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Abstract: The present paper discusses the various critical elements of a modal testing system based on pulsed-laser holographic
ESPImeasurements. Such system allows making very high spatial resolution measurements on panel-like structures at frequencies

that are of relevance for the vibro-acoustic behavior.

Next to the optical parts, the integration with the modal analysis procedure, including the integration of geometry and response
information, is reviewed. The ESPI based Image-domain frequency response functions are accumulated frequency by frequency.
Special attention is paid to the modal parameter extraction of the large DOF number data, for which a special data reduction
scheme was developed. The approach has been applied to several case studies related to car panels. The research was conducted
in the context of the Brite/Euram project SALOME and the EUREKA project HOLOMODAL.

1. Introduction

Experimental modal analysis (EMA) is a well-
established approach to analyze and model the dy-
namic behavior of mechanical structures. The upper
frequency limit where EMA can be applied is depend-
ing on the type of the structure: car chassis, suspension,
engine block, aircraft wing, etc. The limiting factors
with increasing frequency are:

— The increasing spatial complexity of the modes,
requiring a more dense grid of response degrees of
freedom.

— The increasing modal density and modal overlap
requiring an adequate frequency resolution in the
FRF measurements.

Especially for light-weight, panel-type structures,
the weight of the acceleration sensors starts to influence
the structural response. Non-contact measurement
techniques have been proposed to address this problem.
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The most widely spread approach is the one based on a
laser-Doppler vibrometer, which can be equipped with
a computer controlled position/orientation system. All
DOF’s of interest are “scanned” in a sequential way,
with the laser-vibrometer acting for each location as a
single-point velocity response transducer. Such scan-
ning laser devices are currently available and their con-
trol and data processing is fully integrated with com-
mercial modal test and analysis systems.

A second approach to non-contact measurements is
based on holography. The main advantage of holo-
graphy techniques is that they allow whole-field mea-
surements of a vibrating structure at one specific time
instance. The recent evolution in the field of ESPI
(Electronic Speckle Pattern Interferometry), allowing
to use direct CCD-camera imaging of vibration states
at specific, controlled, time instances, has renewed the
interest in this approach. At first, ESPI holography was
merely used to just qualitatively “image” the vibration
patterns, for example at resonance frequencies. Recent
research projects however, have extended this approach
into a tool for deriving quantitative data, in the form of
whole-field Frequency Response Function (FRF) maps.
This was done first for Stroboscopic CW (continuous
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Fig. 2. Data reduction procedure.

wave) laser illumination, and, very recently, also for
pulsed laser illumination. These data can then be pro-
cessed by modal parameter estimation methods or they
can directly be used as an FRF model for applications
such as acoustic radiation prediction or FE updating.

2. ESPI-holography based FRF measurements

The principles of Electronic Speckle Pattern Interfer-
ometry are well documented [1,2]. For the purposes of

quantitative vibration analysis, a specific procedure is
used. First, specklegrams are obtained for well-defined
deformation states, for example using stroboscopic CW
illumination, or pulsed lasers, triggered to the excita-
tion force. The optical phase is extracted using time-
stepping [3,4] or based on spatial phase differences [5].

When the phase fields for two deformation states
are known (e.g. one in rest, one a vibration snapshot
or alternatively two vibration instances), they can be
subtracted, resulting in contrast-rich fringe patterns.
Since the values of the thus derived relative phase range
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between 0 and 27, the phase has to be unwrapped before
it can be scaled to relative displacement. This requires
an important amount of advanced signal processing.

31

Adequate and “intelligent” algorithms for automatic
image filtering and phase unwrapping are the key to
automating the complete measurement procedure.
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Fig. 6. Stabilization diagram MLE.

In the classical ESPI approach, the vibration mea-
surement is performed at frequencies of maximal vi-
bration. The vibration responses are then used as esti-
mates of the mode shapes [6,7]. In the present project,
the goal of the measurements was to obtain complex-
valued vibration amplitudes (in principle at pixel reso-
lution) that, in reference to the excitation force, yield
an “image” of frequency response functions (FRFs).
These FRF images are accumulated over a range of

frequencies [8,9].

The stepped-sine excitation technique is used hereto.
To determine the unknown value of the complex am-
plitude, at least two measurements per frequency need
to be made at (at least) two different time points [6].
When more than two time points are used, the complex
amplitude is calculated by a least squares procedure,
which not only reduces the effects of noise in the mea-
surement data, but also has a filtering effect of harmonic
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disturbances in the excitation and/or response signals.

In practice, a hybrid approach using a preliminary
broadband test with a few accelerometers, combined
with a fine-resolution stepped sine sweep around the
frequencies of high dynamic response, turned out to
be very effective, combining the speed of the direct
response approach with the accuracy of an FRF-based
modal parameter estimation.

In the HOLOMODAL and SALOME projects, two
set-ups were realized, one using a stroboscopic CW
laser and one using a double pulse laser. The complete
set-up of laser, optics, camera and automated phase
unwrapping and image processing was developed by
Labor Dr. Steinbichler (Fig. 1). For acquiring the
double-pulse images, a special measurement head has
been developed. It allows the subsequent storage of 2
full frames of 1280X1024 pixels for a minimal pulse
separation of 0.5 ps. This camera renders it possible
to store the specklegram related to both pulses with a
12-bit resolution.

3. Modal parameter estimation

The identification of modal parameters from ESPI-
FRF measurements has to deal with the following re-
quirements:

— Capability to deal with an extremely large number
of degrees of freedom (in principle pixel resolution
is available)

— Capability to treat high order systems (since the
modal density increases with frequency)

— Capability to treat non-uniform FRF data (for ex-
ample by increasing the frequency resolution near
resonance).

Furthermore, the method has to be robust with re-
spect to non-uniform data quality (e.g. due to poor re-
flecting areas), or unequal vibration levels (due to local
modes). Preferably, it should assess and exploit the
noise information in the data.

While “classical” modal parameter estimation meth-
ods, such as the Least-Squares Complex Exponential
technique can still be used (e.g. by subsampling the
image domain to a sizeable grid, and by restricting the
measurements to equidistant excitation frequencies),
they are by far not optimal in the sense of the require-
ments described above. A new approach has hence
been developed, based on a data reduction procedure
and a high-order frequency domain Maximum Likeli-
hood parameter estimation algorithm.

290 Hz A4 Hz

© . a

Fig. 7. Mode shapes (upper: MLE, lower: FRF response).

The data for estimating the modal parameters are
FRFs with image resolution. Since the number of ef-
fective degrees of freedom will only be a small portion
of the number of measured responses, a data reduction
procedure can be used to compress the information and
to reduce the parameter estimation time.

The most straightforward way is to subsample the
image and to perform the parameter estimation on a
sub-grid. However, this way, no use is made of the re-
dundancy in the data. Several approaches for data con-
densation have been proposed. The selected approach
is based on a two-dimensional spline regression for data
reduction. It is discussed in detail in [10,11]. Since
the transformation is a linear one, the coefficients can
be used as “virtual measurements” for estimating the
modal parameters (poles and “virtual” domain mode
shapes). The estimated “virtual mode shapes” can then
be converted back (or expanded) into the full grid of
physical measurements.

The determination of the spline basis is done only
once using the measurement near the highest resonance
since complex operating shapes are occurring in the
higher frequency range. The use of splines as regres-
sive functions has important implications on the data
reduction procedure. Firstly this increases the compu-
tational speed. But, even more importantly, since the
basis of B-splines is a local one, noise information can
be estimated from the spline fit assuming that the noise
distribution is locally invariant. This procedure is elab-
orated in more detail in [11]. The result is that, next to
the “virtual” FRF matrix, also a matrix with uncertainty
information is available. Figure 2 summarizes the data
reduction procedure.

Once the data are condensed into a sizable matrix
of virtual FRFs, the actual parameter estimation can be
performed. As the estimator has to be used to model
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Fig. 8. FRF of a high response point measured with ESPI and LDV (dotted line).

systems in the medium frequency range, it should be
able to handle high-order models. Also, because the
recorded holographic images can be noisy, it is neces-
sary to use an estimator that has a high accuracy. For
this goal, an identification scheme is proposed, based
on a weighted frequency domain Maximum Likelihood
algorithm. The MLE implementation used is the fast
and robust logarithmic version of the MLE algorithm
elaborated in [12]. An essential element is that noise
information (when available, for example from the data
reduction scheme) is explicitly used as a weighting
function in the definition of the cost function. This
dramatically improves and facilitates the parameter es-
timation process. Also, the resulting parameter esti-
mates are complemented by a set of corresponding un-
certainties.

4. Geometry and cae integration

Important to the use of the ESPI results is their inte-
gration with a geometry reference. The measurement
of the object geometry uses an LCD fringe projector
(TRICOLITE system) projecting different gratings on
the object. The same camera as used for the ESPI views
the illuminated object. The co-ordinates of the geome-
try are then calculated by triangulation, using the light
code and the pixel position on the CCD camera. Each
pixel of the ESPI image is given a co-ordinate.

The availability of a geometry information also en-
ables the use of the test data for correlation with FEM
data and/or for use of the test data as boundary condi-
tions in a FEM/BEM forced response calculation. For,
in many cases, the main purpose of the use of laser
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Fig. 9. FRF of a low response point measured with ESPI and LDV (dotted line).

holography is the validation of panel FE models. Typ-
ically, such FEM models contain a large number of
“nodes” where the information is available. In general,
experimental modal analysis models are defined for a
small number of geometrical points. For the case of
Holographic modal analysis results however, the situa-
tion can be the inverse.

Different ways of correlating the test and numeri-
cal models exist. On one hand, all points of the holo-
graphic image can be correlated to interpolation func-
tions of the FE model. This uses all ESPI information,
but it requires access to the FE interpolation functions,
which is a problem for commercial FE software. As
the image processing corresponds to a data reduction,
it is unnecessary to transfer all data. Therefor, a prese-
lection of the available holographic results by defining
which of these points correspond to the FE model is

supported. An overview of the related data entities is
given in Fig. 3.

Once the experimental holographic data are avail-
able in a CAE reference frame (projected on an FE
raster), the data can be used in a many CAE applica-
tions such as correlation, validation and updating of
FE models. In the same way the measured FRF data
can be used as boundary conditions to vibro-acoustic
prediction codes, for example in acoustic BE or FE
codes.

5. Application to single panels

The ESPI-HOLOMODAL approach was first vali-
dated on a ribbed panel, representative for typical au-
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Fig. 10. Mode at 362.44 Hz (LDV).

tomotive panels such as a cabin or trunk floor plate or
a door panel.

5.1. Test of a panel mounted on a rigid frame

In the first test set-up, the ribbed panel was mounted
on arigid aluminum frame, which was clamped rigidly
to the floor (Fig. 4). An acceleration sensor was glued
onto the panel to compare its measurements with the
ones from holography.

A first series of test was performed using the CW-
ESPI system. Stepped sine excitation (with 16 time
steps per frequency) was performed between 150 and
500 Hz in steps of 0.5 Hz. From these data, the
modal model identification was performed, comparing
the LSCE and MLE methods. A mesh of 1700 points
was generated through subsampling of the images. The
stabilization diagrams for both methods with the MLE

using the noise information are shown in Figs 5 (LSCE)
and 6 (MLE). They clearly indicate the drastically im-
proved stabilization behavior of the MLE.

Some representative mode shapes are shown in Fig. 7
(240 and 414 Hz). Both methods are compared and
also the FRF value at these frequencies (which would
be taken as the mode shape in the classical resonance
response analysis approach) is given. The direct re-
sponse at 240 Hz clearly shows a residue of the excita-
tion; the 414 Hz response does not uncouple the mode
completely from the neighboring 403 Hz one.

5.2. ESPI-LVD comparison

Another validation test was performed comparing the
ESPI system with a scanning laser-Doppler vibrometer
(LDV). To correlate the panel with a previously created
FE model, several reference points were chosen. Dur-
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ing the actual LDV test, the laser beam was guided to
every point of the FE model, and the FRF from 0 to
800 Hz was measured at 1432 points.

The ESPI measurement head was mounted above
the test panel. The TRICOLITE system was used to
measure the Geometry of the panel and to get a corre-
lation of the measured geometry to the camera pixels.
The ESPI test was executed from 60 to 460 Hz using
a frequency step of 0,5 Hz. After applying a grid, the
number of points was reduced to 934.

The frequency response functions, measured with
the LDV and the ESPI system are compared for the
same measurement points. In Figs 8 and 9, the FRFs
are shown for a point with a high response and for a
point with a low response.

It can be seen from these figures that the ESPI mea-
surements are noisier, especially for the low response
point. The amplitude is good, but there are differences
in the phase (in addition to a 180° shift). It should

be noted that these are raw data, without any spatial
smoothing.

A modal analysis was then performed on both data
sets between 60 and 470 Hz. In both cases the sta-
bilization is very good. The same modes are found
back in both data sets. For some modes there is a lit-
tle frequency shift, probably due to a little change of
the measurement set-up between the two tests (some
weeks apart). The damping estimates are the same for
both analyses. The mode shapes are very much the
same, as can be seen in Figs 10 and 11 for 1 mode. The
differences in the generalized modal parameters (unity
maximum scaling) are somewhat larger.

Overall, it can be concluded that these validations
proved the inherent capabilities of the system. In view
of data quality, the use of multiple sampling steps per
frequency is advised. In view of the measurement time,
the laser cooling and recharge time are the dominant
ones.
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Fig. 12. Photograph of the measurement setup in the laboratory.
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5.3. Test of panel mounted to a frame structure and
coupled to a cavity with rigid walls

In another test, the panel attached to a frame structure
was mounted on top of a rigid walled cavity (Figs 12
and 13). Holographic measurements were then per-
formed using the completely automated Pulsed laser
ESPI system. Stepped sinusoidal excitation was ap-

plied in the range 50-561 Hz in steps of 1 Hz. Two
time steps per frequency were used.

The acquisition time needed for one phase image
was 1 min. This time is mainly dependent on the laser
cooling. The ruby laser is specified to 1 double pulse
per minute because it gets too hot when emitting more
pulses. The recharging of the laser only takes about
12 secs, as well the processing of one phase image.

Based on these data, a first modal analysis was per-
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Fig. 14. Mode shape at 444 Hz.

Table 1
Modal parameter results
Pole Frequency (Hz) Damping (%)
1 121.619 8.5
2 151.493 35
3 176.834 2.8
4 209.042 0.7
5 218.422 0.9
6 240.679 1.7
7 253.417 1.3
8 275.111 1.2
9 321.678 1.3
10 361.812 0.5
11 406.479 0.8
12 418.606 0.6
13 444732 0.7
14 467.627 0.5
15 492.222 0.7
16 500.111 0.5
17 520.537 0.6
18 50.000
19 561.000
20

formed using the MLE method. Table 1 shows the pole
values. A sample mode shape at 444 Hz is shown in
Fig. 14.

The FRF (displacement/force) data, acquired by the
ESPI system, were transformed into velocity bound-
ary conditions for an acoustic boundary element model
(BE model) of the cavity (Fig. 15). The BE model was
created using 5 elements per acoustic wavelength for
the highest frequency to be calculated Since the walls
of the cavity were covered with damping material, a
representative frequency dependent impedance value
was applied to the boundaries of the BE model. Also,
FRF measurements were made using a pressure sensor
inside the cavity with respect to the force applied to the

vibrating panel. They were compared with the calcu-
lated pressure due to the measured boundary conditions
(Fig. 16).

6. Tests on a vehicle

In the last discussed case, a complete, partially
trimmed, vehicle was analyzed with respect to panel
induced interior noise. In a first step, a panel con-
tribution analysis was performed to identify the most
critical panels. The tests were executed on a chassis
dynamometer. These tests are further discussed in [13].

In general it was observed that for the partially-
trimmed vehicle under investigation, the main contri-
bution to the internal sound pressure level is accounted
for by the roof and floor panels over the 75-165 Hz
frequency range, whereas the windscreen has relevant
contributions particularly over the 50-70 Hz and 135—
165 Hz ranges.

In a second step, a detailed dynamic analysis of
the windscreen was performed using the ESPI system.
Stepped sine shaker excitation (40—160 Hz) was applied
hereto at the front engine mount. Figure 17 shows some
of the operational deflection shapes of the windscreen
at different frequencies: 50 Hz (near the resonance fre-
quency identified by the previous tests), 90 Hz, 120 Hz
and 160 Hz (where the windshield also had a significant
contribution).

These results show the importance to first execute
a panel contribution analysis to identify the panels re-
sponsible for the interior noise. The detailed ESPI
analysis can then be limited to those critical panels.
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7. Conclusion

ESPI holography (both using stroboscopic CW and
double pulse laser illumination) has evolved to a stage
of industrial usability. Direct CCD imaging, rugged
hardware design and automated image processing are
key elements to this.

By integrating the ESPI vibration imaging with the
stepped sine modal testing procedure, yielding ultra-
high resolution frequency response function data sets,
the method has become fully compatible with the well-
proven phase separation modal test and analysis proce-
dure.

High performance spatial domain parameter estima-
tion methods based on spline condensation and Max-
imum Likelihood parameter extraction allow to effi-
ciently process the large volumes of data, and at the
same time optimally take the available noise informa-
tion into account. The method has been validated on
various car-panel structures in an industrial test envi-
ronment.
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