission section (driveline) is exposed enormous
vibration and noise problems because of the torque variation of engine. Furthermore,
transient shock and high frequency vibration are happened due to torsional vibration.
Torsional vibration in the transmission system will cause the components in this
system to be subjected to large torsional loads. The performance and service life of
transmission components will be reduced due to knocking on transmission cavities
such as splines and gears. Hence, it is very important to be precise during the modeling
of the vehicle transmission system and to examine the performance simulation and

damping methods.



Figure 2.7: Scheme of power transmission system.

The dual-mass flywheel is composed of the first mass connected to the crankshaft and
the second mass connected to the transmission input shaft. These two masses are
assumed independent flywheels and these independent flywheels were interconnected
by spring-damper system. Masses on flywheel are supported by the bearing or sliding
bearing to be turned properly to the other side. The ring gear is triggered by the starter
gear on the first mass in the flywheel. The first mass cover creates the necessary space
for the first mass of the flywheel to perform its circular motion inside the spring
channel. The helical springs have a curved shape to fit into the guides in the spring
channels. The drive flange which is transmitted engine torque has been riveted to the
second mass. The ears of flange match between the spring grooves of the first mass.

The exploded picture of dual mass flywheel can be shown in Figure 2.8.

Starter ring
-gear

- First mass

8
&kﬂ >

\

0

— ~Second mass

Figure 2.8: Disassembled of dual mass flywheel.



Torsional damping springs, which are located on the clutch disc of mechanical clutch
system, protect powertrain components from torsional vibrations caused by speed
irregularities in the engine. These springs are not capable of damping the torsional
vibrations transferring to gearbox. At low engine speeds, this phenomenon leads to
resonance vibration. This resonance causes additional loads on gearbox and also makes
extra noise problem. Engine and powertrain work together under the flicker-free
operation at lower engine speeds. The dual-mass flywheel has its own spring-damper

system and thanks to this, resonance rpm is shifted to below idle engine speed.

Dual-mass flywheel consists of primary flywheel, shock absorber, drive plate,
secondary flywheel, compensation device, inertia balance mechanism, bearing inner
ring, pressure plate and end cover as it is shown in Figure 2.9. The shock absorber,
which includes springs and spring seats, is located in the internal space of primary
flywheel and the drive plate is bolted to the secondary flywheel. The compensation
device and the inertia balance mechanism are mounted on the secondary flywheel, and
the bearing inner ring and three bearing blocks are put in the internal space of the
secondary flywheel and closed by the pressure plate. Furthermore, bearing inner ring
and end cover are connected with bolts and this connection forms a journal bearing,
which is fixed with the primary flywheel.

Secondary flvwheel

Primary flvwheel Pressure plate

Shock absorber Bearing mner ring

End cover
Bearing block

Drive bl Compensation device and
rive plate inertia balance mechanism

Figure 2.9: Detailed of dual mass flywheel.
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Figure 2.10 shows the change in stiffness of DMF. Figure 2.10a is the initial state.
During working DMF, it is assumed that the secondary flywheel rotates relative to the
primary flywheel. The spring seat 1 rotates due to the movement of the drive plate
which is fixed on the secondary flywheel. While there is no contact between all the
spring seats as it is shown in Figure 2.10b, then the springs 1, 2 and 3 inserted between
these spring seats are connected in series, hence creating the first stage stiffness of the
DMF. On the other hand, after rotating with specific angle, the spring seat 3 comes
into contact with the spring seat 4. In this case, when the springs 1 and 2 are in series,
the spring 3 is no longer compressed during spring series 1&2 is still compressed.
Thus, the second stage stiffness is produced as it is shown in Figure 2.10c. Also, when
spring seat 2 is connected to spring seat 3 (already in contact with spring seat 4), only
the spring 1 with the greatest stiffness can continue to be pressed until spring seat 1
comes into contact with spring seat 2 (i.e., until the torsion angle is reached to its
maximum value) and thus the third stage stiffness arises as shown in Figure 2.10d.

(a) (b)

Sprifng seat 1 Primary flywheel
Spring |

Spring seat

Spring 2.

/
Spring seat 3 “Drive plate

Spring 37
Spring seat 47

(c)

Figure 2.10: The working stages of DMF (a)initial, (b)first stage stiffness (c)second
stage stiffness (d)third stage stiffness.
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2.2.6 Comparison of single mass flywheel and dual mass flywheel

To understand differences between SMF and DMF, two different models have been
figured in this section. These both models include gear box, clutch disc and flywheel.
In Figure 2.11 and 2.12, SMF and DMF applications are shown as schematic. Unlike
DMF application, the clutch system of the model with SMF has torsional springs. In
DMF application, power transmission has more rigid clutch disc springs instead of
torsional springs which are used in SMF application. The application of DMF will be

examined in detail following part in this paper.

N —

%JD/ -

Engine Flywheel Clutch disc Gearbox
(with torsion spring)

Figure 2.11: Power transmission system with SMF.

i nnD\
m‘D/

Engine First Second Clutch disc
flvwheel flywheel (without torsion spring)

Figure 2.12: Power transmission system with DMF.

The comparison results of clutch dynamics with respect to used SMF and DMF is
shown in Figure 2.13. For every gear, clutch engagement times are approximately
same in SMF and DMF system. On the contrary, SMF speed oscillations after first
contact are higher than DMF system. Absorb capability of DMF is better than

12



conventional system, and this shows that DMF application is smoother and more

regular than SMF application. Besides, if the gears are compared within themselves,

the engagement time increases as the gear increases.
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Figure 2.13: Compare clutch dynamic results in all gears (SMF / DMF).
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As it is shown below Figure 2.14, the critical resonance frequency is reduced below
the idle speed with using dual mass flywheel. While the red line represents system
working with single mass flywheel, the blue line represents with dual mass flywheel

in third gear.

OO i b b —— Single mass flywheel
: i i i — Dual mass flywhee/
80| . i . . . |
/1| I N — S SRR S NSO SRS SR | 15 SSUNUUNY SN SRS SO SRS 4
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Figure 2.14: Compare to resonance characteristics of SMF and DMF system.

For different gear loads, the resonance characteristics of the SMF system are shown in
Figure 2.15. Except fifth gear, whole gear resonance loads are in engine operation

range with SMF system.
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Figure 2.15: Resonance characteristic of SMF for all gear loads.

To prevent resonance during engine operation range, DMF system can be used. In
Figure 2.16, resonance zones for whole gear loads are pull back to under the engine
idle speed (under approximately 900rpm).
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Figure 2.16: Resonance characteristic of DMF system for all gear loads.
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3. MATHEMATICAL BACKGROUND

Dual mass flywheel is modelled as 2-DOF system and also DMF is connected to ICE
and another side is transmission (gear) side. ICE side is considered as in-line 6-cylinder
truck engine. Besides, engine torque is aforethought a sum of constant torque value

and sine function.[5]

T.(t) = Ty + T (sin(wt+ o)) (3.1)
In this paper, according to analysis data, T, = 1600 Nm and T; = 200Nm Another

assumption is that there are no vibrations at transmission side. [5]

When the equation of motion system can be easily solved with ODE45 Matlab
function. The first order differential equations can be solved with ODEA45, therefore,
whole equations require to transforming from second order differential equations to
first order differential equations in Matlab. In this way, 6, matrix can be created like

below;
. . 1T
6, = [61,61,6,,06, | (3.2)
And then, matrix can be modified as following,

ét = [gl'él'éz'éz ]T = [Ht(Z),él,Ht(ll-),éz ]T (3.3)

3.1 Time Domain

As shown in Figure 3.1, two damped harmonic oscillators are coupled with a non-
linear elastic spring (kn). Oscillators have different mass (inertia), damping ratio
(dissipative) and spring (elastic) properties.[2] This system with two oscillators has
two degree of freedom and first oscillator is grounded on one end. Besides, second
oscillator is free on the other end. As shown in Figure 3.1, this system is disturbed by

external dynamic force which is applied on second mass.[1]
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Transmission

Internal Combustion
Engine

Figure 3.1: Scheme of DMF mathematical model.

The elastic path in non-linear system is assumed to present cubic non-linearity.
Therefore, the non-linearity term should be cubic and as shown equation 1 and 2;

161 + (c1 + €)0; — 20, + (ky + k)0; — ko0 — kpy(6, — 61)° = 0 (3.4)
L,6; + 30, — 20, + ky0; — k01 + kyyy (8, — 6,)% = T (t) (3.5)

In order to simplify above equations, non-dimensional parameters should be used;

k c A

Wa= |70 3=gn TE Wt Gh=gp
01 0, knleg %) ke, I,
0, =—, 0, =—, = , CR=—, KR=—, [IR=—=
! 0o 2 0o k, C1 kq I

The non-dimensional parameters are applied on governing equations as follows;

6, + 23(1 + CR)#] — 23CRO, + (1 + KR)#; — KRO, — a (8, — 6,)° = 0 (3.6)
IR6, + 2305 — 230; + 6, — 6, + a(6, — 6,)° = sin(-—+¢) (37)
nz

do; w d?6;
where 8] = — and 6; = —
dr dt?

According to the two equations extracted above, some cases are examined in the time
domain and shown in the Section 4.
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3.2 Frequency Domain

3.2.1 Nonlinear frequency responses using harmonic balance method

While steady-state response of non-linear system disturbing by a harmonic function
non-linear system response is constructed, the multi-term harmonic balance method
(MHBM) should be applied. ¥ = wr is a linear independent variable transformation
term and is used in order to ease the nonlinear governing equation formulation. In ¥

domain, nonlinear governing equations are following;

0? L0 4 251+ CR)0 %2 — 25CR0 %2 + (1 + KRYG; — KRO, — a(6, — 0,)° = 0 (38)
IRw? 2% 1 220 %% 230, %% 4 6, — 0, + a(8, — 6,)° = sin(- ¥ + 0) (3.9)

6, and 6, are considered in the forms of truncated Fourier series. Nn represents the

number of harmonics retained.
0,(¥) = a0+ XN ay 2 sin(n¥) + ay 5, cos(n¥) (3.10)
0, (W) = azo + PR a3 on-1 SIN(MY) + ay 5y, cos(n¥) (3.11)

6, and 6, is also shown as 8, = I'a; and 8, = I'a, where T is the discrete Fourier
transform matrix (DFTM).

a1 = Unknown Fourier coefficient vectors of the dependent variable 6,

a; = Unknown Fourier coefficient vectors of the dependent variable 6,

The matrix T is defined as;

1 sin(¥,) cos(W,) - sin(N,¥,) cos(N,¥,)
= 1 sin(:‘l’l) cosE‘I’l) sin(l\:lhll’l) cos(]\:/hll’l) (3.12)
1 sin(Wy_;) cos(Wy_1) - sin(Ny¥y_;) cos(N,¥yn_1)

N : The number of discrete points

To protect from any aliasing problems, N is bigger than two times of Nn. The non-

dimensional governing equations are as following;
w?I'D?ay + 231 + CR)wl'Da, — 23CRwI'Da, + (1 + KR)Ta; — KRTa, — a(Ta, — Ta;)® = 0 (3.13)
IRw?TD?a, + 2%wI'Da, — 2%wI'Da; + l'a, — Tay + a(Ta, — Tay)® =TQ (3.14)

D : Differential Operator
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Q: Fourier coefficients vector for the external force excitation

0 0 0 - 0 0 1
o 0o -1 - 0 0
p=? ¢ O Y0 (3.15)
00 0 -« 0 =N,
00 0 - N, 0]

The unknowns, a1 and az, are calculated by minimizing residue functions;
R, = w?D?a; + 2(3 + M)wDa, — MwDa, + (1 + R)a; — Ra, — al'*(Ta, — T'a;)3....(3.16)
R, = IRw?D?%a, + 2%wDa, — 2%wDa, + a, — a; + al'*(Ta, —Ta;)® - Q (3.17)
I'* : Pseudo-Inverse of the discrete Fourier transform matrix ('t = (I7T)~117)

With using Newton-Raphson iteratively, the residue minimization is applied. The

vector of unknowns is as following;
n=[a a w]T (3.18)
The vector of residue is also as following;
R=[Ry R,]" (3.19)
Iteration is applied in order to create Newton-Raphson scheme
Mivr =1 —Ji 'R; (3.20)
Jacobian matrix, J, is defined as following;

J= da; da; Ow (3.21)

O0R, O0R, OR,
da, Oda, OJw
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4. ANALYSIS AND RESULTS

4.1 System Analysis on Time Domain

Forth section in this paper, some parameters that be affected on system performance
and characteristics will be analyzed. To analyze system, system initial parameters
should be recognized. Dual mass flywheel system is represented by two springs which
have stiffness characteristic of system, two dampers which have damper characteristic
and two masses include main flywheel and secondary mass. Besides, one non-linear

spring will perform in the system in order to create non-linear path.
In this section, the parameters listed below will be examined.

o L/L

* ¢/

* ki/kz .k

The characteristics of the primary mass will be indicated by index 1, while the
characteristics of the secondary flywheel will be indicated by index 2.

In vehicle industry, some powertrain manufacturers use dual mass flywheel to increase
the transmission system life. In Table 4.1, the following values have been accepted

according to the benchmark data examined.[Url-1][12]
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Table 4.1: Initial parameters of DMF.

Parameter Unit Value

Inertia of primary flywheel I; (kgm?) 0.130

Inertia of secondary mass I, (kgm?) 0.065

The damping factor between transmission - flywheel Ns 0.4
o (2)

The damping factor between flywheel - engine Ns 0.1
e (3)

The spring coefficient between transmission - flywheel Nm 600
+ (Geg)

The spring coefficient between flywheel - engine Nm 300
()

The non-linearity characteristic a 0.02

Main torque value Ty (Nm) 1600

Oscillation torque value T, (Nm) 200

Frequency of external torque (Engine speed) w (Hz) 20

While preparing this mathematical model, the engine and transmission sides have been
simplified to reduce complexity and the system has 2 degrees of freedom. At this point,
it is seen that the vibrations on the engine side vary, but the vibrations on the
transmission side have a constant profile. Therefore, the transmission side is kept
constant, and the torque effect is given by the internal combustion engine. The effect
of the ICE side, which is also shown in Figure 3.1, is combined with the main mass.
On the other side of the model, the transmission side is kept constant. In the results,
the displacement of the primary mass will be seen as the reaction force on the flywheel,
while the displacement of the secondary mass will show the amount transferred to the

transmission. Accordingly, we expect 8, values to be smaller than 6, values.

In Figure 4.1, the first parameters show the displacement of the primary and secondary
masses. In the following sub-headings, the situations obtained with the changed

parameters will be compared with the situation obtained with the initial values here.
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Displacement in Time Domain
" (1,1,=0.5, c,/c,=0.25, k,/k,=2, alpha=0.02)
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Displacement in Time Domain
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Figure 4.1: Displacement in time domain (initial situation: (a)full-scale (b)zoomed).
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4.1.1 The inertia ratio effect (I, /1;)

4.1.1.1 Higher inertia ratio

The inertia of first and second masses are set to 0.135 kgm? and 0.095 kgm?
respectively. When the mass ratio I, /I; is equal to 0.731, the displacements of mass

are shown in time domain in Figure 4.2;
e Response time will decrease
e Displacement of primary mass will increase (I; constant)

e Displacement of secondary mass will increase (I, increases)
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Figure 4.2: Displacement in time domain (12/1:=0.731) (a)full-scale (b)zoomed.
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4.1.1.2 Lower inertia ratio

The inertia of first and second masses are set to 0.135kgm? and 0.030kgm?
respectively. When the mass ratio I, /I; is equal to 0.231, the displacements of mass

are shown in time domain in Figure 4.3;
e Response time will decrease
e Displacement of primary mass will decrease (I; constant).

e Displacement of secondary mass will decrease (I, decreases)
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Figure 4.3: Displacement in time domain (I2/1:=0.231) (a)full-scale (b)zoomed.
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To understand clearly, system inertia modifications and their effects are shown in
below Table 4.2;

Table 4.2: The inertia ratio effect on 8, and 6, displacements.

Case I,/1; 0, 0, Stable Response
Number Time [s]
0 0.5 +/-0.069 +/-0.162 469
1 0.731 0.089/-0.083 0.207/-0.193 542
2 0.231 0.033/-0.030 0.081/-0.076 435

The first important parameter of the system is inertia ratio. In this comparison, main
flywheel body is kept constant, and all changes are applied on secondary mass. Dual

mass can be choosing a material which has less or more inertia.

In first case, secondary mass has more inertia as initial condition, that means inertia
ratio (I2/11) is high with respect to initial condition, main flywheel and secondary body
displacement will increase, but the spending time to stabilize main flywheel body is
longer than initial condition. The displacements of both mass increase approximately
25%.

Another variation is that secondary mass (I1) can be had less inertia as initial condition.
In this case, inertia ratio (I2/11) is low, main flywheel and secondary body displacement
will decrease. Besides, the spending time to stabilize main flywheel body is less than
first case. The displacements of both mass decrease approximately 50%.

When the inertia of the mass on the transmission side (secondary mass) has a higher
value, the stabilization time of the system increases around 15%. On the contrary, the
stabilization time of the system decreases around 7% if the secondary mass has lower

inertia value.
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4.1.2 The damping factor ratio effect (c,/cq)

4.1.2.1 Higher damping factor ratio

The first and second dampers are set to 0.4 Ns/m and 0.2 Ns/m respectively. When the
damping factor ratio c, /c; is equal to 0.5, the displacements of mass are shown in time

domain in Figure 4.4;
e Response time will decrease
e Displacement of primary mass will decrease (¢, constant)

e Displacement of secondary mass will decrease (c, increases)

Displacement in Time Domain
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Figure 4.4: Displacement in time domain (c2/c1=0.5) (a)full-scale (b)zoomed.
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4.1.2.2 Lower damping factor ratio

The first and second dampers are set to 0.4 Ns/m and 0.05 Ns/m respectively. When
the damping factor ratio ¢, /¢, is equal to 0.125, the displacements of mass are shown

in time domain in Figure 4.5;
e Response time will increase
e Displacement of primary mass will increase (¢, constant)

e Displacement of secondary mass will increase (c, decreases)
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Figure 4.5: Displacement in time domain (c2/c1=0.125) (a)full-scale (b)zoomed.
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To understand clearly, system damping modifications and their effects are shown in
below Table 4.3;

Table 4.3: The damping ratio effect on 84 and 6, displacements.

Test Number cy/cq 04 0, Stable Response
Time [s]
0 0.25 +/-0.069 +/-0.162 469
1 0.5 0.032/-0.029 0.078/-0.073 435
2 0.125 0.095/-0.088 0.221/-0.205 551

The second important parameter of the system is damping ratio. In this comparison,
main flywheel body is kept constant, and all changes are applied on secondary mass.

Dual mass can be chosen a material which has less or more damping performance.

In first case, damping ratio is high, main flywheel and secondary body displacement
will decrease, and the spending time to stabilize main flywheel body is less than initial

conditions. The increment of displacement is about 55%.

Secondary mass can be used in less damped material as second case. In this case,
damping ratio is low, main flywheel and secondary body displacement will increase.
Besides, the spending time to stabilize main flywheel body is longer than initial and

first case. The displacements of both mass decrease 32% according to initial case.

When the damping coefficient of the secondary mass on the transmission side has a
higher value, the stabilization time of the system decreases around 7%. On the
contrary, the stabilization time of the system increases around 17% if the secondary

mass has lower damping coefficient.
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4.1.3 The stiffness ratio effect (k1/k3)

4.1.3.1 Higher stiffness ratio

The first and second stiffness ratios are set to 600 Ns/m and 150 Ns/m respectively.
When the damping factor ratio k,/k, is equal to 4, the displacements of mass are

shown in time domain in Figure 4.6;
e Response time will decrease
e Displacement of primary mass will decrease (k; constant)

e Displacement of secondary mass will decrease (k, decreases)
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Figure 4.6: Displacement in time domain (ki/k>=4) (a)full-scale (b)zoomed.
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4.1.3.2 Lower stiffness ratio

The first and second stiffness ratios are set to 600 Ns/m and 450 Ns/m respectively.
When the damping factor ratio k, /k, is equal to 1.3, the displacements of mass are

shown in time domain in Figure 4.7,
e Response time will increase
e Displacement of primary mass will increase (k, constant)

e Displacement of secondary mass will increase (k, increases)
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Figure 4.7: Displacement in time domain (ki/k2=1.3) (a)full-scale (b)zoomed.
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To understand clearly, system stiffness modifications and their effects are shown in
below Table 4.4;

Table 4.4: The stiffness ratio effect on 8, and 8, displacements.

Test Number ky/k, 04 0, Stable Response
Time [s]
0 2 +/-0.069 +/-0.162 469
1 4 +/-0.117 +/-0.250 569
2 1.3 0.024/-0.023 0.083/-0.079 441

The second important parameter of the system is stiffness ratio. In this comparison,
ICE side is kept constant, and all changes are applied on transmission side. Thus,

secondary stiffness coefficient can be chosen as a have less or more stiff material.

In first case, stiffness ratio is high, main flywheel displacement will increase, likewise,
the displacement of secondary mass will also increase. Furthermore, the spending time
to stabilize main flywheel body is longer than initial conditions. When the stiffness
ratio increases, the displacement of primary mass increases by approximately 74%, the

displacement of secondary mass increases by 50%.

Secondary mass can be used in more stiff material as second case. In this case, stiffness
ratio (ki/k2) is low, primary and secondary body displacements will decrease. Besides,
the spending time to stabilize main flywheel body is less than initial and first case.
When the stiffness ratio decreases, the displacement of primary mass decreases by
approximately 65%, the displacement of secondary mass increases by 50%.

The conclusion that can be drawn from here is that if more vibration comes from the
engine, the vibration transmitted to the transmission side can be kept constant by
reducing the spring stiffness coefficient of the main mass. On the contrary, if the
engine vibration is low, the system can be operated with a high spring stiffness

coefficient.
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4.1.4 The non-linear stiffness ratio effect (a)

4.1.4.1 Higher non-linear stiffness ratio

The non-linear stiffness ratio is set to 0.5, the displacements of mass are shown in time

domain in Figure 4.8;
e Response time will increase
e Displacement of primary mass will decrease

e Displacement of secondary mass will decrease
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Figure 4.8: Displacement in time domain (a=0.5) (a)full-scale (b)zoomed.
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4.1.4.2 Lower non-linear stiffness ratio

The non-linear stiffness ratio is set to 0.01, the displacements of mass are shown in

time domain in Figure 4.9;
e Response time will increase
e Displacement of primary mass will increase

e Displacement of secondary mass will increase
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Figure 4.9: Displacement in time domain (a=0.01) (a)full-scale (b)zoomed.
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4.1.4.3 Zero non-linear stiffness ratio

The non-linear stiffness ratio is set to 0, the displacements of mass are shown in time

domain in Figure 4.10;
e Peak frequency will increase
e Displacement of primary mass will increase

e Displacement of secondary mass will increase

Displacement in Time Domain
(alpha=0)
2D T T T T T
—,
92 ]
_1 5 i i i i i
0 200 400 600 80O 1000 1200
Time

Displacement in Time Domain
(alpha=0)

0.25 T T T

420 430 440 450 460 470 480 490 500
Time

Figure 4.10: Displacement in time domain (a =0) (a)full-scale (b)zoomed.
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To understand clearly, system stiffness modifications and their effects are shown in
below Table 4.5;

Table 4.5: The non-linear stiffness ratio effect on 8; and 0, displacements.

Test Number a 04 0, Stable Response
Time [s]
0 0.02 +/-0.069 +/-0.162 469
1 0.5 0.057/-0.053 0.135/-0.127 489
2 0.01 0.072/-0.066 0.168/-0.157 507
3 0 0.078/-0.072  0.184/-0.171 524

Another important parameter of the system is non-linear stiffness ratio. For the first
case, non-linear ratio is considered as 0.5 which means higher non-linear stiffness
coefficient than initial case. In this case, displacements of both mass decrease. The
displacements of primary and secondary mass decrease approximately 20%.

Moreover, the spending time to stabilize system is increased.

For the second case, non-linear stiffness ratio is considered as 0.01 which means lower
non-linear stiffness coefficient than initial case. For this case, displacements of both
masses slightly increase. Primary and secondary masses displace 5% more according

to initial case. Furthermore, the stable response time increases.

For linear situation which means alpha equal to zero, the displacements of both mass

increase approximately 10%. Also, the stable response time increase around 12%.
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4.2 System analysis on frequency domain

In this section, the parameters that affect to primary and secondary mass displacements

are manipulated in frequency domain as being examined in time domain before.

In Figure 4.11, the displacements of the primary and secondary masses are showed
with initial conditions. In the following sub-headings, the situations obtained with the
changed parameters will be compared with the situation obtained with the initial values

here.

Frequency Response (Blue: 31 red: 32]
(1,1,=0.5, ¢ /c,=0.25, k /k,=2, alpha=0.02)

40

Response Magnitude

Figure 4.11: Displacement in frequency domain (initial case).
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4.2.1 The inertia ratio effect (I, /1;)

4.2.1.1 Higher inertia ratio

The inertia of first and second masses are set to 0.130 kgm? and 0.095 kgm?
respectively. When the mass ratio I, /1, is equal to 0.731, the response magnitudes of

mass are shown in time domain in Figure 4.12;
e Displacement of primary mass will increase (I; constant)

e Displacement of secondary mass will increase (I, increases)
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Figure 4.12: Displacement in frequency domain (I2/11=0.731).

4.2.1.2 Lower inertia ratio

The inertia of first and second masses are set to 0.130kgm? and 0.030kgm?
respectively. When the mass ratio I, /1, is equal to 0.231, the response magnitudes of

mass are shown in time domain in Figure 4.13;
e Displacement of primary mass will increase (I; constant).

e Displacement of secondary mass will slightly decrease (I, decrease)
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Figure 4.13: Displacement in frequency domain (l2/11=0.231).
To understand clearly, system inertia modifications and their effects are shown in
below Table 4.6;

Table 4.6: The inertia ratio effect on 8, and 6, displacements.

Test I,/14 04 0, Peak Frequency
Number
0 0.5 25.453 34.868 0.799
1 0.731 38.457 44,730 0.722
2 0.231 29.796 33.579 0.884

The first important parameter of the system is inertia ratio. In this comparison, main
flywheel body is kept constant, and all changes are applied on secondary mass. Dual

mass can be choosing a material which has less or more inertia.

In first case, secondary mass (I2) has more inertia as initial condition, that means inertia
ratio (I2/11) is high with respect to initial condition. While main flywheel displacement
will increase 51%, secondary mass displacement will increase approximately 28%.

Also, peak frequency will be shifted to 10% lower amplitude.

Another variation is that secondary mass (I2) can be had less inertia as initial condition.
In this case, inertia ratio (I2/11) is low, main flywheel displacement will increase 17%.
But secondary body displacement will slightly decrease about 4%. Besides, peak

frequency will be shifted to 10% higher amplitude.
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The inertia of secondary mass has crucial effect on response magnitude around 2"
natural frequency. While inertia increase, the response magnitude of both mass
decrease around 2" natural frequency. In contrast, when secondary mass has lower
inertia value, the magnitudes increase around 2" natural frequency. In addition, 2"

natural frequency value increases as inertia decreases.
4.2.2 The damping factor ratio effect (c,/cq)

4.2.2.1 Higher damping factor ratio

The first and second dampers are set to 0.4 Ns/m and 0.2Ns/m respectively. When the
damping factor ratio c,/c, is equal to 0.5, the response magnitudes of mass are shown

in time domain in Figure 4.14;
e Displacement of primary mass will decrease (c, constant)

e Displacement of secondary mass will be decrease (c, increase)
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Figure 4.14: Displacement in time domain (c2/c1=0.5) (a)full-scale (b)zoomed.
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4.2.2.2 Lower damping factor ratio

The first and second dampers are set to 0.4 Ns/m and 0.05 Ns/m respectively. When
the damping factor ratio c,/c; is equal to 0.125, the response magnitudes of mass are

shown in time domain in Figure 4.15;
e Response time will increase
e Displacement of primary mass will increase (¢, constant)

e Displacement of secondary mass will increase (c, decrease)
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Figure 4.15: Displacement in time domain (c2/c1=0.125) (a)full-scale (b)zoomed.

To understand clearly, system damping modifications and their effects are shown in
below Table 4.7;

Table 4.7: The damping ratio effect on 8, and 6, displacements.

Test Number cy/cq 0, 0, Peak Frequency
0 0.25 25.453 34.868 0.799
1 0.5 24.132 33.162 0.796
2 0.125 26.155 35.805 0.801

The second important parameter of the system is damping ratio. In this comparison,
main flywheel body is kept constant, and all changes are applied on secondary mass.

Dual mass can be chosen a material which has less or more damping performance.
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In first case, damping ratio is high, main flywheel and secondary body displacement
will decrease 5%, and the frequency which is seen peak amplitude is kept same for all

damping ratio case.

When the damping coefficient of the secondary mass on the transmission side has a
lower value, the displacements increase 5% according to initial condition. Like test-1,

peak frequency is same in test-2.

If the primary mass is manipulated in terms of damping coefficient, the change of
stabilize response time will dramatically increase or decrease. Hence, it is clearly

understood that the damping of primary mass is more dominant on system.

The damping of secondary mass has also important role on response magnitude around
2" natural frequency. While damping ratio increase, the response magnitude of both
mass decrease around 2" natural frequency. In contrast, when secondary mass has less
damp characteristic, the magnitudes increase around 2" natural frequency. Damping

ratio has no significant effect on 2" natural frequency value.
4.2.3 The stiffness ratio effect (k,/k;)

4.2.3.1 Higher stiffness ratio

The first and second stiffness ratios are set to 600 Ns/m and 150 Ns/m respectively.
When the damping factor ratio k, /k, is equal to 4, the response magnitudes of mass

are shown in time domain in Figure 4.16;
e The amplitude of primary mass will slightly increase (k, constant)

e The amplitude of secondary mass will slightly increase (k, decrease)
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Figure 4.16: Displacement in frequency domain (ki/k2=4).
4.2.3.2 Lower stiffness ratio

The first and second stiffness ratios are set to 600 Ns/m and 450 Ns/m respectively.
When the damping factor ratio k, /k, is equal to 1.3, the response magnitudes of mass

are shown in time domain in Figure 4.17;
e The amplitude of primary mass will increase (k, constant)

e The amplitude of secondary mass will increase (k, increases)
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Figure 4.17: Displacement in frequency domain (ki/k>=1.3).
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To understand clearly, system stiffness modifications and their effects are shown in
below Table 4.8;

Table 4.8: The stiffness ratio effect on 8, and 8, displacements.

Test Number ky/k, 04 0, Peak Frequency
0 2 25.453 34.868 0.799
1 4 26.265 33.629 0.796
2 1.3 34.596 39.797 0.786

The third important parameter of the system is stiffness ratio. In this comparison,
transmission side is kept constant, and all changes are applied on ICE side. Thus,

primary stiffness coefficient can be chosen as a have less or more stiff material.

In first case, stiffness ratio is high, main and secondary mass displacement will
increase 3-5%. Furthermore, the peak amplitude frequencies of two mass are same

according to initial case.

Secondary mass can be used in more stiff material as second case. In this case, stiffness
ratio (ki/kz) is low, primary and secondary body displacements will slightly increase

as 3%. Besides, the peak amplitude frequencies of two mass are same as other case.

Moreover, as the secondary mass has stiffer characteristic, the response magnitude
slightly increases around 2" natural frequency. If secondary mass has less stiff
characteristic, the magnitude slightly decreases. Also, 2" natural frequency value

increases as stiffness of second mass increases.

4.2.4 The non-linear stiffness ratio effect (a)

The non-linear stiffness ratio is set to 0.01, 0.5, and at last 0 which means linear system.

4.2.4.1 Higher non-linear stiffness ratio

The non-linear stiffness ratio is set to 0.5, the response magnitudes of mass are shown

in time domain in Figure 4.18;
e Peak frequency will slightly increase
e Displacement of primary mass will increase

e Displacement of secondary mass will decrease
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Figure 4.18: Displacement in frequency domain (alpha=0.5).

4.2.4.2 Lower non-linear stiffness ratio

The non-linear stiffness ratio is set to 0.01, the response magnitudes of mass are shown

in time domain in Figure 4.19;
e Peak frequency will slightly decrease
e Displacement of primary mass will increase

e Displacement of secondary mass will increase
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Figure 4.19: Displacement in frequency domain (alpha=0.01).
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4.2.4.3 Zero non-linear stiffness ratio

The non-linear stiffness ratio is set to 0, the response magnitudes of mass are shown

in time domain in Figure 4.20;
e Peak frequency will decrease
e Displacement of primary mass will increase

e Displacement of secondary mass will dramatical increase
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Figure 4.20: Displacement in Frequency Domain (alpha=0).

To understand clearly, non-linear stiffness ratio modifications and their effects are

shown in below Table 4.9;

Table 4.9: The non-linear stiffness ratio effect on 8; and 0, displacements.

Test Number a 0, 0, Peak Frequency
0 0.02 25.453 34.868 0.799
1 0.5 28.642 29.913 0.807
2 0.01 28.256 40.667 0.789
3 0 49.949 99.978 0.707

Another important parameter of the system is non-linear stiffness ratio. For the first
case, non-linear ratio is considered as 0.5 which means higher non-linear stiffness

coefficient than initial case. In this case, displacement of main body increases as 13%,
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while secondary body has less angular displacement as 14%. The peak amplitudes of

two masses are at higher frequency value according to initial case.

For the second case, non-linear stiffness ratio is considered as 0.01 which means lower
non-linear stiffness coefficient than initial case. For this case, displacement of main
body and secondary body increase, because of getting system less stiff. Unlike test-1,
the peak frequency is shifted to lower value in test-2.

For the last case off non-linearity test is that equal to zero which means system has
linear characteristic. In test-3, non-linear stiffness ratio will be adjusted to zero. The
primary mass displacement is dramatically increase like %100. The secondary mass
has also increase as 186%.

The non-linear stiffness coefficient is another important parameter for response
magnitude around 2" natural frequency. While alpha increase from 0.02 to 0.5, the
response magnitude of both mass increase around 2" natural frequency. In contrast,
when alpha decrease from 0.02 to 0.01, the magnitudes decrease around 2" natural
frequency. In addition, 2" natural frequency value increases as alpha also increases.
For linear situation which means alpha equal to zero, 2" natural frequency decreases

approximately from 1.7 to 1.4 and also magnitudes also decrease.
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5. CONCLUSIONS AND RECOMMENDATIONS

The one of the solutions for torsional vibration are the using of dual mass flywheel. In
this paper, a simplified DMF model has been examined in Matlab with manipulated
different parameter. The aim of all modifications is that having better damping

performance from engine to transmission system.

All changes are applied on DMF mathematical model was investigated in time domain.
For all graphs, while blue curves presented secondary mass and transmission output,

orange curves presented primary mass and effect of ICE.

After modifying all the parameters in the system, it showed that the angular
displacements of the primary and secondary mass decreases as the stiffness coefficient
decreases. On the other hand, when the stiffness coefficient of secondary mass
increases, ICE should be had more fluctuations for same output to transmission.
Moreover, the system damping ratio increases, the bodies has less angular movement.
If displacements would like to be decreased, inertia ratio (secondary mass inertia)

should be decreased.

When the non-linear stiffness effect increases on system, angular displacements of
bodies decrease. In contrast, less non-linear stiffness coefficient leads to more body
displacements according to initial case.

Increasing damping coefficient of secondary mass affect positively on system. The
high damping coefficient reduces time to stable output amplitude. However, the lower

inertia ratio means that less time to need stabilization.

Likewise, all parameter changes made on the system are also examined in the
frequency domain. For all graphs in frequency domain, blue curves presented primary

mass and red curves presented secondary mass.

All modifications in 2DOF system are done to examine effect of parameters on DMF,
All the results mentioned in this paragraph are interpretations of the outputs obtained
at the first natural frequency of the system. When inertia ratio is high value, the

response amplitude is also high for both masses. However, if the inertia value of the
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second mass is decreased, the second mass decreases even if the response magnitude
of the first mass increases. The damping ratio of the system is manipulated by adjusting
with the damping coefficient of the secondary mass. The results show that as the
damping ratio increases, that is, the damping coefficient of the secondary mass
increases, the response amplitude of the system decreases. On the contrary, as the
damping ratio of the system decreases, that is, the damping coefficient of the second
mass decreases, the response amplitude of the system increases. The stiffness ratio of
the system is manipulated by changing the stiffness coefficient of the secondary mass.
Obtained results show that as the stiffness ratio increases, that is, as the stiffness
coefficient of the secondary mass is decreased, the response amplitude of the
secondary mass slightly decreases. On the contrary, as the stiffness of the system
decreases, that is, as the stiffness coefficient of the secondary mass increases, the

response amplitude of the system increases.

At 2" natural frequency region, the response amplitude of the system and the value of
the 2nd natural frequency decreased as the inertia ratio increased. On the contrary, the
lower the inertia ratio, the higher the 2nd natural frequency value. However, while the
response amplitude of the 2nd mass increases, the response amplitude of the 1st mass
decreases. Moreover, the system response amplitudes decrease as the damping ratio
increases, although the second natural frequency remains constant. Conversely, the
amplitudes increase as the damping ratio decreases. As the stiffness of the system
increases, the second natural frequency value and the system response amplitude
decrease. In contrast, as the stiffness ratio decreases, the natural frequency value and
the system response amplitude increase. The last parameter is the nonlinear stiffness
coefficient. As this coefficient decreases, the amplitude and natural frequency value
decrease. If the non-linear stiffness coefficient increases, the system response
magnitude and natural frequency value increase. In the linear position of the system,
that is, when the nonlinear coefficient is equal to zero, the amplitudes and the second
natural frequency value decrease. Since the system is linear, there is a system response

for each frequency.
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