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Abstract

This paper addresses aspects of model development and control design for smart structure which
utilize piezoelectric, electrostrictive, magnetostrictive or shape memory alloys. The advent of these
materials as sensors and actuators provides the opportunity for designing systems with improved per-
formance while reducing weight, hardware and power requirements. At high drive levels, however, all
of these materials exhibit nonlinear constitutive relations and varying degrees of hysteresis which must
be accommodated to realize their full potential in smart structures. We outline a variety of modeling
techniques and illustrate their use in feedback, feedforward and adaptive control designs.



1 Introduction

Increased demands for high performance control design in combination with recent advances in material
science have produced a class of systems termed smart, intelligent or adaptive structures. While subtle
differences may be associated with the individual terms, these structures are generally defined as systems
whose dynamics can be monitored or modified by distributed sensors and actuators, in accordance with
an integrated control law, to accommodate time-varying exogenous inputs or changing environmental
conditions. Specific choices for the actuators, sensors and control laws are dictated by the design
requirements for the system.

For aeronautic and aerospace systems, control transducers must be light- weight and should typically
have minimal effect on the passive system dynamics. Furthermore, actuators must provide the required
strain or force inputs using the available power supplies which, in certain aerospace structures, may
require the scavenging of power from other components in the system. Restrictions on size and weight
also dictate that transducers in some regimes must be capable of multiple roles. For example, the
transducers which monitor and control vibrations in an aircraft fuselage may also be required to act as
inputs and sensors for health monitoring or nondestructive evaluation of the structure. The limitations
on the mass and size of transducers are often relaxed in industrial applications but output requirements
may be more stringent. For example, the actuators employed for controlling vibrations in the cutting
head of a milling machine are required to generate massive forces throughout a wide frequency range.

Actuators and sensors comprised of smart or active materials can meet these criteria. Like the
definition for smart structures, the definitions of smart or active materials can vary somewhat between
fields. We define active actuator materials as those which can convert electrical, magnetic or thermal
energy to mechanical energy while sensor effects are provided by the opposite conversion of energy. In
this discussion, we focus on piezoelectric, electrostrictive, magnetostrictive materials and shape memory
alloys. The first three compounds can be used for both sensing and actuating while shape memory alloys
are used only in the latter capacity.

Piezoelectric compounds have been the most widely used transducer for smart structure design due
to the fact that they are lightweight and compact, relatively inexpensive, and exhibit fairly linear field-
strain relations at low drive levels. Due to the inherent direct and converse piezoelectric effects, they can
also be employed as both sensors and actuators. At higher drive levels, however, they exhibit hysteresis
which must be accommodated in applications that require micropositioning or precise control design.

In certain applications, electrostrictive elements constructed from relaxor ferroelectric materials are
advantageous over piezoceramic patches due to the fact that they exhibit minimal hysteresis when
employed in the diffuse transition region near the material’s bulk Curie temperature. This makes
them advantageous in systems including sonar transducers and deformable mirrors. Unlike piezoelectric
materials, electrostrictive compounds are not poled and hence exhibit few aging effects. As detailed
in Section 2, however, the constitutive behavior of the materials is highly temperature-dependent and
nonlinear near saturation. Both aspects must be accommodated when designing control systems which
utilize the compounds.

The magnetic analogue of the electrostrictive compounds are magnetostrictive materials which con-
vert magnetic energy to mechanical energy and vice-versa. Due to the circuits required to generate
the driving magnetic fields, transducers which utilize magnetostrictive cores are currently larger and
more massive than piezoelectric or electrostrictive patches. The giant forces and strains generated
by the transducers, however, make them advantageous in certain industrial systems, and as material
properties and transducer designs are refined, the scope of their application should rapidly increase.
From a modeling and control perspective, the nonlinearities and hysteresis inherent to the materials at
moderate to high drive levels must be accommodated before the materials can be utilized to their full
potential.



Shape memory alloys produce strains on the order of 10% in response to thermal inputs. This makes
them candidates as actuators in applications, such as changing the camber of a helicopter blade, which
require large strains or displacements. The modeling of these materials is difficult, however, due to
both the large strains involved and the inherently nonlinear constitutive behavior of the materials. As
detailed in Section 4, this has promoted the development of both energy-based and phenomenological
models which can be inverted for linear control design.

The design of smart structures which utilize these materials requires both the characterization of
their constitutive properties and the development of coupled models which quantify their interaction
with underlying systems. Control laws must be compatible with the properties of the sensors and
actuators as well as the mechanisms through which they interact with the system. For example, the
previously mentioned actuators yield unbounded (discontinuous) input operators in the mathematical
formulation of the control problem. The extension of control theories to this regime has been been
completed in certain applications but is lacking in general. Moreover, all of the active materials exhibit
nonlinear dynamics and hysteresis at high drive levels. This must be incorporated in both the models
and control methods before the materials can be utilized to their full capability in smart structure design.
While aspects of the nonlinear design have been addressed, the state of the theory lags far behind that
for the linear case.

Because the dynamics of a smart structure are dependent upon the attributes of the constituent
active materials, it is necessary to consider the development of linear, nonlinear and hysteretic con-
stitutive relations, their incorporation in coupled system models, and subsequent control design in a
concerted manner. This facilitates the development of models amenable to control design, and the
formulation of control laws which are compatible with the physical attributes of the active sensor and
actuator materials. Subsequent discussion of the active materials and their utilization in smart struc-
tures follows this philosophy. For each compound, aspects of the material behavior which are pertinent
to model development are discussed and appropriate constitutive relations are presented. Finally, a
variety of control techniques compatible with the linear and nonlinear models are outlined. While this
provides a synopsis of only certain facets of model development and control design for smart structures,
it illustrates issues which must be addressed in order to utilize the full potential of these systems.

2 Piezoelectric and Electrostrictive Materials

Smart structure technology utilizing piezoelectric and electrostrictive materials has evolved from solely
passive devices for reducing structural vibrations to highly integrated systems which provide the ca-
pability for both sensing and actuating, adaptively modifying system dynamics and monitoring the
health of the system. To illustrate facets of this technology and the control issues which it has raised,
we first outline some prototypical applications employing piezoelectric and electrostrictive transducers.
A crucial aspect of control design is the development of appropriate models and this forms the focus
of much of this section. Representative examples of current control designs and directions for future
research are then summarized in Section 2.5.

2.1 Piezoelectric an lectro tricti e lication

any of the initial applications utilizing both the sensing and actuating capabilities of piezoelectric ma-
terials focussed on vibration attenuation or the reduction of structure-borne noise in structural acoustic
systems. To illustrate the first application, consider the thin beam with surface-mounted piezoceramic
patches depicted in Figure 1. Through the application of diametrically out-of-phase voltages to the
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