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Abstract. Dual mass flywheel (DMF) can effectively attenuate torsional vibration from the
engine. Aiming to obtain greater damping performance, the sensitivity analysis method is
studied combining with the constraint relation of primary flywheel assembly and secondary
flywheel assembly, which is used to determine the key structural parameters of DMF which
have the greatest relationship with the natural frequency of the system. A car with a DMF is
taken as an object of sensitivity analysis, then the key structural parameters of the DMF is
obtained and adjusted, finally, simulation results verify the effectiveness of the analysis
method.

1. Introduction

The vehicle vibration noises will directly influence the ride safety, the fuel economy and the NVH
(Noise, Vibration and Harshness) performance of vehicles [1]. The power source vibration noises
accounts for more than one-half of the vehicle vibration noises, also resulting in the vibration noises of
the power transmission [2]. Torsional vibration is the main source of the vibration noises of the power
transmission [3]. Dual Mass Flywheel (DMF) is a new kind of vehicle torsional damper, which not
only has the function of the single mass flywheel but also the driven plate type clutch torsional
vibration damper [4]. With reasonable inertia distribution and torsional stiffness, DMF can make the
resonant rotational speed of the power transmission under idling condition lower than the idling
rotational speed, which can also attenuate torsional vibrations under driving conditions [5]. DMF is
mounted between the engine and the transmission system. The schematic diagram of DMF is shown in
Figure 1, which consists of a primary flywheel assembly, a secondary flywheel assembly and a
damper. The primary flywheel assembly includes a starting gear ring, a signal ring, a cover and a
primary flywheel. The secondary flywheel assembly comprises a flange, a seal disc and a secondary
flywheel. The damper is composed of spring and damping elements. DMFs can be divided into several
types according to the structure and the form of the springs, in which the circumferential arc spring
dual mass flywheels (DMF-CS) is the most widely used type. The primary assembly and the
crankshaft are connected by bolts. In addition, the clutch can be connected by the secondary assembly.
Thus, power from engine can be transmitted to the primary assembly firstly, and then the flange
compresses the arc springs to transmit the power to the secondary assembly. Finally, the power
transmitted to the power transmission drives the car.
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Figure 1. A schematic diagram of DMF

Hartmut Bach [6], Theodossiades S [7] and Schaper [8] simulated the characteristics of a power
transmission with DMF under different operating conditions. They compared the angular accelerations
and displacements between the output of engine and the input of gearbox under idling, sliding and
accelerating conditions. The simulating results showed that excellent damping performance of DMF
was demonstrated in idling and low speed conditions. Tolga Duran and E. Cag™ri Sever A [9] analyzed
the effects of single mass and dual mass flywheel on endurance limit with the dynamical loadings
under engine operating conditions. He found that although the angular acceleration of the crankshaft
increased with DMF, the corresponding dynamic load of the crankshaft decreased as the inertia was
reduced. Li Guanghui [10] studied the natural torsion characteristic of DMF and proposed the result
that the natural frequency would be the minimum when the inertia ratio of the primary and secondary
flywheel was 1:1.

Structural sensitivity can reflect the gradient of the structural parameters to the response of the
system, which has been widely used. Using structural sensitivity will facilitate the optimization of the
dynamic characteristics by modifying the structural parameters. Yue Guiping [11] carried out the
acoustic simulations of orifice noise of intake system and then determined the design parameters of
quarter wave tuner through sensitivity analysis without the accurate model of the engine. Moreover,
Lin J and Parker R G [12] used the well-defined vibration mode properties of tuned planetary gears to
calculate eigen-sensitivities and establish exact formulae, which connected natural frequency
sensitivity with the modal strain or kinetic energy and provided efficient means to determine the
sensitivity to all stiffness and inertia parameters by inspection of the modal energy distribution.

The above literatures show that the main structural parameters of DMF include the inertias of the
primary and secondary flywheel assembly and the multi-stage torsional stiffness, which affect the
damping performance of DMF. In this paper, the sensitivity analysis method based on the constraint
relation of DMF is used to analyze the relationship between the main structural parameters of DMF
and the natural frequencies of the system, and then the key structural parameters with the greatest
influence on certain natural frequency are determined from the main structural parameters, eventually,
the key structural parameters are adjusted for better damping performance based on the sensitivity
analysis results.

2. Structural sensitivity analysis method of automobile power transmission
With rotational motion, the dynamic model of automobile power transmission is a torsional vibration
model. The model without damping is given by

([K]-o’[7])6.=0 (1)
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Where [K] and [J ] are torsional stiffness matrix and inertia matrix, respectively, @ is the i®
order natural frequency, and Hl is the i order rotational displacement vector.

2.1. Sensitivity of natural frequencies to torsional stiffness
Both [K ] and [/ ] are real symmetric matrix. To simplify the calculation, pre-multiply the Equation

(1) by 49T to obtain Equation (2).
 ([K-afJ])g =0 @
6 [7]16=M, (3)

Where M the modal mass under the i order.

Let the absolute and relative sensitivities of @) to the torsional stiffness of the j™ unit be
Sab(cq/ K/) and S,, (cq / K /) , respectively. The partial derivative with respect to Kjin Equation (2)
is operated to obtain S, (@ /k;)and S, (@, / k;).
[(6),—(6),.T

MO )
— 2
5@/ k)= Dl & .
T

2.2. Sensitivity of natural frequencies to inertias

Let the absolute sensitivity and relative sensitivity of the i" natural frequency @) to torsional stiffness
of the j™ unit be Sa,,(ag/ JJ) and S,t(a)/ J]) Seeking the partial derivative with respect to /; in
Equation (2), Sab(@/ J]) and S,,(a}/ Jj)can be obtained as

S, (@ /4):—% ©)
s,6@17)=-"2Dd )

1

2.3. Characteristics of structural sensitivity

The expressions of the absolute and relative sensitivities show that the former is appropriate to
qualitative analysis and evaluation, and the latter is suitable for quantitative analysis and evaluation. In
practical engineering, we can firstly evaluate the gradients between the torsional stiffness and inertias
and the target modal natural frequencies using absolute structural sensitivity method to find the
structural parameters which have the biggest influence on the natural frequencies. Then we can
establish the accurate mathematical relation between the parameters and the natural frequencies using
the relative sensitivity method, modifying the structural parameters.

3. Analysis method of DMF and the power transmission based on structural sensitivity

3.1. Analysis method of moment of Inertia of DMF
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It is assumed that the inertias of the primary and secondary flywheel assembly are J, and J, ,
respectively, and the inertia of the single mass flywheel matched to the engine is J; , which is
provided by the engine manufacturer. Because DMF has the function of the single mass flywheel,
Ji+J, =J;. Furthermore, the inertia ratio of the primary and secondary flywheel assembly can be
obtained by the constraints of the inertias, the masses and the installation spaces of the primary and
secondary flywheel assembly. With initial conditions, the initial values of J, and J, can be
determined by

e J,+J, =J, (8)
2
s= o (9)
(A+1) (A+1)

Because of the constraints of the primary and secondary flywheel assembly, any change of the
moment of inertia of the flywheel assembly will cause the change of the other. Thus, the moment of
inertia ratio A should be used instead of J/, and J, as the structural parameter to conduct the
calculations, when analysing the gradient relationship between the change of the primary and

secondary flywheel assembly and that of the natural frequency. Therefore, the Equation (7) involving
A can be rewritten as

a[J]
A6 g
a / i i
Su@/ A= 5/),1/;4 B 21\84/1 (10)

Let j™ and (j+1) ™ units be primary flywheel assembly and secondary flywheel assembly,
respectively, then

Jl
J, 0
A, (11)
[/]= (A+1)
J
0 3
(A+1)
_ Jn .
Substituting Equation (11) into Equation (10), it can be rewritten as
A ) )
Sm/ﬂ)——mm[(@)j -6),./ ] (12)

According to S, (@, / 1), the mathematical relationships between the i order natural frequency and
A can be established as

=4 (13)
Si(@/ )
Where A is the variation based on the initial value of 4 , D@ is the variation of the i order
natural frequency @) based on the initial conditions. Thus, Jl and J. , are obtained as
_ (A+ANJ, J = J; (14)

T A+MAD) T (A+A+D
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[ () Can be determined by the difference between the actual value and the ideal value of @).

3.2 Analysis method of torsional stiffness of DMF
DMF usually has two stage torsional stiffness, then let the first stage stiffness and the second stage
stiffness be K, and K, , respectively. Usually the first stage stiffness is working under idling condition

and low rotational speed, moreover, the second stage stiffness is taking effect under driving condition
with high rotational speed, so K, can both transfer the engine power and adjust the system natural

frequency. Let the operating angle of DMF atk,andk, be €, and @, , respectively. Generally, the
total torsion angle of the DMF springs being @ is about 65°-70° [5], thus, 8, +6, =6 . 6, can be

primarily valued as
T
b= K1 (15)

1
Where Tl is the output torque of the power transmission under idling condition, which is related to

the inertias of the secondary flywheel assembly, the clutch and the input shaft of the transmission and
the angular accelerations of the starting motor. Accordingly, ]gcan be primarily calculated as

Sl
Kz—g_q (16)

Where 7, max the maximum is torque from the engine, and ¢ is the torque backup coefficient, which

is related to the real car.
According to S,, (@, / K,), the mathematical relationships between the i order natural frequency and

K1 can be established as

_Dalg ,
TS @/K) ()
K1=K1+AK1 (18)

The second stage stiffness K, can be obtained by the same method.

4. Example and simulation

4.1  Analysis Example

A car matching a CVT is taken as example, where Jl denotes the moment of inertia and Kdenotes

the torsional stiffness linking the two lumped masses. The structural parameters of the power
transmission are listed in Table 1, where the unit of moment of inertia and torsion stiffness are kg-m?
and Nm/rad, respectively.
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Table 1. Structural parameters of the power transmission

Names of Elements Inertia Value of Inertia Torsional Value of Torsional

Stiffness Stiffness
Driven part of rubber damper A 4.795E-3 K 14320.0
Driving part of rubber damper J2 2.038E-3 K, 74636.1
Accessories I3 9.74E-5 K, 356080.5
Cylinder 1 Ja 4.669E-3 K, 358856.9
Cylinder 2 Js 4.712E-3 Ks 360638.8
Cylinder 3 Je 4.712E-3 Kg 359640
Cylinder 4 Iz 4.686E-3 K, 1871080
Primary flywheel assembly Js 0.08 Kg 160.43; 733.39
Secondary flywheel assembly Jo 0.012 Ky 98731.62
Input shaft of CVT Jio  7.312E-3 Kio 48483.78
Driving cone of CVT Ji1 0.0268368 K4

The car is fitted with a DMF. The inertias of the primary and secondary flywheel assembly are 0.08
kg'm? and 0.012kg'm?, respectively, and the first stage stiffness and second stage stiffness are
160.43Nm/rad (6,=45.25°) and 733.39Nm/rad (6,=15°), respectively. In addition, the hollow travel
angle is 4.75°, and the total torsional angle is 65°, that is, 6=65°. Based on the above data, the modal
analysis is carried out, and the natural frequencies under idling and driving conditions are listed in
Tables 2 and 3.

Table 2. Natural frequencies under idling condition (Hz)

fi [z fs fa fs fe [ fs fo
158 2398 603.8 742 1053 1731 2481 3602 10667

Table 3. System natural frequency under driving condition (Hz)

fi f2 fs fo fs  fe f1 fe  fo  fio
22.5 239.8 300 603.8 821.79 1053 1731 2481 3602 10667

The absolute sensitivities of the 1% order natural frequency to the inertias and torsional stiffness can
be obtained based on torsional vibration model under driving condition, as shown in Tables 4 and 5.

Table 4. The absolute sensitivities of the 1% order natural frequency to inertias under driving
condition

J1 I2 I3 Ja Is Je J7 Js Jo J10 J11
=221 218 217 217 216 216 =215 215 -1104  -1122  -1150
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Table 5. The absolute sensitivities of the 1% order natural frequency to torsional
stiffness under driving condition

K4 K, K3 K, Ky
5.62E-07 4.18E-08 1.89E-09 5.18E-09 1.01E-08
K¢ K, Kg K, K1o
1.68E-08 9.29E-10 0.101543 3.1E-06 7.97E-06

For inertias, the absolute sensitivities show that the inertias of the secondary flywheel assembly and
the CVT component have the greatest influence on the 1% order natural frequency under driving
condition and the natural frequency will decrease with the increase of inertias. For torsional stiffness,
the torsional stiffness of DMF at driving stage has the greatest influence on the 1% order natural
frequency and the natural frequency will increase with the increase of torsional stiffness. Since the
structural parameters of the CVT cannot be modified, the key structural parameters will be the inertia
ratio A of the primary and secondary flywheel assembly and the second stage stiffness (Ks).

The relative sensitivities of the 1% order natural frequency to torsional stiffness driving condition
are shown in Table 6, where S,(® /K;)=0.495 | and it can be calculated that S,(@/A4)=0.062 .

According to vibration-absorption mechanism, analysis method of structural sensitivity and the initial
conditions, the modified results can be obtained, that are, Js=0.077 kg.m? Jo=0.015 kg.m?
Ks=189Nm/rad (8:=37.75°) (the first stage stiffness), Ks=511Nm/rad (8,=21.5°) (the second
stage stiffness), 80=4.75° (the hollow travel angle) and 6=59.25° (the total torsion angle).

Table 6. The relative sensitivities of the 1% order natural frequency to torsional stiffness
under driving condition

K, K, K, K, Ks
5.35E-05 2.08E-05 4 47E-06 1.24E-05 2.42E-05
K¢ K, Kg Ko K19
4.03E-05 1.16E-05 0.495229 0.002033 0.00257

After modification, the natural frequencies of the power transmission under idling and driving
conditions are obtained as shown in Tables 7 and 8. The 1* order natural frequency is 17.9Hz and the
corresponding resonance speed is 1074rpm under idling condition, which is far from the idle speed.
Furthermore, the 1% order natural frequency is 18.5Hz and the corresponding resonance speed is
1110rpm under driving condition, which can avoid resonances in low speed region.

Table 7. Natural frequencies under idling condition (Hz)

f1 f2 f3 fa fs fe f7 fs fo
17.9 240.1 605.1 7134 1053.6 17319  2481.7 36047  10667.8

Table 8. System natural frequency under driving condition (Hz)

f1 f2 f3 fa fs fe f7 fs fo f10

10667.

18.5 240.1 284 605.1 803 1053.6 17319 2481.7 3604.7 ]
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4.2 Simulation
The dynamic models under idling condition and driving condition built by ADAMS software are
shown as Figure 2 and 3, respectively.

Figure 3. The dynamic model under driving condition

Under idling condition, the frequency of excitation is 12.5Hz and the frequency of excitation is
25Hz under driving condition. For the power transmission matching the DMF without modification,
angular acceleration curves of engine and transmission under idling condition and driving condition
are shown as Figure 4 and 6, respectively. For the power transmission matching the DMF with
modification, angular acceleration curves of engine and transmission under idling condition and
driving condition are shown as Figure 5 and 7, respectively. Where red curve stands for angular
acceleration of engine and the blue curve stands for angular acceleration of transmission. After
modification, angular acceleration of transmission is attenuated from 0.05rad/s* to 0.04 rad/s’ under
idling condition. However, angular acceleration of transmission is still greater than that of engine
because the resonant speed is higher than the idle speed. Moreover, angular acceleration of
transmission is attenuated from 1.25rad/s’ to 0.4 rad/s’ under driving condition and angular
acceleration of transmission is smaller than that of engine, which means the vibration from the engine
is isolated.
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Figure 4. Angular acceleration curve of engine and transmission under idling condition without
modification
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Figure 5. Angular acceleration curve of engine and transmission under idling condition with
modification
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Figure 6. Angular acceleration curve of engine and transmission under driving condition without
modification
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Figure 7. Angular acceleration curve of engine and transmission under driving condition with
modification

5. Conclusion

The structural sensitivity analysis results show the rotational inertia coefficient and torsional stiffness
of DMF are the most important factors affecting the first order natural frequencies of the powertrain
under idling and driving conditions, so the method is convenient and purposeful to adjust structural
parameters of DMF for improving the damping performance of DMF, which can also compensate the
inaccuracy of the structural parameters of some components in modelling process to some extent.

Acknowledgments
The research was supported by the National Natural Science Foundation of China (Grant No.
51405355) and the National Natural Science Foundation of China (Grant No. 51605182).

References

[1]  Wu Guanggiang and Luan Wenbo 2013 Review of Dynamic Research for NVH Problems
Related to Automotive Driveline Journal of Mechanical Engineering. 49 108-119

[2] Sean Biggs 2012 Using MSC Adams to Understand Automatic Transmission Torque Converter
Damper Performance 2012 MSC UK User Conference. 1-24

[3] H. Griffin, W-T Wu and J.A. Wickert, J.B. Brown Torsional Vibration of Drive Trains SAE
Technical Paper Series 941697

[4] Kroll J Kooy A and Seebacher R 2010 Torsional dampers for engines of the future 9th LukK
Symposium

[51 Song Liquan, Zhao Xiao Feng, He Zehai ,Luo Shuming, Tian Hongyan and Fan ZhaoZhong
2009 Analysis Model and Inherent Characteristics of Torsional Vibration of the Dual Mass
Flywheel-circumferential Short Spring Introduced Friction Journal of Mechanical
Engineering. 45 99-105

[6] Hartmut Bach Wolfgang and Kucks et al 2008 Simulation of Various Operating Conditions of
Powertrains with a Dual Mass Flywheel Drive System Technique. 22 3-16

[7] Theodossiades S and Gnanakumarr M 2006 Effect of a Dual Mass Flywheel on the Impact-
induced Noise in Vehicular Powertrain Systems Automobile Engineering.220 747-761

[8] Schaper and Sawodny Oliver 2009 Modeling and Torque Estimation of an Automotive Dual
Mass Flywheel Proceedings of the American Control Conference (Hyatt Regency Riverfront,



MTMCE IOP Publishing
IOP Conf. Series: Materials Science and Engineering 392 (2018) 062034 doi:10.1088/1757-899X/392/6/062034

St. Louis, MO, USA), June 10,2009 - June 12, 2009 1207-1212

[9] Tolga Duran and E. Cag'ri Sever A 2008 Dynamic Simulation and Endurance Limit Safety
Factor Calculation for Crankshaft-comparison of Single Mass and Dual Mass Flywheel SAE
Technical Paper 2008-01-2622,d01:10.4271/2008-01-2622

[10] Li Guang hui and Hu Jian Jun 2008 Study on Natural Torsional Vibration Characteristics of
Dual Mass Flywheel -radial Spring Type Torsional Vibration Damper Journal of China
Mechanical Engineering. 19 1800-05

[11] YUE Guiping and ZHANG Yimin 2010 Structure Betterment of Intake System Based on
Sensitivity Analysis of Orifice Noise Journal of Mechanical Engineering.23 77-81

[12] Lin J and Parker R G 1999 Sensitivity of Planetary Gear Natural Frequencies and Vibration
Modes to Model Parameters Journal of Sound and Vibration.228 109-128

10



