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This work proposes the implementation of a multimodal and fully passive piezoelectric tuned vibration absorber that mitigates several resonances of a nonlinear structure. By extending a principle of similarity, an analogous electrical network is designed in order to reproduce the dynamics of the mechanical structure. Several electrical resonances are simultaneously tuned to the mechanical resonances, thus providing the equivalent of a multimodal vibration absorber from electromechanical coupling through an array of piezoelectric patches. Furthermore, the use of a nonlinear capacitor in the analogous network generates an autonomous adjustment of the electrical resonance frequencies when the structure reaches the nonlinear domain. The interest of this method is proved experimentally by mitigating vibration over a wide frequency range that covers the first three modes of a beam with cubic nonlinearity.

Introduction

Considering piezoelectric tuned vibration absorbers, mechanical nonlinearities generate a detuning that seriously affects the damping performance. This limitation of the classical resonant piezoelectric shunt [START_REF] Hagood | Damping of structural vibrations with piezoelectric materials and passive electrical networks[END_REF] was analyzed by Soltani at al. [START_REF] Soltani | The nonlinear piezoelectric tuned vibration absorber[END_REF], who extended results obtained by Habib et al. in the case of a purely mechanical absorber [START_REF] Habib | A principle of similarity for nonlinear vibration absorbers[END_REF]. In order to retrieve a correct tuning of the absorber, a solution consists in the introduction of an additional nonlinearity in the electrical circuit. The interest of such a nonlinear piezoelectric shunt has already been proven numericaly and experimentally for vibration mitigation of a single nonlinear resonance [START_REF] Soltani | The nonlinear piezoelectric tuned vibration absorber[END_REF][START_REF] Lossouarn | Passive realization of a nonlinear piezoelectric tuned vibration absorber with a saturable inductor[END_REF]. The objective is now to extend the method to multimodal structures by implementing a multi-resonant piezoelectric network [START_REF] Lossouarn | Multimodal vibration damping of a beam with a periodic array of piezoelectric patches connected to a passive electrical network[END_REF] that is able to damp several resonances of a nonlinear structure.

Nonlinear piezoelectric tuned vibration absorber

The experimental setup is based on a cantilever beam involving a cubic nonlinearity. As shown in Fig. 1, a thin lamina is clamped at the left end of the beam, which generates the hardening nonlinearity. The structure is covered with an array of piezoelectric patches in order to mitigate vibration with a piezoelectric tuned vibration absorber [START_REF] Hagood | Damping of structural vibrations with piezoelectric materials and passive electrical networks[END_REF]. A passive inductor is made by winding copper wire around a magnetic circuit in ferrite material and connected to the piezoelectric patches. A linear inductor allows reducing the vibration amplitude of the beam at low excitation but Fig. 2(a) shows that an increasing forcing amplitude leads to a complete detuning of the resonant shunt because of the mechanical nonlinearity. A solution to overcome this effect is to introduce in the absorber a nonlinearity similar to that of the primary structure [START_REF] Habib | A principle of similarity for nonlinear vibration absorbers[END_REF]. Practically, it can be implemented with a nonlinear capacitor [START_REF] Soltani | The nonlinear piezoelectric tuned vibration absorber[END_REF] or a nonlinear inductor [START_REF] Lossouarn | Passive realization of a nonlinear piezoelectric tuned vibration absorber with a saturable inductor[END_REF]. Both solutions provide equivalent adaptive tuning by maintaining two equal peaks in the frequency response function. Such a result represented in Fig. 2(b) has already been proven experimentally by using a physical inductor subjected to magnetic saturation [START_REF] Lossouarn | Passive realization of a nonlinear piezoelectric tuned vibration absorber with a saturable inductor[END_REF].

Multimodal damping with an analogous piezoelectric network

As the objective of the present work is to achieve vibration damping of several resonances, the array of piezoelectric patches is interconnected with electrical components in order to implement a multi-resonant electrical network. Actually, coupling a mechanical structure to its analogous electrical network generates electromechanical energy transfers over a broad frequency range. The electrical analogue of a beam [START_REF] Lossouarn | Multimodal vibration damping of a beam with a periodic array of piezoelectric patches connected to a passive electrical network[END_REF] is considered for the present application. It is a fourth order transmission line made of inductors and transformers, as shown in Fig. 3. Capacitors are not explicitly represented because we directly benefit from the piezoelectric capacitance of the patches that couple the beam to the electrical network. Coupling the mechanical structure to its analogous electrical network gives the frequency response in Fig. 4, which shows the simultaneous vibration mitigation of the first three modes of the beam at low forcing amplitudes. Yet, higher amplitudes still lead to the undesired behavior illustrated in Fig. 2(a) if linear components are used in the electrical network. Contrary to a previous experimental valitation based on a nonlinear inductor [START_REF] Lossouarn | Passive realization of a nonlinear piezoelectric tuned vibration absorber with a saturable inductor[END_REF], a nonlinear capacitor is incorporated in the piezoelectric electrical network to ensure an equivalence with the nonlinear stiffness at the end of the beam. The analogy is not only valid in the linear domain but also in the nonlinear domain thanks to the principle of similarity developed in previous studies on nonlinear vibration absorbers [START_REF] Habib | A principle of similarity for nonlinear vibration absorbers[END_REF][START_REF] Soltani | The nonlinear piezoelectric tuned vibration absorber[END_REF]. The damping performance are thus maintained, providing similar frequency response functions for higher forcing amplitudes. 

Conclusions

This work aims to show that the principle of nonlinear similarity can be extended to multimodal damping with piezoelectric networks. To this end, an analogous electrical network is first assembled in order to reproduce the dynamics of the considered structure in the linear domain. A multimodal coupling offers vibration mitigation over a wide frequency range. For higher forcing amplitudes, it is shown experimentally that the mechanical nonlinearity induces a serious mistuning, especially for the first mode of the beam. A nonlinear capacitor is thus used in the electrical network in order to generate variable electrical resonances, which maintain a multimodal vibration reduction. This proves that broadband damping of a nonlinear structure can be achieved with a fully passive vibration absorber.

Fig. 1 Fig. 2

 12 Fig. 1 Cantilever beam with additional clamping through a thin lamina.
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 34 Fig.[START_REF] Habib | A principle of similarity for nonlinear vibration absorbers[END_REF] Nonlinear beam coupled to its analogous electrical network through an array of piezoelectric patches.