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Abbreviations and Denitions
Abbreviations
•
•
•
•
•
•
•
•
•
•

E-Line
E-Point
FE model
MDOF
MHV
MSD
PSD
RMC
SEP
VCC

Evaluation Line
Evaluation Point
Finite Element model
Multi-Degree-of-Freedom
Mean of the Highest Values
Modal contribution Spectral Density
Power Spectral Density
Relative Modal Contribution
Statistical Evaluation Parameter
Volvo Car Corporation

Denitions


BIW: Body in White. Stage in automobile manufacturing in which only



FRF: Frequency Response Function.



IP: Instrument Panel.

the body's sheet metal parts are welded and no components such as
windows, bumpers, doors, engine, etc. are assembled.
Function of frequency describing
the input-output relationship of a system.
Panel beneath the front window having various
gauges and accessories for the use of the driver; also called dashboard.
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Chapter 1
Introduction
In the car industry numerical modelling represents a cheaper alternative to
prototypes. The purpose of simulations is to predict the response of a system
submitted to laws of physics as accurately as possible. Hence before running
a simulation the input parameters have to be validated and correlated with
tests.
In particular for modelling damped oscillation systems, damping is an important parameter to consider. In this paper a new damping denition based on
time domain is applied to E-Line 1 simulations. Further information about the
E-Line method is provided in the next paragraphs.

1.1 Preliminary Information
The E-LINETM Method

The E-Line method [1] [2] is focusing on calculating and evaluating the relative
displacement between two parts in time domain. Indeed the relative displacement is the main reason for Squeak & Rattle sounds. The evaluation is always
performed in time domain to keep the phase information which enables the
calculation of the relative displacement, especially when applying a random
excitation. Moreover the E-Line evaluation is described in a local coordinate
system (see Figure 1.1) in order to capture the relative displacement in the
rattle direction z and in the squeak plane (x,y). To enable an ecient evaluation of the relative displacement, node pairs are dened along a 3D curve,
which is located between the two parts. One node is belonging to the master
surface and one node to the slave surface. Each node pair is using its own local
coordinate system, which is aligned to the master surface. For each node pair,
a C-BUSH element links the master and the slave node, and behaves like a
spring. The spring is used for squeak simulation and also for post-processing
of both squeak and rattle results.
The term "Rattle" describes a sound caused in a critical interface between
two parts, when their relative displacement occurs in local z direction, which
means normal to the contact plane. Considering that there is an initial gap
between the two parts, the Rattle sound is heard when the two parts come
into contact. In case of initial gap, the C-BUSH stiness is set equal to zero.
1 Evaluation

Line
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Figure 1.1: E-Line attributs
The term "Squeak" describes a sound caused in a critical interface between
two parts, when their relative displacement occurs in the contact plane ((x,y)
plane in local coordinates). The two parts are considered in contact from the
beginning. And to achieve this, a stiness value of 1000 N/mm is assigned to
the local z direction of the C-BUSH elements.

Statistical approach
The result of an E-Line evaluation is the relative displacement in time domain
in each node pair. A statistical approach [3] is needed to include the time
aspect in the evaluation, especially when using a random excitation. This
approach, explained in Figure 1.2, is ranking all the amplitudes and a certain
percentage of the highest values, called the Statistical Evaluation Parameter
(SEP), is chosen. Finally the mean value of these amplitudes, noted MHV2 ,
is calculated. In this way, the relevant part of the response (time history of
relative displacement) can be condensed into one single value per node pair.

Figure 1.2: Statistical approach applied for the relative displacement between
two nodes
2 Mean

of the Highest Values
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1.2 Global Damping State of the Art
The most common damping denition is based on modal damping theory [4]:
damping is a function of frequency, and a damping ratio called modal damping
ratio is associated to each mode. Modal damping ratios can be obtained only
by experimental tests. The current procedure is described as follows:
1. Performing a shaker modal test to get the measurement FRF3 data.
2. Importing the FRF data to the software LMS
the modes and their modal damping ratios.

® PolyMAX, and extract

Regarding numerical simulation of a complete vehicle, it is not feasible
to use the modal damping ratios. A complete trimmed vehicle has a huge
number of modes, and their modal damping ratio is unknown. Therefore a
single damping value is dened for the simulation for the frequency range of
interest, called global damping ratio. We note ζi the modal damping ratio
associated with mode i, and ζDG the global damping ratio. To dene the
global damping ratio there are two main methods:
 Superposing via best t the sum FRFs from test, depending on several
modal damping ratios ζi , and from simulation, depending on the global
damping ratio ζDG (see Figure 1.3).

Figure 1.3: Global damping denition via best curve tting (Sum FRF)
 Extracting the modal damping ratios from test which belong to relevant
or dominating modes. Afterwards using these values to dene a global
damping value for the entire frequency range, or split the frequency range
into several parts and specify a global damping ratio for each part, as
depicted in Figure 1.4.

Figure 1.4: Global damping denition using the modal damping ratios
3 Frequency

Response Function
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1.3 Context and Mission
In the previous paragraph the fact is highlighted that dierent methods used
to nd the global damping value are based on a frequency domain approach.
When switching to time domain, the response amplitude A(t) is a summation
of modal contributions ci : this is called the modal superposition principle. As
each modal contribution ci can be expressed as the product of the mode shape
vector Φi by the modal participation factor ψi , Equation 2.3 [5] is obtained for
M modes:

A(t) =

M
X

ci (t) =

i=1

M
X

Φi ψi (t)

(1.1)

i=1

The advantage of working in time domain is to keep both the phase information and the modal damping information, which are contained in the modal
contributions ci , more precisely in the participation factor ψi .
The challenge of this master thesis is to switch from frequency domain to
time domain in order to come up with a better global damping denition, using the information contained inside the modal contributions, as depicted in
Figure 1.5.

Figure 1.5: Aim of the master thesis
In the rst part a theoretical study was carried out, where the analytical
solution of global damping for a harmonic excitation was investigated. Simplied FE models4 were also used to have an overview of all the parameters
inuencing global damping.
Based on the fact that modal contributions impact the response through modal
damping, a new feature for engineering assessment of the response was implemented. This feature is called the Relative Modal Contribution (RMC) feature.
Finally global damping was dened for real assemblies through a correlation in
time domain. For the test a 3D laser vibrometer was used, and the E-Line for
simulation. Both theory and RMC feature were validated by applying them
on the test results.
4 Finite

Element models
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Chapter 2
Preliminary Study
The frame of the study is dened by:
 Given material properties
 A given topology
 A given location where the displacement is studied (E-Line)
Hence the aim of this part is to describe global damping as a function of parameters described in Equation 2.1. The variables and their related notations
are explained in Table 2.1.

ζDG = f (ci (Φi , ψi ), SEP ) = f (Φi , ψi (p(G, t), ζi , N, M ), SEP )

Variable

Global damping ratio
Modal contribution i
Mode shape vector i
Participation factor i
Excitation on point G
Modal damping ratio i
Response location (Node number)
Number of modes
Statistical evaluation parameter

(2.1)

Notation
ζDG
ci
Φi
ψi
p(G, t)
ζi
N
M
SEP

Table 2.1: Variables and their notations
In order to study the impact of these parameters on global damping, dierent congurations with increasing complexity were used. First the analytical
solution of global damping is studied for a multi-degree of freedom (MDOF)
system excited with a harmonic excitation.
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2.1 Analytical Solution for a harmonic excitation
We note ||.||2 the Euclidean norm on RM . The displacement of a point for a
MDOF system excited with a harmonic excitation is given by Equation 2.2 [6].
The variables are summarized in Table A.1 in Appendix A.

~u(t) =

M ~ ~t~
X
Φi Φ P

1

i

i=1

Ki

q

(1 − ri

2 )2

+ (2ζi ri )

2

(2.2)

cos(Ωt − αi )

This relation can be rewritten into Equation 2.3:

~u(t) =

M
X

~ i ψi (t, ζi )
Φ

(2.3)

i=1

with the participation factors ψi dened as follows:





2ζi ri
~ t P~


1
1
Φ
1−ri 2
i

q
r
cos(Ωt) + r
sin(Ωt)
ψi (t, ζi ) =




2
2
Ki
2ζi ri
2ζi ri
(1 − ri 2 )2 + (2ζi ri )2
+1
+1
2
2
1−ri

1−ri

(2.4)
Knowing that the displacement from test depends on modal damping ratios,
and the displacement from simulation on one single value, the global damping
ratio, Equations 2.5 and 2.6 are obtained:

~utest (t) =

M
X

~ i ψi (t, ζi )
Φ

(2.5)

i=1

~usimulation (t) =

M
X

~ i ψi (t, ζDG )
Φ

(2.6)

i=1

Since the same displacement is wanted for test and simulation, the following
relation can be written:
(2.7)

∀t, ~utest (t) = ~usimulation (t)

The next step is to express the global damping ratio ζDG as a function of
modal damping ratios ζi . One way to do it is to perform the approximation:
ζDG 2 ≈ 0, which results in the following expression for global damping:

ζDG =

1
2

M
P
~ i ψi
Φ

π
,ζ
2Ω i

i=1
M ~ ~t~
P
Φi Φi P ri
Ki 1−ri2
i=1


2

(2.8)

2

Equation 2.8 shows that global damping clearly depends on the participation factors ψi . In the next section FE models are used to nd if the parameters
dened previously in Table 2.1 have an impact on ζDG .
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2.2 Simplied FE models
Two dierent FE models are used in this study.
The rst model, depicted in Figure 2.1, consists in a single plate totally constrained in both ends. A two second harmonic force is applied, and the absolute displacement of Node 2 (response location) is taken as the output. For the
modal transient analysis, only mode 2 and mode 3 are considered, and noted
respectively M2 and M3, see Figure 2.2.

Figure 2.1: FE model - Single plate

Figure 2.2: Single plate model - Modes considered and response location
As global damping was described as a function of modal damping ratios ζi
in Equation 2.8, the procedure to nd if a parameter has an impact on ζDG is
as follows:
1. Imposing ζ2 and ζ3 for M2 and M3.
2. For a given parameter, studying two variants.
3. Finding the global damping ratio ζDG for both variants.
4. Assessing if the parameter has an impact on ζDG .
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Inuence of the frequency of the harmonic excitation
First a harmonic excitation is applied on the plate: therefore Equation 2.8 is
still valid in this conguration. ζ2 = 5.0 % and ζ3 = 1.0 % are imposed as
described in Table 2.2.
Two variants are studied. For Case 1, a 10.0 Hz harmonic excitation is applied,
and 20.0 Hz for Case 2 (cf. Figure 2.3).
Mode
f [Hz]
ζi [-]

M2 M3

10.35
0.05

20.28
0.01

Table 2.2: Modal damping ratios imposed for M2 and M3

Figure 2.3: Variants with two dierent frequencies for the harmonic excitation
In order to nd ζDG for each variant, the "test curve" (depending on ζ2 and
ζ3 ) describing the absolute displacement of Node 2 versus time, and the curve
depending on a given ζDG are plotted. By varying ζDG , the global damping
value is found via best curve tting. In Figure 2.4 ζDG is varying from 1.0 %
to 5.0 %. The best curve tting is obtained for ζDG = 5.0 %

Figure 2.4: Absolute displacement of Node 2 vs time - Test curve depending
on ζi (blue) and curve depending on ζDG (red)
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A more mathematical way to nd ζDG for a given variant is to use the
statistical approach. For a given SEP, the MHV is computed for the test curve
and the curve depending on ζDG . We note M HVtest the MHV for the test curve,
and M HVDG for the curve depending on ζDG . Afterwards the relative error
between M HVtest (reference) and M HVDG is calculated. By varying ζDG , the
global damping value is found with the lowest relative error. Table 2.3 shows
the results obtained with an SEP of 40 %. The lowest relative error is found for
ζDG = 5.0 %. This result was expected: as the plate is excited with a frequency
of 10.0 Hz, which is almost the frequency of M2, the most dominating mode
will be M2. As a consequence ζDG will be very close to ζ2 , which equals 5.0 %.

[mm]

70.2818

M HVDG [mm]
151.036
117.641
96.5697
81.6042
70.3311

Relative error [%]
14.9006
67.3847
37.4036
16.11
0.0701

M HVtest
ζDG [-]
0.01
0.02
0.03
0.04
0.05

Table 2.3: Comparison between M HVtest and M HVDG with SEP = 40 %
By applying the same mathematical procedure for Case 2, ζDG = 0.01 is
found. To conclude, the frequency of the harmonic excitation has an inuence
on global damping.
For the next steps the statistical approach is applied with SEP=40 % for both
variants. Moreover the complexity of the conguration is increased with a real
excitation instead.

Inuence of the excitation PSD1
A random excitation based on PSD is applied on the plate, and ζ2 = 10.0 %
and ζ3 = 1.0 % are imposed. For Case 1 the PSD of the excitation is chosen
around the frequency of M2 (10.0 Hz), and for Case 2 around the frequency of
M2 (20.0 Hz), see Figure 2.5. After varying ζDG from 1.0 % to 10.0 %, the best
global damping ratio is found to be ζDG = 9.0 % for Case 1 and ζDG = 1.0 %
for Case 2. After this example, it can be assessed that the frequency content
of the excitation p(G, t) is a parameter which has an impact on ζDG .

1 Power

Spectral Density
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Figure 2.5: Variants with two dierent PSDs for the real excitation

Inuence of the response location
The next parameter studied is the response location (see Figure 2.6), which
can be identied by a node number noted N. For Case 1, Node 2 is kept as the
response location. For Case 2 Node 1432 is chosen. As this node is located in
the middle of the plate, the contribution of M2 equals 0.
The modal damping ratios ζ2 = 10.0 % and ζ3 = 1.0 % are imposed. After following the procedure described above, ζDG = 5.0 % for Case 1 and ζDG = 1.0 %
for Case 2 are found. Consequently the response location N is a parameter
impacting global damping.

Figure 2.6: Variants with two dierent response locations N

Inuence of the modal damping ratios
The modal damping ratios are taken as the next parameter to study. For Case
1 ζ2 = 10.0 % and ζ3 = 1.0 % are imposed. ζDG = 10.0 % is found. In the
same way for Case 2 ζ2 = 5.0 % and ζ3 = 1.0 % are imposed and ζDG = 3.0 %
©VCC
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is found. Therefore the modal damping ratios ζi represent a parameter to
consider in the global damping denition.

Inuence of the SEP
Another variable to study is the SEP. For Case 1 SEP=40 % is chosen. For
Case 2 SEP=0 %, which means that only the highest peak is considered for
the comparison between M HVtest and M HVDG . Two dierent global damping
ratios are found, ζDG = 5.0 % and ζDG = 3.0 % respectively for Case 1 and
Case 2.

Inuence of the number of modes considered for the modal
transient analysis
Finally the number of modes considered for the modal transient analysis is
studied. To increase the complexity the problem and get closer to an E-LINE
conguration, this study is based on a double plate model. This FE model,
represented in Figure 2.7, is composed of two plates totally constrained in one
end. A two second random excitation is applied. For this conguration, the
output is the relative displacement between Node 1003 and Node 2003.

Figure 2.7: FE model - Double plate
The modal damping ratios are imposed for the rst four modes, as described
in Table 2.4. For Case 1 only M1 and M2 are considered. For Case 2 all modes
M1, M2, M3 and M4 are taken into account in the modal transient analysis.
Finally ζDG = 7.0 % for Case 1 and ζDG = 1.0 % for Case 2 are found. Hence
the number of modes considered in the modal transient analysis is a parameter
impacting ζDG .
Mode
f [Hz]
ζi [-]

M1 M2 M3 M4

1.68
0.05

2.35
0.08

10.54
0.01

14.72
0.01

Table 2.4: Modal damping ratios imposed for M1, M2, M3 and M4
©VCC
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To summarize all the results found in this parameter study, see Table 2.8
below.

Table 2.8: Overview of the parameter study
To conclude this theoretical study, global damping can be dened as a
function of the parameters described in Equation 2.9.

ζDG = f (ci (Φi , ψi ), SEP ) = f (Φi , ψi (p(G, t), ζi , N, M ), SEP )

(2.9)

The relations between the parameters studied and global damping can be
represented via Figure 2.9 (cf. Table 2.1 for the variable notations). It can be
noticed that the modal contributions ci play an important role in the global
damping denition. Indeed they behave like weight factors for the modal
damping ratios. The more contributing a mode is, the closer to its modal
damping ratio ζDG . As the modal contribution was identied as the main
parameter inuencing the response, a new feature for engineering assessment
of the response was implemented using the theory of modal contributions.

Figure 2.9: Overview of the relations between the parameters inuencing ζDG

©VCC

15 / 37

Master Thesis 2014

Chapter 3
New feature for Engineering
Assessment
A new feature for engineering assessment was implemented on the E-Line Matlab graphical user interface. This feature introduces a new approach, using the
concept of RMC1 .
In the rst part, the theories of RMC and MSD2 are introduced.
Later a direct application of the RMC feature is shown in a second part. This
example is related to the E-Line method.

3.1 Theory of RMC and MSD

Figure 3.1: The four functionalities of the RMC feature
1 Relative
2 Modal

Modal Contributions
contribution Spectral Density
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In Figure 3.1 the four functionalities of the RMC feature are represented:
 The RMC per peak.
 The RMC with SEP.
 The E-Point3 MSD.
 The E-Line MSD.
The three last functionalities request a given SEP, chosen by the user. Each
functionality is presented more in details in the next section, starting with the
RMC per peak.

RMC per peak
The RMC per peak is a functionality whose aim is to represent the modal
composition of the highest peaks for a given response of a given node (relative
displacement along an E-Line for instance) in terms of relative modal contributions. To explain the theory behind this functionality, a simple example is
described in Figure 3.2. The response in time domain of a given node is shown
in Figure 3.2 A. This response is decomposed into modal contributions, more
precisely into the modal contributions of M1 (red), M2 (green) and M3 (yellow). In this example only the two highest peaks P1 and P2 are considered.
In Figure 3.2 B the corresponding RMC per peak is plotted. This graph is
composed of two sets of bars, which are related to a peak. Since the peaks are
ranked according to their amplitude and the amplitude of P2 is higher than
P1, the rst set of bars is related to P2 and the second one to P1.

Figure 3.2: RMC per peak - Example

3 Evaluation

Point
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We note respectively cij and RM Cij the contribution and the RMC of a
mode i for a peak j. According to the formula shown in Figure 3.2, RM C 12
describes the contribution of M1 relatively to the other contributions for P2.
There are two main advantages to use this denition of RMC. The rst one is
that the sign information is preserved; indeed a contribution could be negative,
cf. example in Figure 3.2. The second advantage is that the RMC results in
an understandable percentage value between -100 % and +100 %.
With the RMC per peak the three most contributing modes are plotted per
single peak. When applying the statistical approach on these peaks with the
SEP, a single value (MHV) is obtained (see Figure 1.2). The aim for the next
feature is to show the modal contributions for this single value in the same
way as it was described for the single peaks.

RMC with SEP
The RMC with SEP is a functionality whose aim is to represent the modal
composition of the response of a given node based on a certain percentage value
(SEP) of the highest peaks. In the same way a simple example is described in
Figure 3.3. Only the two highest peaks P1 and P2 are considered.
In Figure 3.3 B the corresponding RMC with SEP is plotted. This graph is
composed of three bars, which are related to a mode. These bars are ranked
according to their associated values.
We note cij the contribution a mode i for a peak j, and RM C i the RMC with
SEP of a mode i.

Figure 3.3: RMC with SEP - Example
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For instance let the total number of peaks be four and let the SEP be
equal to 50 %. Therefore the corresponding RMC with SEP is based on the
two highest peaks, which are P1 and P2 in this case. According to the formula
shown in Figure 3.3, RM C 1 describes the contribution of M1 relatively to the
other contributions for 50 % of the highest peaks. Since a random excitation
requires the statistical evaluation (SEP), the modal contribution of this result
(MHV) is of interest and can be obtained with this feature. However as an
average was performed, the sign information cannot be kept.
With the RMC with SEP the bars corresponding to each mode were ranked.
The aim for the next feature is to represent the content of the response of a
given node in time domain.

E-Point MSD
From the RMC with SEP, the E-Point MSD is obtained by plotting the bars
in frequency domain (see Figure 3.4). Therefore the E-Point MSD represents
the spectrum of the response of a given node pair (E-Point).

Figure 3.4: E-point MSD - Example
So far the functionalities described previously were applied on the response
of a given E-Point. The next step is to perform a topology average by calculating an MSD for an entire E-Line.

E-Line MSD
The E-Line MSD is a functionality whose aim is to represent the modal composition of the response of all the E-Points belonging to a given E-Line, based
on a certain percentage value (SEP) of the highest peaks. In the example
shown in Figure 3.5 the E-Line is composed of two master nodes noted Node
10 and Node 20. In Figure 3.5 A the relative displacement of both E-Points
are plotted. In Figure 3.5 B the corresponding E-Line MSD is represented for
a given SEP.
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Figure 3.5: E-Line MSD - Example

Figure 3.6: RMC feature - Overview
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To conclude, an overview of the process is represented in Figure 3.6. From
the RMC per peak of the response of a given E-Point, a time average is performed to calculate the RMC with SEP. The next step is to switch into frequency domain with the E-Point MSD. Finally the E-Line MSD is obtained
using a topology average. For a more theoretical overview behind these four
functionalities, see Figure B.1 and Table B.1 in Appendix B.
For a given excitation PSD and a given assembly, MSD can be used to represent the spectrum of the response in terms of RMC, either locally using the
E-Point MSD, or for an entire E-Line using the E-Line MSD (cf. Figure 3.7).
So MSD is reecting both the load and a specic assembly. A possibility is to
use MSD as a new type of system specication.

Figure 3.7: Description of MSD
In the next section MSD is applied on a specic example.

3.2 Application
In this example MSD is used for an engineering assessment. The aim is to nd
the most contributing modes for the relative displacement along the E-Line
dened by the tailgate closure gap. In the simulation, a pseudo random load
is applied on the front side of the car to reproduce the loads when the car is
driving on irregular surfaces. The PSD of the load and the assembly studied
are represented in Figure 3.8.

Figure 3.8: PSD and assembly used for the E-Point MSD
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More precisely an E-Point MSD is applied on Node 1035 located in the
middle of the tailgate E-Line (see Figure 3.9) in order to identify the most
contributing modes in the local rattle direction z. A 30% SEP is considered
for this study.

Figure 3.9: Parameters used for the E-Point MSD application
In Figure 3.10, the E-Point MSD of Node 1035 is represented. By looking at
the modal composition of the relative displacement along z in terms of RMC,
it can be noticed that the most contributing modes are M2, M25 and M27
with respectively RM C 7 = 23.36%, RM C 25 = 11.31% and RM C 27 = 32.06%.

Figure 3.10: E-Point MSD of Node 1035 - Rattle direction z - 30% SEP
The nal step is to check if these modes are actually contributing in the
rattle direction z. Figure 3.11 A shows a global view of the car. In Figure 3.11
B a local view is used to visualize the relative displacement of Node 1035 due
to M7, M25 and M27. The cutting plane (y,z) is dened to make the view
easier.

Figure 3.11: Parameters used for the E-Point MSD application
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Figure 3.12: M7 - Tailgate mode
along z

Figure 3.13: M25 - Tailgate and
bumber mode along z

Figure 3.14: M27 - Tailgate mode along y and z
 According to Figure 3.12 M7 it is assessed to be a tailgate mode in the
local z direction.
 Regarding M25, it is a mode involving both tailgate and bumper also in
the z direction, see Figure 3.2.
 The last and the most contributing mode is M27 and appears to have
two components, in y and z directions (Figure 3.14).
Therefore the E-Point MSD of Node 1035 is validated through this visualization check.
Finally MSD appears to be a useful feature for engineering assessment. In
the previous example the E-Point MSD enabled to identify the most contributing modes for rattle in the middle of the tailgate E-Line.
In the next chapter global damping is determined for an exterior and an
interior assembly using a time domain correlation between test and simulation.
MSD is used to relate the results found with the theory described previously.
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Chapter 4
Real Case Study
Experiments were carried out using a 3D laser vibrometer in order to nd
global damping for two dierent assemblies, exterior and interior. Figure 4.1
shows that the vibrometer is composed of three laser heads.

Figure 4.1: 3D laser vibrometer from Polytec
As a rst step the correlation procedure is followed. Next global damping
is dened for both assemblies through a correlation in time domain.

4.1 Correlation Procedure
An overview of the correlation procedure is shown in Figure 4.2. On the one
hand tests are performed. The relative displacement along a given E-Line on
the structure is measured using the 3D laser vibrometer. More precisely the
three laser heads measure the velocity on a specic point in global coordinates.
Each measurement is performed with the same pseudo random excitation signal
using the trigger function [7]. Next the time data is integrated to get the
displacement in points on each side of the gap (E-Line). The next step is to use
a high-pass lter to remove the unwanted part of the signal response (rigid body
movements, integration residues, etc.). Finally the measured displacements are
converted to local coordinates and the relative displacement in each node pair
along the E-Line is calculated. The response from test depends on modal
damping ratios ζi which are extracted via LMS PolyMAX.

®
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On the other hand a simulation is performed. The model is updated to
get the FE representation as close as possible to the reality. The results from
the simulation are obtained in local coordinates and a global damping ratio
ζDG is imposed. Therefore both test and simulation can be compared using
the E-Line Matlab interface. The global damping ratio is updated in such way
that the best curve tting is obtained between the test and simulation curves.

Figure 4.2: Correlation procedure

4.2 Test Exterior

Note:

In this section only the measurements using the 3D laser vibrometer
were carried out for this master thesis. The model update and the correlation
were part of another master thesis work [7].
The exterior assembly is an untrimmed BIW (Body in White) from the
Volvo V60. The body is placed on four air pillows in order to have a free-free
conguration, as depicted in Figure 4.3.

Figure 4.3: Boundary conditions - Free-free conguration
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More precisely, the relative displacement is measured for the E-Line dened
by the tailgate closure gap. This E-Line is composed of seventy node pairs, see
Figure 4.4. An 8 second local coordinate system is associated with each node
pair, numbered from 1001 to 1070. The local x direction is dened along the
E-Line, and the local z direction is taken in gap direction (rattle).

Figure 4.4: E-Line dened along the tailgate closure gap - BIW from the Volvo
V60
Figure 4.5 shows the experiment setup for this test. A pseudo random load
is applied in the front side of the car using a shaker. Next the 3D laser measures
the relative displacement along the tailgate E-Line. Two dierent measurement
runs are performed. The rst one is a modal shaker test, whose aim is to extract
the modes and their related modal damping ratios (cf. Figure C.1 in Appendix
C). The extracted modes are used for a visual modal correlation between test
and simulation, and the FE model is updated accordingly. The second one is
a time run where the 8 second response is saved in each point.

Figure 4.5: Experiment setup - Test exterior
Concerning the visual modal correlation the material properties of several
parts were updated in the simulation model in order to t the frequency values
of the modes extracted from test [7].
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As described in Table 4.1 the visual modal correlation is based on three
modes: the tailgate torsion, the BIW torsion and the tailgate sliding modes.
The relative errors considering the eigen frequencies from test and simulation
are acceptable. Moreover it can be noticed that the modal damping ratios are
very dierent from mode to mode.

Mode
Tailgate Torsion
BIW Torsion
Tailgate Sliding

ζi

Test
Simulation Relative
[%] Frequency
[Hz] Frequency [Hz] Error [%]

1.02
0.24
1.50

21
27
35

19.5
26.3
36.7

7.14
2.59
4.86

Table 4.1: Eigen frequency comparison between test/simulation - Test Exterior
Regarding the time domain correlation the statistical approach is applied
for each node pair. Hence, the E-Line evaluation curve which represents the
MHV per node pair, is plotted with a given SEP and for a given local component. Figure 4.6 shows how to read the X-axis of the graph: the node pairs
are numbered from the upper left corner to the top upper right corner of the
tailgate E-Line.

Figure 4.6: Tailgate E-Line evaluation curve - How to read the plot
In Figure 4.7 the E-Line evaluation curves from test (green), depending on
the modal damping ratios, and the one from simulation (blue) are plotted for
each local component with a 30 % SEP. The best curve tting is achieved with
a global damping ζDG = 0.5 % for the simulation curve.
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Figure 4.7: Time domain correlation - E-line evaluation curves from test
(green) and simulation (blue) for SEP=30 % and ζDG = 0.5 %
The last step is to relate this result of ζDG = 0.5 % to the preliminary study
using MSD. The E-Line MSD is applied on the tailgate E-Line as represented
in Figure 4.8. Two main contributing modes are identied, M2 (tailgate torsion) and M4 (BIW torsion) with respectively ζ2 = 1.02 % and ζ4 = 0.24 %.
According to the preliminary study, the modal contributions are behaving like
weight factors for modal damping ratios. Therefore ζDG should be in between the modal damping ratios of M2 and M4. Indeed the following relation
ζ4 ≤ ζDG ≤ ζ2 is valid.

Figure 4.8: Relation between the results and MSD - Test exterior
After having dened ζDG = 0.5 % for the BIW, global damping is determined for an interior assembly.
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4.3 Test Interior
The interior assembly studied is an IP1 from the Volvo S80. The IP is fully
constrained, as depicted in Figure 4.9.

Figure 4.9: Boundary conditions - Fully restrained
For the measurements seven E-Lines are dened, see Figure C.2 in Appendix C. Due to time restrictions, the work focus was only on the E-Line
dened by the glove box. This E-Line is composed of thirty node pairs, see
Figure 4.10. A local coordinate system is associated with each node pair,
numbered from 1001 to 1030.

Figure 4.10: E-Line dened along the glove box closure gap - IP from the Volvo
S80
Figure 4.11 shows the experiment setup for this test. A pseudo random
load is applied on the top surface of the IP using a shaker. Next the 3D
laser measures the relative displacement along the glove box E-Line. Both the
modal shaker test and time run are performed using a pseud random signal.
A variant was also studied, see Figure C.3. In order to evaluate how the pretension force of the rubber stops impacts the eigen frequencies, the pre-tension
force was increased by adding an oset. The results showed that there was no
dierence with the initial conguration.
1 Instrument

Panel
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Figure 4.11: Experiment setup - Test interior
For the visual modal correlation the material properties of several parts
were updated in the simulation model in order to t the frequency values of
the modes extracted from test. The Young's modulus and the mass density of
plastic parts were adjusted.
As described in Table 4.2 the modal correlation is based on two modes. For
the rst mode the glove box and the rest of the IP are moving in phase. For
the second mode they are moving out of phase. The relative errors considering
the eigen frequencies from test and simulation are acceptable. Moreover it can
be noticed that the two modal damping ratios are very dierent.

Mode
In Phase Mode
Out of Phase Mode

ζi

Test
Simulation Relative
[%] Frequency
[Hz] Frequency [Hz] Error [%]

2.16
0.85

31.9
39.5

33.5
38.9

5.02
1.52

Table 4.2: Eigen frequency comparison between test/simulation - Test Interior
Regarding the time domain correlation the statistical approach is applied
for each E-Point response. Figure 4.12 shows how to read the X-axis of the
E-Line evaluation graph: the node pairs are numbered from right to left along
the horizontal edge of the E-Line, then from top to bottom along the vertical
edge after reaching the angle.

Figure 4.12: Glove box E-Line evaluation curve - How to read the plot
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The E-Line evaluation curves from test (blue) and from simulation (green)
are plotted for each local component with a 30 % SEP, as depicted in Figure 4.13. The best curve tting is achieved with a global damping ζDG = 2.0 %
for the simulation curve. In this case the displacements along x are not relevant
and can be ignored compared to the other components.

Figure 4.13: Time domain correlation - E-line evaluation curves from test
(blue) and simulation (green) for SEP=30 % and ζDG = 2.0 %
Finally this result of ζDG = 2.0 % is related to the preliminary study using
MSD. The E-Line MSD is applied on the glove box E-Line as represented in
Figure 4.14. One main contributing mode is identied, M2 (in phase mode)
with ζ2 = 2.16 %. According to the preliminary study, ζDG should be around
the modal damping ratio of M2. Indeed the relation ζDG ≈ ζ2 is valid.

Figure 4.14: Relation between the results and MSD - Test interior
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Chapter 5
Conclusion
In this project the theory behind global damping was studied. A complete
overview of the parameters which impact global damping was dened for a
specic frame of work (given material properties, topology and E-Line location). The relationship between these parameters was determined: the modal
contributions play an important role in the global damping denition, and behave like weight factors for the modal damping ratios.
And as a second important result, ζDG = 0.5 % for the untrimmed BIW,
and ζDG = 2.0 % for the IP by using a time domain correlation approach, see
Figure 5.1. It can be noticed that global damping is higher for the interior
assembly because of the plastic materials including foam and foil, and a number
of dierent connections between parts.
As a future work global damping will be dened for a complete vehicle.

Figure 5.1: Global damping ratios for both interior and exterior
Finally a feature based on the new concept of Relative Modal Contributions
(RMC) was implemented. This feature enables the identication of the most
contributing modes when evaluating the relative displacement between two
parts. Based on the RMC, the Modal contribution Spectral Density (MSD)
was dened. A potential application for the MSD is the system specication
for subassemblies like e.g. an outer mirror or an instrument panel.
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Appendix A
Appendix: Preliminary Study
Displacement of a point for a MDOF system excited with a harmonic excitation:

~u(t) =

M ~ ~t~
X
Φi Φi P
i=1

Ki

1
q

(1 − ri 2 )2 + (2ζi ri )2

Variable

cos(Ωt − αi )

(A.1)

Notation Expression

Modal damping ratio i
Phase angle
Harmonic excitation

ζi
αi
p~(t)

Mode shape vector i

~
Φi

Modal stiness i
Modal frequency ratio i

Ki
ri

2ζi ri
tan(αi ) = 1−r
2
i
p~(t) =P~ cos(Ωt)

Φ1
. 
~ =
Φi
 .. 
ΦM i
~ Tr K Φ
~r
Ki = Φ
Ω
ri = ωi

Table A.1: Variables and their notations
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Appendix B
Appendix: New feature for
Engineering Assessment

Figure B.1: RMC feature - Theoretical overview

Variable

Contribution of mode m for peak p on mode n
Number of modes
Number of peaks (dened with SEP)
Number of nodes

Notation
cm,p,n
M
P
N

Table B.1: RMC feature - Variables and notations
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Appendix C
Appendix: Real Case Study

Figure C.1: Scanning points and FRF data - FFT run for test exterior

Figure C.2: Scanning points and dened E-Lines - Test interior
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Figure C.3: Variant increasing the pre-tension force of the rubber stops
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Abstract
For numerical simulations, global damping is an important parameter to
consider to get accurate results. In this project, a new approach in time domain (E-Line) was applied to dene global damping. First the theory of global
damping was studied based on the analytical solution. An overview of all parameters inuencing global damping was described also using simplied FE
models.
Since modal contribution plays an essential role in global damping denition, a new feature based on the concept of Relative Modal Contributions
(RMC) was developed . A major functionality of this feature, the Modal contribution Spectral Density (MSD), was implemented for engineering assessment.
Finally a correlation in time domain between test and simulation was performed to nd global damping for exterior and interior assemblies. Experiments were carried out using a 3D laser vibrometer on an instrument panel
and a vehicle body. The ndings of this work will improve the capability of
this type of simulation.

