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ACTIVE VIBROACOUSTIC CONTROL OF PLATE STRUCTURESWITH ARBITRARY BOUNDARY CONDITIONS�ukasz NOWAK, Tomasz G. ZIELI�SKI, Mirosªaw MEISSNERInstitute of Fundamental Tehnologial ResearhPolish Aademy of SienesPawi«skiego 5B, 02-106 Warszawa, Polande-mail: lnowak�ippt.pan.plReeived 20 September 2013, in �nal form 30 September 2013,published online 2 Otober 2013Abstrat:The paper desribes brie�y some main aspets of the ative feedbak ontrol system that hasbeen developed and onstruted for redution of vibroaousti emission of vibrating plate strutureswith arbitrary boundary onditions. Relations between the forms and frequeny of the vibrationsindued by an external harmoni exitation and the distribution of the generated aousti pressure�eld are investigated using the developed numerial model based on indiret variational boundaryelement method. The aim of the ontrol system is to minimize the sound pressure level in a givenpoint of the ambient spae. The system uses small, retangle-shaped piezoeletri transduers as bothsensors and atuators. The transduers are onneted in a number of independent feedbak loops, andthe feedbak gains are the ontrol parameters whih are optimized using the developed optimal ontrolalgorithm. The onstruted ative system has been tested for the stability and ontrol performaneduring experimental researh performed in an anehoi hamber. Results of experiments are presentedin the paper, proving a high level of noise redution and a good agreement with numerial preditions.Key words: vibroaoustis, ative ontrol, plate vibrations.1. IntrodutionThe paper desribes brie�y some main aspets of the ative feedbak ontrol sys-tem that has been developed and onstruted for redution of vibroaousti emission ofvibrating plate strutures with arbitrary boundary onditions. The presented investi-gations fall within the sope of ative noise and vibration ontrol methods, whih havebeen intensively developed over the past several deades. A review of various theoretialand pratial issues onerning this topi is presented in [1, 2℄.In ontrast to the most of similar researh, this study does not take into aountany spei� boundary onditions for whih analytial solutions of the vibrating plateproblem an be given. The vibrational mode shapes and orresponding eigenfrequenyvalues are determined using numerial analyses with the �nite element method.The ontrol system uses piezoeletri sensors and atuators � their position on thesurfae of the plate determines their ability to sense or indue spei� vibrational modes[3, 4℄. For the sake of stability it would be most onvenient to use a single transduer
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6 �ukasz Nowak, Tomasz G. Zieli«ski, Mirosªaw Meissneras both sensor and atuator simultaneously; however, pratial implementation of suhsolutions [5, 6℄ enounters numerous di�ulties resulting from omplex properties of thereal eletroni omponents. For that reason the desribed system uses two, asymmet-rially plaed elements � suh a on�guration theoretially ensures similar propertieswithout the tehnologial ompliations mentioned above.The in�uene of the inertial loading introdued by the aousti medium in ase of airan be negleted; however, it is important when onsidering plates submerged in heavy�uids, suh as water [7℄. For that reason unidiretional struture-medium oupling anbe onsidered. The frequeny and form of indued vibrations determine the parame-ters of the generated aousti pressure �eld. Free-�eld onditions are onsidered in thepresent study. The problem of determining the radiation harateristis of the plateis solved numerially, using the developed algorithm implementing indiret variationalboundary element method (IVBEM).The aim of the ontrol system is to modify the form of vibrations in suh a way,that the sound pressure level in a seleted point of the ambient spae would be as lowas possible. The only way the system an modify the vibrations is by hanging the gainsof the feedbak loops. The developed algorithm of determining optimal values of thosegains will be brie�y desribed below.2. Free-�eld aousti radiation of the vibrating plate strutures2.1. The IVBEM model. The aousti pressure p in the spae surrounding the on-sidered plate struture satis�es the Helmholtz equation:(1) ∆p+ k2p = 0,where k is the aousti wavenumber. The values of the normal veloities for a givenform of vibrations determined by the �nite element method analysis are imposed as theboundary onditions on the whole surfae of the plate, namely:(2) ∂p

∂n ∣∣∣∣(x,y) = ωρaVn (x, y) ,where ρa is the density of air, n is the unit vetor normal to the surfae of the plateand Vn(x, y) is the normal veloity of the point with oordinates (x, y) on the surfaeof the plate.The boundary element method is widely used in aoustis (see, for example [10�12℄).The only appliable variant of this method in the onsidered ase of an external aoustiproblem with open boundary surfae is indiret variational boundary element method(IVBEM). The desription of IVBEM an be found in [13℄. Some examples of pratialimplementations of this method an be found in [14℄ and [15℄.It an be shown [13℄ that the sought solution will minimize the following funtional:(3) J = 2
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Ative vibroaousti ontrol of plate strutures with arbitrary boundary onditions 7where Vn (R) denotes the amplitude of the normal veloity at the point on the surfaeof the plate indiated by the vetorR, µ (R) is the double-layer potential and Ω denotesthe surfae of the plate.2.2. Numerial simulations and results. The algorithm solving the problem desribedwith Eqs. (1)�(3) has been implemented in the Matlab environment and used for nu-merial simulations of the distribution of the aousti pressure �eld generated by thevibrating plate. The developed software inludes a mesh generator, omplete solver aswell as post-proessing and data visualization modules. The results of the simulationshave been ompared to the results of the experimental investigations performed in ananehoi hamber. Some exemplary graphs illustrating the predited and measured dis-tributions of the aousti pressure in the axis perpendiular to the plate's surfae arepresented in Fig. 1.

Fig. 1. Results of the measurements and numerial simulations obtained for two (exemplary)vibrational modes.The omparison of the obtained results reveals good agreement between the numer-ial preditions and experimental results.3. The ontrol algorithmThe objetive funtion depends on the modal amplitudes WN and an be desribedas follows:(4) fc (W1, . . . ,WN ) = p2re (W1, . . . ,WN ) + p2im (W1, . . . ,WN )

=
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,where pre and pim denote the real and imaginary parts of the aousti pressure whihan be deomposed into an in�nite series of modal amplitudes with modal radiationoe�ients Pn and approximated by the �rst N omponents of this series.
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8 �ukasz Nowak, Tomasz G. Zieli«ski, Mirosªaw MeissnerThe developed optimal ontrol algorithm is omplex and inludes several subsequentsteps. The real and imaginary parts of the aousti pressure are �rst omputed sepa-rately. For eah part the gain vetor for whih a global minimum ours is determinedby iteratively solving Sherman-Morrison equation for the orresponding modal ampli-tude values. Also a �nite number of points with loal minimais also determined andsaved. Then, the omparison between the results obtained for the real and imaginaryparts reveals if there is a ommon global minimum or � if not � how lose is the lowestobtained value to the potentially best global minimum. If the omputed value is nei-ther the global minimum nor even lose enough to it, then the standard stohasti orheuristi optimization proedures may be used.4. Results and onlusionsThe ative ontrol system has been developed and onstruted aording to the orig-inal onept. The system design is ompletely original and onsists of two independentparts. The �rst, analogue part inludes piezoeletri sensor, signal onditioning iruit,variable gain ampli�er, power ampli�er and piezoatuator. Due to the fat that wholefeedbak loop does not ontain any analog to digital onverters no time delays or phaseshifts related to onversion and no disretization noise are present in this part of thesystem. The digital part in whih the omputations of the optimal gain values our isjust used to drive the variable gain ampli�ers.The system has been tested during the experimental investigations performed inan anehoi hamber. The plate was lamped in the entral part of one of its shorteredges while all other edges were free. The exitation fore was introdued by one pairof piezoeletri transduers attahed to the surfae of the plate. The measurementsinluded di�erent points of spae inside the hamber and di�erent on�gurations ofinvolved feedbak loops. Some exemplary results obtained in that way are presented inFig. 2.
Fig. 2. Measured SPL as a funtion of feedbak gain value, 5 m from the plate enter pointin the z axis for two di�erent feedbak loops operating alone.The results learly state that a high level of noise redution (up to about 10 dB)may be obtained with the desribed ative ontrol system. However, the attainableontrol performane depends on many fators, suh as the reiproal relation betweenthe shape funtions of the involved vibrational modes and the parameters of the utilizedsensor-atuator pairs.
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