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Abstract

Increasing demand for the development of lightweight structures particularly in aerospace, au-
tomobile and space applications has brought active vibration control of structures into the focus
of research in recent times. Experiments have shown that piezoceramic materials exhibit con-
stitutive nonlinearity, when the electric field exceeds the coercive limit. Analysis and design of
smart structures made of composite and sandwich laminates integrated with distributed piezo-
electric sensors and actuators for achieving vibration control require a computationally efficient
and accurate model for the laminate mechanics, its appropriate numerical implementation and

a suitable control algorithm, all incorporating the piezoelectric nonlinearity.

In this thesis, a new electromechanically coupled efficient layerwise finite element (FE)
model is developed for the analysis of smart piezoelectric multilayered shallow shells considering
the nonlinear behavior of piezoelectric materials under strong electric field. The nonlinearity is
modeled using the rotationally invariant nonlinear constitutive equations, with the assumption
of large electric field and small strains. For the laminate mechanics, an efficient coupled zigzag
theory (ZIGT) is developed for the doubly curved shallow hybrid shells. The theory considers
the normal deformation in the piezoelectric layers due to transverse piezoelectric coefficient dss,
without introducing additional deflection variables. A consistent quadratic variation of the elec-
tric potential across the piezoelectric layers with the provision of satisfying the equipotential
condition of electroded surfaces is adopted. A quadrilateral shallow shell element with four
kinetic nodes and one electric node is developed. The electric node conveniently enforces the
equipotential condition over a number of elements under an electrode, and also leads to sig-
nificant reduction in the number of electric DOF. In spite of the requirement of C! continuity
of the ZIGT, interpolation functions very similar to the isoparametric shape functions in C°

formulations are used for the rotation variables using the improved discrete Kirchhoff quadrilat-
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eral technique, which makes it suitable for standard FE programming. The governing equations
of motion are derived using the extended Hamilton’s principle for piezoelectric solids. For the
static analysis, the equations are solved using the direct iteration method. For active vibration
control, the FE model is transformed to the reduced order modal space considering the first few
modes, and is expressed in the state space format. The resulting nonlinear control problem is

solved using the feedback linearization approach.

Since such an element did not exist even for elastic laminated shallow shells, the new
element is first critically assessed for its accuracy for static and free vibration responses of
elastic laminated shells. This is followed by its assessment for the linear and nonlinear static
responses under electro-mechanical loading, free vibration and active vibration control study
of smart plates and shallow shell structures. The element has only seven kinematic degrees
of freedom per node, and does not need any discretization in the thickness direction. Yet, its
predictions are very close to the analytical three-dimensional (3D) piezoelasticity solutions or
a detailed 3D FE analysis, for elastic as well as hybrid shells made of not only single-material
composite substrates, but also sandwich substrates with soft core for which the equivalent single
layer (ESL) theories with the same or higher number of primary variables perform very badly. A
separate efficient ZIGT FE model with two kinetic nodes and one electric node is also developed

for active vibration control study of smart piezoelectric laminated beams.

The constant gain velocity feedback (CGVF) control, optimal LQR and LQG control as
well as clipped optimal control strategies are studied under step, impulse as well as harmonic
excitations. Case studies on CGVF control are performed to show the instability phenomena in
closed-loop response with conventionally collocated actuator-sensor pairs, and a truly collocated
arrangement to remove the instability is illustrated. The effectiveness of directional actuation
and sensing capability of piezoelectric composites for vibration suppression is studied. The effect
of prescribing a cutoff for actuation potential is studied, and the optimum cutoff voltage which
yields the control performance similar to the case of no cutoff voltage is presented. The nonlinear
model is validated in comparison with the experimental data available in the literature. The
effect of the piezoelectric nonlinearity on the static response and deflection/stress control is
studied. Finally, the effect of piezoelectric nonlinearity on the peak control voltage required to

achieve a given settling time for the vibration amplitude is studied for smart plates and shells.
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