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HYBRID PASSIVE-ACTIVE VIBRATION CONTROL
OF COMPOSITE BEAMS

Marcelo A. Trindade! Benoit Petitjeanf Octavio Hernandez? Roger Ohayon3

ABSTRACT

Through the use of hybrid active-passive damping treatmerggissible to combine the well-
known reliability, low cost and robustness of viscoelastic dagpieatments and the high performance,
modal selective and adaptive piezoelectric active conteer@l configurations of hybrid damping
treatments have already been reported in the literature. diffey mainly by the relative positions of
viscoelastic treatments, sensors and piezoelectric actuabersbjective of this work is to provide a brief
review of the literature concerning experimental studies on hybeiskive (viscoelastic) - active
(piezoelectric) damping treatments of beams. Then, experimental @sufiscesented and used to validate
a finite element model proposed in a previous work, with spatti@htion to an accurate prediction of
viscoelastic damping frequency-dependence and piezoelectricatsatamsor aspect. It is shown that the
finite element model is effective in predicting both visca@aand piezoelectric materials vibration
characteristics. Once validated, it is used to provide theniggid configurations for piezo embedded
composite beams. Then, new experimental results are obtained.

INTRODUCTION

Bonded or embedded piezoelectric materials for sensing and cohfitekible structures have
been largely studied in the past two decades. For the activeloainsmall amplitude vibrations of very
flexible structures, they lead to lightweight, adaptive and high perfareneontrol systems. However, it is
well known that active controllers are very sensitiveanations and uncertainties of system parameters.
Hence, adding some passive damping to the structure may leadetaatiale and robust performances.
On the other hand, purely passive damping treatments geneatlytd reliable, low cost and robust
structural vibration control. These can be achieved by coveangof the structure with constrained or
unconstrained layers of viscoelastic materials. Neverthelessffitiency of such treatments is dependent
on the volume of material used so that their performance is agnémited by weight and size
constraints. Hence, adding active vibration control may improvepisgmwhile respecting structural
constraints.

Recently, research has been directed to the simultaneoust psezoelectric and viscoelastic
materials to provide reliable, robust, adaptive and effective agenpatments. Depending on the relative
positions of the viscoelastic layer and the piezoeleatriaator, the passive and active actions can operate
either separately or simultaneously. However, most of theanesen this area has been focused on
simultaneous actions. Only recently separate active and passiv@ aoechanisms have been analysed.
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The relatively large number of papers in the area of hylmtideapassive damping is due to the
high potential of industrial applications and the multidisciplinary goestraised by such systems. In fact,
these multi-physics systems involve some complexities thadd t@ulisted as: i) Modelling of laminated
piezoelectric structures due to the electromechanical couplimgluced by the piezoelectric sensors and
actuators bonded on or embedded in the structure (Rahmoune, Benjeddmn &@ighOsmont, 1998); ii)
Providing realistic models of viscoelastic materials, sthe@ properties vary with operating temperature
and frequency, amplitude and type of excitation (Mead, 1999; Trindaaged®lou and Ohayon, 2000);
iii) Development of active control algorithms well adapted damped structures and, if possible, taking
advantage of the passive damping. The reference (Trindade ajedld@®mn 2002) give a review synthesis
of those topics. Here, the focus is on experimental studies presetttedjpen literature.

An literature analysis shows that the hybrid constrained kagatments are generally applied to
very thin structures, thus very flexible. This has justifihe choice of a Bernoulli-Euler (Kirchoff) model
for the host structures on the major part of the studies pellisn addition, studies related to beam
structures generally consider cantilever beams.

The hybrid treatments themselves are generally very thirricmy about 63% of the host
structure, increasing the thickness and the volume of theingssiltucture by 58% and 33% respectively.
It is known that constrained layer treatments are more iffegthen the bending stiffness of the
constraining layer is of the same order as that of the hostiste. However, the bending stiffness was
generally taken as only 32% of that of the host structure. iStdlearly due to the thickness limitations of
an added treatment to existing structures. On the other hand,dtb@ active control effectiveness to a
pure passive constrained layer treatment of hybrid treatments atlavercome part of this limitation.

The viscoelastic layers considered in these hybrid treatmeatgemerally very thin. This is
justified by several facts. First, passive constrained lagatments are normally more effective to control
several vibration modes when using very thin viscoelastieréaySecond, it is known that active
constrained layer treatments suffer from lost transmiggittietween the actuator and the host structure
due to the softness of the viscoelastic layer. The thickodesgth ratio of the viscoelastic layers is also
generally very small, around 0,1%. However, due to the structuréruction, these layers are normally
subjected to shear strains and hence they cannot be modelled as BertrleutieBms.

The majority of the publications show very simple controltsgi@s applied to hybrid damping
treatments, such as piezoelectric control voltages proportiorthle displacement or the velocity of a
particular point of the structure. Some authors (Azvine, TomliasohWynne, 1995; Badre-Alam, Wang
and Gandhi, 1999; Crassidis, Baz and Wereley, 2000) have preferred to meadiggdbement, with an
optical sensor for instance, of some point in the structure amdat® numerically the corresponding
velocity. The main advantage of such simple control strategies ith#yatan be implemented through an
analogical circuit, with no need of complex analogical-digital processing.

The following paper is organised as follows : First, seveqaéemental validations are presented
in comparison to the numerical predictions. They are relative to passifigurations, where a host beam
is fitted with constrained layer damping treatments.

In a second part, sandwich beams with embedded shear piezocerarhiespare designed,
manufactured and tested. Their behaviour as hybrid passive-sittictures is verified, using the patches
in turn as sensors and as actuators. Control of a sinusoidal excitatioreigedchi

PASSIVE EXPERIMENTAL VALIDATION
Several experiments, which are described in Table 1, were caatsithea sequence in order to

validate each particular characteristic of the finierment model proposed in a previous work (Trindade,
Benjeddou and Ohayon, 2001).



Table 1: Description of the tested configurations.

Thickness Thickness
ID host Core thickness (mm) constraining
beam(mm) beam(mm)
Beam #1 2 mm reference aluminium beam
Beam #2 1,2 0,1016 Viscoelastic (4 mil) 0,8
Beam #3 1,2 0,254 Viscoelastic (10 mil) 0,8
Beam #4 1,6 0,127 Viscoelastic (5 mil) 0,254

The frequency response function of these four configurations werasured by three
accelerometers bonded on the host structure which was subjectadats\aersal impulsive force. The
experimental set up is shown in Figure 1. The eigenfrequencies,Imatutas and damping factors were
also evaluated and compared to the numerical ones.

Accélérometre 1/9 Accélerometre 2/6x

Figure 1 : Passive experimental set up

RESULTS

The measured eigenfrequencies of the Beam #1 were used to upddiaid element model, in
particular the Young’'s modulus and mass density. After evaluationwbee found to be 63.7956 GPa
and 2695.1 kg i The eigenfrequencies and damping factors measured and evaketesented in
Table 2.

Table 2: Eigenfrequencies in Hz (damping factors in %) of the six first bending modes of the aluminium cantilever beam.

Experimental

las (1.5 102{0.3) 302 (04) 591 (0.3) 988 (0.6) 1490 {0.5)
MNumerical

[T.500.5) 10903 30604 60 (0.3) 9903 (0.6) 1484 (0.5)
Error "u
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With the updated properties, the numerical frequency responseofumetiere compared to the
measured ones. The numerical results match well with experimestdts, as shown in Figure 2. Notice



that the measured damping factors were used for the numeradahtion of the frequency response. It is
interesting to note that the damping factor for the mode 1 is higbler that the others which is probably
due to external causes as boundary conditions and acoustical coQuirgjdering that the acoustical
damping is not changed by the damping treatment, only the vistoelasping will be considered in the
following comparisons.

The updated properties of the host aluminium beam were then ustu feecond experiment
with the Beam #2 configuration. The viscoelastic material propergespated through a curve fitting of
the frequency response function measured by the accelerometey f2¢@kzdut an appropriate set of ADF
parameters (Lesieutre and Bianchini, 1995). However, the reshdis that the finite element model
overestimates the damping factors since some differeete®dn the numerical and experimental results
can be observed in this frequency response function. The procedutbamaredone by curve fitting the
frequency response function, the eigenfrequencies and the damping factors.
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Figure 2: Experimental (solid) and numerical (dot-dashed) frequency response functions of the host aluminium cantilever
beam.

One may observe in Table 3 that the eigenfrequencies and madplndafactors match well with
experimental results. The updated ADF parameters are shown in Table 4.

Table 3: Eigenfrequencies (damping factors) of the aluminium-viscoelastic-aluminium cantilever beam(1.2 mm - 4 mil -
0.8 mm)

Experimental

(6.3 (5.9 100 (1LY 2680134 4960135y TR3(158) I8 (148) 1370(17.1)
Numerical

[7.6(5.7) 1000118y 269¢14.1y 500 (154 T95(lo6) 11340168 1377(15.9)
Error

b (=23 0.5306.6) a4(1.3) 10144 1.3(5.2) 220138 0.4 (-6.5)




Table 4: ADF parameters updated through the curve fitting of the frequency response function, eigenfrequencies and
damping factors.

G (MPay Ay Aa Ag Ay Chpiradisy L (rad/s) 0z (rad’s) L1y irad’s)
0. 1= 084 380 (046 6486 22.24 274.55 945 38 [5704.18

The comparison of the experimental and numerical frequency respamg®ns is shown in
Figure 3. One can observe that they match well for the exceetters 2/6z and 3/14z, but not for the
accelerometer 1/9z. This may be explained by the fact thatpdigelacation near the clamped end, there
is a high static contribution for the response measured by this acceleromet
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Figure 3: Experimental (solid) and numerical (dot-dashed) frequency response functions of the aluminium-viscoelastic-
aluminium cantilever beam #2.

The results for the third beam configuration (Beam #3) were oc@upaithout any further
updating. The properties of the aluminium beam are those evaludteBegm #1 configuration and the
properties of the viscoelastic material are those evalwgatbdBeam #2 configuration. Table 5 shows the
experimental and numerical eigenfrequencies and damping factorthd multilayer beam #3. The
damping factors for the first five modes match well withekperimental ones, but those for the modes 6
and 7 are overestimated by the model. This is due to the fach#s&t modes present a strong bending-
torsion coupling, which is not represented by the model.

Table 5: Eigenfrequencies (damping factors) of the multilayer beam aluminium-viscoelastic-aluminium (1.2 mm - 10 mil -
0.8 mm).

Experimental
1530115 SBoilody 227016.6) 419(188) 663(17.3) 983(13.6) 1340(12.2)

MNumerical

I7.5(11.00  9lilesy 230(184) 435(180)  6EL17.1y  9=84(162) 1347 (14.8)
Error %

4447y 62(3.2y  353(108) 39045 2809y 01193 052109




Although some bending and torsion modes are highly coupled, the comparistime of
experimental and numerical frequency response functions, obsertgline 4, show that the model is
capable of predicting the behaviour of the aluminium-vis@betaluminium (1.2 mm - 10 mil - 0.8 mm)
with a satisfactory accuracy.
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Figure 4: Experimental (solid) and numerical (dot-dashed) frequency response functions of the aluminium-viscoelastic-
aluminium cantilever beam #3.

The use of a commercially available damping treatment isugkso to evidence the advantages of
the custom made damping treatments. The host aluminium beamsisdbered by the Damping Foll
DF2552. Table 6 shows that the Beam #4 is much less damped than the others.

Table 6: Eigenfrequencies (damping factors) of the multilayer beam aluminum-DF2552 (1.6 mm - 5 mil - 10 mil).
Experimental

156 (3.0 Q9 {4.2) 273 (5.1 S25(4.T) B0 6.0) [27006.1) 1750(3.7)
Nuwmerical

17.1(4.5) Q0 [8.6) 268 (9.9 S06(103y  BL3(106y 1192102y  1642(9.3)
Error "

OT7(485) 0201051y -18(840) -36(1202y  -54¢76.0)  -6.2(67.7)  -62(151.9)

A steel cantilever beam of dimensions 300tBGmnx2 mm with a bonded piezoelectric sensor
ACXQP20N was considered to test the piezoelectric featutheofinite element model. The material
properties of the steel beam are: Young’s modulus 201 GPa and mesty @860 kg ri. The
ACXQP20N is composed of an ensemble of two piezoceramic patches embeddeplaryamatrix.

Hence, the identification of its properties was achieved tirdhg consideration of a virtual

piezoceramic patch with the dimensions of the real sensor apdctang the force-to-displacement and
voltage-to-force ratios of the real sensor. The main properties oirthal ypatch are given in Table 7.
In order to validate the beam-sensor coupling, we measured tigerfiey response function of the
cantilever beam subjected to a transversal impulsive famijed at 62 mm of the clamped end. The
response was measured through two accelerometers, one placechiat dOthe free end of the beam
(accel 1) and the other at 37 mm of the clamped end (accel 2), and also thrquighdbkectric sensor.



Using the properties listed in Table 7, it was observed tti@texperimental and numerical
frequency response function did not match well.
Table 7: Properties of the virtual piezoelectric patch corresponding to the real piezoelectric transducer ACXQP20N.

Thickness 0.7620 mm (30 mil)
Length 50.8 mm

Distance to clamped end 11.7 mm

Young’s modulus 25.2 GPa

Mass density 4901.7 kg ™
Piezoelectric constaat31 254 Cm?

Dielectric constant e33 3.54 1® F m"-1

Therefore, an update procedure was performed to find out the gietzimal;; and dielectrice 33
constants. The responses of the three sensors (piezoelectoc, seeel 1 and accel 2) were used for
curve fitting. The following values were founek; = 25,4 C mandes; = 9,72 10°F mi*. The frequency
response functions using these updated values are shown in Figure Bha® observe that they match

very well.
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Figure 5: Experimental (solid) and numerical (dot-dashed) frequency response functions of the steel cantilever beam with

piezo sensor ACXQP20N.

This verifies the good agreement between the numerical mesldts and the experimental ones. That is
the reason why this numeric model was used to define the new beam configurdotisclness of each
beam and shear piezo position were optimised with this modelimolatie, 2000, providing the new

configurations listed in table 8.

Table 8 : Descriptions of the optimised configurations

Thickness Thickness
ID host Core thickness (mm) constraining
beam(mm) beam(mm)
Beam #5 1,6 0,254 Viscoelastic (10 mil) 0,4
Beam #6 1,6 0,254 Viscoelastic + Shear Piezo (10 mil) 0,4
Beam #7 1 0,254 Foam Layer + Shear Piezo (10 mil) 1




EXPERIMENTS ON SANDWICH BEAMS WITH EMBEDDED SHEAR ACTUATORS

First, we would like to highlight the inherent difficulti@s the manufacture of structures with
embedded shear piezo actuators. The critical points of tlicegg were to assure a good stress
transmission between the piezoelectric patch surfaces araluimenium beams and also to be able of
supplying an electric signal to the integrated piezoelectric patch.

A different experimental set up from that for the passive cmas used for these new
configurations. The excitation was handled by a shaker attdctthd composite beam near the clamped
end while the structure response was measured with an acceleronegdrgplthe beam’s tip, Figure 6.

Smm

S0mm

Shaker

10mm

AcZelerometer

Figure 6 : Active experimental set up

The first experiment consisted in exciting the beam with tiaker and measuring the response
with the piezo acting as sensor. The objective was to virdycorrect integration of the shear piezo
patch. Both frequency response functions are represented in Figordirming the previous objective.
One may observe the added damping by the viscoelastic lageaitéseffective compared to the foam
configuration beam.

Piezoelectric as Sensor
T T T

T T T
— 1mm-10milFoam Pz-1mm
v 1,6mm-10milVisco Pz-0,4mm

1 1 1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency (Hz)

Figure 7 : Transfer function between Piezo and Shaker voltage (Vp/Vex) (blue: beam #6, green: beam #7)




The next experiment was carried out using a feedfoward contb@lksd on an LMS algorithm
(Nelson & Elliot, 1993). The objective was to minimise the $tm& response measured by an
accelerometer when exciting the beam with the shaker controlled dige-on-random signal (sine at
500Hz).

LMS Control Peak 500Hz
T T T T

10° | 1111 No Control
- = Control

10°F 4

20dB

o
T
I

. Power $pectral Depsity (gle;)
O\ O\

-7 1 1 1 1 1
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200 400 600 800 1000 1200 1400 1600 1800 2000

Frequency (Hz)
Figure 7 : Power spectral density of beam #6

The 20 dB diminution shows the performance of the shearing piezo (udspite of the
appearance of another peak at 1500 Hz), while the viscaetistiping reduces the structure response to
random excitation. No numerical validation was done for this experiment.

CONCLUSION

A brief review of the open literature concerning experimentatiss on hybrid passive
(viscoelastic) - active (piezoelectric) damping treatmeoftsbeams was presented. Then, several
experimental results were presented in a sequence in ordiidate each particular characteristic of the
finite element model.

The results have shown that the experimental and numerical fi@qresponse functions match
well for all cases. In particular, the viscoelastic frequedependence using the ADF model and the
piezoelectric sensing features of the model were validatesl .identification of the piezoelectric sensor
properties was achieved by using a virtual piezoceramic patch with updapedtis.

The well fitted results from the numerical model gave enough aemde in order to rely on its
results from the optimisation of the new configurations. Despitihe difficulties, the manufacturing of
these embedded shear piezo structures was successfully doneskitstwere obtained, and showed the
capability of shearing piezoelectric actuators in attenuatimgxcitation at a given frequency while the
viscoelastic layer diminishes the structure response over a fiegrenge.
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