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Automotive Vibration Testing

Laser Vibrometer Measurements Increase Performance,
Improve Time-to-market and Lower Costs for Automotive
Product Development
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= Engine, Drive Train and Brake Development

= Production Testing
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Laser vibrometry is firmly estab-
lished as the automotive industry’s
gold-standard for non-contact vibra-
tion measurement. Its advantages
include zero-mass loading, long
standoff distance, high precision
and sensitivity, fast set-up, ease of
operation, high-throughput, and
low operating costs. With so
many advantages over contact
transducers, laser vibrometry is
quickly revolutionizing design
development and experimental
modal analysis in the automotive
industry. It can be extended to the
most difficult measurement tasks,
such as red-hot, complex or micro-
scopic structures. Polytec’s compre-
hensive line of products and services
provide an optimal solution for
almost every automotive vibration
measurement application.
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Laser-based Vibration Measurement Techn-ology Helps to

Increase Performance, Improve Time-to-market and Lower

Costs in Automotive Development

Sound & Vibration Characterization

The dynamic and acoustic properties
of an automobile are one of the most
important qualities affecting customer
perception and vehicle sales. Polytec
vibration measurement equipment is
used by automotive manufacturers
worldwide to improve and optimize
their vehicles.

A luxury car manufacturer provides a
perfect example. During pre-production
prototype testing of a new engine
configuration, there was evidence of
alternator whine. Using a Scanning
Vibrometer, the noise hotspots were
identified. This data was combined
with a FE model permitting an intelli-
gent redesign that reduced the noise
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and increased the component dura-
bility. Problem solved!

Read more about another project
dealing with structure-borne sound
intensity of car bodies derived from laser
scanning measurements on page 6.
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Automotive Applications

How to See Brake Sounds

Experimental Modal
Analysis

Modal data describe the dynamic
properties of a structure and can assist
in the design of almost any structure,
helping to identify areas where design
changes are most needed. Predicting
the vibration characteristics of auto-
motive components and systems is
a standard CAE process in today’s
automotive development environ-
ment. DaimlerChrysler studied the
suitability of Polytec’s 3-D Scanning
Vibrometer for data acquisition in car
body modal testing and discovered
that vibrometry can make the same
measurements as accelerometers but
quicker and more accurately, cutting
modal testing costs substantially.
DaimlerChrysler’s technique and
measurement results are summarized
in the Application Note VIB-C-01
which can be downloaded from the
Polytec website. To learn more about
the theory behind this method, read
our tutorial “Basics of Experimental
Modal Analysis”.

] www.polytec.com/automotive

Modal Analysis can also be applied in
engine development (see page 16).

Under certain operating conditions,
the complex dynamics between the
brake caliper, brake pads and brake
disk can cause undesired audible
squealing. Measurements with
Polytec’s 3-D scanning vibrometer
acquire complete vibration vector
data showing the spatial dynamics of
the brake disk. Using this technology,
researchers at Robert Bosch GmbH
have managed to track down the

Valve Train Testing

Combustion and the associated engine
valve train movement are highly dynamic
processes where extremely high speeds
and accelerations can occur. Measuring
valve motion presents some special

causes of undesired noises when brak-
ing. The vibrometer can also measure
the sound field set out from a squeal-
ing brake. For more information and
to view a live animation of the brake
sound field, visit

=) www.polytec.com/automotive

To learn how Continental Automotive
Systems designs silent brakes by using
operational deflection shape analysis,
read the article on page 4.

challenges including separating the
valve motion from the superimposed
whole body displacement of the cylinder
head and measuring large displacements
with high resolution. A differential,
high speed vibrometer is an excellent
measurement solution and can provide
accurate valve motion graphs essential
for optimizing the combustion process,
fuel consumption, engine performance
and service life. The measurement range
of up to 30 m/s allows measurements
even on high performance Formula 1
engine systems.

For more detailed information, please
read the article on page 12 and view
Polytec’s Application Note VIB-C-03 at

=] www.polytec.com/automotive

FE-Test Correlation for Damping Material

Optimization

Material layout optimization can be
performed effectively using finite element
analysis. The optimization results need
to be validated by measuring the vibra-
tion performance of real prototypes.

RMIT University, Melbourne, has applied
the PSV-400 Scanning Vibrometer to
the research of automotive panels such
as the car door and bonnet. The natural
frequencies and mode shapes being
measured by the vibrometer are com-
pared with the results of an FEA fre-
quency extraction procedure. A good
correlation between the simulation
and experimental results gives confi-
dence in the FEA model to perform an
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PSV: 75.4 Hz

Abaqus FEM: 76.2 Hz

optimization study using genetic
algorithms that will redistribute the
liner material.

Read more on page 10 about a study
performed at Dow Chemical Company
to demonstrate the ability to improve
liquid applied damping material per-
formance while reducing the material
usage.



Tracking of Rotational Vibrations

Rotational movements of automotive
components are always the subject of
intensive optimization efforts by prod-
uct development groups. The non-uni-
form rotation
induced by the firing
of individual engine
cylinders leads to tor-
sional vibrations in
the drive chain that
cause undesired
vibration and noise.

TePhoto: 1AV

Rotational Vibrometers use remote laser
probes to avoid contact and allow a quick
and easy examination of the torsional
vibrations while the components of
interest are in operation.

Read more on page 14 to learn about
how Rotational Vibrometers help deter-
mine the transmission behavior of a
dual mass flywheel, and download
our application note VIB-C-04 on

2] www.polytec.com/rotvib

Development of Micro-Electromechanical

Systems (MEMS)

As MEMS components in modern cars
are increasingly taking on safety-relevant
tasks, high sensor precision combined
with lifelong reliability is of critical
importance. Typical automotive appli-
cations of MEMS include engine control
with pressure sensors, airbag actuation

Photo: Bosch 3% st~

Industrial Vibration Sensors for Production Testing

Acoustic quality control is a non-
destructive process to assure the
quality and reliability of products
and manufacturing processes. In the
car industry, non-contact vibrometers
can be used to test engines, gear
boxes, steering gears, cam rings,
turbochargers and fuel pumps to
name a few examples. At TRW Auto-
motive in Gelsenkirchen, several fully
automatic test stations use IVS-300
Industrial Vibration Sensors to provide

by accelerometers, vehicle dynamic con-
trol, position sensors, light and moisture
sensing, and distance sensors to avoid
collisions. For example, engineers at
Bosch are developing radar antennas
including RF MEMS switches whose
vibration behavior was designed with
the aid of Polytec vibrometers. For
more details please download the full
article about “Automotive Sensors” at

=] www.polytec.com/mems

Please read also the article on page 9
to learn about MEMS pressure sensors
from Melexis, a world-class automotive
electronics producer, and how Polytec’s
MSA-400 Micro System Analyzer is
used to reduce production cost.

a 100 % inspection of motor pump
assemblies before integration into the
steering gear systems. Proper inspection
assures that drivers will experience
performance and reliability without
distracting or annoying noise. Read
more and download our magazine
issue 2006/1 specially featuring an
article entitled “100 % Quality Control
in Industrial Production”.

=] www.polytec.com/industrial
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Vibration Tests on
Electronic Circuits

Electronical interconnects are a
common source for automotive
failure, very often caused by broken
wire bonds. Consequently, vib-
ration testing of wire bonds is
essential to finding and avoiding
these problems. Non-contact laser
vibrometers are ideally suited for
this purpose, while contact trans-
ducers (accelerometers) are im-
possible to use due to size and
mass loading. By making a 3-D
Scanning Vibrometer measurement
on a printed circuit board, an
engineer can determine both in-
plane and out-of-plane vibrations
of bond pads. In the example
above, FRFs and deflection shapes
of opposite bond pads reveal fre-
quencies that could be detrimental
to the bonds.




Brake Development
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Quiet Please!

Eliminate Brake Squeal with Numerical

and Experimental Vibration Analysis

Finite Element Simulations

Brake noise is an important concern
in developing brake systems. Brake
squealing is still the most frequently
cited NVH concern. It is caused by self-
excitation and includes usually just one
frequency. The noise appears when
certain temperatures and pressures are
attained in the brake system. A first
optimization to prevent self-excitation
consists of a complex eigenvalue
analysis with subsequent structural
modifications to avoid unstable
modes. The analysis is based on the
vibration equation
f®)=Mg+Dq+Kq=0
where f(t) is the force, M is the mass
matrix, D is the damping matrix, K is
the stiffness matrix and q is the displace-
ment vector. Continental Automotive
engineers simulate the complete brake
system with all adjacent components
featuring several hundred thousand

degrees of freedom. On the one hand,
the complex Eigenvalue analysis can
be started during the design process
without any prototypes necessary.
On the other hand, the method is
too sensitive and shows more squeal
frequencies than actually exist.
Therefore, it is necessary to compare
the results to simulation and dynamo-
meter testing and verify whether the
calculated ODS actually occur in
practice. In Figure 1, the calculated
operational deflection shape of a
squealing brake system is shown.

Experimental Data

In Figure 2, the test setup for
measuring the operational deflections
shapes with a 3D Scanning Vibro-
meter on the brake test stand is
shown. The scan measurements

are triggered when the brake brake
squeal is detected by a microphone.
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Computer-aided simulation of
oise has made impressive
r)e?(”(s/lh the past few years.
ikewise, 3D scanning vibrometry
has substantially extended the
possibilities of experimental vibra-
tion analysis. Scanning Vibrometry
enables the measurement of both
in-plane and out-of-plane opera-
tional deflection shapes of the
relevant components in the same
test setup. At Continental Auto-
motive Systems the measurement
of brake systems with scanning
vibrometry including PSV-400-3D
systems is fully integrated in the
design optimization process to
specifically avoid brake noises.
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Figure 1: Calculated ODS (operational
deflection shape) of a squealing brake system.

Figure 2: The setup of the 3-D Scanning

Vibrometer to measure the operational deflection

shapes of the brake caliper and rotor.




Figure 3: Operational deflection shape of a
brake caliper measured by the vibrometer.

This guarantees that acquired data is
correlated to specific sound behaviors.

The vibration behavior of the brake
system is measured simultaneously
from three different directions.

Instead of moving the sensor heads
and stitching together the measure-
ments from the different positions,
surfaces not directly accessible from
the sensor position are measured via
mirrors. When measuring via mirrors, a
coordinate transform of the measure-
ments is necessary to make sure that
all measurements both with and without
a mirror are displayed in the same co-
ordinate system. This is enabled auto-
matically by predefining the mirror
positions during the setup of the
Scanning Vibrometer. In Figure 3,
the operational deflection shape of

a brake caliper measured with the
Scanning Vibrometer is shown.

Extending the measurement to

three dimensions, the 3D Scanning
Vibrometer has become an essential
tool to collect experimental data for
the optimized design of brake systems.
It enables the measurement of both
in-plane and out-of-plane operational
deflection shapes of the relevant com-
ponents in the same test setup.

In contrast to conventional measure-
ments with tri-axial accelerometers, it
enables fast and efficient non-contact
and thus reactionless measurements at
all optically accessible surfaces, while
simultaneously increasing the number
of measured points. An integrated dis-
tance sensor known as the Geometry
Scan Module enables acquisition of
the 3D spatial coordinates on a pre-
defined measurement grid. If available,
geometry data can also be imported
from a FEM program.

Supression of Unstable Modes

As soon as the operational deflection
shapes and mode shapes are known,
the causes of self-excitation can be elu-
cidated on the basis of mode coupling.
In Figure 4, the interaction of two
modes of the brake system (caliper
and brake disk) are shown to depend
on the friction coefficient. The dashed
red line shows the frequency of one
mode, the solid blue line the fre-
quency of a close second mode.

Figure 4: Flutter instability due to mode coupling as a function of the friction coefficient.
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Scanning Vibrometer

The PSV-400-3D Scanning Vibro-
meter is the perfect measurement
instrument for gathering 3-
dimensional vibration data
from both simple and com- *§
plex structures. It features an
intuitive 3-D animation of the
measurement results with separa-
tion of out-of-plane and in-plane
vector components
as well as a powerful
data interface to
Modal Analysis and
FEM Software.

] www.polytec.com/
psv3d

By increasing the friction coefficient,
the frequency of both modes are
changed. At first, the frequency of
the first mode is decreasing while
the frequency of the second mode is
increasing until the frequencies of
both modes are the same at a friction
coefficient of 0.1.

In this case both modes are coupled
and result in a flutter instability as a
result of interaction between caliper
and brake disk. When increasing the
friction further, the two modes remain
coupled. In order to eliminate the
brake noise, the structure is modified
by shifting the resonance frequencies
so that the mode coupling disappears.

Summary

The analysis of mode shapes based on
experimental data acquired with a 3D
Scanning Vibrometer enables selective
brake design modifications to avoid
brake noises.

Holger Marschner, Continental Teves

AG & Co. 0HG, Frankfurt a.M., Germany
holger.marschner@contiautomotive.com
dirk.reckwerth@contiautomotive.com
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Sound Analysis

Figure 1: Incremental element of a rigid body with
components of the stress tensor (see Equation 1).

From Source to Sink

Base Equation for Intensity

Using Scanning Laser Vibrometer Measurements to Derive
Structure-Borne Sound Intensity from Car Bodies

Automotive engineers want to relate the interior vehicle noise level to

the forces applied to the body at the engine and chassis mounts. Although
the acoustics of solids are much more complicated than in fluids, where
measurements of intensity have been established for a long time, it is an
ideal measurement application for scanning laser vibrometry when limited
to thin plates. To further explain this point, a sound intensity analysis of
structure-borne effects is discussed for a car roof panel.
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Sound intensity represents, in vector
form, the acoustic energy flow in a
medium. Using continuum mechanics,
a mechanical model for the intensity
can be derived from the strain and stress.
In a rigid body, these are tensors with
normally six independent values, three
in the normal direction and three in the
tangential or shear direction (Fig. 1).

In basic mechanics, power is the prod-
uct of force times velocity. Similarly, in
continuum mechanics, multiplication of
the respective tensors results in the
intensity vector in three directions. Each
component J; of the intensity vector is
the sum of three terms representing
the different stresses (normal and
shear) averaged over time (Eq. 1).

Mechanics of Structure-Borne
Sound Intensity in Plates

In general, it is not possible to accurately
measure stress and strain in a rigid body
to satisfy Equation (1). The general in-
tensity formula is applied to calculated
values (CAE). Any experimental appli-
cation is limited to plates, where it is
possible to extrapolate from surface
deflections (measured by scanning
vibrometers) to interior responses.



After integration over the plate thick-
ness and with restriction to the out-of-
plane component, the power in the
x-direction is given by Equation (2).
The next issue to consider is the time
averaging of the product of two dynamic
variables y(t) = x; (t) - x,(t). In the time
domain, both variables oscillate with
the same frequency. Applying this, the
intensity averaged over time can be
calculated (Equation 3) from the meas-
ured spectra in the frequency domain.

The real part denotes the active intensity.
The imaginary part is known as reactive
intensity and describes the energy that
is oscillating over the surface of the

structure but does not travel on average.

The measurement systems used in
modal analysis are not able to measure

Fig. 2: Intensity (energy flow)

of a simulated plate at 420 Hz
with an exciter (Source X) and
a damper (Sink D).

derivatives with respect to space, how-
ever Equation (3) has derivatives up to
the third order and mixed derivatives
that are necessary to get the terms
needed for the intensity. In practice,
this is the critical part of the method.
The measurements can be done within
a grid of measurement points during
the scan and the interpolation is done
separately in both surface directions

x and z. Finally, a numeric algorithm

is used to estimate the high order
derivatives, using either cubic splines
or harmonic functions.

MATLAB Implementation

A MATLAB program with a convenient
user interface has been developed to

Fig. 3: Intensity of a locally
damped steel plate at 420 Hz
with an exciter located at X.

read the Scanning Vibrometer data
set, providing the mobility functions
and the coordinates of the measure-
ment grid. After passing some integ-
rity checks, an averaged frequency
response function (FRF) is plotted
from the data. A single frequency is
selected for the analysis and its FRF
can be plotted as a 3-D shape over
the measurement grid.

After checking the measurement data,
an analysis can be performed at the
frequency of interest. Active and
reactive intensity can be evaluated.
The result is plotted as a vector plot
or a divergence plot. In particular,
the divergence of the intensity vector
field (see Equation 4) is an effective
tool to find energy sinks and sources.

for the car roof.

Experimental Results

When exciting a structure, a physical
energy flow occurs if an energy sink
like a damper is provided. This was first
implemented using a simulated data set
for a plate with dimensions 700 mm x
1100 mm x 1 mm and a single point
damper. The simulated sample shows
the expected behavior in the active
intensity vector field and its divergence
(Fig. 2).

Next, a steel plate supported by bungee
cords was measured on a 21 x 10 point
grid using the PSV Scanning Vibro-
meter. A rectangular bitumen foil had
been added to the lower left corner as
a damper so the energy flow would
become defined. The exciter (Source

7

Fig. 4: Scanning Vibrometer
measurement setup (left) and
operational deflection shape (right)

& Polytee

X) is visible in Fig. 3. The dissipation
takes place in a more distributed way
as compared to the analytical example
shown in Fig. 2 with a point damper.

The real world sample is a roof taken
from a passenger car by cutting at the
top of the A, B and C pillars (Fig. 4),
then fixed with a bungee support, and
a damping pad was attached to the
upper right quarter of the roof.

In Fig. 5, the energy input of the shaker
located at the lower left corner can be
identified clearly. The additional damping
pad does not show a significant effect.
This is due to a reinforcing roof bow in
the middle between the two B-pillars
which acts as a barrier to the sound
waves, so that only a part of the energy
reaches the upper part of the roof.

single damping pad.

Conclusion

When optimizing damping layers on
automotive panels to improve the
noise transfer function, a very effective
sound intensity analysis can be made
by using scanning laser vibrometry.
The advantage of intensity over sound
pressure measurements is that intensity
represents the energy flow and reveals
more significant information that can
be used for NVH problem solving.

This work was done at the Ford
Acoustic Centre Cologne with the support
of Martin Flick.

Bienert.Joerg@Siemens.com
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Fig. 5: Structure-borne intensity
at 498 Hz of an isolated roof with



Production and R&D

Determination of Vibration Modes

Photo: TRW Automotive

in the Development of Steering Systems

TRW Automotive, with over 60,000 employees worldwide, is one of the

largest global automotive suppliers for safety systems such as wheel suspen-

sion components, braking systems, steering systems, airbags and restraint

systems. Acoustical and vibration tuning has always held a special spot with-

in the mainstream activities of TRW's product development. To accomplish

this task, the steering division uses two different types of non-contact Laser-

Doppler Vibrometers to analyze vibrations on automotive components and

systems.

Figure1: Vibration modes of a cover plate,
determined by the FE model (above) and
by scanning vibrometry (below).

In the production of steering systems,
single-point vibrometers are used to
capture the surface velocities at speci-
fied reference points on the steering
systems in order to predict the noise
performance in the vehicle before
delivery (see page 3).

In the development centers in Dissel-
dorf and in Birmingham, PSV-400
and PSV-200 Scanning Vibrometers
are used in addition to single-point
vibrometers. Stationary deflection
shapes of vibrating structures can be
easily determined with this equipment
even when the surface is uneven. In
the Figure 1, there are two deflection
shapes shown (1200 Hz and 3150 Hz)
for a cover plate from an electro-
hydraulic steering system. The fre-
quencies needed to be shifted with the
help of FE-based structural modifica-
tions to improve the cover performance.
Specific challenges of this task were
the material used, its complex material
properties and some tooling-relevant
aspects like lead time and costs.

8
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Scanning Vibrometer

The PSV-400 is a quick and easy-
to-use system for the analysis of
full-field structural vibrations,
helping to resolve noise and vib-
ration issues in commercial,
manufacturing and
R&D markets.

= www.polytec.com/
psv400

By integrating the scanning vibrometer
into the cover design process, the FE
model was correlated with real world
data and prepared for structural
optimization. The final validation of
the optimized design fully met the
expectations of the engineers.

A hybrid approach for vibration-
related optimization of steering system
components, employing numerical
methods like CAE and simulation early
in the development phase, can only
be efficiently done if tools are available
which enable a real-time verification
of the model. The scanning laser
vibrometer is an important tool in
this respect, especially when data is
acquired for stationary events and
constant operating conditions. A
screening approach with accelero-
meters can complement the vibrome-
ter in some special cases, especially
when scanning certain transient
vibrations during start-up.

Dr.-Ing. Heinrich Kostyra
TRW Automotive GmbH Diisseldorf, Germarny V_
heinrich.kostyra@trw.com



Pass or Fail?

Quality Control of Automotive MEMS Pressure Sensors Using

Polytec’s Micro System Analyzer

Melexis has designed and developed electronics for automotive systems for

over a decade. Besides pure electronic products like microcontrollers and

communication bus ICs, MEMS (Micro-Electromechanical Systems) play an

important role in the Melexis product portfolio. MEMS pressure sensors are

an important Melexis product used to measure oil and manifold air pressure

in automotive systems.

Micromachining technology is used by
Melexis to manufacture these pressure
sensors. The MEMS device senses the
pressure through a temporary and
reversible deformation to a specifically
designed mechanical structure.

A typical structure consists of a thin
membrane only a few tenths of a milli-
meter wide and etched into the solid
silicon substrate containing the elec-
tronic circuit. This approach produces
sensors that are low cost and acceptable

& Polytec

for high-volume automotive applica-
tions. In development, Melexis used
the MSA-400 Micro System Analyzer
to characterize specific mechanical
sensor parameters. The vibrations of
the electrostatically excited membranes
(Figure 1) are measured by the vibro-
meter integrated in the MSA-400. The
measured eigenfrequencies are the
input for an algorithm that identifies
the parameters of the membrane like
thickness, edge length and intrinsic
stress. The MSA-400 can also be used
to find defective dies prior to packaging,
thus eliminating subsequent unnecessary
assembly steps, increasing throughput
and lowering manufacturing costs.

2] www.polytec.com/microsystems

Figure 1: Shape
of the 2nd modal
frequency of a

pressure sensor.

Steffen Michael
Melexis Microelectronic Systems, Belgium
steffen.michael@melexis.com
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Measuring Surface Topography in Automotive Production |

Applications Using Scanning White Light Interferometry

White Light Interferometry is a fast
and precise method used to measure
surface topography, providing an effi-
cient tool for monitoring the quality
of automotive component sufaces.
In contrast to most competing
methods, Polytec's TopMap family
of Interferometers feature telecentric
optics and precisely image difficult
surfaces such as along high, steep
edges or in deep, drilled holes.

The image shows an automotive
component with several parallel cir-
cular planes. Using the TopMap

Interferometer, the distance, angles and
waviness of the planes can be deter-
mined easily. The data feature a very
high repeating accuracy and can be
visualized as a cross-section or as a
profile cut along a circle line. These
automotive components are produced
in high volumes with a production time
of only a few seconds. The measure-
ments enable automatic collection of
quantitative data for statistical process
control, especially for pass/fail decisions,
but also for adjustment of CNC
machines.

Polytec has
designed
dedicated
models of
the TopMap
Topography
Measurement
System to meet specific require-
ments from fast in-line throughput
for production floor applications to
high-resolution topography for
metrology lab measurements.

] www.topmap.info



Material Optimization

Put a Damper on the Noise

Using Laser Vibrometry to Optimize Damping Material Layout
to Reduce Vehicle Body Interior Noise & Structural Vibration

A comprehensive hybrid technique was developed to optimize the application

of damping materials on vehicle bodies. The technique used finite element

analysis (FEA) and experimental measurements to complement each other.

In this example, it was used to suppress floorpan vibration and the associated

radiated noise. By optimizing the application of damping material, a 3 - 5 dB

reduction in the floorpan vibration level was achieved while saving 10 % in

material volume and mass. The optimized layout was validated on a body-

in-white using a scanning laser vibrometer.

Introduction

A process was developed to optimize
the application of liquid damping
material on an automotive platform.
The approach consisted of four steps
(Figure 1). First, the high vibration

Saeed Siavoshani, Ph.D., Jay Tudor and Dev
Barpanda, The Dow Chemical Company, -
SJSiavoshani@dow.com

areas of the vehicle floorpan were
determined, indicating the areas in
which damping materials are needed.
Second, the vehicle transfer functions
were measured to quantify the
amount of noise resulting from floor-
pan vibration. Third, the material lay-
out was optimized using FEA. Finally,
an optimized product was measured
to validate the predicted vibration
performance.

10

Panel Vibration Measurements

A Polytec Scanning Vibrometer was
used to measure the vibration response
of the floorpan. To cover the entire
vehicle floorpan surface, the laser
beam was bounced off a static mirror
placed at 45 degrees under the vehicle
(Figure 1). Some of the measurement
points used during the laser scan are
shown in Figure 2. Small magnetic
retro-reflectors were placed on the
floorpan to ensure good signal quality
at each measurement point.

Two shaker locations were used to
stimulate vibration modes in the floor-
pan. The laser scan was completed by
exciting one shaker at a time. Each shaker
applied a swept sinusoidal force on the
vehicle body from 20 to 300 Hz.

At each sampling point, the scanning
laser vibrometer measured a frequency
response function (FRF) between the
vibration and the excitation force.
Laser vibrometer mappings of the FRFs
(not shown) revealed the highest



vibration areas are in the rear half of
the vehicle. Concentrating the damp-
ing material in these areas was optimal
and minimized structure-borne noise.
Conversely, the laser vibrometer also
identified low vibration areas where
less damping material was needed to
suppress the structure-borne noise;
thereby, saving material, weight and
cost.

Floorpan Vibration to Interior
Noise Levels

Compared to the body-in-white for
the vibrometer measurements, a fully
assembled vehicle was used to deter-
mine the amount of noise originating
from the vibrating floorpan that reached
a driver’s ears. First, the interior acoustic
modes were measured and calculated
by FE modeling (title image) and com-
pared to direct interior sound level
measurements. Similar to structural
vibration modes, these acoustic modes

/ mirror

Figure 1: Laser scan test setup.

highlight the most important acoustic
frequencies for modeling. Then, the
transfer function between the floorpan
vibration and the resulting interior cavity
noise was determined by aligning the
shakers to the previously used attach-
ment points. From these studies, inte-
rior airborne noise at driver ear level
was related to floorpan vibration.

Optimization Using Finite
Element Analysis

Once the transfer function was under-
stood, a finite element technique was
used to study the vibration response
of the vehicle floor. This technique
identifies the “noisy” region in the

undamped floorpan. Confidence in
the finite element model came from
comparison to the original vibrometer
measurements and an understanding
of the acoustic attenuation properties
of the sprayable damping material.
Then, the model was used to design
the optimal application of damping
material to suppress interior noise
levels.

Validation Testing

The improvement in performance
predicted by the FE modeling was
verified by repeating the vibrometer
measurements. In Figure 3, the aver-
age FRFs are shown for all measure-
ment points on the floorpan based on
the laser vibrometer data. A compari-
son of the vibration level with and
without damping material indicates
an improvement of up to 15 dB is
realized with the current damping
treatment beyond 100 Hz.

Figure 2: Points measured in laser test.

The optimized layout determined

by FEA was created by removing or
adding material to a vehicle body
applied with the current layout. In
Figure 4, the vehicle body is shown
with material removed in areas of low
vibration and material added in areas
of high vibration. The vehicle was then
tested using the laser vibrometer to
measure the vibration level.

The optimized damping material
layout results in a vibration reduction
of about 1 dB for the front shaker loca-
tion and a reduction of about 3 - 5 dB
for the rear shaker location (Figure 5).
This performance increase was achieved
while reducing the damping material
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Figure 3: Current damping performance.
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Figure 5: Optimization results.

mass by 0.8 kg (10 %) and the wet
volume by 0.24 gal (10 %).

Conclusions

This study demonstrated the ability to
improve the performance of liquid-
applied damping material while simul-
taneously reducing its usage. Through
optimization, the average vibration
level was reduced by 1 to 5 dB while
providing a 0.8 kg mass savings. This
volume reduction of 0.24 gallons per
vehicle results in a savings of approxi-
mately $ 215,000/year to the auto
body manufacturer. Ideally this opti-
mization should be part of the initial
design and placement of the damping
material prior to a vehicle launch.



Valvetrain Analysis

assure that valvetrain components satisfy
strength and durability requirements
and that they operate within tight
specifications and tolerances.

With the increasing complexity of val-
vetrain systems, the requirement for
comprehensive valvetrain testing can
be addressed through application-spe-
cific test and analysis protocols in cus-
tomized valvetrain motion software. In
response to this need, Rotec
GmbH has developed a PC-
based Rotation Analysis
System (RAS) to perform
signal acquisition and noise
and vibration analysis on
engines and transmissions.
. A large number of these
NS systems are used world-
4 wide by automotive test-
ing and development

’\'s\ .
_"k‘\ ;ﬂ \; departments.
WA = & Measurement Setup
TP In Figure 1, a typical measurement
' setup for valvetrain testing is shown.
a Ste r /& = Camshaft speed and angle are
, ' measured by either fitting an incre-
a mental encoder to the shaft or by
scanning a toothed wheel with a mag-
H I h e r S t ro n e r netic pickup. On both fired engines and
, non-fired test benches the valve lift is

generally measured with inductive or
capacitive displacement sensors.

Dynamic Valvetrain Analysis with Rotec’s Rotational Polytec’s High-Speed Vibrometer (HSV)
system is an excellent sensor to measure

valve velocity on motored test benches.
The advantages of the HSV include non-
contact, high-resolution measurement
up to 30 m/s and linear output signals.

Valve velocity is measured at frequen-
train components satisfy strength, durability and accuracy requirements. cies up to 50 kHz and valve lift can be

Analysis System and Polytec’s High Speed Vibrometer

By combining Rotec’s Rotation Analysis System and Polytec’s High Speed
Vibrometer, development engineers can measure and analyze dynamic and
high-speed valvetrain motion, even on racing engines, ensuring that valve-

Introduction
Figure 1: Measurement setup for valvetrain testing using Rotec’s RAS.

Modern valvetrain systems must pro-
vide both large cross sections for the
gas exchange process and high-speed
opening and closing of the valves. This
combination results in high structural
excitation and component stresses from
the fast changes in valve velocity and
acceleration combined with large lift
values. Development programs must

o Sync. Pulse (optional)

5. Camshaft Speed and Angle
d Valve Lift
.F Valve Velocity

TEST RIG ———— > TEST DATA —> ROTEC-RAS
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Figure 2: a) Valve lift versus cam angle and speed; b) Valve velocity versus cam angle and
speed; c) Valve acceleration versus cam angle and speed.

measured up to 250 kHz. Differential
measurement compensates for
unwanted vibration and movement
(see information box).

By combining both the RAS and HSV
systems, engineers can make demand-
ing dynamic measurement and analy-
sis of valvetrain motion, even on high
performance racing engine test rigs.
Synchronous to the camshaft speed
and valve lift and velocity signals, addi-
tional test data such as valve spring
loads can be acquired.

The RAS rotational speed channels
require square-wave TTL level signals
as input. The time interval between
rising (or falling) edges for each pulse
period is recorded using a 10 GHz/
40-bit high-speed counter/timer. The
RAS analog channels sample at 400 kHz
with 16-bit resolution. In valvetrain
testing, the speed signal is used for
transforming the time equidistant sam-
pling of the lift and velocity signals into
angle equidistant data. Consequently,
a toothed wheel and proximity probe
(instead of rotary encoders) may be used
for measuring camshaft speed and angle.
Signals from gear wheels with missing
teeth may also be processed, a signifi-
cant advantage of the RAS software.

Figure 3: Valve closing velocity (green) and
closing angle (blue) versus cam speed.
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Exemplary Results

The RAS valvetrain software offers a
variety of options for analyzing valve
motion versus speed and angle. In Fig. 2,
a speed run-up measurement is plotted
in 3-D. The valve lift signal which de-
termines the valve lift versus cam angle
and speed is measured by the Polytec
HSV and shown in Fig. 2a. The valve
velocity (Fig. 2b) is also measured by
the HSV. However, since the camshaft
speed changes over the course of the
measurement, it is more meaningful to
represent valve speed in m/rad instead
of m/s. This option is integrated into the
RAS software. The normalized valve
acceleration in m/rad? is shown in Fig. 2c.
This is the 1st derivative of the meas-
ured valve velocity (HSV) sampled by
the RAS. The software allows for low-
pass filtering before differentiating.

There are several methods of calculat-
ing valve closing velocities and closing
angles. In general, a threshold value of
lift during the closing sequence is spec-
ified. Then, beginning at maximum lift
and looking along the cam angle, the
closing velocity and angle are found
when the valve lift falls below the
threshold lift. Alternatively, having
located a specified lift threshold and
looking along the cam angle, the first

Figure 4: Valve bounce
while impacting the seat.
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Polytec Product Information / \
HSV High- &

Speed Vibrometer

The HSV copes with high vibration
speeds up to 30 m/s and provides
single or differential velocity and
displacement measurement capa-
bilities for high-speed applications
like valve train testing on perform-
ance engines, power tools and
impact testing.

] www.polytec.com/
highspeed

—
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local maximum of valve acceleration is
found. The valve closing velocity and
cam angle are then determined at this
position (Fig. 3).

The contour plot (Fig. 4) shows valve
velocity versus cam speed in the closing
angular range where valve bouncing is
apparent. The valve seats at approx.
288 degrees cam angle. The alternating
red and green colors show the valve
impacting the seat before finally
coming to rest.

Conclusion and Outlook

The RAS valvetrain software offers many
other capabilities such as comparing
measured 3-D plots with theoretical
curves or determining lift loss normal-
ized to angle during the opening and
closing phases. Valve open and close
duration is also of interest. Valvetrain
material and geometrical parameters
may be used to investigate cam and
tappet component strains (Hertzian
stress). In conclusion, the use of high-
resolution measuring equipment and
application-specific analysis software help
satisfy the demands for meaningful
results and shorter development cycles.

Dr. Sedn Adamson, Rotec GmbH, Munich
sean.adamson@rotecmunich.de -




Rotational Vibrations

Drive Trains
Under Test

Rotational Vibrometers Help Determine the Transmission
Behavior of a Dual Mass Flywheel

Vehicle drive trains equipped with a combustion engine experience
torsional oscillations caused by the crankshaft. Considerable amplitudes
can occur at various positions of the crankshaft affecting the mechanical
stability and acoustic properties of the drive trains. To provide a design
that avoids or minimizes such phenomena, engineers need knowledge

of the dynamic properties of the drive train components. Using Polytec
Rotational Vibrometers, a dual mass flywheel can be characterized, demon-
strating how the dynamic transmission behavior can be determined on a
test rig for drive elements installed at the University of Kaiserslautern.

High-dynamic Test Rig
for Drive Elements

allows the vibrational testing of drive
trains and their components under the
special influence of torsional excitations
and the derivation of the dynamic
transmission behavior at various loads,
rotational speeds, excitation frequen-
cies and amplitudes.

A sophisticated dynamic test rig for
drive elements (Figure 1) is available
at the Institute for Machine Elements,
Gears, and Transmissions at the Uni-
versity of Kaiserslautern. This system
The test rig uses a twisting motion
produced by a high-dynamic electric
machine that drives a braking motor
via the test item. The braking motor is

Prof. Dr.-Ing. Bernd Sauer and Dipl.-Ing.
Andreas Nicola, University of Kaiserlautern, ‘?_
Germany, megt@my.uni-kl.de
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operated as a generator so that a tor-
sional momentum is generated that
loads the drive element under test.
The driving torque can be superim-
posed on a well-defined oscillation
momentum at an excitation frequency
fexc > 450 Hz. With a high-resolution
measurement of both torsion angle
and torque momentum, the dynamic
response behavior can be determined.

Measurement of Torsional
Vibration Using Rotational
Vibrometers

For the measurement of the torsional
vibration, two rotational laser vibro-

Figure 1: Dynamic test rig for drive
elements.



meters are used. The measurement
procedure is highly precise, robust and
mobile. The setup allows the measure-
ment of drive speed n, dynamic frac-
tion of the rotational speed Aw, and
dynamic oscillation speed A ¢ without
contact during operation. A detailed
description of the operating principle
of the Rotational Vibrometer can be
found at www.polytec.com/rotvib.

Example: Dual Mass Flywheel

In every combustion engine, a fly
wheel is used as energy storage to
keep the piston motion running even
when there is no work cycle. At the
same time, it smooths out the torsional
excitation of the crankshaft and avoids
vibrations. In the majority of cases, this
is accomplished solely with flywheel
mass. An alternative method is to use
a dual mass flywheel (DMF). In the
DMF, the flywheel mass is split into
two masses that are torsional linked
by elastic springs. By varying the ratio
between inertias and spring stiffness,

a desirable low Eigenfrequency can be
found. The DMF acts as a mechanical
low-pass filter at the transition to the
drive train.

In the title image, the test setup for
determining the dynamic transmission
behavior under various conditions is
shown. The DMF is driven from the
left side by a motor at stationary speed
while superimposing a torsional oscilla-
tion. On the right side, it is loaded by
the generator with a constant torque
momentum. Between specimen and
electric machines, the momentum is
measured by the torque sensors

5 n E]
xcitation Frequency (W]

Figure 2: Rotational viborometers and dual
mass flywheel on the test rig.

and the dynamic oscillation angle
is measured by the two rotational
laser vibrometers.

The experimentally acquired response
behavior of the dual mass flywheel at
various revolution speeds during a fre-
quency sweep between 0 Hz and 40 Hz
is shown in Fig. 2. The excitation was
done with a constant angle amplitude.
A speed of 500 rpm corresponds to an
Eigenfrequency of 13 Hz at a maximal
amplitude ratio of g2/¢1 = 3.5.

The Eigenfrequency moves to higher
frequencies with higher speeds.

The amplitude amplification also
grows with higher speeds.

Assuming that the modal masses are
constant, the increase of the Eigen-
frequency is due to a stiffening of the
existing springs. The reason for the
change in stiffness is supposed within
the radial deformation of the spring.
Apparently, this deformation presses
the spring to an external contact sur-
face so that friction is induced at the
contact points, decreasing the effective
number of springing turns and increas-
ing the stiffness. The increasing ampli-
tude at higher speeds shown in Figure
4 is caused by a decrease in system
damping, a fact that could be con-
firmed by further investigations.

Conclusions and Prospects

The potential to investigate torsional
vibrations with the institute’s drive
element test rig in combination with
rotational laser vibrometry is exciting.
Because of the flexibility of the test
facility and data acquisition equipment,
it is possible to gauge other drive train
components such as torsionally stiff
and flexible couplings, cardan shafts,
and vibration dampers and absorbers.
It is also possible to perform acoustic
investigations of gearboxes (e.g. rattle
behavior) and to acquire knowledge
about the dynamic stiffness and fre-
quency attenuation of gears. The equip-
ment is mobile so that measurements
can also be made on-site with cus-
tomers’ test rigs and running engines.
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Figure 2: Dual mass flywheel on the test rig.
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Polytec Product Information

RLV-5500 Rotational
Laser Vibrometer

Polytec's rotational vibrometers
are advanced non-contact angular
velocity and displacement sensors,
perfect for measuring rotating
structures such as crankshafts,
axles and pulleys. As proof of its
success, automotive design and
test engineers have skillfully used
rotational vibrometer data in both
research and development to
reduce engine noise and to
increase product durability. The
new RLV-5500 Rotational Laser
Vibrometer features an expanded
rpm range of up to 20,000 rpm,
an excellent optical sensitivity and
S/N ration due to digital decoding
techniques, and a very compact
sensor head that can be flexibly
mounted.

] www.polytec.com/rotvib



Engine Development

Turbo Power for Large Diesel Engines

for Large Diesel Engines

Modal Analysis of Turbocharger Compressor Wheels

Extremely high pressure ratios and volume flow rates are now achieved

in turbochargers for large diesel engines. The protection of rotating

components against high-cycle fatigue is extreme important to reduce early

failures. The combination of modern techniques such as laser vibrometry

and modal analysis allows an exact insight into the vibration behavior of

compressor wheels at ambient temperature. Combining modal analysis

with measurements carried out on the rotating component provides the

basis for the determination of the loads during operation.

Introduction

The maximum power rating of large
diesel engines currently used in ships
or power stations is about 21,000 kW
in the 4-stroke range and 97,000 kW
in the 2-stroke range. These engine
powers can only be achieved by using
turbochargers with the optimum util-
ization of the compression process,
enabling increases in performance of
300 %. Manufacturers of large diesel
engines realized this fact at an early
stage; MAN Diesel SE has developed
and built turbochargers for more than
70 years.

The compression process is repeatedly
subjected to conditions where an
excitation frequency caused by inter-
ferences in the air inlet and outlet (e.g.
guide baffle, etc.), and the natural
frequencies of the compressor wheel
lead to an increased vibration
response. The resulting dynamic
alternating load must not exceed the
fatigue strength in order to ensure

a reliable operation of the com-
pressor wheel.

The following steps are used in the
development of compressor wheels to
prevent fatigue:
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= FE Analysis

Finite Element Analysis (FEA) provides
approximate modal parameters describ-
ing “natural frequency” and “natural
mode” values which enable a rough
assessment of the loads occurring dur-
ing operation. Additional experimental
investigations are necessary since the
damping and the mistuning caused
by manufacturing deviations are not
exactly known.

= Experimental Modal Analysis

The experimental investigation of

the real structure for the determination
of the modal parameters primarily
serves for the comparison with the
results of the Finite Element Method.
Additionally, further influences on the
vibration behavior can be determined,
e.g. caused by the preparation with
sensors for operational vibration
analysis.



= Vibration Analysis During
Operation

Adding to the results from the FE or
modal analysis, the strain is deter-
mined at selected points of the com-
pressor wheel at different operating
points by means of strain gauges in
order to measure the load of the
component.

By unifying the results of the individ-
ual steps, the vibration behavior and
stress occurring at the component
at different operating conditions are
discovered.

Tests for Experimental Modal
Analysis

The dynamic behavior of linear struc-
tures can be described by three modal
parameters: natural frequency, damp-
ing and natural mode. They are
specified from any number of Force
Response Functions (in short FRF) by
means of curve fitting (Fig. 1).

The PSV-400 Scanning Vibrometer has
proven to be an exceptional tool for
the measurement of these FRF's. It’s
advantages over contact transducers
include adjustable measuring ranges
that match the excitation intensity and
system response, and elimination of
mass loading at the measuring points
(Fig. 2).

In addition, the PSV-400 enables the
scanning of a great number of measur-
ing points within a very short period of
time and the import of FEM meshes as
measuring points for a simple verifica-
tion of natural modes (Fig. 3).

When measuring the modal parameters,
a shaker is used for the excitation of
the structure to measure the excitation
force necessary to determine the FRF's.
A comparison with the system response
when using a loudspeaker for non-
contact excitation ensures that the
mechanical connection of the shaker
to the compressor wheel does not
influence the vibration mode.

Compressor wheels with n blades
generate the same number, n, of very
close and hence strongly coupled

vibration modes. The modes have very
similar blade deflection shapes and can
be distinguished by the fact that the
individual blades oscillate opposite in
phase.

The measured FRF’s show the strong
coupling of the individual modes. In
order to separate the individual modes
(Fig.4), the data is exported to the
modal analysis software Visual Modal
Pro by ME’scope. The PSV software
supports simple methods to export
data to external modal analysis soft-
ware. For an intuitive graphical pres-
entation the natural modes can be
re-imported into the PSV software
after the modal parameters have
been successfully identified.

Summary and Outlook

The PSV-400 Scanning Vibrometer
provides data allowing a fast and
high-quality verification of FE models.
The determination of modal par-
ameters of delicate structures is
possible without any mechanical in-
fluence, a significant advantage over
traditional contact transducers such
as accelerometers that can have a
substantial mechanical influence.

Future use of the PSV-400 with

MISO (Multiple Input Single Output)
should enable a better separation of
superimposed modes. This will be a
further step in the continuous process
towards understanding and develop-
ing complex radial-flow compressor
structures.
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Figure 1: Force Response Function
of the vibration amplitude (above) and
the phase (below).

Figure 2: Experimental setup for

the measurement of modal parameters
with superimposed scan grid and
operational deflection shape.

Figure 3: Comparison of a mode using
selected measuring points and nodal
points from FEA.

Figure 4: Separation of the modes by
means of an ME’scope curve fit. Upper
diagrams: Bode diagram of the measured
curve (black lines) and result of the curve
fit (red lines).

Lower diagram: separated modes.

Dipl.-Ing. Riidiger Rehm and Dipl.-Ing. Joseph Woyke,
MAN Diesel SE, Augsburg, Germarny
Ruediger.rehm@de.manbw.com
Joseph.woyke@de.manbw.com
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