Proceedingé of the Institute of Acoustics.

ACTIVE ATTENUATION OF BENDING WAVES IN BEAMS
J. Schauran

Mdller-BEM GmbH, Robert-Koch-Sir. 11, D 8033 Planegy bel MOnchen, FRG

1. INTRODUCTION

The attenuation of bending waves may be achleved by different means. Like other wave types, especially
guided waves in fiuids, thelr propagation can be affected by obstacles (e.g. blocking masses or elastic
Interlayers), changes in matarial and cross-sectlon or corners and branches.

But the control of wave propagation can be equally realized by active means, that Is by the appfication of
additional exciters. This may be easlly Nustrated by the fact that any changes in the amplitudes of propa-
gating waves may be viewed as the superposttion of additional waves, whose amplitudes correspond to
the differences refated with these changes.

Active contra! of bending waves may be tackled from two different points of view which represent well
established areas of application: active control of mechanical vibration fislds and of hydrodynamic
(acoustic) wave fislds. In spite of the fact that these differ only conceptually, they have developed almost
Independently from each other and hardly mada reference to each other.

Starting from alrborne acoustical wave flelds, the control of bending wave propagation may be formulated
as a genaralization to other media, which in general are dispersive. On the other side, having In mind the
vibrational behaviour of structures, the control of wava propagation s aimed 1o suppress modes of
vibration by breaking off the Intemal mechanical feedback which Is a necessary condition for the oc-
currence of any modes. ) ] .

2. CONCEPTS FOR ACTIVE CONTROL

Any bending wave or vibration field may be equally Interpreted as a superposition of waves with different
amplitudes propagating In different dlrections as well as a superposition of different modes of vibration. It
was the latter approach which presumably was undertaken first in a systematic way. in control theory,
theoretical Investigations on the control of distributed parameter systems mostly favoured syslems whose
dynamical behaviour could be described by Kirchhoff's theory of thin plates or - in the one-dimensional
c&se - by the Euler-Bernoulll equatlons. Early references may ba found in (1)

Thess first theoretical studies as well as early experimental realizations (/2/) were based on a modal
approach. But since 1981 approximately, growing emphasis was laid on the wave propagation approach
(/3/-/11/). Starting from comparable studies In alrborne sound applications (/12/), the thecretical poss|-
bilitfes of active contra! of bending waves, In particular thelr reflection and absorption, and the related
power flows were Investigated, If applled at the end of finlte beams {/8/./10/}, secondary forces may
serve a8 modal boundary controllers as theoretically described In (/1) and (/13/).
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Tha modes of fintte structures may ba suppressed by absorbing elements anywhere In the propagation
path, which forms a mechanically closed loop and as such is responsible for the existence of free modes.
Powerful modal control thus may be achlieved as a byptoduct of wave propagation control, Impressive
simutation results for the vibration of strings based on optimal controllers may be found in {/7/) while the
corresponding generalization for bending waves is described in {/14/).

Besides the concept of modal control, which can be rezilzed by wave propagation control, other con-
cepts were established to achieve active vibration control: direct control of the power flow {/15/) and Im-
pedance control (/16/). The latter usually Is aimed to realize by active means prescribed impedances
which act on the structure and thus influence the propagation of waves. In a special case, tha maxi-
mization of the absorbed power leads to the realization of a matched impedarnce. ‘

The implications of this approach are - In the case of bending waves - hardly 1o determine. Due to the fact
that the application of impedances not only redlistributes the power flow but also may infliuence the power
introduced by primary sources, local considerations based upon local Impedances do not necessarily
allow canclusions on the global behaviour. As an example it may be stated that the power absorbed by
secondary sources may be exceeded by the amount of power which Is additlonally introduced by the prl-
mary forces. A thorough treatment of such power considerations is given in (/17/) for typical examples.

For bending waves, this general statement is supported by the fact that energy may also be transported
by the superposition of two near fields which, qn the other hand, may be of no interest at all in certain ap-
plications. In addttion, direct realizations usually only deal with forces and thelr related impedances, This
disturbs the equillbrium between the two coupled pairs of field quantitles and finally leads to a conversion
of power related wih the bending moment to power related with transversal forces. .

The great advantage of impedance contro! lles In the fact that ks realization overcomes any need to
modef the structure under consideration. But this advantage has to be seen together with its shortcom-
Ings which essentially can be summarized in the difficulty to get loca! criteria for the global vibrational be-
haviour.

An approach mora directly related to this globa! behaviour Is given by the control of power flow. Under
certaln limitations, tha intenslties in beams and plates can be measured and thus serve as a basis 1o de-
termine the signals needed to drive secondary sources. But again, as power flow is a consequence of the
relatlons between different amplitudes, its evaluation may leave relevant details out of consideration, On
the other hand, as the direct control of tha fleld amplitudes Inherently Includes the contral of power flow, it
incorporates 4 very general concept of active control of wave propagation which Is dosely related to
cother formulations of the vibration contral problem.

In the following, this paper therefore focuses on the concept of Influencing bending wave propagatlon In
beams by controlling certaln amplitudes of these waves. As staled before, active contral ks equivalent to
the selective superposition of partial waves with controlled amplitudes. In this context, the term partial
wave shall Include near fields although thesa are nol really propagating.
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3. SELECTIVE CONTROL OF BENDING WAVE AMPUITUDES

Seloctiva superposition requires selective measurements of the amplitudes 1o be contralled. Thus, the ap-
plication of multipoint measurements as well as the mullipoint exciations are necessary prerequlisites. it
can be shown (/17/),/18/) that the measuremart of acceleration In at Isast four paints enables the evalu-
atlon of all ampiitudes within a limited frequency range. This frequency range ls & function of the geo-
metrical arrangement of the measurament points and can be enlarged by augmenting thelr number. This
simiiarly holds for selective axchatlons by different point forces. Detailed Information an theoretical possi-
bititfes including aspects of thelr realization as well as selactive measurements and thelr relation 1o Inten-
sity or power flow measurements may be found in (/17/) and (/18/).

This paper ﬂnall'y will restrict itself to the presentation of one example of active attenuation of a propaga-
ting bending wave by one forea. Fig. 1 shows the overall amangement aimed to realize the active reflec-
tion of an incoming bending wava without nearfield.

Fig. 1

A primary source "n" excites a beam and gensrates a wave propagating In posfive x-direction together
with a-nearfleld. At x = 0 two accelaromaters with distance d glve two signals, 21 and a2, which are fed
ta the first stage WT of the signal processing unlt. The task of WT Is 1o determine selectively the relevant
amplitude of the forgelng wave. The dimenslons of the experimental setup could ba chosen such that
above 100 Hz any nearfields were neglegible at x = 0. Thus, WT has 1o separate the two waves propa-
gating In positive and negative x-direction.

As u should repfesanl the amplitude of the forward going wave, this separation should ba carﬁed out
according to the formula ‘ :

- ~Jxka  _ 1,x
8y = 84 @ kd +
Avr) = ‘:—_—;Ejo' e (2 d‘)_ "

Given the distanca d, the only unknown In equation (1) is the wavenumber k. Thus, the system identifica-
tion of WT reduces to the exparimental determination of the frequency dependence of this quantity, It
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could be shown under most variable field conditions that the wavenumber accurately could be deter-
mined from three-point measurements (/17/). Given &, the real time reallzatlon of equation (1) can be
vigwed as a filter design problem,

The second stage H of the signal processing unit has to utilize the information on the forgoing wave's am-
plitude as contained In ufl) 1o supply a signal s which is abls 1o control the secondary source In the In-
tended way. The intentlon in the experiment described here was 1o reflect the Incoming wave by the
secondary souiceat x = l1.

The quantitative registration of this reflection was achieved by another two-point measurement at a dis-
lance 1, behind the secondary force. The systern identification process for H has to make sure, that the
amplitude of the positive going wave at x = L, vanishes. It turns out, that H thus can be composed by a
set of flve transfer funclion measurements. Sultably combined, they ghve the relation between v and $
such that the secondary field at x = {; + I, negalively equals the primary field a! the same location,

Again, after being qualified by thesa measurements, the realtima Implementation reduces lo a filter design
problam. Flgure 2 shows the resulting structure of the signal processing unit, which was realized on a
TMS 32010 signal processor.

n
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Fig. 2

4, EXPERIMENTAL REALIZATION OF AN ACTIVE REFLECTOR

The appropriate fiter design was complicated by two facts. Essentially, the transter functions involved
have 1o compensate lor the transfer characterlstics of the electromechanical transducers and to model
the transmission of waves within the beam. For bending waves, the latter results In great difficulties be-
cause of tha arbitrarily high propagation time at low frequencies. It was shown in (/17/) and (/19/) how
the mid-frequency behaviour of transfer elements may be optimlzed by allowing - under certaln restric-
tlons - arbitrary behaviour at low and high frequencies. Based upon this design procedure, t was possible
1o achleve a good perdformance of the aciive reflector. Flg. 3 shows the measured transmission losses
with {a) and without (b) active reflectar for an experimental setup with the following specifications.

t, = 165¢cm, |2 = B5cm, d=10cm
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The frequency band of interest was limited by
l.' = 0.3 fT' 12 =04 f-l-
where f; represents the sampling frequency which - In this experiment - was chosen 1o a value of 3.2 kHz.

The cross-sectlon of the beam, which was suspended an light cables, was given by a rectangle whose
edges had alength of 1 cm and 5 cm respectively.

+70dB

0 f/Hz 1600

Fig. 3: transmission loss R with (a) and without (b} active reflector

The transmission loss was evaluated according to the formula (/17/)

- -jkd
T = '——-_——1 H” il H (2}
_ ~-jkd 31
1 Hyy & 3

R = -201leg 71, (@
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whare l-lik represents the measured transfer function between a, as input and a; as aulput signal. In the
rmean, the transmission loss has a value of 35 dB which mezns that approximately 99.97 percent of the in-

coming power 15 rejected by the secondary force.

Fig. 4 again shows the measured transmission Joss with active reflector together with the predicted curve
on the basis of the filter peformance. The differences between measurement and prediction can be

+70dB

-10dB T r v
0 f/Hz ’ 1600

Fig. 4 : measured (a) and predicted (b) transmission loss R with active reflector

explained by different phase errors related with the two point measurements before and behind the
secondary force.

5. CONCLUSION

It can be seen that the procedure described here Is able 1o come up with good praciical results for the
active control of bending wave propagation. Its shoricoming not to cope with low frequencies may be
overcome by defiberalely choosing low sample frequencies. The good agreement between prediclion and
measurement, which equally was obtained for active absorption at the free end of beams (/10/). gives
rise to the assumplion 1hat according to appropriate simulation resufts {/17/) the simultaneous active
control of diferent bending wave amplitudes could be realized with comparable success.
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