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(ABSTRACT)

This thesis presents a theoretical analysis of active control of sound radiation from
elastic plates with the use of piezoelectric transducers as actuators. A strain-energy
model (SEM), based upon the conservation of strain energy, for a laminate beam with
attached or embedded finite-length spatially distributed induced strain actuators was first
developed to determine the induced strain distribution. The equivalent axial force and
bending moment induced by the embedded or surface bonded actuators were also cal-
culated. The one-dimensional SEM was then extended to a two-dimensional model by
employing the classical laminate plate theory and utilizing Heaviside functions to inte-
grate the actuator influence on the substructure. The mechanics model can determine
the structural coupling effect and predict the structural response as a result of

piezoelectric actuation.

A baflled simply-supported rectangular plate subjected to harmonic disturbances
was considered as the plant. Piezoceramic materials bonded to the surfaces of the plate
or point force shakers were applied as control actuators. Both microphones in the ra-
diated far-field and accelerometers located on the plate were considered as error sensors.

In addition, distributed sensors for pressure and structural motion were modelled. The
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cost function was formulated as the modulus squared of the error signal. Linear quad-
ratic optimal control theory was then applied to minimize the cost function to obtain the
optimal input voltages to the actuators. Both near-field and far-field pressure and in-
tensity responses as well as plate displacement distributions were presented to show the
effectiveness and mechanisms of control for various configurations of the actuators and
sensors. Plate wavenumber analysis was also shown to provide a further insight into
control technique. The results show that piezoelectric actuators perform very well as
control sources, and tha: pressure sensors have many advantages over acceleration sen-

sors while distributed sensors are superior to discrete sensors.

The optimal placement of multiple fixed size piezoelectric actuators in sound radi-
ation control is also presented. A solution strategy is proposed to calculate the applied
voltages to piezoelectric actuators with the use of linear quadratic optimal control the-
ory. The location of piezoelectric actuator is then determined by minimizing an objec-
tive function, which is defined as the sum of the mean square sound pressure measured
by a number of error microphones. The optimal location of piezoelectric actuators for
sound radiation control is found so as to minimize the objective function and shown to
be dependent on the excitation frequency. In particular, the optimal placement of mul-
tiple piezoelectric actuators for on-resonance and off-resonance excitation is presented.
Results show that the optimally placed piezoelectric actuators perform far better in
sound radiation control than arbitrarily selected. This work leads to a design method-
ology for adaptive or intelligent material systems with highly integrated actuators and
sensors. The optimization procedure also leads to a reduction in the number of control

transducers.
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Chapter 1 : Introduction

1.1 Background

Noise control has become an increasingly important issue. Noise, unwanted sound
usually irritating and bothersome, is a by-product of the highly industrialized societies.
There are various kinds of noise sources, for examples jets, automobiles, machines and
so on, which are necessary as part of our present society but they have the disadvantage

of creating annoyance in many applications.

In addition to environmental concerns, noise control is also important for some
special applications. Submarines need to be quiet while operating in order to keep their
position undetected by enemy forces. Cabin noise from the aircraft engines can cause
psychological fatigue to pilots and passengers, due to prolong exposure in a high level
sound environment affecting not only comfort but also job performance. It is becoming
increasingly important to maintain an “acceptable” quiet environment, which will pro-

vide passengers with a comfortable trip and ensure crew a safe performance.

Chapter 1 : Introduction 1



Noise control is a process to attenuate the unwanted sound to an acceptable level.
Most noises come from vibrating structures, whose motions arise from operating ma-
chines. Since sound transmission can be either air-borne or structure-borne, much effort
has been made to identify the noise source and its paths such that a suitable, effective
control method can be applied. There are two main categories of control methods,
passive and active controls. Passive control is customarily adopted to reduce the noise
transmission by changing the physical properties of the structures, for instance, absorp-
tion materials, damping layers, vibration isolators; however, their effectiveness is limited.
Active control appears to be an effective way to reduce low frequency sound radiation
and transmission without the disadvantages of passive control, such as weight, size, etc.
The two main techniques of active control are (1) to apply active forces directly to vi-
brating structures so as to suppress the structural vibration, which contributes to the
sound radiation, and (2) to employ active sound sources in the radiation field so as to

cancel the radiating sound waves.

Recently, active control of noise and vibration has generated a great deal of interest,
due to not only the control effectiveness but also the development of rapid micro-
processors, low power distributed sensors and actuators, and suitable adaptive control
algorithms. The so-called “smart, adaptive, or intelligent structures”, which are struc-
tural systems with integrated sensors and actuators, have become an exciting new ap-
proach in the field of noise and vibration control. The following sections will discuss
active control systems and detail the definition and application of their components as
well as review the research and development of active control systems. In particular, the
active structural acoustic control (ASAC) approach which is the main objective of this

thesis is discussed.
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1.2 Active Control Systems for Structural Acoustic Control

A basic active control system consists of a plant, sensor, actuator and controller.
Figure 1(a) shows a schematic of the feedback control block diagram. The sensor is used
to detect the system output, so that the measured output signal can be compared to the
desired output. The compared error, the difference between the measured output and
the desired output, is processed through a controller to drive the actuator which can af-
fect the plant response. Therefore, the system output can be controlled as desired.
Figure 1(b) shows a schematic of a feedforward control block diagram. The controller
is optimized in order to minimize the least mean square of the error signal, which is the
difference between the control input and system output measured by the sensor. Hence,
the control actuator can change plant response as desired. The following sections indi-
vidually describe more about the nature and characteristics of each component as well
as a brief literature review of active noise control. Figure 2 shows an overview of active

structural acoustic and vibration control systems.

1.2.1 Plant

The plant or the process whose variables are to be controlled is the central element
of a control system. In structural acoustic control, plants can be structures, such as
beams, plates, shells and cylinders or other enclosures, which can be found in the real
world. There is extensive literature dealing with the active control of sound radiation
from different structures. The following discussion reviews references in ASAC associ-

ated with various structures, including beams, circular plates, rectangular plates, cylin-
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Figure 1. Schematic of feedback and feedforward control block diagrams
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Figure 2. Overview of active structural acoustic and vibration control

Chapter 1 : Introduction



ders and enclosures individually. Saunders, Robertshaw and Rogers (1990) presented
the use of Shape Memory Alloy (SMA) fibers embedded in composite beams to mini-
mize the sound radiation from harmonic beam vibration. They experimentally showed
the feasibility of SMA for structural acoustic control. Burdisso and Fuller (1990) ana-
lytically studied the sound radiation from beam with the use of piezoelectric actuators
by adopting feedforward control theory. Their work demonstrated that the controlled
structure system will possess a new set of eigenvalues and eigenfunctions (mode shapes)

due to the influence of the controller dynamics.

Fuller (1990a) analytically studied the active control of sound radiation from a
clamped elastic circular thin plate by oscillating forces applied directly to the structures.
The main advantage of applying control forces directly to the structure in the form of
vibration inputs is that only a low number of control actuators are needed to suppress
the structural modes coupling to the acoustic field. However, the implementation of
vibrational forces (i.e., magnetic electric shakers) has some drawbacks, such as large
volume and requiring a support structure. Dimitriadis and Fuller (1989) presented a
theoretical study of using a pie-shaped piezoelectric actuators bonded to a circular plate
surface and showed the control ability of piezoelectric actuators in sound radiation from
a baflled thin clamped circular plate. These compact distributed actuators overcome the

disadvantages of point force shakers.

Deffayet and Nelson (1988) proposed an active control technique which uses a
number of discrete monopole “secondary” sound sources to suppress the radiated sound
pressure due to the “primary” source from a baffled simply-supported rectangular plate.
Quadratic optimization theory was used to minimize the total radiated power. Results

showed appreciable reduction in power output can be achieved. However, a number of

Chapter 1 : Introduction 6



the secondary sources are necessary to match the radiation characteristics of the plate
mode. Wang, Dimitriadis and Fuller (1989, 1990) analytically studied the use of two
small rectangular piezoceramic patches, which are bonded to two sides of the plate sur-
faces symmetrically and driven 180° out-of-phase, as actuators to actively control sound
radiation from a baffled simply-supported rectangular plate in conjunction with the use
of LMS adaptive control approaches. They showed the potential of using piezoelectric
actuators in a two-dimensional structural acoustic control. Meirovitch and Thangjitham
(1990a, 1990b) presented the active control of sound radiation from rectangular plate
with/without coupled fluid loading. They essentially proposed to generate feedback
control forces (point forces) to suppress structural vibration so as to reduce sound radi-
ation in the far-field. With their approach, a high number of actuators are required to
control a relatively large number of modes participating in the sound radiation. The
structural system with such a large number of shakers become “bulky” and impractical.
Compact distributed actuators and adaptive feedforward control approaches which will
be discussed further in Sections 1.2.3 and 1.2.4 respectively can overcome this disad-

vantage.

Lester and Fuller (1987, 1990) and Jones and Fuller (1989) studied the active control
of interior noise inside a flexible cylinder as a simulation of an aircraft fuselage. Lester
and Fuller (1987, 1990) applied multiple monopole control sources (termed “active
acoustic control”, AAC) distributed inside the cylinder to minimize the area-weighted,
mean-square acoustic pressure in the circular plane. Jones and Fuller (1989) applied
multiple vibrational control forces (termed “active vibrational control”, AVC). The sig-
nificant difference between the AAC and AVC is that the AAC requires twice the num-
ber of control sources as the circumferential mode order to be controlled, while the AVC

needs only one point controller per mode regardless of circumferential mode order. This
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is due to the difference of control physics between monopole sources and vibrational

forces which will be explained in details in Section 1.2.3.

Bullmore et al. (1987) applied a number of secondary sources located in a rectan-
gular enclosure to minimize the total time averaged acoustic potential energy in a har-
monically excited enclosure. They analytically demonstrated that the optimal locations
of secondary sources for maximum power reduction are to be positioned at the locations
of maximum pressure response of the primary field. The performance and characteristic

of different types of sensors will be discussed further in next section.

1.2.2 Sensors

A sensor is used to detect the system response such that the system output can be
monitored and compared to the desired output in order to generate an error signal. The
error can then be utilized to determine the control signal in order to operate the
actuators and to modify the system response under direction of the control algorithms.
In this way, the system output can then be controlled to within a desirable range; hence,

the system is called “controlled.”

Sensors can be categorized into two groups: (1) discrete and (2) distributed sensors.
Accelerometers and microphones, essentially discrete sensors, are most commonly used
in ASAC. A few previous works have used accelerometer sensors in ASAC, such as
(Meirovitch and Thangjitham, 1990a,1990b). However, microphones are the most pop-
ular sensors used in ASAC, for examples (Lester and Fuller, 1990), (Simpson et al., 1989)
and (Saunders, Robertshaw, and Rogers, 1990). It is noted that since microphones are

to measure the sound pressures in the radiating field while accelerometers measuring the
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vibration response, microphones generally perform superior to accelerometers in ASAC.
This phenomenon was discussed by Fuller and Jones (1987). They concluded that for
ASAC, the use of microphone sensors in the radiating field, which generates error signals
containing the structural acoustic coupling information, is advantageous over the use
of accelerometers on the structure, which only provide the structural response informa-

tion.

Dimitriadis and Fuller (1989) and Wang, Dimitriadis and Fuller (1989, 1990) devel-
oped a formulation for sound radiation control associated with a cost function which is
based on the continuous pressure sensor measurements over a hemisphere in the radi-
ating field. This type of sensor is distributed in nature; however, it is difficult to build
such a pressure sensor. Newly developed distributed sensors, such as piezoceramic,
PVDF (Polyvinylidene fluoride) and optical fibers, which can be bonded or embedded in
the structures, will result in electrical output signals due to the structural response, so
they can also be applied to ASAC. Lee (1990a) presented a theory of laminated
piezoelectric plates for the design of distributed sensors which can sense motions, such
as bending, torsion, shearing, shrinking and stretching of a flexible plate. Lee and Moon
(1990b) demonstrated a theory of distributed sensors with a one-dimensional modal
sensors using PVDF thin film. The sensor was built similar to modal-filtering by prop-
erly shaping the PVDF film to sense each individual mode. Collins et al. (1990) pre-
sented a similar distributed piezoelectric film sensor, but different shape from that of Lee
and Moon (1990b), applicable to space robotics. Optical fibers, another branch of
compact distributed sensors, have also been successfully embedded into composite ma-
terials as strain sensors. Claus et al. (1989) presented a brief review of different sensing
techniques for optical fiber induced by local strain field, and this will not be repeated

here. A practical application of optical fiber strain sensors (Cox, 1990) to beam vi-
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bration control is discussed. Cox designed a digital feedback control system to derive
control signals from a mcdal domain fiber optic sensor, and applied them to piezoelectric
actuators. He experimentally demonstrated the use of a modal domain fiber optic sensor

for vibration control of a flexible cantilever beam.

Much literature was found dealing with the distributed sensors primarily focused on
active vibration control (AVC), but little was found to have been concerned with
ASAC. Recently, Clark and Fuller (1990b) have shown the feasibility of PVDF
piezoelectric films attached to the surface of a plate as error sensors in LMS adaptive
feedforward control approaches to minimize sound radiation to the far-field. They used
two narrow strips of PVDF sensors positioned symmetrically on the plate in order to
observe the odd-odd modes which are the more efficient acoustic radiators. Their work
showed much encouragement for the use of compact near-field distributed sensors in-
stead of far-field error microphones, which may not be practical in many circumstances.
This work indicates that compact distributed near-field sensors will have a substantial

impact in the future development of ASAC.

1.2.3 Actuators

An actuator is a device that can influence the plant response, e.g., the radiating
sound from an active structural acoustic control system. Lueg (1936) first proposed to
cancel the primary sound wave with the use of secondary sound wave 180° out-of-phase
with respect to the primary wave. The sound source (speaker) is applied in the acoustic
radiating field to cancel the sound wave. The sound source is not a “real” actuator,

which can actively drive structures and then influence the structural sound radiation, but
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it acts like an active sound source to cancel the radiated sound in the acoustic field.
Many others have also shown the feasibility of using sound sources for sound cancella-
tion. Lester and Fuller (1987, 1990) and Deffayet and Nelson (1988) made use of either
monopoles or dipoles as the transducers in active control of sound radiation and showed
a favorable noise reduction. However, the application of sound sources to active noise
control has their limitation. A number of secondary sound sources are necessary to
match the radiation characteristic of the plate mode, as demonstrated by Daflayet and

Nelson (1988).

An effective form of actuator to achieve ASAC is to apply vibrational forces directly
to vibrating structures. A small number of point force actuators are sufficient to sup-
press those structural modes which are well coupled to the radiated sound field, and to
achieve an appreciable radiated power reduction. Point force shakers are commonly
used in ASAC, such as raentioned previously (Jones and Fuller, 1989), (Meirovitch and
Thangjitham, 1990a, 1990b) and (Fuller, 1988, 1990a). Those studies showed that
shakers can effectively control the sound radiation; however, shakers have substantial

disadvantages, due to their large volume, large weight and requiring support.

Distributed actuators have increasingly generated a great deal of interest in either
sound or vibration control, because of their light weight and easy implementation.
However, most works were concentrated on AVC, and only a few works were associated
with ASAC. Recently, distributed actuators, such as piezoceramics and shape memory
alloys (SMA), have beer: attached or embedded in structures to actively control struc-
tural vibration and sound radiation. Crawley and de Luis (1987) and Bailey and
Hubbard (1985) introduced piezoceramic materials embedded or bonded to beams as

control sources to suppress beam lateral vibration. Such an arrangement can also be
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applied to ASAC. Dimitriadis, Fuller and Rogers (1991) extended the Crawley and de
Luis’s work to rectangular plates, i.e., two-dimensional structure problems, with
piezoceramic patches ideally bonded to the top and bottom surfaces symmetrically and
activated 180° out-of-phase. They showed that properly configured piezoceramic
patches can effectively excite the plate out-of-plane motion so as to control plate vi-
bration as well as sound radiation. Dimitriadis and Fuller (1989) and Wang, Dimitriadis
and Fuller (1989,1990) presented the theoretical analysis for the use of piezoelectric
actuators on active control of sound radiation from elastic plates. A cost function,
which is the integration of mean square sound pressure over a hemisphere in the radi-
ation field, was constructed based on the LMS adaptive control approach. Linear
quadratic optimal control theory (LQOCT) (Lester and Fuller, 1990) was then employed
to minimize the cost function in order to find the optimal control voltages applied to the
piezoelectric actuators. Effective sound radiation control was shown to be achieved by

appropriately tailoring the location and size of piezoelectric actuators.

Liang, Jia and Roger (1989) showed that a SMA reinforced composite structure can
modify its eigenproperties (termed “active properties tuning,” APT) and induce recovery
forces (termed “active strain energy tuning,” ASET) by activating the SMA fibers. Both
characteristics of SMA, APT and ASET, have been applied to control sound radiation
from composite plates. Analytical results showed that plate transmission loss (TL)
profiles can be shifted due to the change of material properties such that TL is increased
at fundamental frequencies. Saunders, Robertshaw and Rogers (1990) experimentally
demonstrated the use of SMA embedded into a composite beam for ASAC. Two control
methods were used to attenuate sound radiation. First, minimization control, based on
gradient search techniques, was effective in reducing the measured radiated sound pres-

sure to the background noise levels. Second, peak radiation frequency placement con-
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trol, applying a first-order thermal model to drive the system response, allowed tuning

of the beam radiation response. These works showed much potential of using distrib-

uted actuators in ASAC.

1.2.4 Controller

In addition to the above mentioned components in an active control system, an
appropriate controller is needed to perform the system control. Several types of control
algorithms have been successfully implemented for ASAC. However, very little work
has been concerned with experiments. Meirovitch and Thangjitham (1990b) analytically
developed a feedback control algorithm by monitoring the states of the system, namely
the displacement and the velocity fields. Their approach is to suppress the total struc-
tural vibration so as to reduce the sound radiation. However, their approach required
many actuators and sensors in order to achieve sound radiation control. This may not
be practical because the plant physical properties, such as weight and size, will be
changed due to the attachment of a large number of actuators and sensors, and hence
the actual structural response becomes complicated and difficult to predict, thus affect-

ing the optimal gains.

LMS adaptive feedforward control algorithms have been successfully applied to
ASAC with a steady state sinusoidal input, such as (Elliott et al., 1987) and (Fuller et
al., 1989). The algorithm is used to adjust the magnitude and phases of the sinusoidal
inputs to the control actuators so as to minimize the sum of the mean squares pressures
which are measured by a set of error microphone sensors. For a feedback control ap-

proach, only the system output measured directly from the sensor is processed to acti-
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