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(ABSTRACT)

When discrete piezoelectric actuator patches bonded on structures are used for active
shape, vibration, and acoustic control, the desired deformation fi2ld in ihe structuce is
obtained through the application of localized line forces and moments generatzd by
expanding or contracting bonded piezoelectric actuators. An impuedance-based model to
predict the dynamic response of cylindrical shells subjected o cucintion from surface-
bonded induced strain actuators is presented. The essence of the inrmedance approach is 10
include the actuatoi/siructure impedance ratio in the calculations of the actuator forces

applied to the structure, which will retain the dynamic characieristics of the actuators.

The approprinie representation of ihe loading due io in-phase and out-of-phase
actuation is discussed. Due to the curvature of the shell, ihic represeniation ©f ihe mm-phase
actuation with an equivalent in-plane line force applied along the aedge of the actuator results
in the appiication cf erroneous rigid-body transverse force. To aveid these rigid body ferces,
the action of the acluator needs to be represented by an equivaient in-plane force and a
transverse distributed pressure applied in the region of the actuator patch to maintain the

structure self-equilibrium.

A full derivation of the impedance model is included, taking great care in the
structural and actuator impedance definition. It is found that the actuator's output dynamic
force in the axial and tangential direction are not equal. Various case studies of a cylindrical
thin shell are performed to illustrate the capabilities of the developed impedance model. The
in-phase and out-of-phase actuation authority of induced strain actuators bonded to the

surface of a shell is compared. It is shown that out-of-phase actuation has better authority in



cxciting the lower order bending modces, while in-phasc actuation has beticr authority in

cxciting the higher order circumferential modes.

Dynamic finite clement analysis has been perlformed using piczoclectric ¢lements
available in ANSYS 5.0. Thc good corrclation between the finite element results and the
impedance model confirms thc analytical solution. Expcrimental data of a circular ring
actuated in-phase and out-of-phasc by a piczoclcctric material (PZT) were also comparcd 1o

the derived impedance model.
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Chapter 1

Introduction

1.1 Motivation

In any mechanical system with moving parts, special attention must be given to
reduce vibrations and accompanying noise. If the system cannot be balanced or is
subjected to random vibrations, passive or active contro! of the structure can be considered
to reduce vibrations. One way to perform active control is o use shaker type actuaiors, but
this involves many meving parts external to the base structure. Induced strain actuators,
like piezuelcctric materials and shape memory alloys, can also be used in vibration and
acoustic control. What distinguishes induced strain actuators trom conventional hydiaulic
and eiccirical acruators, and makes them especially attractive for smart struciures, 18 thewr
© ability to change their dimensions and properties without utiiizing any moving paris. The
absetice of mechanical parts allows the induced strain actuators te be easily integrated (either
through embedding or through surface-bending) intc the base structure. When integrated,
. the induced strain actuators apply iccalized strains and direcily infinence the extensional and
bending responses. of the structural elements. Eificient structural control can then be
obtained by applying forces directly on the structure at critical locations, which will eliminate
the undesirable dynamic effects due to changes in the apparent structural impedance. Also,
the integration within the structure ensures an overall force equilibrium between the forcing

actuator and the deforming structure, thus precluding any rigid body forces and torques.

Since this concept for vibration and acoustic control was introduced, nurnerous
efforts have been made to analytically model the induced strain actuation of structures to
further understand the mechanisms involved in the strain and stress transfer between the
actuators and the structure. In the earlier analytical models, the actuator was subjected to a
constant voltage and the actuator output force is computed from static considerations (i.e.
local actuator/structural geometric and material properties), which resulted in frequency
independent equivalent actuator forces and moments. For dynamic analysis of intelligent

structures, the statically determined actuator forces and moments were simply assumed to



be constant over the whole frequency range of interest and were then introduced in the
equations of motion. This static-based approach to dynamic analysis of intelligent
structures shows important shortcomings in the accuracy of the calculated dynamic
structural response because it neglects all the dynamic interactions between the actuators
and the structures. In vibration control, the dynamic issues are present and should be
considered in the modeling. Furthermore, these models did not take account of the
different stiffnesses of the structure in different directions, which will mistakenly result in
equal actuator output forces in both directions.

In shell structures, the in-plane and out-of-plane displacements are coupled and the
equations of motion can not be solved independently. Models have been developed based on
layered shell theory, i.e., the analytical model assumes that the induced strain actuator
material comprises a total, distinct layer of the shell. However, layered actuatcrs are only of
theoretical interest, since typical piezoceramic actuators can ot be iraplemented on cuived
surfaces due to their brittle properties. Discrete actuator paiches bonded on thin shell
structures can be implemenied in practical appications but only few models adapted from
plate theory were propescd. At first sight, this adaptation sceras periectly reasonable because
the shell is thin. However, even for thin shells, the displacement coupling is important

enough to introduce important errors when such plaie adaptations to shells are made.

Impedance models based on the dynamuc properties of the actuators and the.
structure have also been proposed. The essence of the impedance approach is to include ..
the actuator/structure impedance ratio in the calculations of the actuator forces applied to the
structure, which will retain the dynamic characterisiics of the actuators. Thus far, work as
been done on beams and plates. Impedance models were also derived for shells, but lack

in accuracy and only applied to out-of-phase actuation.

1.2 Objectives

In this dissertation, the principal objective is to develop an accurate model for shell
structures excited harmonically with induced strain actuator surface bonded patches. The
impedance modeling approach, which is an effective method in modeling the dynamic
interaction between the induced strain actuators and the structure, will be used. The
impedance model will strengthen all the weaknesses of the previous analytical models; such



as actuator forces' independence to frequency, actuator forces' equality in the axial and
tangential directions, model based on plate equations neglecting curvature effects, and
omission of the actuator/structure dynamic interaction. The derived model is to be
comprehensive, being developed for two dimensional cylindrical shells excited in-phase,
out-of-phase, or unsymmetrically. Case studies of rings and shells are to be compared to

dynamic finite element analysis and experimental data.

1.3 Dissertation Organization

This dissertation is a collection of papers presented at various conferences focusing
on intelligent material systems and structures. Because of this organization, the reader
might find some repetiticn in each chapter, but each chapter has the advantage of being

independent. A detailed list of the paper references can be found in Appendix A.

The dissertation begins with a literature review on the mechanics of induced strain
actuation of intelligent structures. The review will concentrate on the static and dynamic
analytical modeling of beams, plates, and shells, on the tinite element modeling, and on the
actuator/structure interaction. To help the reader locate the present work in the literature, all

chapters of the dissertation are included in the review.

Preliminary work to understand the difficultics creatzd by the in-plare/out-of-plane
coupling proper te curved structures is presented in Chapter 2. The special considerations
needed for the in-phase actuation of shells are discussed. Based on these considerations, a
closed form mode! for a ring statically actuated in-phase is presented in Chapter 4. The
core of the dissertation comes with the impedance modeling presented in Chapters 5, 6, and
8. The model derivation of a one dimensional circular ring harmonically actuated out-of-
phase and in-phase are presented in Chapters 5 and 6, respectively. An extended model for
two dimensional circular shells harmonically actuated in-phase, out-of-phase, or
unsymmetrically is presented in Chapter 8. All the derived models are compared with finite
element analysis throughout the dissertation, along with an experimental verification
presented in Chapter 7. Finally, in the final chapter, conclusions and recommendations for

continuing research are presented.



Chapter 2

Review of the Mechanics of Induced Strain
Actuation of Intelligent Structures

Abstract

For more than ten years, intelligent systems and structures have created great interest
in the research community, both in the academia and in the industry, because of their
enormous possibilitics in vibration and acoustic control, shzpe control, and healih mornitoring.
Intelligent structures consist of a full integraiion of its sensing, processing and actuation
capabilities within the base structure. This rcview will focus on the acwation part of
‘intelligent systems, particularly on the mechapics of induced strain-actuators.  Analytical.
models for beams, plates, and sheils are {irst presenied. Two types of models are considered: -
static; the action of the actuatcrs.is based on the static response of ihe intelligen: strociyres,
and dynamic; the full dynamic interaction between the induced strain actuators and the
structure is considered. A discussion on ihe finite element modeling of intelligent structures
is then presented. Finaily, the acwator/structure interaction is discussed, concentrating on ifie

bonding layer effects, the actuator edge effects, and the external loading effects.

2.1 Introduction to Intelligent Structures

In the design of space, aeronautic, and automotive structures, new technologies are
needed to create high performance structures that are light, energy efficient, and autonomous.
One of these new technologies is intelligent material systems and structures. Many names
have been given to intelligent material systems and structures: smart, sense-able, multi-
functional, and adaptive. The concept of intelligent materials is fairly new, only appearing in
the eighties. Nevertheless, tremendous research efforts have been done in this new
engineering discipline because many believe that it will bring the current state of technology
to a higher level. The birth of intelligent materials systems and structures was made possible

by three great technological advancements made since the 1960's. The three technologies'



combination that lead to the development of intelligent structures are: (i) laminated materials
which allow the incorporation of active elements, (ii) usage of off-block diagonal terms in the
material constitutive equations which allows the coupling of the mechanical, electromagnetic,
thermal, and physical properties, and (iii) development of the microelectronics, bus
architectures, switching circuitry, and fiber optics which allows the necessary processing,
control, and artificial intelligence (Crawley, 1993). With the extended research done on
intelligent material systems and structures during the last decade, a review of the current
literature would give some perspective on what has been done thus far, and which path future

research should take.

In this chapter, a review of the mechanics of induced strain actuation of intelligent
structures is presented. But first, a brief introduction to intelligent structures will show the
great possibilities of this new idea, followed by a comparison of various induced strain
materials. - The heart of the chapter will come when numerous static struciural response
models of induced strain actuation are reviewed. Then, a closer look at the structural/actuator
interaction is made to verify the validity of the popular perfect bonding assumption and its
eomnsequences. The chapter concludes wiith the review of dynamic models which have the

advantage of including the dynamic interaciion between the structure and the actuators.

2.1.1 Intelligent Structures Definition

Various definitions have been given to intelligent structures, and no consensus has
been reached thus far. Some authors argue that the inteliigent structures’ definition should be
based on biological analogy (Davidson, 1990; Rogers, 1992), while others have more
technical definitions. The five-step technical definitior: presented by Wada, Fanson and
Crawley (1990) is presented in Figure 2.1. Although the different views are somewhat
different, they all reduce to the same idea: intelligent svstems and structures are highly

integrated structures capable of adapting themselves to their environment.

2.1.2 Intelligent Structures Components

With the intelligent material systems and structures definition established, a short
discussion of their three principal components (actuators, sensors, and electronic controls) will
now be presented. Based on the biological definition of intelligent structures, the actuators

can be seen as the artificial muscle, the sensors as the artificial nerves, and the electronic



controls as the brain. More extended discussions of the intelligent structure components can

be found in other references (Crawley 1993).

.. Adaptive Structures
.. Sensory Structures

.. Controlled Structures
.. Active Structures

.. Intelligent Structures

mogaQw>»

Figure 2.1 Definition of wntelligent struciures. (Wada et al., 1990)

2.2 Induced Strain Actuators

Actuator systems can be divided into iwo broad categores. In the first categery, the
actuators are applied to the surface or are embedded within the structure itself. In the second
category are actuators used in truss-like structures where they replace some of the truss
elements of the structure (Wada, Fanson and Crawley, 1990). The actuators in the first
category are almost invariably induced strain actuators such as piezoeleciric actuators,
whereas in the second category the active truss members can be conventional displacement
actuators (screwjacks), where the length of the member is controlled, or force actuators (voice
coil), where the load in the member is controlled. This second category of actuators is widely
used in active trusses. Deployable space structures will make use of such active trusses not
only for deployment, but also for making fine resolution adjustments of the structural

surfaces (Natori et al., 1988).

Induced strain actuators develop strains, through a change in their physical properties,
in response to an external non-mechanical stimulus such as electric fields, temperature

gradient or magnetic fields. These developed strains, capable of controlling



material/structural geometrical configurations, mcchanical properties, and internal stress-
strain characteristics, can be used to apply controlled forces to the structure. The most
commonly used induced strain actuators in the first category, which includes shape memory

alloys, electrorheological fluids, piezoelectrics, electrostrictors, and magnetostrictors.

2.3 Static Models of Induced Strain Actuators Coupled with
Intelligent Structures

The interaction between induced strain actuators and intelligent structures has been
modeled a number of times thus far, and a review of the most common models will now be
presented. When integrated into a structure (either through embedding or surface-bonding),
induced strain actuators apply localized strains that directly influence the extensional and
bending responses of the structure. It has been demonstrated that induced strain actuators
generate a set of forces concentrated close to the edges of the actuator and their action: can be
represented -by iine forces or momenis applied along the periphery of the actuator (Liang and
Rogers, 1989). The induced strain actuators are often used in pairs, bonded on opposite sides
of the structure. By contrciling the voltage. applied on each actuator it is possible (& drive the
actuators in-phase (boih actuators expanding or contracting together), which creates an
extensional deformation of the middle surface or out-of-phase (one actuator expands while
‘the other contracts), which creates bending deformation of the middle surface. Between these
two extreme cases, unequal voltage application wili create a combination of extension and
bending. An actuator bonded only on one side of the structure is the most common case of
unsymmetric actuation. The general objective in the modeling of induced strain actuvators is
to establish an equation that will convert the primary variable (electrical voltage applied 1(5 the
actuator) to an equivalent loading that can be applied to the structure to represent accurately

the action of the induced strain actuator.

In this section theoretical models in which the actuator output force is obtained from
static considerations (i.e., local actuator/structural geometric and material properties) are
presented. If vibrational control or dynamic analysis is desired, the static fixed amplitude
actuator forces are simply applied over the whole frequency range of interest. For models
including dynamic interaction between the actuator and the structure, the reader is referred to

section 2.5. Also, only models assuming perfect bonding between the actuator and the



structure and no external loading will be discussed for the moment. Various models relaxing

these restrictions will be presented in section 2.4.

2.3.1 Beam and Plate Analytical Models

Analytical models involving flat structures, i.e., one-dimensional beams and two-
dimensional plates, will be the first type of intelligent structure presented. The models have
been derived based on theory of elasticity, Bemoulli-Euler beam theory, or classical plate
theory. The analytical models that have been derived thus far can be separated into three
different groups. The first group contains the earlier models developed for beam structures
and is often referred as the pin-force models. In the pin-force models, the actuators and the
structure are considered to be separate elastic bodies and forces are transferrcd from the
actuators to the structure by “pins” at the edges of the actuaters. The first pin-force model
was developed for a cantilever beam with a layer of PVDF bonded on one side only (Bailey
and Hubbard, 1985). The modeling was based on a force equilibriuro between the actuator
and the beam, and a constant actuator force output proportional to the applied volitage was
obtained. Another early model for out-of-phase actuation was developed by Fanson and
Caughey (1987). In this case, the equivalent moment loading on the structure was simply
given by the free induced strain muliiplied by the extensional stiffness of the
actuator: M =(1,+t)E t,A. This equation assumes a free expansion of the actuator, even

though the structure to which it is bonded will not allow such free expznsion.

A mcre extensive model was then proposed by Crawley and de Luis (1987) to model
in-phase and out-of-phase actuation of beam structures. This model allows discrete patches
of induced strain actuator to be bonded or embedded within the structure, with considerations
for the bonding layer and preexisting strains in the structure (see section 2.4). When the
actuators are surface bonded, the strain distribution in the structure (Fig 2.3a) is assumed to
be uniform in the actuator and vary linearly across the structure, with a strain compatibility at
the interface. The equivalent actuator force and moment to be applied to the structure are
presented in Table 2.1. With the assumed strain distribution, the pin-force model will
accurately predict the in-phase deformation of the beam but will incorrectly predict the out-
of-phase deformation of the beam for relatively thick actuators. This can be attributed to the
assumed uniform strain distribution in the actuators, which allow the actuators to bend.
Additionally, the actuator flexural stiffness is not included in the modeling as it should be

(Chaudhry and Rogers, 1994). For the embedded actuator case, the strain distribution is



assumed to vary linearly across the actuators and the structure, to satisfy strain compatibility
between the structural layers and the actuator layers (Fig. 2.3b). The difficulties experienced

in out-of-phase actuation of surface bonded actuators modeling will therefore not occur.

A generalization of the pin-force model to two-dimensional plates has been done by
Hagood et al. (1989). Using the same strain distribution in the actuator (Fig. 2.3a), similar
equivalent force and moment are found (only different in the (/-v) term). The forces and
moments in the x and y directions are equal in magnitude, and no twisting moment will be

present in isotropic plates.
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Figure 2.2 Effect of the thickness ratio on the three basic beam models for out-of-phase
actuation. (Chaudhry and Rogers, 1994)

Modifications have been made to the pin-force model to enhance its ability to
accurately describe the structural response (Chaudhry and Rogers, 1994). In this “enhanced
pin-force model,” the actuators and the structure are still treated as separate entities, but the
actuator flexural stiffness is included in the structural moment-curvature equations. In this
new model, the structural surface strains will not approach the actuation strains for relatively
thick actuators (see Fig. 2.2) and will not predict the structural response as accurately as the
Bernouilli-Euler model that will be discussed next.
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Figure 2.3 Assumed strain distribution through the thickness of the actuators and the
structure for out-of-phase actuation.

The second group of static analytical models will now be presented. In this group, the
modeling is based on a more accurate assumed strain distribution through the thickness of the
structure and the actuators. All models assume a linear strain distribution through the
thickness of the structure and the actuators (Fig 2.3c). The first model using this improved
strain distribution was presented by Crawley and Anderson (1990) for the actuation of beams.
This model was developed for embedded and surface bonded actuators and is often called the
“Bemouilli-Euler” or “consistent strain” model. For out-of-phase actuation, the curvature
strain is directly dependent on the structure/actuator thickness ratio due to the inclusion of the
actuator bending stiffness. When compared to a finite element analysis, the Bernoulli-Euler
model was found to give a more accurate prediction of the structural response. For in-phase

actuation, there is no difference between the pin-force and the Bernoulli-Euler models since
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the assumed strain distribution are the same in both cases. For embedded actuators, the strain
relation for out-of-phase actuation is different form the one obtained by Crawley and de Luis
(1987) even though the assumed strain distributions are the same. The difference can be
attributed to the simplification made by Crawley and de Luis (1987) which included the

actuator and beam stiffnesses at the actuator location.

A consistent plate model was developed by Crawley and Lazarus (1989). This todel
is a s}mple extension from the one-dimensional beam model to a two-dimensional plate
model. This closed form model is once again applied to plates with free boundary conditions
and no external loading. For more complicated boundary conditions and geometry with

external loading, an approximate solution based on the Ritz formulation was proposed.

A model assuming a linear stress variation through the thickness of the actuators and
the structure was developed by Dimitriadis et al. (1951). In this spherical pure bending
model, the equivalent moment to out-of-phase actuation is based on the moinent equilibrium
about the neutral axis. However, it should be pointed out that the stress slopes across the
structure and the actuators were assumed to be uniform through the thickness in this
- modeling effort (Fig. 2.3d). Since the elastic properties of the actuators and the stiucture are
usually different, the stress slopes should be different in each layer, given a linear strain

variation through the thickness.

- Kim and Jones (1991a) modified the Dimitriadis et al. (1991) mode} to rake account
of the different elastic properties in the actuators and the structure, which will have the effect
of varying the stress slopes through the thickness (see Fig. 2.3e). This analytical model
including a bonding layer is developed based on the shear lag theory, but first, & reduced
model assuming perfect bonding will be discussed. The reader is referred to section 2.4.1 for
more details on the bonding layer effect. It can be seen from Table 2.1 that the equivalent
moment is the same as the one obtained from the consistent plate theory (Crawley and
Lazarus, 1989). Shown in Fig. 2.4 is a comparison of the equivalent moment based on the
pin-force, the consistent plate, and the Dimitriadis et al. (1991) models. Based on the finite
element analysis that was performed by various authors (Chaudhry and Rogers, 1994;
Crawley and Anderson, 1990), the consistent plate model or the Kim and Jones (1991a)
model gives the most accurate results. The same authors also demonstrated that the effective
moment will be nearly identical whether static analysis or Love's equation of motion are used

for actuators bonded on composite structures (Kim and Jones, 1991b). The non—lineaf
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theory of composite beams was also used to model the actuators action on the structure (Kim
and Jones, 1991c).

Pin Force
_____ Dimitriadis et al. (1989)
-------- Euler-Bernoulli

Effective Bending Moment, my [Nem/m]
[\
|

e - - -
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Figure 2.4 Comparison of the effective bending moment cbiained from various modeis.
(K and Jones, 1991a)

Using the samie stress distribution through the thickness as Kim and Jones {1991a),
Masters and Jones (1993) derived an analytical model for actuators embedded within the
structure. An equation for the equivalent moment directly dependent on the actuator
thickness and location was derived.  This equation can be reduce o the Kim and fones

(1991a) model if the actuaiors are suiface bonded.

Various optimization: studies of the actuator ihickness, stiffness, and location wers
performed. It was shown that the optimal actuator thickness is primarily dependernt on the
actuator and structural elastic properties. If the Young's modulus of the actuator was 3-5
times less than the Young's modulus of the structure, surface bonded actuators were shown (G
be the most efficient. However, if the Young's modulus of the actuator is increased, the
actuator location is within the structure. (Masters and Jones, 1993). For given actuator
properties, the influence of the location of the actuator in the laminate was also considered
(Masters and Jones, 1991). It was shown that for thin structures, the optimal location is on the

surface, while for thick structures it is within the composite.

A conservation of strain energy model was developed by equating the applied
moment on the cross section of the edges of actuators to determine the induced linear strain

distribution and the equivalent axial force and bending moment induced by the actuators
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Table 2.1 Comparison of the equivalent actuator force and moment of surface bonded actuators.
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(Wang and Rogers, 1991a). Like the pin-force model, the strain energy model overestimates

the structural response for low thickness ratios.

The classical laminate plate theory was used to model the action of discrete induced
strain actuator patches (Wang and Rogers,1991b). Their work provided a theoretical basis for
general application of induced strain actuators, but the equivalent force and moment were
based on the free expansion of the actuators. The theoretical results have indicated that this
approach is most accurate for high actuator thickness to plate thickness ratios and
overestimates the force and moment induced by actuators for thin laminates. Lee {1990) also
applied the classical laminate plate theory to ‘the design of piezoelectric laminaie for bending

and torsional modal control.

1.4

* FEM

Current Model
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Figure 2.5 The linear shear stress variation models more accurately the effective forces near
the actuator ends. (Lin and Rogers, 1992b)

The last model group contains more accurate and relatively complex analysis that
accounts for transverse shear effects that were neglected in all the previuos medels. Among
them is the nonlinear model proposed by Pai et al. (1992a, 1992b) in which piezoelectric
plate response to large rotations and small strains was investigated. Another nonlinear
analytical model for distributed control of beam structures was derived by Zhuang and Baras
(1992) using the Timoshenko beam theory which includes the shear effect and rotational
inertia. Also, a linear shear stress variation model based on an approximate through-the-

thickness linear shear stress field was proposed by Lin and Rogers (1992). The advantage of
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this model is that it captures the physics of induced stress field in a closed form solution.
Indeed, the actuator impetus exerted internally in integrated actuator/structure system will be
different from the response obtained from an externally applied equivalent loading.
Furthermore, the structural response cannot be described properly based on a conventional
theory of structural mechanics. Based on this more accurate formulation, the variation of the
equivalent force and moment along the axial direction can be described more accurately (Fig.
2.5). This modeling effort has the advantage of eliminating the discontinuity at the actuator
boundary, as opposed to the pin-force and consistent models which predict a constant force

and moment over the entire length of the actuator.

2.3.2 Shell Structures

The coupling between the in-plane and the out-of-plane displacements found in
curved structures needs to be considered in the study of structural response i¢ induced sirain
actuation. This coupling adds complexity to the governing equations, which can no longer
be soived independenily. For such structures with curvatures such as rings and shells,
analytical models based on iayered sheli theory, plaie theory, and shell goveming egualions

have been proposed.

2.3.2.1 Layered Shells

-+ Layered shell modeis n which a distributed induced siraip actuator comprises a wotal
and distinct layer wiil 10w be presented.  The implementation of the actuator layers is onty
possible for polymer piezoclectric material, which has very limited actuaiion capabilities.
Induced strain actuator patches bonded on the surface of the shell or embedded within the
shell will only be discussed in the “Discrete Patch Actuation Of Shells” section 2.3.2.2.
Extensive work on layered shells has been done at the University of Kentucky by Tzou and
co-workers. An analytical model for multi-layered thin shells with distributed piczoelectric
actuators was proposed by Tzou and Gadre (1989). In this work, the theoretical development
is based on Love's thin shell theory in which the transverse shear deformations and rotary
inertias are neglected, and the governing equations are based on Hamilton's principle. The
action of the piezoelectric actuators is included in the governing equations through the
resultant forces and moments, which are based on the summation of the original strains and

the actuator induced strains. The vibration control of layered thin shells has been proved to

be possible and efficient. In Tzou and Tseng (1990), the model was extended to include the
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coupling between sensor and actuator layers. The sensor voltage from the direct piezoelectric
effect of the shell was derived using Maxwell's theory and induced strain equivalent loading
was proposed for open-loop control and for closed-loop feedback control. Experimental
work was done on a beam to verify the theoretical model simplified to beams (Tzou and
Zhong, 1991). An analytical model for thick composite piezoelectric shells was proposed by
Tzou and Bao (1993). In thick shells some assumptions made in the derivation of the thin
shell models can no longer be made, such as the transverse deformations and rotary inertias
that must now be included. Based on a triclinic anisotropic piezoelectric material, the
electromechanical equations for thick shells were derived. To include geometrical
nonlinearities due to large deformations, a piezothermoclastic nenlinear mede! was derived
(Tzou et al., 1994). The von Karman assumptions which neglect the nonlinear effects due to
large in-plane deflections and keep the nonlinear effects of transverse deflections were used
in model derivation. The transverse shear defermaticns and rotary inertiag arc again
neglected in this model. i is found that the transverse equilibrium equation is greatly
influenced by the nonlinear terms. Finally. to increase the control ¢f the actuators on the
structure, a segmentaiion of the distributed active layer was proposed (Tzouw and Pu, 1994,
1964b).

A model based on the general thin laminate sheli theory was propesed by Jia and
Rogers (1990). The shell governing equations were derived in a similar fashion as in Tzou
- and Gadre (1989), bui the transverse disiance is not neglecied compared 0 ij‘}c radii of the
shell, i.e., 1+% #1. The derived forcing terms are funcuons of the actuation forces and

moments, which are dircctly dependent on the applied volfage

An axisymmetric composite cylinder with surface bonded or embedded PVDF
induced strain actuator layer was studied by Mitchell and Reddy (1993). The analytical
model is based on the Navier equations of elasticity for axisymmetric geometries and requires
only the governing equations and constitutive model to be lincar. No assumpticns are made
conceming the stresses and strains, but the shearing stresses and strains £, =€,9 =0, =09
are zero due to the axisymmetry of the specially orthotropic cylinder considered. An
elasticity solution of an axisymmetric composite cylinder statically loaded with embedded

piezoelectric laminae was also derived (Mitchell, 1992).

A theoretical model based on Reissner's shell theory which does not neglect the

transverse shear deformation and rotatory inertia was proposed by Larson and Vinson
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(1993a). The shell governing equations were developed using Hamilton's principle and
considered shell anisotropy. The derived model was shown to be identical to the classical
shell theory model if the transverse shear deformation is neglected. This theoretical model

has been applied to curved beams and rings (Larson and Vinson, 1993b).

2.3.2.2 Discrete Patch Actuation of Shells

The first category of analytical shell models for discrete induced strain actuator
patches is based on a direct adaptation of the plate theory. The equivalent actuator force
and/or moment obtained from plate models are directly applied to the shell governing
equations, with no considerations of the shell curvatures. In Sonti and Jones (1991), work on
active vibration control of thin shells was done and an important assumption was made: small
piezoelectric actuators. This assumpticn allows one to negisct the added mass and stiffness of
the actuators and. mosi imnportantly, to neglect the coupling beiween the in-plane and out-of-
plane displacements. Other work on piezoelectrically actuated sheil structarcs was proposed
--by Lesier and Lefebvre (1997).  Again, the shell moedel is adapted from the plate model, in
which the curvatures of the shell are neglected. - The basis of such assumptions was that the
small size of the actuators compared to the shell radius will not introduce important errce in

the shell response calculations, even though the curvature etfects were omitted.

Models for discrete actuaror patches have also been devived based on the shell

governing equations. Using Leve's thin shell theory, Sonti and Jones (1993) derived the

"~ equations of motion of a cemposite thin shell and obiained approximate expressions for ihe

equivalent actuator forces and moments to be applied to the edges of the actuator. When
actuated in-phase, a uniform pressurz over the actuatcr footprint was found in the equivalent
loading. Chaudhry et al. (1994) looked more closely at this uniform pressure created by in-
phase actuation (Chapter 3). Based on the thin shell Donrel theory, expressions for the
equivalent forces and moments that represent the action of the actuator patches have been
developed. The main conclusion of this work was that, due to the curvature of the shell, the
representation of the in-phase actuation with only an equivalent in-plane line force applied
along the edge of the actuator results in the application of erroneous transverse rigid-body
forces. To avoid these rigid body forces, a uniform transverse pressure over the footprint of
the actuator must be applied to maintain the self-equilibration of the shell. Using this
concept, the in-phase actuation of a one-dimensional ring was modeled and the structural

response was obtained in a closed form (Chapter 4).
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2.3.3 Other Structural Applications

In this section, a brief review of various papers on the modeling of induced strain
actuation of intelligent structures is presented. Not all papers that fall into this category are
presented here, but those presented will give an overview of the application possibilities of

intelligent structures.

Various analytical models for the induced strain actuation of more complex plate
structures were developed. The modeling of laminated plates containing nonlinear actuators
undergoing small strains using the equations of elasticity and Maxwell's governing equation
was performed by Carman and Reichik (1994). The shape controi of elastic plates using
multiple embedded piezoelectric actuator patches was studied analytically by Agarwal et al.
(1994). Sun (1993) presented a theoretical model lor composite laminates consisting of
piezoelectric materials and behaving with {lexibie deformaiion properties. An analytical
model of a geometrically nonlinear composite plate with piezoelectric stiffeners was presented
by Birman (1992). The actnztion of clamped elliptic piezoelectric laminates was modejed by
Lee (1994) using the classical lamination iheory, Moir¢ interferometry experiments were
conducted to investigate the induced strain actuatior of surface bonded and embedded

actuators (Mollenhauer, 1992).

.=~ Twist, shear, and torsion can be applied io a structure with induced strain aciuators.
~ An integrated theory was used w model-the bending/iwisting/shearing actuation of faminated -
beams (Lee and Sun, 1994). The wwision dnd bending actuation of structures with
piezopolymer was explored by Lee (1989). Numcrous papeis were dedicated to the study of
torsional control using piezoclectric actuators (Kawiecki and Smith, 1994; Park and Chopra,
1994, Park et al., 1993; Smith and Kawiecki, 1992; Sung et al.,, 1990). A
Piezoceramic/polymer matrix composite which provides high stiffness and orthotropic
symmetry for bending and twisting was developed by Wetherhold and Wang (1994). Also,
theoretical models of the nonuniform surface deformation of piezoelectric ceramic-polymer
composites with 2-2 connectivity (Cao et al., 1993) and with 1-3 connectivity (Cao et al.,
1992) were presented. This work was extended to include surface plates and are added to the

composite to improve the deformation uniformity (Cao, 1993).

Several ideas to improve the induced strain actuation of intelligent structures have
been studied. The interdigitated surface electrodes idea was presented by Hagood et al.

(1993) to improve the transverse actuation of piezoceramics. The effect of shaped
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piezoceramic actuators on the excitation of beams was studied experimentally by Kim et al.
(1993) and analytically by Diehl and Cudney (1994). The enhancement of the structural
control using discretely attached induced strain actuators was studied by Chaudhry and
Rogers (1992). A development of piczoelectric fiber composites for structural actuation was
proposed by Hagood and Bent (1993). A lincar piezoelectric motor prototype with light
weight, large force and velocities, and micro and macro positioning characteristics was built at
Vanderbilt University (Newton et al., 1994). Many other piezoelectric motor designs have
also been under study (Fleischer et al., 1989; Goto and Sasaoka, 1988; Kumada, 1985;
Kurosawa and Uecha, 1991; Kurosawa et al., 1988; Niedermann et al., 1988; Ohnishi et al.,
1989; Schadegrodt and Salomon, 1990).

2.3.4 Finite Element Models

The analytical niodels that have been presented ure generally applicable to simple
structures such as beams, plates, and shells. with peundary conditions that can be easily
modeled.  For more complex structures, analyiica! modeling becomes strenuous, and
numerical methods, such as finite element analysis, shouid be considered to resolve such
problems. A simple way 10 perform finite element analysis of 1miegrated structures is to use
the analogous thermal expansion to model the induced strain aciuators. This approach is
helpful in the static analysis of integrated structures in thut & gives the structvral deformation
responise and- stress distribution but docs et include. the elecyromechanical coupling effects. ..
Following next is a review of the work done on ihe inmograiien of the piezoelectric effect in -

the finite eiement method.

A finite element model based on the theory of elasiicity and the Maxwell's electrical
theory of piezoelectrics has been developed by Ha and Chang (1990) using the varnaticnal
principle. An eight-node, 32 degrees of freedom (thrce normal displacemeints and one
electrical per node), three-dimensional composite brick element was used to model the
mechanical and electrical response of piezoelectric actuators integrated in a laminated
composite. An important conclusion from this work was that the inclusion of the three-
dimensional incompatible modes, which take account of the large bending in the structural
response, is necessary to obtain accurate results. Static and dynamic simulations were
performed on beams and plates (Ha et al., 1991, 1992) and compared to experimental data to
verify the proposed finite element model. A different finite element model for two-

dimensional plates was also proposed by Hwang and Park (1993). A four-node element with

19



a single electrical degree of freedom per element and three degrees of freedom per node (one
normal displacement and two rotations) was developed. The equation derivation was based

on Hamilton's principle and the classical lamination theory.

A finite element model was also proposed to model integrated actuators to sheli
structures (Tzou and Ye, 1994). The layerwise constant shear angle theory is used to develop
a laminated quadratic CO piezoelastic triangular shell finite element. This element (quadratic
in-plane and linear transverse) has twelve nodes with four degrees of freedom per node (threc
displacements and one electrical). The model is applied to two cases: bimorph and semi-

circular shell.

Models for two-dimensional plates based on the first order shear deformation piate
theory were developed by various authors. In all of following models, no electrical degree of
freedom is included since the induced strain loading is being applied as external loading.
"“The direct electromechanical coupling is therefore not available. First. Chandrashenkhara
and Agarwal (1993) proposed a nine-node isoparametric Guadrilaieral element with five
degrees cf freedom per node (three displacements and two rotations) The piczoelectric
constitutive equations. ar¢ included in this finite element model and the actuator moment
loading is applied to the element boundaries after discretization of the mesh. The use of the
shear theory only requires a C eiement, as opposed to the C! element necessitated by the
classical plate laminate thecry. - Similar work on nine-noded isoparametic quadrilateral
element with five degrees of freedom per node was proposed by Shab ¢t al. (1993a, 1992b;.
In this later work, it is shown that the stress field is strongly influenced by the shape of
actuators and that actuators with sharp corners should be avoided. Another formulation
based on the first order shear deformation laminated plate theory was proposed by Detwiller
et al. (1994). The variational principle is used to derive quadrilateral isoparametric element

with 20 degrees of freedom.

Finite element models using the concept of global/local response have also been
applied to piczoelectric material. First, an eigenstrain formulation was used to model the local
effects of embedded induced strain actuators or sensors and then was combined to a finite
element method for the global structural response (Accorsi, 1993). An important feature of
this method is the reduced time of computation acheived by performing only once a global
finite element analysis of the structure without integrated induced strain actuators. Then, for

various shapes, sizes, and locations of the actuators, only a solution of the eigenstrain is
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necessary. This method is more flexible for the design of integrated structures. Another
global/local finite element procedure was proposed by Robbins and Reddy (1993). In this
work, laminated composite plates with embedded or surface bonded induced strain actuators
were analyzed by dividing the structure into subregions, which has the capability of
determining the three-dimensional effects. This proposed finite element model combines the

variable kinematic finite elements and the finite element mesh superposition.

Work on the magnetostrictive effect has been studied on a smaller scale than the
piezoelectric effect. Nevertheless, a finite element model for embedded magnetostrictive
devices was proposed by Kannan and Dasgupta (1994a). The structural response fo applied
magnetic fields was obtained using a two-dimensional, coupled, linear finite element model
(Kannan and Dasgupta, 1994a, 1994b). The magnetomechanical interactions were fully
integrated in this model. Work on the direct effect of magnetostrictive sensors was also

performed by the same authors (Kannan and Dasgupta. 1994c).

Finally, piezoelectric elemenis aie vinw available in commercial finite element codes:
ANSYS 5.0 by Swanson Analysis znd ABAQUS by HKS. A snort review of the capabilities

of both packages is presented in Lin ef al. {1494).

2.4 Actuator/Structure Interaction : e

To implement the induced siraim-aciuators on the siructure, an adhesive is necessary 10
transfer the strain from the actuator 1o the structure. The quality of the bonding layer that 18
used will have an important impact on the response of the structure. In most of the static-
based models presented in the previous section, an important simplification was made: a
perfect bond between the actuator and the structure was assumed with a full transfer of the
shear stresses exactly at the edges of the actuator. Such a simplification will define the
structure at the edges of the actuator as the critical region. This removes the critical region
from the bonding layer, which is most likely to fail in operation. Issues such as the thickness
and compliance of the bonding layer and the intensive shear and peeling stresses at the
actuators edges must be taken into consideration if a complete understanding of the
actuator/structure interaction is desired. A review of more extensive studies of the bonding

layer and the free-edge effects on the structure is presented next.
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2.4.1 Bonding Layer Effect

Different bonding techniques such as adhesive bonding, diffusion bonding, silicate
brazing, and metal brazing can be used to join piezoceramic actuators to metallic structures.
Adhesive joints are the most convenient way to bond the actuators since they may be cured at
room temperature, have small residual stresses, and distribute stresses during service (Cawley,
1991).
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Figure 2.6 Effect of the shear lag parameter on the actuator and structure strains.
(Crawlev and de Luis, 1987)

The first analytical model which considers the bonding faver in the actuaior/struciure
interaction was based on the classic shear lag theory, which assumes an elastic bonding layer
of a finite thickness (Crawlcy and de Luis, 1987). The strain betwesn the actuator and the
structure is transferred through the shear stress present in the bonding layer. The work was
performed on a simple beam submitted to out-of-phase actuation. The theoretical mode! was
based on four assumptions: (i) only in-plane constant shear stress through the thickness of the
bonding layer, (ii) uniform strain distribution through the thickness of the actuators, (iii)
linear strain distribution through the thickness of the beam, (iv) only external forces causing
pure bending can be applied to the beam. In this analysis, the principal conclusion
concerning the bonding layer was that the shear stress in the bonding layer is only present
over a small distance from the edges of the actuator, with no shear stress at the middle of the
actuator (See Fig. 2.6). It was also found that, to obtain good shear transfer between the

actuator and the structure, a large shear lag parameter which is primarily dependent on the



stiffness and thickness of the bonding layer is needed. The shear lag parameter is essentially
a means of quantifying the “quality” of the bonding layer between the actuator and the
structure. For the perfectly bonded case in which the shear lag parameter approaches infinity,
the induced strain is transferred between the actuator and the structure over an infinitesimal
distance at the edges of the actuator. In typical engineering applications, the perfect bonding

assumption is acceptable for shear lag values larger than 30.

A refinement of the Crawley and de Luis (1987) model was proposed by Crawley and
Anderson (1991). In this work, the Euler-Bernoulli beam theory was used to predict the
response of a beam to in-phase and out-of-phase actuation. The difference between the two
models is in the assumed strain distribution through the thickness (see section 2.3.1.1) that
was considered in the modeling of the bonding layer. The pure shear in the bonding iayer
and the absence external loading of the structure assumptions were, however, maintained. In
general, one can draw the same conclusions conceming the effect of the bonding layer as for

the model developed by Crawley and de Luis (1987), but with more accurate results.

- Another model also based on the shear lag theory for the out-of-phase actuation i
beam structures, was derived by Kim and Jones (1991 under the assumption of composiie
plates. Again, a continuous Jlinear strain distribution across thie plate thickness is assumed,
with the linear stress distribution depending on the material properties of each of the layers
‘(actuator, ‘adhesive and structare. Based on this differeni stress distribuiion, ihe effective
bending moments were derived taking into consideration the influence of the bonding ]ayer.y
Similar conclusions to Crawiey and de Lais (1987) were cttained. For example, a thicker
layer will reduce the effectiveness of the strain transfer (Fig. 2.7). A study of the optimal
actuator thickness for maximizing the effective moment induced to the siructure was
performed. It was found that the influence of the bonding layer stiffniess is not significant
when compared to the influence of the piezoelectric actuator stiffness in the determination of

the optimal actuator thickness.

Under cyclic loading, delamination of the bonding layer is likely to occur and will
decrease the strain transfer effectiveness. It was shown that edge delamination significantly
will reduce the structural coupling between the actuator and the structure, while inner
delamination will have only a small effect (Kim and Jones, 1992). The edge delamination

will also reduce the authority of the actuators at low frequencies (Kim and Jones, 1991d).
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The dynamic response and natural frequency alterations due to delamination in composites

with embedded actuators was also investigated by Babu and Hanagud (1990).
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Figure 2.7 Effective curves illustrating the influence of the bonging laver thickness on the
optimal piezoactuator thickness. (Kim and jones, 1991a)

A static-based model was developed by [m and Alwuri 11989} for a beam subjecied to
general loading, having less assumptions than the model proposed by Crawley and de Luis
(1987). The shear stress distributions in both the top and bottom bonding layers were
--considered, with a possible appiication of unsymmetric induced strains 10 the actuators

~bonded on the beam structure. In this model the effects of the transverse shear and axial
-~ forces, in addition to a bending moment o1 the beam, was included in the formulation of the
governing equilibrium equations. Based on this study, it was found thai the shear stress
- transmitted through the bonding layer is greatly influenced by the externaily applied axial
and shear forces. The shear stress distribution over the length of the actuator is still
concentrated at its ends, but the magnitude at both ends of the actuator can be significantly

different.

A model based on the theory of elasticity and solved approximately by the principle
of complementary energy was derived by Lin and Rogers (1994a). The analytical model is
applied to the in-phase and out-of-phase actuation of a beam structure. The axial normal,
shear, and transverse normal stresses were all included in the modeling of the bonding layer.
The results of this approach were compared to the models based on the shear lag theory.

When compared to the present elasticity model, the shear lag theory over-predicts the
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effective force and moment near the actuator edges because the bonding layer is incapable of
carrying normal and shear loads (see Fig. 2.8). Parametric studies showed that a relatively
thick and/or compliant bonding layer will cause non-negligible reduction in the transfer of

the actuation mechanism, particularly close to the edges of the actuator.
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Figure 2.8 Reduced effective moment near the ends of the actuator when a bonding layer is
considered. (Lin and Rogers, 1994a)

‘Finite element analysis -has also been used 1o study the eifect of the bending fayer
(Robbins and Reddy, 1991). Using the gencraiized plate theory, a finite element fornuiation
is applied to -a beam structure including a bonding layer. This approacn satisfies all the
boundary conditions without using a large number of elements. This finite element
formulation, however, restricts the thickness of the bonding layer to be the same order of

magnitude as the structure and the actuator and involves heavy computations.

An experimental investigation to determine the optimum adhesive layer parameters
using Taguchi methods has been performed by Onders and Naganathan (1994). Different
types of adhesive, bond layer thickness, and type of base metal were considered in order to

maximize the strain transfer of the system.

2.4.2 Edge Effects

The interaction mechanisms between the actuator and the structure have been

theoretically modeled based on various theories such as shear lag, elasticity, and linear shear
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stress field. According to these models, a high interfacial shear stress state near the ends of
the actuator was desirable to obtain a good structure/actuator interaction, i.e., effective strain
transfer from the actuator to the structure. Such conclusions were reached because issues
such as interfacial shear and peeling stresses were not considered, although the low strength
interfacial bond is most likely to be the weakest structural component. Such models are thus
valid only in a distance approximately four actuator thicknesses away from the actuator edges
(Liang and Rogers,1989). Another neglected aspect is the excessive stress gradients in the
bonding layer which can be present and are able to initiate debonding of the actuator from

the structure.

A theoretical model capable of predicting the interfacial shear and peeling stresses has
been developed by Lin and Rogers (1993). The refined modet is based on an approximate
through-ihe-thickness second order axial noraal siress ficld, solved using the principle of
complementary energy after converting the induced sirain actuation problen:i i0 a boundary
value problem. The solutions of the whole ficld stress distribution are obtained for in-phase
and out-of-phase actuation for aciuators perfeclly bonded to he structure (no bonding layer
present iri the modeling). Tt was found that the effective actuator force atienuates near the
ends of the actuators, which reduces the discontinuities at the actuater edges. The interfacial
shear siress vanishes at the ends of the actuator, with a pesk at one actuator thickness from the
edges. - The interfaciai peeling stresses peak at the cdg{e and then decrease with increasing

- distance frem the actuator edge.

An extended model to include the bending layer was later proposed by the same
authors (Lin and Rogers, 1994a). This model has already been discussed in section 2.4.1. It
was pointed out that thick and/or compliant bonding layer causes noticesble losses in the
transfer of the actuation mechanism. Nevertheless, the bonding layer yields low interfacial

shear and peeling stresses, which is beneficial to the structural integrity.

A finite element analysis of embedded and surface bonded induced strain actuators
was performed to study the stress distribution in the proximity of the actuators (Shah et al.,
1993c). In their work, it was concluded that the stress concentration at the edges of the
actuators are sufficient to initiate cracks at the edges and that stress concentrations are lesser
for the embedded case. A quasi-three-dimensional finite element analysis was also used to
study the interfacial stress distribution in composites with embedded piezoeletric layers (Shah

et al.,, 1990). The principal conclusions were that the maximum interlaminar stress is not
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affected by the location of the piezoelectric layer and that an addition of a glass layer will

reduce the stress levels.

Some modifications in the implementation design of piezoceramic patches have been
proposed to reduce the high stress gradients present in the localized regions near the ends of
the actuator. These modifications consisted of employing partial electrodes to the actuator
surfaces instead of fully electroding the surfaces, examining actuators with chamfered ends,
and using structural caps to reduce the stress concentrations in the bonding layer (Walker et
al., 1993). Based on a finite element analysis, axial and normal stress reduction of the order
of 80% were obtained with a 60% reduction of the shear stress, for typical cases of in-phase
and out-of-phase actuation. The two best arrangements in reducing the stress levels were

found to be the partial electrode and the edge cap configuraiions.
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Figure 2.9 Reduced interfacial and peeling stresses with inactive actuator edges.
(Lin and Rogers, 1994b)

A more extensive analytical study of partial electroding was performed by Lin and
Rogers (1994b). When the partial electroding technique is used, the interfacial shear stress is
reduced because the actuation force is now not only transferred by the interfacial shear force,
but also by the normal force on the inactivated ends of the actuator. This will significantly
reduce the interfacial and peeling stresses (see Fig. 2.9). The strain transfer from the actuator

to the structure will increase slightly near the ends of the actuator, with an improved
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performance for stiffer inactive edges. To minimize the free edge effect, it was found that an

inactive edge with a length of two actuator thicknesses is optimum for better performance.

Special attention has also been given to embedded piezoelectric actuators in
composite materials. Various studies showed that the structural integrity will be affected by
presence of embedded actuators. Crawley and de Luis (1987) reported a reduction of 20% in
the ultimate strength of glass/epoxy laminates. Because of the presence of inert implants in
the composite laminate, discontinuities will be created and will increase the interlaminate
stresses at these locations. A solution was proposed by Singh and Vizzini (1993) to reduce
the negative effects created by embedded actuaiors: interlaced piezoceramic actuators. Such
a technique reduces the maximum interlaminar shear stress by 25% and the maximum
interlaminar normal stress by 35% and moves the initial delamination location away from the

interface between the actuator and the composite.

2.4.3 External Loading Effects

Thus far, very few of the anaiviical models discussed considered the boundary
conditions of the structure. It was genereily assumed thar the structure tad free boundary
conditions and was not subjected to any cxiernal loading. However, some studies showed that
the boundary conditions can have an imporiant impact on the structural response and shouwid

therefore be considered for more accuraie theoretical modeling.,

 In the pin-force mode! developed by Crawley and de Lais (1987), the equations for
the equivalent force and moinent were included. Strains due to exterral loading or
deformations that are not caused by the actuation of the induced strain actuators themseives
can be included in the structure at the ends the of the actuator. The preexisting strains in the
structure at the ends of the actuators must be known in advance. No case study was

presented.

Chaudhry and Rogers (1993) presented an analysis of the effect of externally applied
moments on a beam actuated out-of-phase with various boundary conditions. It was shown
that boundary conditions which prevent the free actuation of the structure have the same
effect as external loading. The authors concluded that, if the actuators are replaced with a set
of equivalent moments on the structure without considering the effect of external loading
and/or constrained boundary conditions, a large error in the structural response is found. An

optimization study for maximizing the strain induced in the structure showed that the
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optimum thickness ratio changes with the external load and also with the electric field applied
across the actuator. This behavior was reported to be caused by the external load that the

actuators must work against in addition to working against the structural stiffness.

A model based on the theory of elasticity, including external loading, was derived by
Lin and Rogers (1994c). This model is a simple extension of the model discussed earlier
(Lin and Rogers, 1993). Including the effect of external loading, the effective force and
moment due to in-phase and out-of-phase actuation, respectively, showed an excellent match
with the finite element analysis performed. In this analysis, it was also demonstrated that the
interfacial shear stress distribution is altered with extemnal loads, and the maximum interfacial
shear and peeling stresses are a linear function of the external loads. The model proposed by
Im and Alturi (1989), presented carlier, included the effects of externally applied transverse
shear and axial normal forces. Ii was also shown that the exiernal leads have noticeabie
effects on the magnitude of the interfacial shear stresses. Because this model is based on the

shear lag theory, it lacks quantitative accuracy.

A nenlinear theory of laminated piezoelectric plates was proposed by Pai et al.
(1992 Tt this work, in additicn o the actuator induced joads, external loading was

considered in the model formulation.

2.5 Models Including the Dynamic Interaction-of the Actuators
and the Structure

All of the analytical models presented in section 2.2 nieglected the dynamic properties
of the actuator. The modeling efforts were based only on static considerations, which resulted
in frequency independent equivalent actuator forces and moments. For dynamic analysis of
intelligent structures, the statically determined actuator force and moment were simply
assumed to be constant over the whole frequency range of interest and were then introduced
in the equations of motion. This static-based approach to dynamic analysis of intelligent
structures shows important shortcomings in the accuracy of the calculated dynamic structural
response. In this section, models that includes the dynamic characteristics of the actuator and

the structure will be presented.
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2.5.1 Dynamic Modeling Approach

Issues associated with coupling the piezoelectric actuator dynamics to mechanical
system dynamics were discussed by Hagood et al. (1990). Based on Rayleigh-Ritz energy
formulation, the equations of motion for piezoelectrically coupled electromechanical systems
were derived. This model includes dynamic coupling between the structure and the electrical
network through the piezoelectric effect. In this dynamic model, the governing equations of

the electroelastic system (Eq. 2.1) includes the mass and stiffness of the integrated PZT patch.

[\
—

(M+Mp)i‘+(K+Kp)r—®v=Bff

where r and v represent the generalized displacement and voltage coordinates. © denotes
electromechanical coupling matrix and By is the forcing matrix. fis the vector of external
point forces. Case studies of a cantilevered becam with surface bonded induced strain
actuators with direct voltage-driven electrodes and direct charge-driven electrodes were
presented. The actively contreiled caniilevered beam was fesied and favorable resulis were
obtained. However, actuator force loading is not explicitly expressed as a runction of the
actuator input impedance and the host structural mechanical impedance. Asg the aciive
control force needs to be calculatad, the blocking force was used so that the induced force

loading is still independent of the dynamics of the host structure and frequency.

Inman (1990) investigated the phenowenon of the control/stricture inieraction (CSI)
for the lumped dynamic sysiem. It was. assumed that the acmators-used for.contrel have
second-order dynamics. The effects of added actuator dynamics to the state feedback in
“ vibration suppression problems were considered in the modeling. The stability of the

integrated control system was specifically discussed.

2.5.2 Impedance Modeling Approach

An impedance model based on the dynamic properties of the actuators and the
structure has been proposed by Liang et al. (1993a). This analytical model is able to model
the dynamic response of the intelligent structure accurately by including the dynamic
interaction between the actuators and the structure. The essence of the impedance approach
is to match the actuator impedance to the structural impedance along the edges of the
actuators. This modeling approach includes the actuator stiffness and damping, but not the

actuator mass loading. Based on the structural impedance, the induced strain actuator force
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output will be frequency-dependent, and this will result in a more accurate prediction of the
dynamic response. The impedance model has been shown to be more accurate than static-

based models for the calculation of the dynamic structural response of intelligent structures.

The impedance modeling approach has been applied to numerous cases. An
impedance model for a beam under out-of-phase actuation was proposed by Liang et al.
(1993b) and then extended to two dimensional plates (Zhou et al., 1994a). The impedance
approach was also applied to curved structures, such as out-of-phase actuated rings (Rossi et
al. 1993). Extended models for rings structures including the transverse shear resultant were
proposed for out-of-phase actuation (Chapter 5) and in-phase actuation (Chapter 6). Two-
dimensional shell model tor out-of-phase actuation (Zhou ¢t al. 1993) and for general

actuator loading (Chapter 8) completed the work on this dynamic modelization approach.

Experimental work on plates {Zhou et al., 1994a) and rings (Rossi et al., 1993;
Chapter 7) was performed (o verify the impedance models. A computer implementation of
the impedance mode! for Euler-Bernoulli beams with various boundary conditiens. 1oading
conditions, structural damping, and stiffness and mass ioading was performed by
Subramaniam et al. (1993).

Using the impedatice approach, the coupled electro-mechanical analysis of induced
strain actuators can be easily integrated to determine the power consumption 2nd energy
transfer in the electro-mechanical system (Liang et al., 1362, 1993¢). An extended thermo-
electro-mechanical study was proposed by Zhou et al. (19910} (o estimate the temperature

and thermal stress distribution in the aciuatoss.

2.6 Summary

In this chapter, a review of the mechanics of induced strain actuation of intelligent
structures was presented. A discussion of the intelligent material systems and structures
concluded with the enormous possibilities of such intelligent systems. An overview of the
principal induced strain actuation materials showed that no material has a large advantage
over the others, each material being appropriate in its own field of application. The variety of
static models of induced strain actuators coupled with intelligent structures showed various
levels of performance in the structural response modeling. The most common Euler-

Bernoulli model showed better performance than the pin-force model due to the more
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accurate assumed strain distribution through the structure and the actuators. A drawback of
the static models is the impossibility of including the dynamic characteristics of the intelligent
system. The actuator/structural interaction was shown to have an important impact on the
structural response. The bonding layer decreases the strain transfer from the actuator (o the
structure, the edge effects can create peeling and interfacial stresses reaching the ultimate
strength, and the external loads greatly affect the response. of the system. The impedance
modeling approach, which includes the actuator and structural dynamic characteristics, was
reported to give better results over the static models for the dynamic response cases. Altough
this review consisted only of a brief overview of the current status of the research conducted
on the induced strain actuation of smart structures, it gives an insight on the importance of
pursuing the research, development, and design of this promising field of intelligent material

systems and structures.
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Chapter 3

Special Considerations for the Equivalent Loading of
Induced Strain Actuation of Shell Structures

Abstract

Based on the thin-shell Donnell theory, a model to represent the action of discrete
induced strain actuator patches symmetrically bonded to the surface of a circular cylindrical
shell has been developed. The model provides estimates of the bending curvatires due to the
out-of-phase actuation and the in-plane strains due to the in-phase actuation of the bonded
actuator patches. The magnitudes of the induced curvature and the in-plane strair are found
“to be identical to those of plates; however, due to the strain-displacement relations in
- cylindrical coordinates, the in-plane and out-of-plane displacements are coupled. £xpressions
for the equivalent forces and moments that represent the action of the actuator paichies have
been developed. Due to the curvature of the shell, the representation of the in-phase
actuation with an equivalent in-plane line force applied along the edge of the actuator results
in the application of erronecus rigid-body transverse forces. To avoid these rigid body
forces, a method to represent the in-phase actuation with a system of self-equilibrating forces
is proposed. The action of the actuator is then represented by an equivalent in-plane force
and-a transverse distributed pressure applied in the region of the actuator patch. Finite
element verification of the proposed model is presented. The displacements due to the actual

actuator actuation are compared with the proposed model, and very good agreemernt is found.

3.1 Introduction

In recent years there has been a great surge of interest in research on shape, vibration
and acoustic control of structures with induced strain actuators like piezoelectric materials and
shape memory alloys. What distinguishes induced strain actuators from conventional
hydraulic and electrical actuators, and makes them especially attractive for smart structures, is

their ability to change their dimensions and properties without utilizing any moving parts.
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These actuator materials contract and expand just like the muscles in the human body. When
integrated into a structure (either through embedding or through surface-bonding), they
apply localized strains and directly influence the extensional and bending responses of the
structural elements. Because of the absence of mechanical parts they can be easily integrated
into the base structure. Integration within the structure ensures an overall force equilibrium
between the forcing actuator and the deforming structure, thus precluding any rigid body

forces and torques.

Induced strain actuators, like piezoclectric materials when bonded to the surface of a
structure, generate a set of forces which are concentrated close to the edges of the actuator.
Therefore, their action is often represented by line moments or forces applied along the
periphery of the actuator. This representation simplifies analysis because the structure does
not have to be discretized (to represent the non-uniforn: structurai properties in the regions of
the patches) and global structural equations can be soived with the actuater forces appearing
as discretely applied extemal forces. This analysis methed, although approximate
_(approximate because the actuator mass and stiffness zre nioi represented and aciuater forees
derived from static ard siress-free boundary conditions arc used), gives reasonably accuraie
results for small and thin patches of actualors. Also, for the case of straight structural
members like beams and plates, it does not pose any problems such as the equivalent actuator
forces producing rigid-hody mation. For shell-iype structures, however, due to their
curvature, this simple. represerttation is not appropriate for ine case of in-phase actuation. In-
phase actuation. refers to the case when the two actuators bonded to the top and boiiom
surface of the shell are activated to produce sirains in the same direction. Because the
circumferential forces used to represent the action of the actuator are not co-linear ‘they
produce rigid-body transverse forces on the shell. Thus, certain special madifications must
be made to such a representation scheme to accommodate the special characteristics of the
shell structures. The modification proposed and verified in this chapter is the application of a

uniform transverse pressure across the footprint of the actuator.

To date, a number of models to represent the action of actuators on beams and plates
have been proposed (Crawley and Lazarus, 1989; Lee, 1990; Crawley and Anderson, 1990;
Wang and Rogers, 1991a; Dimitriadis, Fuller and Rogers, 1991). For shells, the only models
that have been developed are based on layered shell theory, i.e., the analytical model assumes
that the induced strain actuator material comprises a total, distinct layer of the shell (Tzou and

Gadre, 1989; Jia and Rogers, 1990). In the work that has been reported on vibration and
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acoustic control of shells using piezoelectric actuators, plate models are often adapted to
shells (Sonti and Jones, 1991; Lester and Lefebvre, 1991). At first sight, this adaptation seems
perfectly reasonable because the shell is thin and r/¢; is large. This does, however, pose a
problem for the representation of in-phase actuation forces because the actuator forces are no
longer co-linear as in the case of beams and plates, and as stated earlier, this results in a rigid-
body force being applied to the shell (see Fig. 3.1). If this is not recognized, then the action
of in-phase actuation of even a small actuator patch will result in an erroneous respense and
can lead to a totally wrong solution. In a recent model for curved piezoelectric actuators,
Sonti and Jones (1993) also recognized this fact and showed the necessity of including a
uniform transverse pressure, in addition to the axial and tangential forces, to correctiy

represent the action of in-phase actuation.

Figure 3.1 Nor-equilibrium of discrete tangential forces in shell structures.

A model has been developed to compute the equivalent forces and moments appiied
by a pair of symmetrically-bonded actuator pairs, and is described here. This is followeé by
a discussion of the special considerations for shell-type structures. The development of the
model is similar to the work of Crawley and Lazarus (1989) for plates, and relies on classical

lamination theory (CLT).

3.2 Model Formulation

A model describing the interaction between surface-bonded actuators and a circular

cylindrical shell has been developed based on Donnell's theory. For completeness a short
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derivation of the accompanying equations of motion is also presented. Consider a thin

circular cylindrical shell, as shown in Fig. 3.2. We start with the following Donnell's

assumptions ( I+ % =1, r— R) for the kinematics of deformation:

(2]

,60,2)=u’(x,0)— , 3.1
u(x,0,2) =u’(x,8) -z = (3.1)
,0,2)=v%(x,0) — , 3.2
v(x,0,2)=v°(x,0) ZR&G (3.2)
w(x,0,2)=w’(x,0) . (3.3)

In the above, z is the local thickness coordinate, measured from the middle surface of the

shell. The superscript zero denotes displacements of the cylindrical panel's middle surface

Figure 3.2 Thin circular cylindrical shell coordinate system.

The pertinent strain-displacement relations in cylindrical coordinates are:

Ou n° 9%w°
ex=£=e§+zxx; €§=§; Ky=— poal (3.4)
N w o N we I*w°
Eg=——+—=€g+zKg; Eg= +—; Kg=———., 3.5)
%~ oo 07500 0T Roe R’ 9T R296% (

and
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Y —&+i— %0 +2K.55 Yo _3\1_0_]_@0_' Ky =-2 o’
X0 T T Rap VX0 TR0 Vx0T gt KA T T R0

(3.6)

The resultant force-strain relations for a layered composite laminate are given by (Jones,

1975):
G-l ol 5

where
{Nr}=][C)iA}a: (3.8)
{Mp}=[|afiA}zdz (3.9)

are the equivalent of thermal forces in CLT. Note that A is the free induced strain developed
in the actuator in response to an applied voliage (A, = £d., =Vd3;, /1,). The three governing

equilibrium equations are:

IN, Ny o A

S LA pa it =0, - 3.1Q0)
ox  Rop o

_a_ﬁ_{.&e_.yg%ﬂ‘-psgsiioz(), (211
ox RI6 7

and

*M M., 9°Mgy N .
o ko R kPO G-12)

with boundary conditions at x=+#L/2 and 8=2a/2. For an unconstrained symmetric panei with

no externally applied forces or moments, i.c., N, M=0, Equation (3.7) reduces to:

{i}:[z ﬂ_l{ﬁi} : (3.13)

For a symmetric shell (B=0), the above equations are uncoupled, and
ol _ —1
{e}=[a1"{Na} (3.14)

{c}=[D]{M,} . (3.15)
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To obtain simplified expressions for the induced curvature, we assume that the shell is
isotropic and has the same Poisson's ratio as the actuator. For such a case, the [A] and [D]

matrices reduce to:

v Sy 1 v 0 -J
t+
[A]=DbT )y, ;g |, (3.16)
(]...VZ) I-v
0 0
2
I v 0
3 3 3
[D]= thsz 2 Yaz. (’iﬂa} -(‘i) v 10 | (317
12(1—\/) 3(1—\/) 2 / 2 0 0 I-v
2 ]
Rewriting in a more convenient way,
Yr(2+ ‘[i Voo -l
[A]=2dalZE VN E (3.18)
(1 -V } i(! !‘/ ___}).L!
2y bog I v 0
[DJ=_IS_/ ‘1‘“‘\ |‘6+w+.1—i+—5—.— 1 0 , (3.19)
12{]2) T T4 I-v
LV }L a0 “_ﬂ_‘_.
\ g 2 i

With these assumptions, the following expression for the induced bending sirains due to the
out-of-phase actuation is obtained from equation (3.15) (z; = shell thickness, t; = actuator
thickness):

Ky 6(1+_Jtpﬁ

Kg 3 I[A , (3.20)
Kxg 6+W+T_+?— tOJ
where
Yot
= T——s 3.21)
V= Yt t, (

and for in-phase actuation, the following expression for induced middle-surface strains is

obtained from equation (3.14):
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2
= 1A . (3.22)
2+y 0

€6

o
£x6

The above expressions for the middle-surface strains for the case of in-phase
actuation and the bending strains for the case of out-of-phase actuation are the same as those
obtained for plates; however, the circumferential strain is now coupled with the out-of-plane

displacement (equation (3.5)).

To solve a plate or a shell problem, an expression for a set of equivalent forces is
often developed. These forces, when applied along the edges of the footprint of the actuator,
on the structure result in the same degree of bending strains and in-plane middle-surface
strains as those obtained from equations (3.20) and (3.22). The equivalent forces and
moments are obtained by substituting the bending strains and the in-plane strains from
equations (3.20) and (3.22) into equation (3.7), with ¥4 and M 4 set t¢ zero. For out-of-

phase actuation, the equivalent moments are found to be:

o, [ d)
TM%T JS’SV e 12“}“' (3.23)
30) o Oty t 0]

—and for-in-phase actuation, the following expression.for the equivalent axial and tangential

force is obtained:

[N |
In b = Xats 2 [1'/\ 24,
g = L , (3.24)
J 1-v2+y
LNXG eq. 0

The tangential force obtained from the above equation, when applied to the shell
along the two circumferential edges of the actuator will not be co-linear, due to the curvature
of the shell, and will have an erroneous component resulting in a rigid body mode. This
situation has already been illustrated in Fig. 3.1. This occurs due to the simplifying
assumptions in the above formulation. In actuality, a set of self-equilibrating stresses are
developed between the shell and the bonded actuator, and there is no rigid body force

developed.
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To remedy this situation, we have proposed the application of an equilibrating
uniform radial pressure applied across the footprint of the actuator. The magnitude of the
uniform pressure is obtained from simple statics and is equal to —N4 /R (Fig. 3.3). This set
of forces, i.e., an equivalent tangential force given by equation (3.24) and a uniform radial
pressure, now provide a convenient means of representing the action of surface-bonded
actuators which are actuated in-phase. To verify whether this set of forces results
approximately in the same displacement field as a true actuator bonded to a cylindrical shell a

comparison with a finite element model is made.

Figure 3.3 Adequate equivalent loading to maintain equilibrium.

3.3 Finite Element Modeling and Verification

Two finite element models have been constructed to verify the equivalent loading
scheme. A 6" radius, 0.032" thick and 1" deep ring with piezoelectric actuators 1/6 of the
ring thickness and covering an arc 10° long () have been used. Making use of symmetry,
only the top half needs to be modeled. The first model, shown in Fig. 3.4a, consists of beam
elements. First, the actuation is simulated by specifying a coefficient of thermal expansion
for the clements in the actuator region and then applying a known temperature to the model.
Second, an equivalent self-equilibrating load, i.e., pressure and tangential force,
corresponding to the temperature, is applied (equations (3.23) and (3.24)). The radial and
tangential displacements obtained from the above analysis are identical and therefore not
shown. It must be noted that the pressure loading must be transformed to nodal forces only
(lumped loading). The lumped loading is often better for flat elements representing a curved

surface (De Salvo and Swanson, 1979).
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Figure 3.4 Finite element modeis used to verify the theoretical medel.

The second finite element model uses plane stress elements in the actuator region to

include the actuator's stiffness and uses beam elements for the rest of the shell (Fig. 3.4b). A

-rigid -element connecting the five nodes -at the end of the plane stress element region is
introduced. A constraint equation is then used tc ensure the continuity in the rotations

between the beam and plane stress elements. Again, thernal expansion is used to simulate the

static action of the actuators on the shell.

The radial and tangential displacements are shown in Fig. 3.5. Discrepancies between
the equivalent loading model and the plane stress finite element model exist since no
assumptions about the actuator stiffness or about the equivalent loading are made in the latter
model. The differences are however greater in the actuator region due to the added structural
stiffness of the actuators. Even though displacement differences are present, the plane stress
finite element model validates the derived model since it gives results of the same order of
magnitude with similar deformed shapes as opposed to when only point tangential forces
(without a transverse pressure) are used. The deformed shape of the analytical model and the

plane stress finite element model are shown in Fig. 3.6. Also shown in Fig. 3.5 are the
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Figure 3.5 Comparison of the dispiacements predicied by the proposed self-equilibraiing
equivalent forces, the plane siress finite eiement model and the tangential force alore (no
pressure).
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— @ - Equivalent loading model

---& -- - Plane stress elements

Figure 3.6 Deformed shape of the ring using the self-equilibrium loading and the plane
stress elements.

displacements of the same ring if only discrete tangential forces are applied (without

transverse pressure). This model using only tangential forces does not satisfy the ring's
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self-equilibrium. Major displacement discrepancies between the proposed equivalent loading
model and the case using only tangential forces are observed both in shape and magnitude.
Using the tangential forces alone over predicts the displacements by a factor of up to 1000, as
seen on the right vertical axis of Fig. 3.5 (note that the scales of the two vertical axis are
different). Also, a reaction force in the x-direction at the clamped boundary is present if
uniform pressure is not applied. This reaction force should not be present since the actual
ring with bonded actuators is in self-equilibrium. Adequate equivalent loading did not show

any reaction force in the x-direction at the clamped boundary.

From the finite plane stress element model shown in Fig. 4b, it is possible to justify
the use of a uniform radial pressure on the actuator footprint to maintain the self-equilibrium
of the ring. Figure 3.7 shows the radial stress distribution through the thickness of the
actuator and the ring. This stress distribution is virtuaily coustant over the whole actuator
region, except at the ends of the actuator, which validates the use of a uniform radial pressure
in the analytical model. With the actuators removed, an equilibrating radial pressure applied
on both sides of the shell is necessary to produce the same stiess disiribution on the shell
- surface (z/ts=1, -1) shown in Fig. 3.7. Because the iniercst is in global shel! deformations, the
equilibrating pressure can be appiied on onc side cnly or on the shell midpiane, since it will

produce the same shell response.

e R e S e A

Actuator

Radial stress (Msi)

1 i i S |

-25

-1.1666 -1 0 1 1.1666
zt

s

Figure 3.7 Radial stress distribution through the thickness in the actuator region.
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3.4 Conclusions

In this chapter, a model to represent the action of discrete induced strain actuator
patches bonded to the surface of a circular cylindrical shell is developed based on Donnell's
theory. Expressions to represent the actuator forces and moments have been developed for
shells and are found to be the same as those obtained for plates. However, this equivaient set
of forces and moments produces a rigid body mode resulting from the non-colinearity of the
tangential forces due to the shell curvature. To avoid this rigid body mode, uniform pressure
is applied in the region of the actuator patch. This solution method is verified using finite

element modeling and shows very good agreement.
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Chapter 4

Static Modeling of In-Phase Actuation of
Actuators Bonded on Ring Structures

Abstract

A closed-form model to represent the in-phase actuation of induced strain actuators
bonded to the surface of a circular ring is developed. Due to the inherent shell curvature, the
equivalent discrete tangential forces generally used to represent the in-phase actuation of the
actuators (such as in pin-force models) are not co-linear and result in the application of rigid body
forces on the shell. This ion-eguilibrium state violates the principle of self-equilibrium of fully
integrated structures, such as piezoclectrically actuated shells. The sclution to this non-
equilibrivtn problem is to apply a vniform transverse pressure over the actuator regicu to maintain
equilibrium. Using this adeguate equivalent inading scheme for in-phase actuation, a response

model for a circular ring is derived based on shell governing equations.

To verify the in-phase actvatica response model, finite element analysis is perforimed. A

perfect match between the in-phase actuation response mode! and the finite clement results, when

" the ‘actuator mass and stiffitess are neglected, validaics the derived analytical model. If the seif-
“equilibrium is not maintained (point-force model), the predicted deformed shape is compietely
different from the actual shell response to in-phase actuatiori. Thus, by simply applying a

uniform transverse pressure along with the discrete tangential forces in order to maintain the self-

equilibrium of the shell, the shell response can be modeled accurately.

4.1 Introduction

Piezoelectric actuators have been used for active shape, vibration and acoustic control of
structures because of their adaptability and light weight. Their ability to be easily integrated into
structures makes them very attractive in structural control since all moving parts encountered with

conventional actuators are eliminated. Structural control is obtained by simply embedding PZT
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‘actuators in the structure or bonding them on the structure. In structural control, the desired
deformation in the structure is obtained by the application of localized line forces and moments
generated by the expanding or contracting bonded or embedded PZT actuators. In the case of
vibration and acoustic control, the piezoelectric actuators, by the application of these line forces,
will change the impedance of the structure to reduce the unwanted dynamic effects at given

frequencies.

Previous research performed on PZT-actuated beam and plate structures has led to
models describing their response (Crawley and de Luis, 1987; Crawley and Anderson, 1990;
Dimitriadis, Fuller and Rogers, 1991; Liang, Sun, and Rogers, 1993; Wang and Rogers, 1991;
Zhou, Liang and Rogers, 1994a). Simple but efficient models were proposed to describe the
response of a plate structure to bonded/embedded piezoelectric actuators {Crawley and Lazarus,
1989). By siniply replacing the PZT actuator with line forces and momeris along its edges, very
accurate results are produced even though this type of model is approximate since ihe mass and
stiffness of the actuator is not considered. However, much Icss research has been done on
structures with curvature. 3ome experimentai work (Fulier ¢l 2i., 1990) and adaptaiions of flat
structure models to curved structures have been made (Lester and Lefebvre, 1991: Sonti and
Jones, 1993). Some models based on shell equations have also been proposed (Larson and
Vinson, 1993b; Rossi. Liang and Rogers, 1993b; Sonti and Jones, 1991; Zhou. Liang and Rogers,
19933,

In the previous chapter, the author considered the modeling of piezoelectric actuator
patches on circular cylinders. When the piezoelectric aciuators are aciuated in-phase, it is found
that the point force model used to represent the actuator creates a rigid body motion since the
equivalent line forces are not collinear due to the curvature of the shell (Fig. 4 1). Since the PZT
actuators are integrated within the structure, self-equilibrium must be satisfied. This equilibrium
discrepancy between the actual structure and the equivalent loading scheme will produce serious
errors when the shell response, based on the line force representation of the actuator, is calculated.
Until now, no models take account of this non-equilibrium application of the equivalent line
forces. The solution proposed to solve this problem is to apply a uniform transverse pressure over
the actuator location to eliminate the rigid body mode. Good agreement between the equivalent

loading model and the actual response of the piezoelectrically-actuated structure was found.

In this chapter, a model for in-phase actuation response of a piezoelectrically-actuated

circular ring, which takes into account the non-collinear equivalent line forces, is proposed.
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4.2 Shell Equivalent Loading Model

The first step in this paper is to repeat the conclusions established in the previcus chapter.
An equivalent loading scheme for shell structures was presented. It was shown that in the case of

in-phase actuation, a rigid body mode was present due to the fact that the equivalent line forces
Ng are not collinear (Fig. 4.1).

Figure 4.2 Adequate equivalent loading to maintain equilibrium.

To eliminate this non-equilibrium state of the structure, a transverse uniform pressure is
added (Fig. 4.2). The magnitude of the transverse pressure from simple statics is then:

_No

4.1
R CRY

Pr=
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where

N, 4.2
6 I-v2+y “.2)
and
Y.t
==L 4.3
v Vi, 4.3)

when the Poisson's ratio of the shell and the piezoelectric actuator are assumed to be the same. Y,
t, L and R are the Young's modulus, the thickness, the tree induced strain and the radius of the
ring, respectively, while the subscripts s and a stand for shell and actuator, respectively. If a
circular ring is considered, the Poisson's effect disappears since there are no constraints in the
axial direction. Thus, for the case of a ring, the Poisson's raiic in cquation {4.2) is set to zero.
Based on this equivalent loading scheme, a response mode! for a circular ring with two discrete

tangential forces and a uniform radial pressure will be derived.

4.3 Derivation of Governing Equations

A brief overview of the governing equations of a thin ring subjected 10 radial pressure
and discrete tangential loading will be presented (Soede!, 15815, !n the case of a thia circular
- ring, only the in-plane siress resultanis Ng, Mg and Qg ars present and a linear variation in the
tangential direction and a constant radial displacement through the thickness are assumed
(Kirchhoff's assumption, Soedel, 1981):

v=v"+zf8 (4.4a)

w=w’ (4.4b)
1 ow?’
=—| - 4.4
h R[v 26 ] (4-4¢)

where fis the rotational displacement and v° and w? are the neutral surface tangential and radial

displacements, respectively.

Under those assumptions, the strain-displacement relation is:
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I{ov z (V° *w°
Eg=— +w° |+ —— 4.5
? R[ o0 R*\ 96 967 )
The membrane force, bending moment and transverse shear force resultants are obtained

by integrating the stress components through the thickness of the ring:

L2 k)2 _K v’ °
Ngg = -[—zg/z Codz = -"—13/2 Y,£4dz = 73—[ 5 Y (4.62)
Mog = [ Gyzdz=["" Y.eg2dz= "2 w0 _Fwe) (4.6b)
08 — -1,/2 6 - —t,]2°¢ 6 - RZ 00 862 /J -Ob)
Og = J'i‘/ 2,2 Oy, dz, (4.6C)
s/
where the membrane and bending stiffnesses are:
K=Y, (4.72)
3

p=Xt (4.7by

1z

respectively. It must be noted that the Poisson’s ratio is not present in the stiffness expressions

equation (4.7) since the ring is free to deform in the axial direciion.

The equilibrium equations derivation is based on the energy method, using Hamilton's

principle:
t! 7 Al oy
J, [6(U—E, —E,)~K]di=0, (4.8)
where & U-Ep-Ep ) is the total variational potential energy and K is the variational kinetic energy.

Since the ring is subjected to static loading, the kinetic energy term is equal to zerc. The Love

ring equations for the equivalent loading scheme are found to be:

dNgo 1 dMgo  No 5(6-6,)=0, (4.9a)
Rd8 R Rd6 R

d*Mgy  Nog
R40° R U (4.9b)
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The derived equilibrium equations (equation (4.9)) are very similar to those obtained when a

pressure loading is considered. The difference appears in the tangential line loading term

-% 8(6-6,) which replaces the py() term when tangential pressure loading is considered in
equation (4.9a).

Indeed, this difference occurs in the potential energy of the external line loading used in

Hamilton's principle, which is given by:

Ep =[Ngv° dx. (4.10)

Rewriting the previous equation under a double integral by introducing a Dirac function:
(N, c . N
By = [[| - 806, (ka6 x, 411
x.‘S‘ k- /
where 6 is the location of the applied line ioad. The loads are assuined to be applied on the

neutral surface of the ring.

Finally, the necessary boundary conditions for the ring ar:

*

Ngg=Ngg or v*=v" (4.12a)
Myg =My or 3=3, (4.12b)

and
Op =0 or W’ =w" . (4.12¢)

4.4 Derivation of The In-Phase Actuation Response Model

With the governing equations now derived, the next step is to apply them to the particular
problem shown in Fig. 4.3. To simplify the analytical model derivation, the actuator stiffness will

be neglected.

As established previously, the ring is subjected to discrete tangential forces at the end of

. N .
the modeled actuator and to a uniform radial pressure of magnitude (—Rg equation (4.1)), to
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ensure equilibrium of the ring. The loading of the ring is expressed using Dirac and Heaviside
functions:

ng=Ng[6~ -5"] (4.13)
Noip, -

p,=—?9[H ~H*), (4.14)
where
(4.152)
(4.15b)
(4.16a)
(4.16b)
(4.17a)

{4.17b)

NN

Figure 4.3 Adequate equivalent actuator loading on the ring.
The integration constants will be determined from the continuity conditionsat 6 =0, 27

w’(0)=w’(2r) (4.18a)
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ve(0) = v°(2r) (4.18b)
B©0)=p2r). (4.18¢)

From the rotational displacement expression equation (4.4c), it is possible to rewrite the

continuity conditions of equation (4.18c), by making use of equation (4.18a), as:
w0 =w"’2nr). (4.184)

Combining the equilibrium equations (4.9), the differential equation for the moment ir: the ring is

obtained as follows:

d3M99 d‘MQB 2 l‘Ve ’ -

Substituting the loading expressions equations (4.13) and (4.14) in the previous equation
(equation (4.19)), it can be seen that the right hand side of the equation will be zero. Solving the
differentiai equation (eguation (4 19)), an expression of the moment distriburion in the ring is

obtained:
Mg = ('} + C,Sing +C;Cos0. (4.20)

. Combining the two stress-displacement equations (4.6). the following differential equation is

obtained:

2. 90N . pl g .
v {_i_;;}a_,_ - % ( 9%;2_ Mao | (4.21)

Rewriting the second equilibrium equation (Eg, {4.9b)):

_1d*Mg,
R do?

90 + Rpr . (422)

Substituting the expression of the moment equation (4.20) and the tangential force equation (4.22)

into equation (4.21), the following differential equation in w?(8) is obtained:

a’w(@) R? D .. D D
w?(8)+ =——IC;+C,| 1+ Sin@+C;| 1+—— |Cos6——p, |. (4.23
©) a6? p| 1T TRz PO S TR PV TP (4.23)
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For thin rings, the XRZ term is neglected since its value is much less than one. The radial

displacement equation is obtained using Laplace transform:

2 of (1—C0s9)+£22—(5in9—6C059)+ %(BSinG)—
wo(0) =" (4.24)

D %[(1 ~Cos0™ )H™ ~(1~Cos6* )H+]+ w?(0)Cos8 +w° (0)Sin@

Introducing equation (4.24) in equation (4.6a), the tangential displacement differential equation is

; v s
0 2| —Ci(1-Cos8)— -C—Z(sme -8 Cost)——2(0Sin6)— ]
av’(6) _ R 2 2 | @.25)
a6 b %’-[COSH"H~ - (7056*';‘1”}-—%‘%0)(?05‘6 —wo'(O)SinBl
Solving this equation using Laplace transformaiion and applying continuity conditions equation

(4.18), the equations of the tungential and radial disptacerenis are found to be:

RN, [ Sin&.,., . ; S M . .
vo(9) = —--—=-t ’r—iﬁl—f‘—‘v‘(ﬁiirm ~8Cos6)+ 1Sin®™ H™ - Sing* H*] }, {4.26)
K i = - t &y
and
RN, (Sigd . r N N . 1
WU(Q):‘—\z;*‘i{“ﬁ-iﬂ\ﬁznf?"%-i{ [~ Cos6 1 --E/—CosH*)H*J'?. @427
4 N ’ . : |

4.5 Finite Element Verification

The developed in-phase actuation response model is verified using finite element
analysis. A ring of 6" radius, 0.032" thickness and 1" deep, and piezoelectric actuators 1/6 of the
ring thickness and covering an arc 30° long (26,), are used. A Young modulus of 30Msi and
9.1Msi are used for the ring and the PZT actuators, respectively. Making use of symmetry, the
finite element model consists of beam elements in the upper half of the ring only, as shown in
Fig. 4.4. Two load cases are considered: i) temperature contraction equivalent to 1000 pstrain of
the beam elements modeling the actuator region; and ii) equivalent discrete forces and uniform
pressure loading from equations (4.1) and (4.2). The finite element analysis results are shown in

Fig. 4.5, as well as the in-phase actuation response model results. A single curve can be observed
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since the curves match perfectly. Also shown in Fig. 4.5 are the displacements of the same ring if
only discrete tangential forces are applied (point force model). The point force model does not
satisfy the ring's self-equilibrium. Major displacement discrepancies between the in-phase
actuation response and the point force model occur both in shape and magnitude. The point force
model overpredicts the displacements by a factor up to 1000. Fig. 4.6 shows the deformed shape

of the self-equilibrium loading and the non-equilibrium loading with the displacements magnified

Actuator
Region

Figure 4.4 Beam jinite element model.
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Figure 4.5 Match of displacements between the analytical model and the beam finite element
model.
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Figure 4.6 Deformed shape of the ring with and withosur self-equilibrium loading.

by a 250 and 1 factor, respectively. It can be secn again that when a uniform pressure is not
applied to maintain equiiibrium, the deformed shape is erroneous. Also, a reaciion force in the x-

directicn at the clamped boundary condition 15 present if the uniform pressurg is not-applied. This
reaction force should not be present since the actual ring with bonded actuators is in seif-
equilibrium. The adequate equivalent loading did not show any reaction force in the x-direction at
the clamped boundary condition. The verification of the results also have been made with 167
and 60°-long piezoelectric patches, and the coincidence is still perfect between the in-phase

actuation response model and e finite clement analysis.
y

However, it must be mentioned-that ihe response of the ring is very sensitive 16 the-
applied load in the finite clement model. An ervor of 0.1% in the magnitude of the applied
equivalent line force will completely change the respouse of the ring. This sensitivity of the
nodal displacements is due to the low stiffness of the ring (0.032" thick only). The application of
a tangential line force of 0.1% magnitude of the applied equivalent line force on the ring wili
produce nodal displacements of the same order as the self-equilibrium loading nodal

displacements.

Also, the pressure loading must be transformed to nodal forces only (lumped loading).
The lumped loading is often better for flat elements representing a curved surface (De Salvo and
Swanson, 1979).
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Figure 4.7 Plane stress finite element model.

Up to this point, the added stiffness of the actuators has been neglected both in the
analytical model and the finite element analysis. A second finite element model, using plane
stress elements in the actuaior region to include the actuator's stiffness, is made o compare the
actual behavior of the system to the derived analytical model (Fig. 4.7). Toc keep the FE model
small, the actuator size is reduced to 10° (28,). The radial and tangential displacemenis are
shown in Fig. 4.8. Disparities between the analytical model and ihe plane stress finite element

-model are present since the actuator stiffness is not neglected and no assumptions towards
equivalent loading are made on the latter one. Increased actuator stiffness wili {erther increase
the disparitics between the two solutions. But, it should be borne in mind that in typical

applicaticns, the actuator patches are small and add minimally o the baseline structurai stiffuess..

“Even though displacement differences are present, the plane stress finite elernent mede! validates ~

the derived analytical model since it gives results of the same order of magnitude with similar
deformed shapes as opposed to the point force model previously discussed. The defornied shape

of the analytical model and the plane stress finite element model is shown iri Fig. 4.9.

The discussion of in-phase actuation of induced strain actuators symmetrically bonded on
shells can be extended to unsymmetric actuation. Unsymmetric actuation is obtained when the
actuators on each side of the shell are submitted to voltages of different magnitudes, or when a
single actuator is bonded on one side of the shell. Unsymmetric actuation is a combination of
extension and bending of the shell and can be solved using simple superposition. Thus, for
unsymmetric actuation, the equivalent loading will consist of discrete tangential forces and
moments at the ends of the actuator(s) and a distributed transverse pressure over the actuator(s)

footprint to maintain the self-equilibrium of the shell.
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Figure 4.8 Match of displacements between the analytical model and the plane stress finite
element model.
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Figure 4.9 Deformed shape of the ring using the self-equilibrium loading and the plane stress
elements.
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4.6 Conclusions

In this chapter, a closed-form solution for a ring subjected to in-phase actuation of surface
bonded strain actuators is presented. The loading used to represent the in-phase actuation consists
of uniform transverse pressure and tangential line forces to maintain the self-equilibrium of the
shell structure. The results of the in-phase actuation deformation model are in exact agreement
with the finite element results when actuator stiffness is neglected. If the actuator stiffness is
considered, the analytical model gives a good approximation of the shell's deformed shape. If the
self-equilibrium is not maintained (point-force model), the predicted deformed shape is
completely different from the actual shell response to in-phase actuation. Thus a uniform
transverse pressure in addition to the tangential line loads 1s necessary to preclude rigid body

motion and to obtain accurate displacement response.
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Chapter 5

Impedance Modeling of Out-of-Phase Actuation of
Actuators Bonded on Ring Structures

Abstract

Two impedance models representing out-of-phase actuation of induced strain actuators
bonded to the surface of a circular ring are compared. The first impedance model includes the
transverse shear stress, while the second model neglects it. But first, a discussion of the proper
way to apply the equivalent loading due to the out-of-phase acisation is discussed. The loading
due t6 actuation can be represented in the shell governing equations either as an induced uniform
moment over the footprint of the actuators or as an externat line moment at the ends of the
-actuators. A compariscn between the impedance modeling and the more conventional static
modeling approach is also made and shows convergence with the irnpedance models at low
frequencies. A full derivaticn of the impedance models 1s included, taking great care in the
structural impedance definition. A dynamic finite element analysis using piczoelectric elements
available in ANSYS 5.0 is performed to verify the impeilaric: models. The impedance model

includinig the transverse shear stress shows an excellent mateh with the finite element results.

5.1 Introduction

The use of piezoelectric materials (PZT) within intelligent structures for active control of
the shape and vibration has been under study for some time now. Great interest has been drawn
to vibrational and acoustical control of cylindrical bodies, like aircraft fuselage and submarine
hull, in the recent years. Bonding PZT actuators on the surface of the structure or embedding
them within the structure will allow efficient structural control, by applying localized forces on
the edges of the actuator or by changing the structural impedance. In order to simplify the
analysis of piezoelectric actuated structures, models have been developed to further extend the
understanding of this type of intelligent material systems. Numerous models for PZT-actuated

beams and plates which describe the structural response have been proposed (Crawley and de
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Luis, 1987; Crawley and Anderson, 1990; Wang and Rogers, 1991; Dimitriadis et al., 1991;
Crawley and Lazarus, 1989). Adaptations of flat structure models to model curved structures
(Sonti and Jones, 1991; Lester and Lefebvre, 1991) have been done. Models have also been
developed using the shell governing equations (Sonti and Jones, 1993; Larson and Vinson,
1993b). All the previous models are based on the structural stiffness and do not include the
dynamic effects of the system in the development of the equivalent actuator force output. An
impedance model developed by Liang et al. (1993a, 1993¢) includes these dynamic effects.
Based on the structural impedance, the actuator force output will be frequency-dependent, and
this will result in a more accurate prediction of the dynamic response. Models using the
impedance approach have been proposed for beams (Liang ct al., 1993b), plates (Zhou ¢t al.,
1994a) and shells (Rossi et al., 1993; Zhou et al., 1993). The esscnce cf the impedance modeling
approach is to match the aciuator impedance with the structural impedance at the ends of the
actuators. Based on this method, ii is possible 10 replace the actuators with equivaient moments
on the structure and not have to deal with the non-uniform structural properties. This facilitates

greatly the solution of the global shell equations.

Zhou et al. (1993) studicd the out-of phase scmiation of a circular cylinder wiih a discrete
line moment applied aiong the edges of the actvator using modal expansion (o determine the
mechanical impedance and displacements. However, the transverse shear stress was neglected as
a simplification. Rossi et al. {1993) studied the ou-of-phase actuation of a circular ring using a
uniform induced moment cn the actuator fomprim and the Rayleigh-Riiz method to model the
mechanical impedance and dispiacements. However, the definition of the mechanical impedance
of the structure was not appropriate in that paper: the mechanical impedance was defined as the
tangential force divided by the tangential velocity at the end of the actuater bonded on the top
surface of the ring only. This definition would be appropriate if a single actuator is bonded to the
ring on the top surface. For out-of-phase actuation, the ring is subjected to a pure moment
generated by forces applied on the ring by actuators bonded on the top and bottom surfaces of the
ring. Since the forces are coupled, the force applied on the ring by the actuator on the bottom
surface should also be included, since it will have an impact on the displacements on the top
surface of the ring, and vice-versa (Fig. 5.1). Thus, the proper definition of the impedance based
on the tangential force and the tangential velocity at the end of the actuator should be as follows:

{ Ftop }z[zu Zb‘:H-‘}mp } (5_1)
Fy bottom th be Vbottom
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This equation can be simplified substituting Fsp = Fporom = F for out-of-phase
actuation. Also, the mechanical impedance can be defined as the moment divided by the
rotational velocity at the ends of the actuator, as in Zhou et al. (1993). This latter approach will
be used for its accuracy as well as its simplicity. Both impedance definitions can be shown to be
equal through simple geometrical relations. Thus, corrections need to be made to the impedance
model developed by Rossi et al. (1993).

In this chapter, the application of the out-of-phase actuation loading which can be
included either as an induced moment distribution over the footprint of the actuator or as discrete
external moments at the ends of the actuators will be discussed. Then, the impedance model
derivation including the shear stress resultant will be presented and compared to the previous
impedance model neglecting the shear stress resultant. The chapter will conclude with a finite

element verification of the impedance models.

Figure 5.1 One-dimensional ring with bonded PZTactuators acruated out-of-phase.

5.2 Out-of-Phase Equivalent Loading

Before presenting the impedance model, a discussion of the appropriate method of
applying the actuators loading to shell structures is required. The moment loading on the
structure can be applied in two different fashions: i) induced uniform moment loading on the

actuator footprint (Fig. 5.2a); ii) external line moment loading on the actuator edges (Fig. 5.2b).

Using the thin shell theory (Soedel, 1976), the equations of motion can be written in
terms of the internal shell bending moment M, Myg, and M gg, with both the actuator induced
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uniform moment m, and mg, and the external line moment m: and m; simultaneously applied
to illustrate the differences, as (note that from Soedel (1976), the external line moments, m: and

m; , appear on the right-hand side of the equation):

‘agf‘“* P = pyti” (5.22)
az(Mn“mx)JrzazMxe +82(M99—m9) Nea_p 5"": omg (5.2¢)
o’ XRIO  (RIO) ST % TR0, U
where the induced uniform moments can be written using Heaviside functions:

m, = [ (x=x;)—H(x— xz)][H(e—e,)— H(0~62)] (5.3%)
mg = Mg|H{x - x;)~ H(x—x,)[ H(€-0,) - H(6 ~6,)], (5.30)

and the external line moments can be written using Dirac functions (Soedel, 1979):
m, =M, [8(x—x;)=8(x~x,)|[H(6-6,)- H(6 - 6,)] (54a)
mg = Mgl H{:c~x;)~ H{x - x,)[6(6 - 8,) - 5(6-9,)]. (5.4b)

" The induced uniform moments can be transferred to the right-hand side of the equations (5.2b and

5.2¢), resulting in the following equations:

ON,y  INgg [ My Mg o, L omy mg .
x0 4 + X6 4. =p.t, 5.5b;
M RIO R{ K R PstsV 'R R90 R? (
2 2 2 2 2 ¥ *
8 Mu+23 ng +8 Mge _NBG —‘pst wo.[_a mx (9 me afnx d"ng (55(:)

o " owRa6 (RaeY R TV o T(RagY o | R0

From equation (5.5), it can be seen that whether the action of the actuators is modeled as an
induced uniform moment or as an external line moment, the equations of motion are the same; the
two last terms on the right hand side of the equations being equals. Thus, the moment applied by
the actuators can be included in the governing equations either as induced uniform moment on the

actuators footprint or as external line moments on the actuators edges.

The external line moment loading can be seen as the pin-force approach, since the

62



actuator is simply replaced by line moments of appropriate magnitude on the actuator edges using
Dirac functions (Fig. 5.2a). For the induced uniform moment loading, the moment is not
considered to be external and is included in the equilibrium equations as piezoelectricity induced
loading. The moment will be uniform over the actuator footprint and is expressed using
Heaviside functions (Fig. 5.2b).

M AM
mg = M9[5(9—61)— 3(9—92)] my = Me[H(9"91)‘H(9"92)]
7 :
Y | i »6 iy 5
2a) External Equivalent Loading 2bj Induced Uniform Loading

Figure 5.2 Dufferent representations of the moment loading

. L my
In Zhou et al. (1993). the loading coming from the shear stress resultant, which is the 'qg

i

term in equation (5.5b), is neglected compared to the tangential siress resuitani. This

approximation violates the static squilibrium of the system. For a thin shell, this approximaticn
will have an increasing impzct on the behavior of the structure with an increasing shell thickness.
For greater accuracy and corapieteness, the equations including the transverse shear wili be
derived.

5.3 Impedance Model Derivation

In this section, a brief derivation of the impedance model based on two appreaches. i.e.
Rayleigh-Ritz and modal expansion, will be presented. The models will be derived for a thin
circular ring with a pair piezoelectric actuators bonded on the top and bottom of the ring surface
to create a pure bending moment (Fig. 5.1). The linear Love-Kirchhoff theory (Leissa, 1973;
Soedel, 1981) is used since the ring is assumed to be thin. The symmetry of the system will be
considered in the development of the impedance model.

5.3.1 System Dynamic Modeling

The first step in impedance modeling is to model the dynamic interaction between the

actuators and the shell structure. Only the final equations are presented next (details can be found
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in Rossi et al. (1993), Zhou et al. (1993) and Liang et al.,, (1993a)). The mechanical moment
admittance is defined on the basis of the discrete applied moment and the rotational velocity at

the end of the actuator (Fig. 5.1) :

H=——9—=«iw—. (5.6)

where Mg is the actuator output moment, which is frequency-dependent, and 6 is the rotational
velocity. The minus sign indicates that the structural reactions are equal and opposite to the
output force of the actuator. The induced moment created by the two actuators is simply given by

(force times the distance between the actuators):

My = Fy(t, +1,). (5.7)
The force output of the actuator is given by:
Zd3,EYfy
Fo=—2327a g (5.8)
e 712, R

and the short-circuit actuator mechanical impedance is:

E
z =Jala K (5.9
i tan(kRE,).

“where 'Y} is the actuator Young's modulus at constant field, dz7 is the charge coefficient of the
PZT actuator, E is the applied electrical field and & is the wave number. ¢ and ¢, arc the structure

and actuator thicknesses, respectively.

5.3.2 Determination of the Structural Impedance

The impedance calculation at the ends of the actuator can be done using two ditferent
methods: i) by solving the equations of motion by expanding the tangential and radial
displacements with an appropriate assumed solutions (Rayleigh-Ritz); ii) by using the modal
expansion technique (Zhou et al., 1993). The modal expansion technique leads to a formulation
similar, but different, to that Rayleigh-Ritz technique. The Rayleigh-Ritz method uses trial
functions which only needs to satisfy the all boundary conditions of the system. On the other
hand, the modal expansion technique uses the eigenfunctions of the system which satisfies both

all boundary conditions and the differential equations. If the eigenfunctions are used as trial
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functions in the Rayleigh-Ritz method, the modal expansion technique and the Rayleigh-Ritz
method will give the same results. When the eigenfunctions of the system are available, they
should be used since they produce more accurate results. However, for complicated boundary
conditions, the eigenfunctions of the system are not always available and the Rayleigh-Ritz
method should be used. Brief derivations of the structural impedance for both the Rayleigh-Ritz
and the modal expansion techniques are now presented. For simplicity, the equation will only be
derived for a free-floating one-dimensional ring. Using the same guidelines, the structvral

impedance for general shells can be derived.

5.3.2.1 Structural Impedance Based on the Rayleigh-Ritz Method

The equation of motion for the ring can be written in matrix form (Soedel, 1981) as:

W @ 1,p[ o 1 k[2] bl & | [ om
RZGBZJ R\ R%96% | R|Ro0| R| K00’ .Jv"} t éfvﬂ} J R’ 510
) . ¥ - = o N (9. 10]
RS e[ 7P T 1 fama )
| RLRI8] R[Rfa;-»_i R’ [R“’aa*" i RACELY)
where the bending stiffness is:
3
D:%S— (5.11a)
and the extensional stiffness is:
K=Y1,. (5.11b)

Y, is the complex Young's modulus of the ring, and p; is the density of the ring. The complex
Young's modulus is used to include the damping through the structural damping factor. The
Poisson's ratio is not present in the stiffness expressions due to the one-dimensional state of the
ring. Taking into consideration the free floating boundary conditions of the ring, the tangential

and radial neutral axes displacements, v and w?, respectively, have the following assumed

solutions
vo(1,8) = YV, Sin(n@)e'™ (5.122)
n=1
w(1,8)= 3 W,Cos(n6)e"™. (5.12b)
n=1
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Introducing the tangential and radial displacement expressions (equation 5.12) in the equation of

motion (equation 5.10), a linear system of equations is obtained:

D M, sin(n0
——n? —£2n2 +p,t.0° —%nj —ﬁzn v A Vit (2 a)
R D R K b R R { nl R . (5.13)
R R R R 7R?

From equation 5.6, the mechanical moment admittance of the ring can be determined:

[—1;—?( 2-1)- pxtswz}smz (n6,)

= 2 3\ 2
R n= %(nz —1)2 -—(nz + 1)[-%—+ %-/ipszsa)z +(p,t,0%) J

(5.14)

5.3.2.2 Structural Impedance Based on Modal Expansion

The structural impedance will now be calailated using the modal expansion technique.
Since the ring is thin, only the dominant bending modes are used. The general solution of the.-
response of a thin shell subiected to a uniform induced moraent can be deteanined by solving the

following Love equations {Soedel, 1976; Socdel, 1981).

IQ(VO,WO)“‘ PtV == __r_r;, (5.15a . .
, . 15 Amg |
Ly( v W) - pt i’ = — | = |, (5.15b
o{v) =t R'\Ra‘b’/! G150

where the modal expansion series solution for a free floating ring is:

Vo(6,0)= S p,(1)V,Sin(n6) (5.162)
n=2

W (1,0)= 3 pa(t)W,Cos(nb), (5.16b)
n=2

where p, is the modal participation factor. The first natural frequency (n=1), which is zero,
corresponds to the rigid body motion mode and will not be included in the series. Making use of

the eigenvalue analysis, the usual modal expansion technique yields:

66



Palt)+ @} p,(t)=F,e'™, (5.17)

where the forcing function Fy, is:

Jo[ [i’g;] (9)+';§v0( )]Rd@ (5.18)

Fn
Zﬂ:jeps s

The solution of the governing equation (equation (5.17)) is:

F '™ ‘
palt)= — 7 (5.19)
W, —©

The radial and tangential displacements responses of the ring are thus obtained:

r v.(v 1|
oM °°I —H7—| —/ +nfmq\m) )sm\,z();e i
vo(1,0)=— 7:}(2 AL ( S~ ! (5212)
i ""'zl Al (@ )
L P ]
i il’, + Jﬂhl(l’a )COa(n"";emx |
l 3 a L%
M < W, ! N
of, a \ LYK
e e e T
; "=2! | ‘an +1|0? -0’
i \ W ’ ;
where the -—2- ratio is obtained from the gigenfunction analysis of the systera
2 ! f/n“‘D
tw, ——| —=+ K |
/n.—pd'o n RZLRZ } 522
W, - n? (nZD ] Q 02
Rzk 22 +K)

From equation (5.6), the expression of the mechanical moment admittance is obtained:

T n[—:/ +n] sin’(n,)
1)
H=- = 2 .

Psts IR (‘:;‘22 +1J(wﬁ—w2)

(5.23)
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5.4 Theoretical Results

To verify and compare the impedance models, a case study of a circular aluminum ring
with G1195 piezoelectric actuator patches bonded to its surface is made. The material and
geometric properties of the system are shown in Table 5.1. Two actuator sizes of 10° and 30° arc
length are used to consider the influence of the actuator size on the accuracy of the theoretical
models. When the size of the PZT actuator is kept small and thin (compared to ring), the stiffness
and mass loading of the actuators can be neglected in the analytical models. The results from the

static approach will be compared to the impedance models.

Table 5.1 Material and geometric properties of the PZT actuaior and the aluminum ring.

Aluminum PZT
Ring Actuator
Young's Modulus, Pa 56.5 x 10 63 x 105
Density, kg/m3 2647 7650
Loss factor 0.G0s 0.001
Piezo. Coefficient d3», m/V N/A 166 x 10712
Applied clectric field, V/m MN/A 2,623 % 109
Radius, cm  Arc length, ® 12.475 i0° and 30°
Thickness, mm 3 0.23

Figure 5.3 shows the siructural impedance for wie two inpedance models and the actuator
impedance. The lower peaks of the curves correspond to the natural frequencies of the original
cylinder, as expected. Only small differences are found between the two impedance models,
including or not the shear stress resultant. The impedance levels of the actuator and the structure
are in the same order of magnitude at structural resonance, which indicates a good dynamic

interaction between the piezoelectric actuators and the structure.
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The next figure (Fig. 5.4) shows the actuator output force based on the two impedance
models. The dotted horizontal line is the actuator force output calculated with the static approach
(Crawley and de Luis, 1988). Both models shows similar behavior, but only the impedance
model including the shear stress resultant converge to the static force at low frequencies; as it
should be. It can also be observed that the actuator force output is heavily dependent on the

excitation frequency.

The four following figures show the radial displacement frequency response of the
structure for different cases and locations. Figures 5.5 and 5.6 show the radial displacement of
the ring at 30° and 90° from the actuator, respectively, for a 10° piezoceramic actuator patch. The
displacements without the shear stress resultant are overestimated when compared to the case
when the shear stress resultant is included in the second governing equation. At higher
frequencies, the influence of the shear stress resuliant is minimal, but significant at low
frequencies. Thus, the inclusion of the shear stress resultant in the governing equations does not
imply major complications and thus should be considered for greater accuracy. Figure 5.7 shows
the radial displacement frequency response at 90° for a larger piczoceramic actuator patch (30°).
The same congclusions can be drawn on the influence of the shicar stress resultant. Finally, a case
study of a larger radius ring is presented in Fig. 5.8. An increased radius or a reduced ring
thickness will decrease the shear stress level in the structure. Once again, above the third
resonant mode, the shear stress resultant have small impact on the structural response. At lower
frequencies, the differences are still present but are smalier. The dotted lines are irom the finite
element analysis which will be discussed next.

e e
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5.5 Finite Element Verification

The impedance models developed have been verified using finite elements. A dynamic
analysis was performed using piezoelectric elements available in ANSYS 5.0. Making use of
symmetry, the finite element model consists of structural plane stress elements for the ring, and
the actuator is modeled with plane stress piezoelectric elements (Fig. 5.9). The impedance
models used free floating boundary conditions, as well as the dynamic finite element model. In
the modeling of the piezoelectric elements, great care must be taken in the input of the

piezoelectric material properties to obtain accurate results.

The frequency response of the ring using finite elements at 30° and 90° {rom the actuators
are shown in Figs. 5.5 and 5.6 (dotted lines) along with the impedance models’ frequency
responses. Both at 30° and 90°, the frequency response of the impedance model match with great
accuracy the dynamic finite element analysis. The finite element natural frequencies are a little
lower than the ones obtained from the impedance models due to the increased stiffness provided
by the actuators in the finite element model. With an increasing actuator size, this discrepancy
increases 100. For a larger piezoceramic actuator (Fig. 5.7), the match between the fimte element
analysis and the theoretical modcls is still very good, even though small discrepancies are present
due to the increased mass and stiffness of the actuators and due to the assumptions made in the

impedance modeling.

Figure 5.9 Finite Element Model.

The next step is to look at the structural response at low frequency (5 Hz) where the
response of the ring will be similar to the static response. The radial and tangential displacement
amplitudes are shown in Figure 5.10. The displacements predicted by the impedance models

shows an excellent match with the finite element results. The deformed shape of the ring is
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shown in Figure 5.11. As noted earlier, the impact of neglecting the shear stress resultant is
significant. Differences of up to 75% in the displacements are obtained when the shear stress
resultant is ignored. However, the difference only shows in magnitude, the deformed shape of the

ring being the same.
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Figure 5.10 Impedance models and finite element displacements under dynamic loading at 5 Hz.
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Figure 5.11 Dynamic deformed shape of the impedance models and the finite element model at
H:z.
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The final step is to look at the response of the ring at higher frequency, i.e., 500 Hz,
where the fourth mode is dominant. Figure 5.12 shows the radial and tangential displacement
amplitudes. The displacements predicted by the impedance models are still in excellent

agreement with the finite element results.
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Figure 5.12 Impedance models and finite element displacements under dynamic loading at
500 H:z.
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Figure 5.13 Dynamic deformed shape of the impedance models and the finite element model at
500 Hz.
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5.6 Conclusions

Two impedance models to represent out-of-phase actuation of induced strain actuators
bonded to the surface of a circular ring have been compared. The first impedance model includes
the transverse shear stress, while the second model ignores it. Based on the shell governing
equations, it was shown that the moment produced by the actuators can be included in the
governing equations either as an induced uniform moment on the actuators footprint or as an
external line moment on the actuator's edge. Impedance models for ring structures, based on
Rayleigh-Ritz and modal expansion, were developed and applied to a particular case. The
impedance model ignoring the shear stress resultant showed a significantly different respense at
low frequencies when compared to the full impedance model. The analytical results were verified
using a dynamic finite element analysis with piezoelectric elements available in ANSYS 5.0. The
impedance mode! including ¢ shear stress resultant gives an excellent prediction of the

structural response when compared to the finite element model.
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Chapter 6

Impedance Modeling of In-Phase Actuation of
Actuators Bonded on Ring Structures

Abstract

An impedance model to describe the in-phase actuation of induced strain actuators
bonded to the surface of a circular ring has been developed. The essence of the impedance
approach is to match the actuator impedance with the structural impedance at the ends of the
actuators. This approach enables the model Lo include the dynamic effects of the system.
Impedance modeling is based on the Rayleigh-Ritz meihod of represent the structural response of
- shells. The appropriate represestation of the ioading due 10 iu-phase actuation is discussed. Te
verify the impedance modzl, dynamic finite element analysis has been performed using
piezoelectric elements available in ANSYS 5.¢. A good conelaiion between the finite element
results and the impedance model validates the analytical solution. A comparison between the
impedance model and the more conventicnal static modeling approach is also made. The
convergence of the impedance model displacements to ihe static model displacements at low

frequencies further validates the derived impedance model.

6.1 Introduction

Piezoelectric actuators have been used for active shape, vibration, and acoustic control of
structures because of their adaptability and light weight. Their ability to be easily integrated into
structures makes them very attractive in structural control since all of the moving parts
encountered with conventional actuators are eliminated. Structural control is achieved by simply
embedding PZT actuators in the structure or bonding them on the surface of the structure. In
structural control, the desired deformation in the structure is obtained by the application of
localized line forces and moments generated by the expanding or contracting bonded or

embedded PZT actuators. In the case of vibration and acoustic control, the piezoelectric actuators
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will change the apparent impedance of the structure at the disturbance location, which will reduce

the unwanted dynamic effects in the structure.

Previous research performed on PZT-actuated beam and plate structures has led to
models describing their response (Crawley and de Luis, 1987; Crawley and Anderson, 1990;
Wang and Rogers, 1991; Dimitriadis et al., 1991; Zhou et al., 19943a; Liang et al., 1993b). Other
simple but efficient models were also proposed to describe the response of a plate structure to the
piezoelectric actuators (Crawley and Lazarus, 1989; Hagood et al., 1991). By simply replacing
the PZT actuator with line forces and moments on its edges, very accurate resuits are achieved
even though this type of model is approximate since the mass and stiffness of the actuator is not
considered. However, much less research has been performed on structures with curvature.
Some experimental work (Fuller et al., 1990) and adaptations of flat siructure models to curved
structures have been made (Sonti and Jones, 1991; Lester and Lefebvre, 1991). Models based on
shell equations have also been proposed (Rossi et al., 1993; Sonti and Jones, 1993; Zhou et al.,
1993; Larson and Vinson, 1993b). All these models were developed for out-of-phase actuation of
the PZT actuators. Less extensive work has been done on in-phase aciuation of shells (see
Chapters 3 and 4) (Lester and Lefebvre, 1951; Scnti and Jones, 1993). In-phase actuation refers
to the case when the actuators bonded on the top and on the bottom c¢f the structure expand or

contract together.

“In this chapter, a discussion of the appropriate representation cf the equivalent in-phase
loading for shells is first done. Then, an impedance model of a circular ring actuated in-phase,
based on the Rayleigh-Ritz methiod, is derived. This is followed by a case study and a finite

element verification of the theoretical results.

6.2 In-Phase Equivalent Loading

In chapter 3, the modeling of piezoelectric actuator patches on circular cylinders was
considered. When the piezoelectric actuators are actuated in-phase, it is found that the point force
model used to represent the actuator creates a rigid body motion since the equivalent line forces
are not collinear due to the curvature of the shell (Fig. 6.1). Since the PZT actuators are

integrated within the structure, self-equilibrium must be satisfied.
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Figure 6.1 Equivalent loading to maintain self-equilibrium of the shell structure.

To eliminate this non-equilibrium state of the structure, a transverse uniform pressure is added

(Fig. 6.1). The magnitude of the transverse pressure from simpie statics is then:

Ng
= e 6.1)
p; R (
where
Ny=Np=tle 25 6.2)
-V 2+y
and
Yyt,

when the Poisson’s ratio of the shell and the piezoelectric actuator are assumed to be the same. T,
t, L and R are the Young's modulus, the thickness, the free induced strain and the radius of the
ring, respectively, while the subscripts s and a stand for shell and actuator, respectively. If a
circular ring is considered, the Poisson's effect disappears since there are no constraints in the
axial direction. Thus, for the case of a ring, the Poisson's ratio in equation (6.2) is set to zero.
This equivalent loading, used to represent in-phase actuation, is included in the shell governing
equations as external loading. Another approach to include the in-phase actuation loading is to

consider an induced uniform loading on the actuator footprint.

Using the thin shell theory of a circular cylinder (Soedel, 1976), the equations of motion
can be written in terms of the internal shell membrane forces, Ny, Nxg, and Ngg, with both the

actuator-induced tangential and axial forces, n, and ng, as:
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a(Nxx _nx) aNxG

= 2.l 6.4
ox Rop P (6.42)

HN 0 &(Ngg_ng) 1 8M 0 aMgejl -0
x 1] M, = 4b
x | Ro6 Rl ax  Rrao | P (6.4b)

aZMxx azMxG + aZMGS _ (NBG_nG)'

+ =p W, 6.4¢)
&XZ RO (Rae)Z R PslswW ( )

where the discrete induced uniform tangential and axial forces can be written using Heaviside

functions:

ne =N [H(x~x;)= H(x- x; )| H(0 - 6,) - H(6 - 6,)] (6.52)
ng = No|H(x=x,) = H(x— x; | H{fi~ 8,)~ H(6 - 6,)]. (6.5b)

The induced uniform tangential and axial forces can be transferred to the right-hand side of the

equation:
R R0 i+ % (6.6
Py My No_pope e )
x HXRIO  (RIBY R R

Writing the same shell govermning equations, but including the equivalen: external ioading (axial
and tangential line forces (n: and n;) and uniform radial pressure { p: ) (Soedel, 1976):

aNH ang -0 * (
Plax (P56 _ 1 ii%4p 6.7a
S+ = pi” b 672)
ON o aNgg l[&M P 3M99:| =0 fl;

x + +_ X + = t + —= 6.7b
& RO RL ox  Rrao | P’ ©7
2 2 2

M, I°M, + d“Mpq _ Ngg = pt W’ +p:, (6.7¢)

2
o xR (RO R

where the external equivalent loading can be written using Dirac functions:
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n, =N, [8(x—x;)~8(x—x,)|[H(6-6,)- H(6-6,)] (6.82)

ng = No[H(x—x,)~ H(x~x,)[[6(6~6,)- (6 -6,)] (6.8b)
P, = —%[H(x— x;)~ H(x—x,)| H(6-6,)- H(6-6,)|. (6.8¢)

From equations (6.6) and (6.7), it can be seen that whether induced uniform tangential and axial
forces or external equivalent loading is used alone, the equations of motion are the same. Thus,
the tangential and axial forces produced by the actuators can be included in the governing
equations ecither as induced uniform membrane forces on the actuators’ footprint or as external
equivalent loading on the actuators' edges

¢N R

ng = Ng|8(0—0;) - 5(0-6,)] ng = No|H(6-6;)~ H(6-62)]
4
E ! &
| 0 | & %0
¥
2a) External Equivalent l.oading 2b; Induced Uniform Loading

Figure 6.2 Different representations of the loading.

The external equivaient lvading can pe seen as the pin-iorce approach, since the actuator -
is simply replaced by line forces of appropriate magnitude on the actuator edges using Dirac
functions (Fig. 6.2a) along with the uniform pressure to maintain self-equilibrium. The induced
uniform loading is closely related to the equation derivation proposed by Dimitriadis et al. (1991).
The induced uniform tangeutial and axial forces are not considered 10 be external and are
included in the equilibrium equations in a similar fashion to thermal loading. The induced forces

will be uniform over the actuator footprint and will be expressed using Heaviside functions (Fig.
6.2b).

6.3 Impedance Model Derivation

An impedance model of a free floating thin cylindrical ring excited in-phase by a pair of
PZT actuators has been derived (Fig. 6.3). The PZT patches are assumed to be perfectly bonded
to the structure so that the action of the PZT actuators can be replaced by discrete line forces on
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the edges of the actuators. The linear Love-Kirchoff theory (Leissa, 1973; Soedel, 1981) is used
since the ring is assumed to be thin and the stress distribution through the thickness of the

actuators will be assumed constant.

Figure 6.3 One-dimersional ring with bonded pzt cctuaters aciuated in-phase.

The structural impedance is defined or the basis of discrete applied loads and velocities at

the ends of the actuator. The mechanical admitiance (4} and irnpedance (Z) can be defined as:

. v’ .
j-vg - ___Lvo =-':_f« ((‘9)
ZH
where the minus sign in the previous equation is necessary to take account of the opposite or
negative reactions of the structure to the output forces of the actuators and v° and w° are the
midplane tangential and radial velocities, respectively. Since there are two actuators, a factor of 2

needs to be included in equation (6.9) for the structural impedance definition.

6.3.1 System Dynamic Modeling

In this section, the dynamic interaction between the actuators and the shell structure is
under study. The essence of impedance modeling is to match the structural impedance with the

actuator's impedance at its ends; the dynamic actuator force output is thus obtained.

The actuators bonded on the shell are excited in-phase by applying an electric field in the
radial polarization direction. Under Love's assumptions for thin shells, the equation of motion of

a shell vibrating in the tangential direction can be expressed as:
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pui*(10)=YE 22

, 6.10
¢ R0 ©.10

where p, is the PZT density and YaE is the PZT complex Young's modulus at zero electric field,

such that the mechanical dissipation of the actuator can be included.

The piezoelectric actuator patch is thin and has a large radius of curvature with a limited
length in the tangential direction. In other words, the actuator's patches are almost flat. These
characteristics enable us to simplify the problem by assuming the actuators to be flat and the
strain-displacement relation in given by equation (6.11). As a practical matter, for practical cases,
the bending of the flat PZT actuator patches on the structure is very limited due to the brittle

nature of piezoelectric material.

£g =it (6.11)

2.0 A
. g OV(:,8) \
paVO([,B):Ya _-[-'\'_25-6—2— (612/

Solving equation (6.12) and assuming harmonic excitation by separating the displacement into

time and spatial domain, the tangential displacement response of the actuator is given by:
v°(1,6) =[ Asin kR + Bcos kRO e, (6.13)
where @ is the input angular velocity, and the wave number is given by:

K =w?Le (6.14)
Y,
Using the constitutive equations of the PZT actuator and appiying the proper boundary conditions
(Rossi et al. 1993; Zhou et al. 1993), the actuator force output of the actuator at 8, is given by:
E
Zleﬂ d32E taYa

Fp=-2— 6.15
o Zl, +Z, (6.15)

where the short-circuit actuator mechanical impedance (Liang et al., 1993b) is:

YEtk

=g a (6.16)
imtankRE,

a
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with d3, and E being the piezoelectric constant of the actuators and the electric field applied to

the actuators, respectively.

At this point, the impedance characteristics of the actuator and the structure have been
used to calculate the dynamic tangential force. The actuator impedance is known (equation
(6.16)), but the structural impedance remains unknown. The next step is to calculate the
structural impedance of a circular cylinder submitted to the equivalent loading of in-phase

actuation.

6.3.2 Determination of the Structural Impedance

Using thin shell theory, the equations of motion of a circular ring submitted to the in-

phase equivalent loading (Soedel, 1981; Chapter 3) can be written in matrix formn:

1{ 9? }_D[ 2 | k| a] D[ 7’ H '&n(,]
PYEVVE vl e eyl i eyl bubere B v o | TS o) |28
R%36°| R RaeJ R|Ro6| R|R'30 4{[\ 1_0[[‘;1 R6| (617

_5[1 I Y o V__c;j_; I Pelol o | Y
RLRI®| R|R’30° | R* IR | \ R
The bending stiffness is:
3
pe=tsb (6.18}
i2
and the extensional stiffness is:
K=Yt. (6.19)

The Poisson ratio is not present in the stiffnesses expressions due to the one-dimensional state of

the ring.

Assuming harmonic excitation of the actuators, the tangential and radial midplane displacements,
vo and w, respectively, will thus have the following Rayleigh-Ritz assumed solutions
(Meirovitch, 1986):

vo(1,0)= S V,Sin(nb)e'™ (6.20)
n=0

wo(1,8)= 3 W,Cos(n8)e'. (6.21)
n=0
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Introducing the tangential and radial displacement expressions (equations (6.20) and (6.21)) in the

equations of motion (equation (6.17)), a linear system of equations is obtained:

[C]{Vn}z_ZFB sin(n@a){j} (6.222)

W, 7R

" n
where:
D 2 K 2 2 D 3 K
o I Y S 622b)
- 6.2
R R R R
and, for n=0,
2 .
Psts@ ¢ v,y [0
Y 2]% fg“—‘-‘%ui_‘?gl : (6.22¢)
AL LA ey

Solving equation (6.22), the tangential and radia! dispiacements are obtained. The structural

admittance can now be determined according to equation (6.5):

1

(6.23)

( 2 D o2p o )2
e || Pt == (n - 1} |sin (n8,)
H=2z(oZ L R

7R n___lg IC!

L

1
| SO

With the structural admittance available, it is now possible to obtain the dynamic actuator force

output from equation (6.15) and calculate the structural response to in-phase actuation.

6.4 Theoretical Results

To verify the impedance model, a case study of a circular aluminum ring with G1195
piezoelectric actuator patches was made. The material and geometric properties of the system are
shown in Table 6.1. The size of the PZT actuator was kept small enough (10°) to be able to
neglect the stiffness and mass loading of the actuators and to satisfy the impedance model

assumptions. The results from the static approach were compared to the impedance model.
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Table 6.1 Material and geometric properties of the PZT actuator and the aluminum ring.

- — Aluminum | PZT ||
Ring Actuator
Young's Modulus, Pa 59.5 x 109 63 x 109
Density, kg/m> 2647 7650
Loss factor 0.006 0.001
Piezo. Coefficient d3o, m/V N/A -166 x 1012
Applied electric field, V/m N/A 2.625 x 10°
Radius, cm  Length, ° 12.475 10°
Thickness, mm 3 O.23r

Figure 6.4 shows the structural and actuator impedance. The lower peaks of the curves
correspond to the natural frequencies of the original cylinder, as expected. For this pasticular
case, the dynamic interaction beiween the actuator and the ring is limited due to the lower input
impedance levels of the actuator compared‘ to the impedance levels of the ring. If a thicker
actuator is used, the actuator impedance is increased and the dynamic interaction between the
actuator and the structure is increased. However, for in-phase actuation, an unrzasonable actuator
thickness (1 mm), which corresponds to one-third of the shell thickness, is needed to obtain a
good interaction (Fig. 6.4).

The actuator output force is shown in Fig. 6.5. The solid line corresponds to the
impedance model, and the doited line is the actuator output force based cn the static model. The
difference of the force magnitude between impedance and the static model is less than 1% at w =
0. At the natural frequencies, the magnitude of the impedance model output force does not
increase dramatically. It can thus be concluded that the first natural modes, which are bending

modes, are only slightly excited by the in-phase actuation of the shell.

Figures 6.6 and 6.7 show the radial displacement of the ring at 30° and 90° from the
actuator, respectively. The natural frequencies of the original structure, obtained from a
theoretical approach (Soedel, 1981), match those obtained from the analytical impedance model.

The dotted and dashed lines are from the finite element analysis which will be discussed next.
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88



6.5 Finite Element Verification

The finite element technique has been used to verify the theoretical impedance model.
The dynamic analysis was performed using piezoelectric elements available in ANSYS 5.0. A
harmonic electrical field was applied to the piezoelectric elements in two finite element models.
The first model does not include the actuators that are bonded to the surface of the shell. Instead,
he structure itself in the region of the actuator is modeled with the piezoelectric elements, to
which the harmonic electrical field is applied (Fig. 6.8a). The second model includes the
piezoelectric actuators on the structure, to which the electrical field is applied (Fig. 6.8b). The
theoretical results are expected to match the finite element model without the actuators since the
stiffness and mass added by the actuators is not considered in the impedance model. The finite
clement results including the actuator mass and stiffness should be close io the theoretical
predictions due to the small thickness and size of the actuators. For both finite clement models,
the symmetry of the structure was used to reduce the size of the models. The struciure was
modeled using plane siress elements and the actuators (with actuator medel) or actuator region
(without actuator model} were modeled using piezoelectric plane siress clements. Free floating

boundary conditions have been used for both models.

R Actuator
B Region

8b) With actuators

Figure 6.8 Finite element models without and with actuators.
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The radial and tangential displacements of the structure at low frequency (5 Hz) are
shown in Figures 6.9 and 6.10, respectively. In this figure, it can be observed that the impedance
model matches the results of the finite element model without actuators. When the actuator
stiffness is included, the displacements do not match the theoretical results. The discrepancies
mainly occur in the actuator region where the increased stiffness will reduce the radial
displacement amplitude. Nevertheless, the results are close enough to those obtained by the
impedance model to validate the theoretical model. At very low frequencies, the dynamic results

should converge towards the static results.

The static model for in-phase actuation developed in chapter 3 is also shown in Figures
6.9 and 6.10. It can be seen that the dispiacement based on the static model matches the
displacements based on the impedance model. A coordinate transformation, from free floating to
fixed at 180°, was applied to the impedance and finite element medels so that it could be

compared with the static model.

The structural radial and tangential displacements at 500 Hz, where the fourth mode is
dominant, are shown in Figures 6.1 and 0.12, respectively. Once again, the displacements
- predicted- by the impedance modei maich those obtained with the finite elemerni model without
actuators. If the actuator stiffness and mass are included, the displacements are slightly different,

but still close enough to the theorctical modei to be conclusive.

Finally, the frequency response of the structurat radial displacements at 30° and 90° from
the actuator are shown in Figures 6.6 and 6.7, respectively In both cases, the impedance model
accurately matches the finite element vesults without actuators. The differences between the finire

element model with actuator mass and stiffness is observed once again.

6.6 Conclusions

An impedance model for the in-phase actuation of induced strain actuators bonded to the
surface of a circular ring has been developed. A discussion of the appropriate representation of
the loading due to in-phase actuation is presented. It is shown that the in-phase loading can be
either included as induced uniform forces on the actuator footprint or as external equivalent
loading. To verify the impedance model, two dynamic finite element analyses were performed
(with and without actuator mass and stiffness), using piezoelectric elements available in ANSYS
5.0. A good correlation between the impedance model and the finite element results validated the

analytical model.
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Chapter 7

An Experimental Study of the Actuation
Authority of Rings and Shells

Abstract

The in-phase and out-of-phase actuation authority of induced strain actuators bonded to
the surface of a shell is compared using previcusly derived models. In-phase refers Lo a situation
where both actuators bonded on the top and bottem suitaces of the shell are actuated to preduce
strains in the same direction; out-of -phase refers 0 opposite direction strains. It is shown that
out-of-phase actuation has better authority in exciting the lower order bending modes, while in-
phase actuation has betier authority in exciting ihe higher order crrcumferenzial modes. n-phase
actuation does excite the 'ower order bending modes through in-plane  and out-of-plane

displacement coupling, but an order of magnitude Jower.

Experimental results of a circular ring actuaied in-phase and out-of-phase by a
piezoelectric material (PZ7) are presented. Difterent mehads of bonding straight actuators on a
circular ring are investigated. The ¢ffecis of segmenting actuators inte small strips are studied.
Experimental verification of the impedance models is conclusive, parucularly for the out-of-phase

actuation.

7.1 Introduction

Structural vibration control has always been important in the design of efficient and
reliable mechanical systems. Recently, a novel approach using induced strain actuators for such
vibrational control has been presented, which can also be extended to acoustic control. Induced
strain actuators are particularly interesting because they can be fully integrated in or on the
structure itself. By applying forces directly on the structure at critical locations, efficient
structural control can be obtained. In vibrational and acoustic control, the undesirable dynamic

effects are eliminated by modifying the apparent structural impedance, through the induced strain
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actuators. This approach eliminates the moving parts encountered in the bulky shaker- type
actuators, which are conventionally used. Such actuators, since they are bonded right on the

surface of the structure, do not need a back reaction to function.

When induced strain actuator patches, like piezoelectrics, are symmetrically bonded to
the surface on each side of the structure, they generate a set of forces along the edges of the
actuators. The two actuators can be activated in-phase or out-of-phase. In-phase actuation refers
to the case where both actuators expands and contract together. This type of actuation creates
extensional in-plane forces on the structure. Out-of-phase actuation refers to the case when one
actuator expand and the other contracts and vice-versa. Bending moments are applied to the
structure at the actuator edges when out-of-phase actuation is used. Thus, the same actuator set-
up, depending upon the type of actuation used, can generate very different siructural actuation

and response.

Theoretical studies based on static application of piezoelectric forces and moments on
beam structures were proposed by Crawley and De Luis (1987}, Crawley and Anderson (19903,
Wang and Rogers (1991), and Dimitriadis et al. (1991). Models were also extended 0 two-
dimensioral plate struciures (Crawley and Lazarus, 1989; Hageod et al., 1991;. Adaptations of
plate models to shells structures were proposed (Sonti and Jones, 1991; Lester and Levebvre.,
1991). Models based on shell equations have also been proposed (Sonti and Jones, 1993; Larson
and Vinson, 1993b; Chapicr 4).

Theoretical impedance-based models on the dynamic inieraction between the actuaiors
and the structure have also bteen proposed for beams (Liang et al., 1993b), plates (Zhou et al.,
1994a), and shells (Rossi et al., 1993; Zhou et al., 1993; Chapters 5 and 6). The essence of the
impedance approach is to match the actuator impedance to the structural impedance at the edges
of the actuators. The impedance models are more accurate in the modeling of the structural

response due to its dynamic considerations.

Most of the models mentioned above were developed for pure out-of-phase loading,
except for the in-phase models presented by Lester and Lefebvre (1991) and in Chapter 6.

All of the theoretical models referred to above were developed independently, without
any comparison of the authority of in-phase and out-of-phase actuation. Only Lester and
Lefebvre (1991) did such a comparison. However, some drawbacks are present in the modeling

proposed by Lester and Lefebvre (1991). No self-equilibrium considerations for the in-phase
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actuation were included, and the shell model is a plate adaptation. It is shown in Chapter 3 that
special considerations need to be made to eliminate the rigid-body transverse forces inherent to
curved structures when in-phase actuation is used. The action of the actuators has to be
represented by an equivalent in-plane force and a transverse pressure applied in the region of the

actuator patch.

In this chapter, a comparison in the authority of in-phase and out-of-phase actuation for
rings is presented. Also, an experimental verification of the impedance models for both in-phase

and out-of-phase actuation is presented.

7.2 Impedance Models

The comparison: of the in-phase and out-cf-phase actuation is based on theoreiical
impedance models that have been developed in chapters 4 and 5. Only a brief review of those
models will be presented. The derived irapedance model applies to a free-floating thin circular
ring (Fig. 7.1). In the impedance medel, the piczoelectric actuators are assumed to be perfectly
bonded orn the structure and to have the same curvabire as ihe structure. The impedance models

were derived using the linear Love-Kirchhoff theory for thin shells.

Z

Figure 7.1 One-dimensional ring with bonded PZT actuators actuated in-phase or out-of-phase.
The force applied by the actuators at the edge is shown.

The structural impedance is defined on the basis of discrete applied loads and velocities at
the ends of the actuators. For in-phase actuation, the mechanical admittance (H;,) is defined on

the basis of the tangential velocity (V) (equation (7.1a)) while for out-of-phase actuation (Hou), it
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is defined on the basis of rotational velocity (8) (equation (7.1b)). The mechanical impedance

(£) is simply the inverse of the mechanical admittance (H):

Hy,=

% (7.12)

Hyy=—, (7.1b)

9
M
where the discrete applied in-phase tangential force and out-of-phase moment on the structure are
(see Fig. 7.1):

N=2F (7.2a)

M=(t,+1,)F . {7.2b)

From the system dynamic modeling between the structure and the actuator, the dynamic

actuator force output (¥) can be shown to be (Liang et al., 1993b):

Zly +2,
where the short-circuit actuator mechanical impedance is:
E
Y, t.k
a2 4 (7.4

e i®tankRo, ’

and ds;, E, YaE , R, t, and ¢; are the piezoelectric constant. the electric field. the actuator Young's

modulus, the shell radius, and the thicknesses of the actuator and structure, respectively.

The final step in impedance modeling is to obtain the structural impedance. The
Rayleigh-Ritz method is used for the solution of the equations of motion of a circular ring
submitted to the in-phase or out-of-phase equivalent loading. Solving the linear system of
equations, the structural admittance for in-phase and out-of-phase actuation are, respectively
(chapters 4 and 5):

- [pstsa)z —%nz(nz - 1)]sin2(n6p)

2iw
H. =
in M Z |C1|

(7.5a)

n=1
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‘o i [F(nz - 1) - pstsa)z]Sinz(nep)

= (7.5b)
7CR3 n=1 |C2|

The two impedance models for in-phase actuation and out-of-phase actuation have been

verified using finite element analysis (Chapers 4 and 5).

7.3 Comparison Of In-Phase And Out-Of-Phase Actuation

A comparison between the in-phase and out-of-phase actuation of a shell structure has
been made. The comparison focuses on the structural radial displacements produced by the
actuators and on the efficiency to excite the structural resonant modes. These are the most
relevant factors needed when vibration and noise control is considercd. As a case study, the
models were applied ic a circular stee! ring with G1195 piczocieciric actuater patches, the

dimensicn for which are presented in Table 7.1.

Table 7.1 Material and gecmetric properties of the PZT aciuator and the steel ring.

Steel Ring | PZT Actuator
Young's Modulus, Pa 196.5 x 107 63 x 107
Density, kg/m?3 7850 7650
Loss factor 0.006 0.001
Piezo. Coefficient d3z, m/V N/A -166 x 10-i7
Applied electric field, V/m N/A 6.0 x 16°
Radius / Length, cm 30.16 3.76
Width, cm 3.175 3.175
Thickness, mm 6.3 0.25

Figure 7.2 shows the structural impedances for both in-phase and out-of-phase actuation.
The in-phase impedance has a greater magnitude than the out-of-phase impedance. For
comparison, the actuator impedance (dashed curved) is also shown in Figure 7.2. Good actuation
authority is obtained when the structural and actuator impedances are of the same order of
magnitude. Based on this observation, in-phase actuation will have more limited authority on the

structure than out-of-phase actuation. The first six bending modes are shown in Figure 7.2. The
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structural resonant frequencies, which are the lower peaks, match the theoretical values given by
Soedel (1981). Out-of-phase actuation has a larger impact on the structure at resonant
frequencies as opposed to in-phase actuation. Indeed, when the shell is actuated in-phase, the
bending modes are only slightly excited through the in-plane/out-of-plane coupling property of
shells. However, the in-phase actuation has the capabilities of exciting the higher-frequency

circumferential modes, as opposed to out-of-phase actuation.
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Figure 7.2 Structural impedance jor in-phase and cutl-of-phase actuation.

The radial displacement frequency response at 30° from the actuator is presented in
Figure 7.3. The displacements produced by in-phase actuation are an order of ragnitude smaller
than those obtained by out-of-phase actuation, for the same electrical field applied to the
piezoelectric actuators. Unlike in-phase actuation, out-of-phase actuation is very effective in
exciting the natural bending modes of the structure. Since the frequency range of interest in
structural vibration control is low, out-of-phase actuation is thus more efficient than in-phase

actuation for ring structures.

This conclusion can be extended to two-dimensional shells. Based on an impedance
model developed for shells (Chapter 8), the response of a shell of same dimension as the ring

(Table 7.1) but 75cm long has been calculated. The actuator center is at coordinates (x=37.5cm,
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0=0°). The radial displacement frequency response at (x=15cm, 8=30°) is presented in Figure
7.4. Once again, the displacements produced by in-phase actuation are smaller than those
produced by out-of-phase actuation. However, the clear advantage of using out-of-phase over in-
phase that was found for one-dimensional rings is not as obvious for two-dimensional shells. The
displacement magnitudes are closer to each other, showing a factor of about 5 only for this
particular case. Nevertheless, out-of-phase actuation is still more efficient than in-phase

actuation.

This conclusion is different from that reported by Lester and Lefebvre (1991). In their
paper, a theoretical model based on a static approach was presented for in-phase and out-of-phase
actuation. It is stated that in-phase actuation excites the lower bending modes more efficiently
than out-of-phase actuation. The reason for this erroneous conclusion is simply the omission of
the self-equilibrating pressure that needs to be used for in-pkase actuation. Without this cxtra
pressure loading, the shell response will produce erronenus larger displacements. Experiments
were performed on a fuselage-type structure, including stiffeners and a floor. This structure is

mors complex, and thus more difficult fo compare 10 a simply-supported cylinder.
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7.4 Bonding of Piezoceramic Actuators on Curved Surfaces

Due to their brittle nature, piczoceramic maierials can only toleraie a very small curvature
before they will break. This creates a problem when actuators need to be used with curved
structures. A possible way to obtain a curved piezoceramic actuator is to machine the desired
curvature in a thick actuator. This method involves high machining accuracy, only provides
limited curvatures, and is expensive. It is also possible to directly fabricate actuators with a
curvature, but this is perhaps even more expensive, keeping in mind today's limited market.

Thus, there is a need to adapt flat piezoceramic actuators to curved structures.

The most convenient way to apply an actuator on a curved structure is to machine a flat
surface on the structure (Fig. 7.5). This provides an easy and inexpensive means of obtaining the
desired actuation/sensing. However, this technique is not possible for all situations. For large
radius/thickness ratios, the machining of the flat surface can be done without affecting the

structural properties of the shell; but, for thin shells, the structural properties can be greatly
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modified. Also, the machining of a flat surface can be simply impossible due to the location or

the size of the actuator/sensor.

Figure 7.5 Methods for bonding flat actuators on curved structures.

An alternative to bonding flat piezoceramic actuaters is to cut them into small pieces, and
bond them next to each other on the structure (Fig. 7.5). The piczoelectric pieces are borided as
close as possible, but leaving a gap to avoid electrical short circuit. The space between the
actuators is small enough to be neglected, so that all pieces can be considered as a single actuator.
With a sufficient number of pieces, the actuator could be considered curved. This technique does
not involve the machining of ihe structure and has no lin:t on the size of the actuator, but has
other drawbacks. The first difficulty is the bonding of the actuaror itself on the curved surface.
For each piece, a non-uniform adhesive layer must be present to accommodate the flamess of
each piece (Fig. 7.6). Because of this, it is very difficuli to obtain bonding comparable to a flat
actuator on a flat surface that will transfer the actuater's induced sirainto the structure. A second
difficulty is to bond each piece as close as possible to each other, in order o obtain a global
-uniform patch, but leaving a gap for the electrical insulation. In this technique, it is assumed that
each actuator piece will cancel the effect of the adjacent actuator, only producing a global effect
on the structure.

PZT actuator

Nonuniform
adhesive layer

Figure 7.6 Schematic illustration of a non-uniform adhesive layer accommodating a flat PZT on
a curved structure.
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7.5 Experimental Verification

A steel ring actuated in-phase and out-of-phase by surface-bonded PZT actuators was
used to experimentally verify the impedance models. The material and geometrical properties of
the ring and the actuator used are shown in Table 7.1. The two bonding techniques discussed
previously were used. Firstly, a flat surface was machined on the ring. The structural integrity
was not affected by the machining process due to the relatively large thickness and radius of the
ring and the small actuator patch. Secondly, the actuators were bonded on the curved surface,
breaking it into four pieces of 9 mm each and leaving a thin gap between each piece. For the
remainder of the chapter, the single piece continucus actuators bonded on the machined flat

surface will be referred to as "flat actuators," while the segmented actuators bended on the curved

surface will be referred to as "segmented actuators”.

A random signal produzed by the WCA Zonic AND and amplified with a Trek 506/750
high voltage power amplifier was applied to the piezoelectric actuators. The ring velocity
response was measured using a Polytec laser vibrometer system and data was acquired with WiCA
Zeta software on a Macintosh Quadra. The experimental set-up is shown in Figure 7.7. The nng
was suspended using fishing linc o simulate frec-floating boundary conditions. Finally, the out-
of-plane velocity measurements were done at angles of 30° and 150° from the actuatcr. The laser
vibrometer system is able to measure accurately velocities up to 1 micron/s. The experimenial
ring was chosen such that the velocities produced by the actuators, which are driven at half of the

depoling electrical field, will b large enough to be measured accurately.

WCA Zenic AND Power Ampiifier

IN outft N ouT
9009 | @
Laser
—1
Mactintosh Quadra 950

Figure 7.7 Experimental set-up used to measure the out-of-plane velocities of the structure.

The ring's radial frequency response at 30° from the actuator (see Fig. 7.7) subjected to
out-of-phase actuation is shown in Figure 7.8. The flat actuators show a better match to the

impedance model than the segmented actuators. The segmented actuators produce smaller
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displacements than the flat ‘actuators, due to the increased bonding layer thickness and, gaps
between each piece, which will reduce the actuators authority on the structure. Nevertheless,
both the flat and segmented actuators show a conclusive match with the theoretical impedance

model.

The ring's frequency response at the same location due to in-phase actuation is shown in
Figure 7.9. In this case, the match between the impedance model and the experimental resulis is
not as conclusive. The differences might be attributed to the actual bonding of the actuators on
the curved surface. The theoretical model cannot exactly model the actual experimental set-up,
the bonding layer having an impact on the structural response, likewise for the machined flat
surface. Taking account of those considerations, the theoretical and experimental results show a

good match at the resonant frequencies.

The structural response at 150 frcm the actuator is not presented since the same

conclusions would be drawn.
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Figure 7.8 Experimental and impedance model ring response to out-of-phase actuation.
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The next figure (Fig. 7.10) shows the structural response if each actuator is excited
separately, i.e., a single actuator on the inside of the shell or on the outside of the shell. It can be
observed that an actuator bonded on the inside will produce a similar response to an actuator
bonded on the outside of the shell, both for the flat and segmented actuators. Once again, the
segmented actuators produce smaller displacements than the flat actuators.

7.6 Actuator Response Superposition

A finite element analysis has been performed using the experimental ring dimensions to
verify single-side actuation. The model uses piezoelectric elements available in ANSYS 5.0 and
is shown in Figure 7.11. The strictural response of the ring to inside actuation and outside
actuation is presented in Figure 7.12. The structural response of each actuator cannct be
considered to be the same. even though only small discrepancies arc present. However, {or thin
shells, the side of the shell on which the actuator is bonded will not have an important impaci on

“ the structural response. If ihe radius is increased to infinicy (ilat structure), the structural response

will be exactly the same.

W
T
P Y-
Actuator W
— Actuator PN

Figure 7.11 Finite element model using PZT elements.

The finite element structural response illustrated in figure 7.12 shows an excellent match
with the experimental results, as well as with the impedance model results that were presented in
Figure 7.10.

The superposition of the response due to a single actuator to get the total in-phase and
out-of-phase response is now considered. If the displacements due to the inside actuator are
subtracted from the displacements due to the outside actuator, the pure out-of-phase solution is

obtained exactly (equation (7.6a)). If the displacements are added, the pure in-phase solution is
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also obtained exactly (equation (7.6b)):
”i|0uside i ‘Inside = “i|0utphase (7.6a)
W IOuzside + ”ilmszde =i | Inphase (7.6b)

The converse is also true. The structural response of a single actuator bonded on the
inside or outside surface of the shell can be obtained from the in-phase and out-of-phase structural
responses (equation (7.7)). To a larger extent, any unsymmetrical voltage application on the

actuators can be expressed as a linear combination of pure in-phase loading and pure out-of-phase

loading:
Iﬂu-l +1 u~| = . 7.7a
/4 i Inphase /2 '()uz_phasg ’l0utxtde (7.73)
1 I 1 ' — I
/Zu‘ Inphase /Zul Outphase Uil pside - {7.7b)
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Figure 7.12 Structural response at 30° from the actuators bonded on the inside and on the
outside of the ring, using finite element analysis.
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7.7 Conclusions

In this chapter, the actuation authorities for different actuation schemes were presented,
namely, in-phase and out-of-phase actuation of thin shells. Based on the radial response of the
ring, it is shown that in-phase actuation has lesser authority, and out-of-phase actuation has higher
authority than in-phase actuation. Also, out-of-phase actuation is more efficient in exciting the
lower order bending modes of the ring, while in-phase actuation has the capability of exciting the

higher circumferential modes.

The experimental verification of the out-of-phase impedance model was very conclusive.
An excellent match between the theoretical and experimental resulis was cbserved. flowever, the
match is more difficult for the in-phase actuation case. Greater discrepancies are found due to
the smaller displacements involved and to the greater sensitivity to the bonding of the actuaiors
on the structure. Nevertheless, the in-phase actuation experimental resudts are still simiiar i the

theoretical results, both in shape and magnitude.

Finally, a short discussion on the superposition of the structurai responses is presented. i
is shown that pure in-phase and pure out-of-phase actuation ¢an be used to mode! the more

general unsymmetric actuator Joading, by using simple linear superpositior:.
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Chapter 8

Impedance-Based Modeling of Actuators Bonded
to Shell Structures

Abstract

When discrete piezoelectric actuator patches bonded on structures are used for active
shape, vibration, and acoustic control, the desired deformation field in the structure is
obtained through the application of localized line forces and moments generaied by
expanding or contracting bonded piezoelectric actuators. An impedance-based model to
predict the dynamic response of cylindrical shells subjected to excitation from surface-
bonded induced strain-actuators is presented. The essence of e impedance approach is o
match the actuator impedance with the structural impedance at the ends of the actuators,
which will retain the dynamic characteristics of the actuators. A detailed derivation of the
actuator and struciural impedance is included. It is tound that the actuator's output dynarnic
force in the axial and tangential direction are not equal. Various case studies of a cylindrical
thin shell are performed to illustraie the capabilities of the developed impedance model. Oui--
of-phase actuation is shown to be the most efficient ir exiciting the lower order bending
modes of shell structures. The péper is concluded with a finite element analysis verification

of the derived impedance model.

8.1 Introduction

In any mechanical system with moving parts, special attention must be given to
reducing vibrations and accompanying noise. If the system cannot be balanced or is
subjected to random vibrations, passive or active control of the structure can be considered to
reduce vibrations. One way to perform active control is to use shaker type actuators, but this
involves many moving parts external to the base structure. By fully integrating the vibration
control components within the base structure, self equilibrium of the complete system is

insured and simplifies the overall design of the mechanical system. Piezoelectric (PZT), and
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other induced strain actuators are one type of actuators which can be easily integrated in the
structure. When PZT patches are bonded or embedded in the structure, they apply forces or
moments which are concentrated at the edges of the actuator. Using those forces and
moments on the structure, the vibrations can be reduced by modifying the apparent structural

impedance.

The piezoelectric actuators are often used in pairs, bonded on opposite sides of the
structure. By controlling the voltage applied on each actuator it is possible to drive the
actuators in-phase (both actuators expanding or contracting togecther), which creates an
extensional deformation of the middle surface or out-of-phase (one actuator expands while
the other contracts), which creates bending deformation of the middle surface. In between
these two extreme cases, unequal voltage application will create a combination of bending and
extension. An actuator bonded only on one side of the structure is the most common case of
unsymmetric actuation. Out-of-phase and in-phase actuation wili have a different impact on
the vibrational response of the structure, out-of-phase actuztion being more suitable for
exciting the structural bending modes and in-phase being more suitable extensional modes
(Chapter 7).

A number of theoretical models have been proposed for out-of-phase actuation of
beams (Crawley and de Luis, 1987; Crawley and Anderson, 1990; Wang and Rogers, 1951,
-Dimitriadis et al., 1991) and plawes (Crawley and Lazarus, 1989 Hagood ei al., 1988). Gther
models based on the layered shell theory have also been proposed (Tzou and Gadre, 1989;
Jia and Rogers,1990). For shelis actuated with discrete actuator paichies; plaie models were
adapted to shells (Sonti and Jones, 1991; Lester and Lefebvre, 19%1) and other models
directly based on the shell governing equations (Sonti and Jones, 1993; Larson and Vinson,
1993b; Chapter 4). In all of these models, the actuator output force is computed from static
considerations (i.e. local actuator/structural geometric and material properties) and, for
vibrational control, the static fixed amplitude actuator forces are simply applied over the

whole frequency range of interest.

Impedance models based on the dynamic properties of the actuators and the structure
have also been proposed. The essence of the impedance approach is to match the actuator
impedance to the structural impedance along the edges of the actuators. Impedance models
for out-of-phase actuation have been derived for beams (Liang et al., 1993b), plates (Zhou et
al., 1994a), rings (Rossi et al., 1993; Chapter 5), and shells (Zhou et al., 1993). An
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impedance model for in-phase actuation of rings has also been proposed (Chapter 6).

Even though unsymmetrical actuation can be represented with simple linear
superposition of in-phase and out-of-phase actuation (Chapter 7), no model for such
unsymmetrical actuation has been presented yet. In this paper, an impedance-based model
of two-dimensional shells subjected to in-phase, out-of-phase, and unsymmetrical actuation is

proposed.

8.2 Impedance Model Derivation

An impedance-based model for a simply supported thin cylindrical shell excited with
piezoelectric actuator(s) is derived (Fig. 8.1). The impedance model is derived in four major
steps: (1) Calculation of the structural impedance ai the edges of the actuators using the shell
governing equations and the appropriate boundary conditions; (2) Calculation of the actuator
impedance: (3) Calculation of the actuator cutput force based on the structural and actuator
impedances interaction: and (4; Application of the frequency-dependent actuaior outpui

forces to the shell governing equations previously used to obtain the shell response.

The assumptions used in the following derivation arc a perfect bonding of the
“actuators to the structure, a.constant siress distribution through the thickness of the actuators,
and a thin shell. Based on these assumptions, the linear Love-Kirchoff sheil thecry is used.
In view of the mechanics through which the forces from the actuator are transferred to the
sub-structure, the actuator patches are replaced by discrete line forces and moments along the

edges of the footprint of the actuator (Crawley and de Luis, 1988).

Figure 8.1 Simply supported thin shell with surface bonded actuators.
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The pair of piezoelectric actuators can be excited independently if the substructure is
not used as a ground and electrical insulation between the actuators and the structure is
introduced (Fig. 8.2). This type of bonding allows the pair of actuators to be excited in-

phase, out-of-phase, one actuator alone, or unsymmetrically.

Electrical Insulation Layers

E

inside

inside

Figure 8.2 Unsymmetric actuation created by electrically insuiating the aciuators from the
structure.
he superposition of the in-phase and out-of-phase ctuation structural responses wiil
be used w0 predict the response due to unsymmetrical actuation. It was shown in Chapter 7
that any unsymmetrical actuation can be expressed as 4 linear combination of pure in-phase
actuation and pure out-of-phase actuation. The appropriate weighting facters for in-phase
(&%) and out-of-phase actuation (£9), which are based on the free induced strains (A) applied

on each actuators, are:

£= Ainsidze/:' Aowside (8.12)
max

‘;;,o - _Airwi;teA+ Acuiside : (8 1b)
max

where Apqx is the largest of the inside or outside actuator frze induced strain. Based on this
definition, the free induced strain ratios & and £° will vary from -1/2 to 1. £° = I being pure
out-of-phase and &i =1 being pure in-phase. The x ratios are dependent only on the free
induced strain, assuming identical actuators arc bonded on both sides of the shell. For cases
where the actuators do not have the same thicknesses, the equation derivation becomes more
complicated due to different actuator impedances. However, a simple superposition of the
structural response to actuators bonded on the inside and on the outside of the shell can still

be used to predict the dynamic response using this method.
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8.2.1 Determination of the Structural Impedance

The dynamic response of structures can be described through its impedance or
admittance. The structural admittance, which is simply the inverse of the impedance, and is
defined based on the velocity response of the cylinder at the edges of the piezoelectric
actuator, both in the x and the 6 directions. Making use of linear superposition, the
admittance definition (equation (8.2)) has been separated into two parts: pure in-phase
actuation admittance and pure out-of-phase actuation admittance. H,, and H gg are the direct
admittances which directly couple the forces in the x and 6 directions, while Hyg and Hg, are
the cross admittances which couple the input forces in the x and 6 directions to the response
in the 8 and x directions, respectively. In the case of one-dimensional structures, the coupling
disappears and the admitiance definition simplifies to a single term instead of the 2 x 2 matrix

involved for two dimensional structures.

2 2 .. )
PR faf | terafo
Inphase 2 ax ? Inphase 2 b g (8.2a)
‘Gutphase ) x=x, (\ !Ou!phasejx-_-x, T
—(Hxxe + f!ngQ}
. 2 .. ,)'| ' . 2 .0 )
252 (ts + ta) oW | 20 (ts - !a) id =
SR R VA i -1 7 R NC ALY A =
Inphase 2 KJo| | | Inphase 2z R0 ; (B.2b)
1Qutphase 66 L {Outphase /lg=0 ’ -
=8, —Yi

—(H  oFy + HgoFy)

where 12, v° and w? are the axial, tangential, and radial midplane displacements, respectively.
t is the thickness and subscripts a and s stand for actuator and shell, respectively, and K is the
radius of the shell. Fj and F g are the actuator output forces in the x and 8 directions. In
equation (8.2), the minus sign on the right hand side is necessary to indicate that the actuator

output forces are equal and opposite to the structural reactions.

The first step of the impedance approach is to calculate the structural impedance of
the cylinder, which will be dependent on the actuator's location, the boundary conditions, and
the physical properties of the shell. The structural impedance calculations will be based on
the modal expansion method. This method is numerically efficient and accurate when the
natural modes are available, which is the case for a simply supported shell. The Rayleigh-Ritz

method can be used for more complex shell boundary conditions. Using the thin shell
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theory of a circular cylinder, the equations of motion including the actuator induced forces

and moments are (Soedel, 1981):

on
09 01 ° - S.S‘“oz_xy 8'3a
Ll(u vow ) Pl E» ( )
0 . on om
Ly(u®,v°,w°) - pyty° :R—82+ R2;8 : (8.3b)
. . 9% 9*
L(u ,VO,WO)-pst.,WO:_%M &”’zuﬁ; (8.3¢)

where the induced uniform tangential and axial forces can be written using Heaviside

functions:
ny =Ny {H(x - x) - Hlx-x;)[H(6- &) - HO-6,)], (8.4a)
ng = No[H(x - x)~ H(x - x;)][H(6 - 6;) - H(6-6,)] , (8.4D)
with an in-phase force magnitude of:
N, =2F &, . (8.52)

No =2FyE", (8.5b)

and where the induced uniform tangeniial and axial momenis can also be -written using

Heaviside functions:
my =M, [Hix - x) - H(x - x)|[H(6 - 6) - H(6-86,)] , (8.6a)
mg = Mg[H(x - x;}~ H{x — x, )| H(0 - 6} - (6 - 8,)] , (8.6b)
with an out-of-phase moment magnitude of:
M, =(t, +1,)FE°%, (8.7a)
Mg = (15 +1,)F&° . (8.7b)

In the solution of the structural impedance, the actuators' forces are transferred to the
midplane of the structure, and the actuators are removed from the structure. It is noted that,
at this stage, the actuator output forces F, and Fg are still unknown. For a general
unsymmetric actuation, the shell will be subjected both to in-plane forces (equations (8.4 and

8.5)) and out-of-plane moments (equations (8.6 and 8.7)) on the edges of the actuators (Fig.
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8.3).

¥ inside I}I'-"l'dg
Figure 8.3 Transfer of the actuator’s forces to the shell midplane.

Using the modal expansion method, the torced response of the shell is expressed with

the following series (Soedel. 1981):

(x,0,0)= ¥ pUs (.06, (8.8)
%

where py is the modal participation factor. For a simply supponed cylindrical shell, the axiai,
tangential, and radial displacements are assumed te be under harmonic loading and may be

expressed as:

U = Uppnp = Ay COSQESITING {%.9a}
Uk = Vipnp = Bpupp sinoxsinn@ (8.9b)
Usg = Wipnp = Cpunp Sin0x cOSRE (8.9¢)

¥/ . . . . .
where a:mT. The subscript p refers to the bending, torsional and extensional modes.

Based on the eigenvalue analysis of the system, the Love operators L,-(u",vo,w") are obtained,

as well as the natural frequencies ®,,,, and the displacement ratios A, /Cpnp and By, /Conp

(Soedel, 1981).

Li{u® v°,w° ) = —p,t,0fUy, . (8.10)

Substituting equation (8.10) in equation (8.3), the modal expansion method yields:
Pic + 0fp = Fe'™ 8.11)

with the forcing function Fy :
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om
g 9
Vin
( )U’”"” [R69+Rzaej

2n !
F,=F,, dBdx , (8.12)
mp = pss mnpgb[ _n_9+32m1+82m9 W
R aXZ R2992 mnp
where
2 Nt 2 2 2
mp = CorunpNonp = | [[Uninp + Vitp + Wotnp | (8.13)
00
Solving equation (8.11), the modal participation factor is
F, .
= . (8.14)
Pe w% P

At this point, the forced response of the shell under steady state excitation is determitied as:

3 .
W(@0.0= 3 Y 3B Anny [Conp (So cO3n8 - Cg sin nB)cosaxfe™ ,  (8.15a)
p=Im=1n=1

3 .
v (1,0.)= 3 3 S{0Byny /Connp (So sinné + Cocosn@)sinanle™ ,  (8.15h)

p=lm=1n=1
. 3 = ' -
wix,0,6)=Y 3 E{:‘}(Sgcosna—tfg:»innﬂ}sinax}ewx: {8.15¢)
p=im=in=1
where
A
S R2 . { mnp(N)Jr mp(N9+1"§9} (RNB +‘MIO!+M29nﬂ, (8.162)
Psls mnp( Dnnp CO) Cmnp Cmnp Ra R*a \ an n Ra/J
Sg =sinn@; —sinn¢, (8.16b)
Cy =cosnf —cosnb, . (8.16¢)

Based on the admittance definition (equation (8.2)), the direct structural admittances are:

2
in| Ay /€, 2
x‘"( mp m"p) + Ko (Sg cosnb, —Cysinnb,)C,r,  (8.17a)
n n

13
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~in{1+ 1By Cnnp B Cop)

3

Heeziz >y Ron (55+C5)sinaxo ; (8.17b)
la p=Im=1n=1 xown(n + anp/Cmnp)
Ra
and the cross admittances are:
i1+ A g B o)
3
Hg, = L 3 Ran (Sg cosnb, — Cgsinnb,)C, + (8.18a)
Ia p=Im=In=1 XOw(n+anp/Cmnp)
RZ
3 inl A Crnp | B C
H,, __1_ 3 Zzn( mnp [ P)( mnp | 'MP)+ Kow® (S§+C§)sinaxo} . (8.18b)
Ra p=lm=1n=1 n R ]
where
Riw 28
Psls Nmnp(wmn - )
Rio  (t;+1,) &
Xout == . * 2 ) Cx ’ (8.19b)
p.\“S 2Nmnp(wmnp = )
C, = ¢osox) — Cosaxy | (8.19¢)

and (x,,6,) are the coordinates of the actuator center. Iz =X2 - X1 and R, =R(6, —6;) are the

actuator dimensions in the axial and tangential directions. Finally, the structural impedance

along the actuator edges is obtained by inverting the admittance matrix:

[zu Z, }z[Hn 11x9]“’ (8.20)
Zoe Zgg| |Hee Hoyg

8.2.2 Determination of the Actuator Impedance

With the structural admittance now determined, the next step in the impedance
approach is to calculate the actuator impedance and match it to the structural impedance.
Making use of the isotropy of the actuator in the 1-1 and 2-2 plane and assuming a thin shell,
the Love's equations of motion of the PZT actuator vibrating in the axial and tangential
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directions can be expressed as:

o€
jo=YE =X | 8.21a
paiio =Y/ ( )
o€,
"o:YE__i; 8.21b
Pav™=ta R0 (8.21b)

where pg is the PZT density and YE is the PZT complex Young's modulus at zero electrical

field. The complex Young's modulus is used to include the piezoelectric material's damping.

Under thin shell assumption, the piezoelectric patch is thin with a large radius of
curvature. If the actuator patch is small enough, the actuators can be assumed to be flat and
the strain-displacement relations for flat structures can be used. This assumption allows us to

decouple the radial displacement of the shell from the dynamics of the piezoelectric actuators,

ie.
e %]
Cril o 8.22)
%\Eef i&vo i ‘ 8.22)
RI8 ]
Thus, the equations of motion in the axial and tangential directions for the PZT actuator are:
. J2y0
‘L)au = YaE C9x2 N (8.233)
alvo
..o — E
Pave =Y/ 27302 (8.23b)

Assuming harmonic excitation by separating the displacements into time and spatial domains,
the solution of the equations of motion will give the axial and tangential response of the

actuator:
u°(x,t) =[Asin(kx) + Beos(kx)] €' , (8.24a)
v°(8,1) = [Csin(kR@) + Dcos(kRO)] &' ; (8.24b)
where o is the input angular velocity and « is the wave number, which is given by:

_ P,
k2 _wz_YiE . (825)

a
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The short-circuit direct input impedances of the piezoelectric actuators in the axial and

tangential directions are respectively defined as:

- YE1,kR,

ioan(kl,) (8.262)

axx

YE: ki
7 - a‘aa 2
abe ianan(kRa) (8.26b)

and the short-circuit cross input impedances are:

_ YFiu,

_ 8.27
iotan(ki,)’ (8.272)

ax@

— YaEtakRa
abx

- . 8.27b)
iotan(kR,) (8.270)

Finally, the constitutive equations of the piezoelectric actuator:

, (o] | 1 -V,

€y 4 o | _|YEuR, YEil, |[Fx . [d3 E (8.28)
€ o’ J ~Va 1 Fy 1432 ’

[R&O YaEtaRa YaEtala

where d3; are the piezoelectric constants of the PZT actuaters, £ is the electrical field and v, is

the actuator's Poisson's ratic.

8.2.3 Structural/Actuator Dynamic Interaction

With the structural and actuator impedances now determined, the third step in the
impedance modeling is to consider the structural/actuator dynamic interaction (Fig. 8.4). The
interaction between the actuator is taken into account by the equilibrium and compatibility
equations, which state the equilibrium of the forces between the actuator and the structure at
the actuator edges. Applying the displacement boundary conditions (u,_g=0, vg_o=0)
(Zhou et al., 1993) to equation (8.28), B and D are found to be zero. The remaining
unknowns A and C will be determined using the constitutive equations of the piezoelectric
actuator (equation (8.28)) at x = I and 6 = 6:
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k cos(kla)[l -v, EZ73 + Z—”] kcos(kR, )[-Zi -V, ﬂ]
Zaxo  Zaxx Zaox Z,00

A ds;
, , L, ) o= 829)
kcos(kl, )| =2 —v, =2 | kcos(kR, )| 1~ v, =2+ =% 32
Zaex Za99

axf Zaxx

Based on the impedance definition, the dynamic actuator forces output per unit length are:

F, = —;ﬂ(A sin(kly )Z, + Csin(kR, )Z,0)e™™ (8.30a)
a
Fy = —%“-’(Asin(kza )Zgy + Csin(kR, ) Zgg )" . (8.30b)

a

Thus, the dynamic actuator force output has been calculated based on the structural
impedance.

Figure 8.4 Dynamic interaction between the piezoelectric patch and the shell structure
represented by mechanical impedance.

8.2.4 Shell Response Calculations

Using the dynamic actuator force output, the shell response can be calculated based
on the shell governing equations developed in section 8.2.1. The axial, tangential and radial

displacements are given in equation (8.15).
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8.3 Theoretical Results

The derived impedance model that was presented in Fig. 8.1 will be applied to the
thin cylinder, with dimensions and properties given in Table 8.1. The dimensions were
chosen such that the shell is thin and the actuators are small enough not to increase the
structural stiffness substantially. The shell is made of aluminum and G119S piezoelectric
actuator patches are used. Various case studies are presented, with a particular attention to
pure out-of-phase and to pure in-phase actuation. For comparison purposes, all actuators are

always excited with a free induced strain (A) of £1000 pstrain.

Table 8.1 Material and geometric properties of the PZT actuator and the aluminin shell.

Aluminum shell PZT Actuator
Young's Modulus, Pa 69x 109 63 x 109
Density, kg/m3 2700 7650
Poisson's ratio 0.3 0.3
Loss factor 0.006 0.001
Piezo. Coefficient d37, m/V N/A L -166 x 10 i2
Applied electric field, V/m N/A 8.20 x 109
Radivus / Length, cm 10.65 10°
Width, cm 34 2
Thickness. mm 1.1 .24

The structural admittance for in-phase actuation is shown in Fig. §.5. The four peaks
corresponds to the first four natural frequencies of the shell, as expected. The reader's
attention should be drawn to the cross admittances Hyg and Hgy. In most cases, one can
expect the cross admittances to be equal. However, it can be easily seen that the cross
admittances are different both in shape and magnitude, having different antiresonant
frequencies. This difference is due to the admittance definition that was used in equation
(8.2). In that equation, the admittance definition was based only on F and Fg. However, if
a special attention is given to the third equilibrium equation (equation (8.3c)), one will notice
the presence of the induced uniform tangential force ng, It was previously discussed that this
loading term n, can be viewed as an external transverse pressure load, necessary to maintain
the self equilibrium of the shell when actuated in-phase (Chapter 3). If viewed as such, the
admittance definition is not only dependent on the forces Fy and Fg, but also on the radial
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Figure 8.6 Structural cross admittances for in-phase actuation are equal when three

dimensional admittance definition is used.
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n . . . . .
pressure term —?9. Based on this observation, the admittance for pure in-phase actuation can

be defined as a 3 x 3 matrix:

-0 .0 _ »
[211 lnphase] (Zu Inphase] a [HXXFX +HeFp + HpxFy }’ (8.31a)
X=X3 x=x
-0 (o _ .
(21) lnphase]a_g [ZV [nphase)6_9 - [HX@FX + HggFg + HrGFQ], (8.31b)
=6, =6,
2‘[6912 wodez—[Hx,Fx +H9,F6+H”F6*] : (8.31¢)

where F, is the term resulting from radial pressure term. Using this definition, the cross
admittances will all be exactly equal, as shown in Fig. 8.6. However, for the purpose of the
impedance modeling, it is necessary to lump the radial pressure term F, with the tangential

force Fgin the admittance definition. This is attributed to the close dependency between the
two loads involving Fg.
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Figure 8.7  Structural admittance for out-of-phase actuation. Slight difference in the cross
admittances due to the transverse shear stress included in the equations.
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The structural admittance for out-of-phase actuation is shown in Fig. 8.7. Once
again, the cross admittances Hyg and Hg, are not exactly cqual. This time, the difference is
due to the transverse shear resultant that is included in the governing equations (Chapter 7).
If the shear stress resultant is omitted in the second governing equation, the cross admittances
will become equal since the admittances will now have only one dependency on Mg . For
both in-phase and out-of-phase actuation, an increased shell radius will reduce the differences
between the cross admittances; and for plates, the cross admittances will be exactly equal.
Admittance graphs are not presented for unsymmetric voltages applied to the PZT actuators,

since they will be a simple linear combination of the in-phase and out-of-phase admittances.

The in-plane forces created by the in-phase actuation of the piezoelectric patches are
shown in Fig. 8.8. In the impedance technique. the force calculations are based on both the
actuator and the structural impedances. In Fig. 8.5, the direct admiitance in the axial
direction is different from the direct admitiance in the tangential direction Thus, if the
admittances are different, the dynamic forces produced by the actuators should also be
different in the axial and tangential directions. This can be obseived in Fig. 8.8. The dashed
line, a static model previously developed (Wang and Rogers, 1991), agrees weli with the
impedance model for the force in the x direction only. However, when this static model or
other static models are used, there is no distinction between the two directions and the actuator
forces are thus mistakenly assumed to be equal. At the natural frequencies of the structure,
the tangential equivalent force developed is larger than thic axial equivalent force. This
behavior is a simple characteristic of the system, the structural tangential admittance being
smaller than the direct axial admittance. The next figure {Fig. 8.9) shows the dynamic
equivalent moments produced by pure out-of-phase actuation. The conclusions are similar to
those of in-phase actuation, and produced moments of different magnitude in the axiai and

tangential directions.

The radial displacement response to in-phase and out-of-phase dynamic actuation of
the shell at (x=0.09, 6=90°) is presented in Fig. 8.10. For comparison purposes, the shell
response using static modeling4 is also presented. The most remarkable characteristic of Fig.
8.10 is the greater authority of out-of-phase actuation when compared to in-phase actuation.
The displacements produced by out-of-phase actuation are an order of magnitude larger than
the displacements obtained from in-phase actuation. This behavior is predictable based on
the admittances plots (Fig. 8.5 and 8.6), since the shell has greater tangential impedance.

Thin shells are more sensitive to transverse loading (out-of-phase actuation) than to in-plane
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Figure 8.8 Dynamic equivalent forces produced by pure in-phase actuation on the structure
are not equal in the axial and tangential directions.
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Figure 8.9 Dynamic equivalent moments produced by pure out-of-phase actuation on the
structure are not equal in the axial and tangential directions.
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loading (in-phase actuation). The transverse natural modes are directly excited when out-of-
phase actuation is used, while they are only excited through the in-plane/out-of-plane
coupling property of shells when in-phase actuation is used. The resonant frequencies of the
shell based on the impedance model are shifted to the right when compared to the resonant
frequencies based on the static model. This behavior is due to the increased stiffness of the
actuators on the host structure which is included in the impedance model, as opposed to the

static model where the actuator stiffness is not included.

In Fig. 8.11, the shell response to a single actuator bonded on the inside and on the
outside of the shell at (x=0.09, 6=90°) is shown. Even though the shell is thin, the shell
response is different. The finite element analysis that will be presented in the next section
verifies this shell response, as well as the linear combination of pure in-phase and out-of-
phase actuation (equation (8.1)) concept to mode!l unsymmetrical actuation. Thus, special

considerations should be taken when single sided actuation is used.

A number of other cascs were simulated using the mmpedance model, but oniy the
most relevant information obtaired {rom them will be discussed. Firstly, the stiffness of the
actuator has an importani impact on the behavior of the system. A thicker actuator wili
produce higher forces on the host structure, but it will also be more difficult to mode! the
shell response due to the increased non-uniformity of the host structure. Changing ihe type
- of actuation material also changes the stiffncss of ithe actuawor, e.g. PVDF has a smaller
Young's modulus than piezoceramic material, and thus will have a lesser authority on the
structure. The size of the actuator patches bonded on the structure also needs to be
considered when designing such structures. Another design parameter is the location of the
actuator patch on the structure: the mechanical impedance of the structure is dependent ot
the actuator location and will thus affect the dynamic forces produced by the actuators. At a
particular location, the actuator patches will be efficicnt in exciting some resonant
frequencies, while another location will be more efficient at exciting other resonant
frequencies. Many cases using different shell and actuator dimensions were considered and

all showed better authority when out-of-phase actuation is used.
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Figure 8.1¢ The comparison of the structural respcnse betweer in-phase and out-of-phase
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Figure 8.11 Even for thin shells, the structural response to single side actuation (inside and
outside patches) is not equal at (x=0.09, 6=90°).
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8.4 Finite Element Verification

To verify the derived impedance model, a finite element analysis of the case study
presented in the previous section was carried out. Making use of symmetry, the finite element
model consists of only one quarter of the shell, and uses thin shell elements. The actuator
patches are also modeled with thin shell elements, and are connected to the shell structure with
rigid elements. The finite element analysis will only consider static actuation and will be
compared to the impedance model with an excitation frequency of 5 Hz, which is well below
the first natural frequency of the shell. This model does not make any assumption on the
actuator stiffness or mass. Three different types of loading on the finite element model were
considered. Firstly, thermal contraction and/or expansion of the actuators is used to simulate
in-phase or out-of-phase actuation. The deformed shapes of the shell under such actuation

are presented in Figures §.12 and 8.13.

Figure 8.12 Structural response to static in-phase actuation based on finite element
analysis.
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Figure 8.13 Structural response to static out-of-phase actuation based on finite element
analysis.
The second loading type use line forces and moments, and uniforrn pressures applied
on the elements modeling the shell structure leaving the actuators elements in the model to
include their stiffness. The magnitudes of the forces and moments are based on the actuators

free expansion and are given by (Chapter 3):

E
Ny=2Yatey g (8.322)
1-v ~
Y
MA =(ts+ta) 1a_sd32E . (832b)

The displacements obtained by this second model matches almost exactly the
displacements from the thermal loading case, and is thus the appropriate way to apply the
loading when the actuators are left on the structure. Finally, the third type of loading also use
line forces and moments and uniform pressures applied on the elements modeling the shell
structure, but the actuator elements are removed from the model, leaving a uniform structural
stiffness. However, for this case the magnitudes of the forces and moments are based on the
continuity of the strains at the interface of the shell and the actuators, which is often referred

to as the Euler-Bernoulli model, and are given by (Chapter 3):
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where T is the thickness ratio t5/t;. The deformed shape based on this loading is the same as
the two previous cases, but differs in magnitude. This magnitude difference comes from the
assumptions made in the derivation of the equivalent forces and moments applied to the shell.
In the equation derivation, the boundary conditions are assumed to be free. When shells are
considered, the structure is a closed body and does not have free boundary conditions, since
stresses will be present in the whole shell. The same phenomena occurs for simpler structures
such as beams (Chaudhry and Rogers, 1993). When the beam is simply supported. the
boundary conditions will be free and the equivalent loading based on the Euler-Bemoulli
method will give accurate results. If the boundary conditions are changed to clamped, the
assumed stress free boundary condition in the equation derivation is no longer vaiid and will
produce errors in the magnitude of the structural displacements. In Figures 8.14 and 8.15,
" the displacemenis of the shell at x=0.09 based on the two loading types are presented. It can
be easily seen from the displacements that the deformed shape is similar, but differs in the

magnitude.

The final step 11 this paper is to directly compare the impedance model at 5 Hz with
the static finite element model. For both in-phase and out-of-phase actuation, the radiai
displacements based on the impedance model match the finite element results in shape, but
not in magnitude (Figs. 8.14 and 8.15). In the impedance modeling, the actuator stiffness is
included in the calculations of the actuator forces output. At that point of the modeling, no
assumptions have been made either on the mass or the stiffness of the actuators. When the
displacements are calculated using the dynamic actuator forces, the displacement equations
(equation (8.15)) are based on a uniform shell stiffness, not including the increased mass or
stiffness due to the actuators. Neglecting the actuator stiffness will reduce the stiffness of the
integrated system, and thus produce larger impedance model displacements seen in the last
two figures. The discrepancies between the impedance model and the finite element analysis

will reduce with decreasing actuator size and thickness.
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Figure 8.14 Comparisor. of the displacements of the siatic finite element model and the
impedance mode! at 5 Hz for vut-of-phase aciwation ar x=0.09.

x10-5

l._.) L Y 7 T T T T T

Out-of-Phase

Radial displacements (m)

—— Impedance Model
------ FEA, Equivalent force loading
------ FEA, Temperature loading

1

_15 L 1 1 1

20 40 60 80 100 120 140 160 180

Theta
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impedance model at 5 Hz for in-phase actuation at x=0.09.
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8.5 Conclusions

In this chapter, an impedance-based model to predict the dynamic response of
cylindrical shells subjected to excitation from surface-bonded induced strain actuators was
presented. The strength of the impedance model over the conventional static approach is the
inclusion of the dynamic interaction between the induced strain actuators and the host
structure. In its derivation, the impedance model includes the actuator mass and stiffness for
a more accurate representation of the actual system. The impedance model also cousiders the
different shell stiffnesses in the axial and tangential directions. Doing so, it was found thai the
actuators' dynamic forces in the axial and tangential direction are not equal and are
frequency dependent. However, in the shell response calculations the actuator mass -and
stiffness are neglected to simplify the shell governing equations, and thus will over-predict the
displacements. Out-of-phase actuation is shown to be more cificient thar in-phase actvaticn
in exciting the lower order bending modes of shell structures. The impedance-based model

for low frequencies was validated by a static finite element analysis.
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Chapter 9

Conclusions and Recommendations

9.1 Conclusions

In this dissertation, an impedance-based model to predict the dynamic response of
shells actuated with surface-bonded induced strain actuators was presented. General basis for
the induced strain actuation of shell structures were first introduced. Then, the impedance
model was derived for pure out-of-phase actuation and pure in-phase actuation of one-
dimensional rings, followed with a generalization to unsymmetric actuation of two-
dimensional shells. Finite element analysis and cxperimental work were performed and
compared to the derived impedance model. The stiength of the impedance model over the
conventional static approach is the inclusion of the dynamic interacrion between the induced
strain actuators and the host structure. Because of its dynamic characteristics, the impedance
modeling approach is the appropriate tool to be used in the vibraticnal and acoustical! control

of structures.
The principal conclusions of this dissertation are:

» Based on Donnell's theory, the expressions to represent the actuator forces and
moments for shell structures are found to be the same as those obtained for plates.
However, due to the curvature of the shell, the representation of the in-phase actuation
with an equivalent in-plane line force applied along the edge of the actuator results in
the application of erroneous rigid-body transverse forces. To avoid these rigid body
forces, a method to represent the in-phase actuation with a system of self-equilibrating
forces must be applied. Thus, the action of the actuator should be represented by an
equivalent in-plane force and a transverse distributed pressure applied in the region of

the actuator patch.

» A discussion of the appropriate representation of the loading due to out-of-phase
actuation and in-phase actuation was presented. For out-of-phase actuation, the

loading can be represented in the shell governing equations either as an induced
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uniform moment over the footprint of the actuators or as an external line moment at
the ends of the actuators. For in-phase actuation, the loading can be represented in
the shell governing equations either as induced uniform forces on the actuator
footprint or as a combination of external tangential forces at the ends of the actuators

and an external uniform transverse pressure over the footprint of the actuators.

The transverse shear stress resultant has an important impact in the modeling of out-
of-phase actuation. If the shear stress resultant is neglected in the governing
equations, a significantly different response at low f[requencies from the full
impedance model is obtained. The impedance model including the shear stress
resultant gives an excellent prediction of the structural response when compared to

the dynamic finite element model.

The impedance model for the in-phase actuation of induced strain actuators bonded
to the surface of a circular ring has a good correlation with the dynamic finite

element results.

Linear superposition of pure in-phase and pure out-of-phase actuation can be used to

model the more general unsymmetric actuator loading.

The actuators’ dynamic forces in the axial and tangential direction are not equal

because the impedance imodel considers different shell stiffnesses in the axial and - -

tangential direciions, as it shouid be.

In-phase actuation has lesser authority on shell structures than out-of-phase actuation.
Also, out-of-phase actuation is more efficient in exciting the lower order bending
modes of the shell because in-phase actuation only excite the bending modes through
in-plane and out-of-plane displacement coupling, while out-of-phase actuation excite
the bending modes directly. On the other hand, in-phase actuation has the capability
of exciting the higher circumferential and axial modes, as opposed to out-of-phase

actuation.

The experimental verifications used to validate the impedance model were conclusive.
An excellent match for out-of-phase actuation was obtained, with a more difficult
match for in-phase actuation. The larger discrepancies are found due to the smaller

displacements involved and to the greater sensitivity to the bonding of the actuators
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on the structure. Nevertheless, the in-phase actuation experimental results are still

similar to the theoretical results, both in shape and magnitude.

e Various finite element models were used and compared to the derived impedance
model. When the actuator mass and stiffness are neglected in the finite element
model, an perfect agreement with the impedance model is obtained. However, if the
actuator stiffness is considered in the finite element model, the analytical model only
gives a good approximation of the shell's deformed shape. In the impedance
approach, the actuator mass and stiffness are included in the derivation of the
dynamic equivalent actuator forces., but are neglected in the final shell response

calculations .

» The piezoelectric elements available in ANSYS 5.0 are aun efficient mean to dynamic

analysis of induced strain actuated structures.

In summary, two important messages to remember: (i) the plate models can not be used to
model curved structures; (ii) the impedance approach should aiways be used when induced
strain actuators are excited harmonically. Using the conventicnal static-based introduces

many assumptions, which will results in impertant modeling errors.

9.2 Recommendations

In this dissertation, 2 complete impedance model for simply supported circular
cylindrical thin shells was presented. This work have limitations for practical applications
because of the targeted shell structure used in the modeling derivation. To extend the reach

of this work, a few recommendations on possible future work are suggested:

- Experimentation on two dimensional shells could be done to verify the accuracy of
the dynamic response obtained from the impedance model. In present work, the two
dimensional impedance model was only verified using a static finite element analysis.
This verification was found satisfactory since the dynamic characteristics were verified
for one dimensional rings. Further verification of the two dimensional impedance
model could also be done using the full version of ANSYS 5.0 (the academic version

available at CIMSS has limited number of elements).
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Based on the impedance model, a coupled electro-mechanical model for shell
structures could be easily derived. Such model would provide important information
on the power consumption of the induced strain actuators and the energy transfer in

electro-mechanical system.

Extend the two dimensional impedance model to a larger array of boundary
conditions, such as clamped-clamped, free-free, cantilever, etc... However, some
difficulties may arise in the choice of the appropriate shape functions to model the
shell deformation for some boundary conditions. Numerical methods such as the
Rayleigh-Ritz solution could be used to solve for the system parameters. In this work,

only simply-supported boundary conditions were used.

Extend the two dimensional impedance model to open shelis and curved panels.
Such structures are solved from the same geveming cguations as closed shells, but

uses different boundary conditions.

Extend the derivation of the impedance modeiing io more general shells, i,
anisotropic shells, composite shells, elliptic cylinders or shells with double curvatures.
This extended model could be based on the layercd shell theory In this work, ihe

umpedance model derivation was limited to circular cyiindrical shells.

[nvestigate the possibility to apply the derived impedance model (o more complex
structures like aircraft fuselage and submarine huils. These complex structures
contains nonuniform properties due to the presence of siiffeners, flocors, and windows
that will greatly complicate modeling of the structural response to induced strain
actuation. The goal of this investigaticn would be o determine if the same
conclusions obtained for simple shells can be transiated t¢ more complex structures,
conclusions like better authority of out-of-phase actuation over in-phase actuation
and better efficiency of out-of-phase actuation in exciting the lower order bending

modes.
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