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VIBRATION AND SHAPE CONTROL OF SMART STRUCTURES
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Abstract

The stringent design requirement of aerospace
systems has called for the needs of smart structures,
structure systems with built-in sensor and actuator that
can actively change their physical geometry and property
to adapt to the working environment. This paper presents
the smart structure design with built-in piezoelectric
sensor/actuator and controller for dither excitation,
vibration suppression, and shape control. Two smart
structure specimens, an aluminum beam with surface
bonded piezoelectric sensor/actuator and a glass fiber
composite laminated beam with embedded piezoelectric
sensor/actuator, are fabricated and tested. Three control
circuits driven by one 9VDC battery instead of the
expensive and heavy power supply,
synthesizer, and power amplifier required in laberatory,
are also developed. It is shown experimentally that the
smart structure technology of integrated sensor, actuator,

wave form

and controller is effective both in vibration control and
shape control. Development of aeroservoelastic aircraft
systems will be becoming a reality.

Introduction

The stringent design requirement of aerospace
systems has created the need for smart structure,
structures with built-in piezoelectric sensor/actuator that
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can actively change its physical geometry and/or property
to adapt to the working environment. Recent studies on
structural control systems by using piezoelectric materials
have been shown to be effective in vibration suppreséion
of beam, plate, and shell structures. Piezoelectric sensor
can generate an electrical charge in response to the
applied mechanical strain; conversely, piezoelectric
actuator provides a mechanical strain subject to the
applied electric field. Their advantages in sensor/actuator
applications include: no magnetic field generated in the
conversion of electrical energy to mechanical motion,
hence no electric-magnetic interference or electric-
magnetic compatibility problem, fast response time
within 1 msec, and high resolution .in- mechanical
positioning within micron. Surface bonded piezoelectric -
element are commonly used in structures of isotropic
materials(!) while it is also possible to embed
piezoelectric  materials in  composite laminated
structures(2).

makes them the best candidate in vibration and shape

The adaptive nature to external stimuli

control application of aerospace systems.

Mathematical models of piezoelectric ‘materials
have been available in the literature. - The associated
analytical solutions, however, are restricted to relatively
simple geometry and boundary conditions. "And most
were emphasized on either analytical or numerical results.
Report of hardware implementation on composite smart
structures is very limited. Crawley and deLuis(1) were
among the first to embed the piezoelectric elements in
composite cantilever beams, but the natural frequency,
mode shape, and damping ratio were not reported.
Bronowicki et al.(3) fabricated a composite structure with
embedded piezoelectric sensor .and actuator, but they
presented only the vibration control simulation results.
The manufacturing technique for composite structures
with embedded piezoelectric elements was also developed
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by Yang and Chiu(2), and the vibration control study of a
[0/90]¢s composite laminated plate was conducted by

Yang and Bian(4).

However, most of the smart structure experiments
reported were conducted on laboratory environment.
Many instruments, including power supply, wave-form
synthesizer, and power amplifier, would be required to
generate and to monitor the piezoelectric effects, but
these instruments are usually heavy, expensive, and may
not be applicable for in-situ operations. This paper
presents a smart structure design by using piezoelectric
sensor/actuator combined with a control circuit of relative
simple drive . electronics for the vibration and shape
control of aerospace systems. Three contro! circuits, one
for dither excitation, the other for vibration suppression,
and the third for shape control, are developed. The
controller are driven by one 9VDC battery instead of the
expensive and heavy instruments required in laboratory.
In addition, two smart structure specimens, an aluminum
beam with surface bonded piezoelectric sensor/actuator
and a glass fiber composite - laminated beam with
embedded piezoelectric sensor/actuator, are fabricated
and tested. Experimental results show that the smart
structure technology of integrated sensor, actuator, and
controller is effective both in vibration control and shape
control.

Dynamics of Smart Structure

Two smart structure specimens, an aluminum beam
with surface bonded piezoelectric sensor/actuator and a
fiber with embedded
piezoelectric sensor/actuator, are considered in this paper.
In the first specimen, a pair of piezoelectric
sensor/actuator (PZT) of 120 X 30 % 0.39 mm is adhered
to the top and bottom surfaces and near the root of a
cantilever beam of 400 X.30 X 1.2 mm as shown in Figure

glass: composite laminates

1. The bonding technique is developed by matching the
surface condition, epoxy properties, and insulation
condition at the interfaces. Because piezoelectric material
is a strain-induced actuator, it is therefore advisable to
place it as closer to the cantilever end as possible.

The
laminated structure with embedded piezoelectric elements

manufacturing techniques of composite

has previously been developed(4). Care has to be taken

Piezoelectric
' sensor/actuator

Figure 1. Geometry of a flexible beam with surface

bonded sensor/actuator.

Figure 2. Smart structure cross section of embedded

piezoelectric sensor/actuator.

in keeping the electrical insulation while preventing the
piezoelectric elements from cracking in the curing
process. Figure 2 shows the 270 X 40 X 1.3 mm
composite laminated beam of stacking sequence
[90/90/90/90/0]; embedded with a pair of piezoelectric
sensor/actuator of 120 X 30 X 0.39 mm, each about the
thickness of three laminate layers. In order to encapsulate
the sensor and actuator, the corresponding pre-prag tapes
are processed to have a square cut-out. One electrical
lead is attached to the center of the top and bottom
surfaces of each piezoelectric element; no conductive
epoxy is required for attaching the lead. The electrical
leads (M-line accessories 326-DFV) are led through the
adjacent layers to the edge of the cantilever end. Each
lead goes through a needle (24G-1, 25 x 0.55¢ mm) at
the cantilever end to prevent the electrical lead from
The
composite smart structure is then vacuum bagged, hot

being brittle during and after the curing process.

pressed, and cured at about 171°C. Previous work by
Crawley and deLuis(1) showed that the ultimate strength
of the specimen with or without the embedded
piezoelectric element can vary as mush as 20%. In a
similar work, Yang and Chiu(®) also showed from the
tensile test of two specimens that the elastic modulus of
the structure with embedded piezoelectric element is
about 50% lower than that without any embedding. But
these static test results are heayily influenced by the

volume (size) effect. In their coupon tests, the volume

1902



500 T

400 -
& L
é" 300
£
o
S 200 -
00 -
100 Aluminum
” - - - - Compesite }‘
0 - i i i L
0 50 100 150 200 250
Voltage (V)

Figure 3. Static test results of strain and applied voltage.

ratio between the piezoelectric element and composite
laminates is about 15%. Whereas in this study the inertia
and stiffness of the piezoelectric element is negligible for
the relatively small volume ratio.

The smart structure specimens are also tested for
their piezoelectric effectiveness by adhering a strain
gauge adjacent to one of the piezoelectric elements. The
piezoelectric element driven by DC voltage from a power
supply (HP6035A) serves as actuator, while the strain
gauge measures the mechanical strain signal under direct
piezoelectric effect. Figure 3 shows the piezoelectric
effectiveness of the beam structures in which the
mechanical strain increases in a rather linear relation from
0 to 250 VDC. The static test results indicate that the
piezoelectric effectiveness can be maintained when
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Figure 4. Frequency response function of modal testing.

surface bonded on the aluminum beam or embedded
inside the composite laminated structure. A prerequisite
of effective control application is to understand the
system dynamics. For the application of dither excitation,
it is necessary to identify the natural frequencies of the
smart structure in order to increase the operational
sensitivity. Modal testing is then conducted to measure
the nature frequencies of both specimens. The modal
parameters are obtained by measuring’ the iﬁpuﬂoutput
transfer function of the piezoelectric sensor/actuator
through a spectrum analyzer (HP3567) as shown in
Figure 4. The first three vibration modes are at 3.5, 13.75,
and 35.5 Hz for the aluminum beam, and at 10.5, 49.75,
and 79.0 Hz for the composite structure.
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Figure 5. Schematic diagram of the dither excitation control circuit.
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Control Circuit Design

1. Dither excitation

One of the major requirement for aircraft on-board
implementation is to have least intrusive to aircraft design
in terms of weight, power, and reliability. For better
actuator performance per watt and miniaturization of the
controller, a control circuit is developed to provide
effective control input to the actuator as well as reliable
signal output from the semsor. Figure 5 shows the
schematic diagram of the dither excitation control circuit
which is composed mainly by power amplifier, wave-
form synthesizer, and signal conditioning. The power
source from the 9 VDC battery is amplified by a factor of
It is then

to the
One

would prefer a harmonics signal for best dither excitation

8 to 10 by the oscillating current using IC555.
transformed into” an AC driving
piezoelectric actuator for dither motion control.

source

performance, however, it is very power-consuming in the
conversion of a DC signal to an AC square-wave signal
and then to the desired AC sine-wave signal. This
process not only reduces the output power voltage, but
also makes the electronic components vulnerable to burn-
down. The output wave-form of this circuit is therefore

selected between an AC square-wave and a sine-wave,

and the output frequency is tunable thereby being
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Sensor - mp—e e

0.4 0.6
Time (sec)
Tip response excited by embedded
piezoelectric actuator at 75V.

Figure 6.

adaptable to structures of different natural fr’equehcy.
Figure 6 shows the dither motion of the cantilever
aluminum beam, where the peak-to-peak tip displacement
can be as high as 35 mm. Similarly for the composite
structure, the tip displacement is as high as 15 mm.
Because of the dynamic range of the piezoelectric
actuator, any required dither frequency within the control
bandwidth can be achieved. Such dithering motion at
suitable frequency is applicable to advanced aircraft
systems with active wing design. '
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Figure 7. Schematic diagram of the vibration suppression circuit.
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Figure 8. Piezoelectric sensor of the aluminum beam in
open-loop and close-loop system.

2. Vibration suppression

It has been shown that velocity feedback can
increase the structural damping if sensor and actuator are
collocated®®).  The objective is to provide the smart
structure with built-in intelligence for in-situ vibration
suppression. Figure 7 shows the schematic diagram of
the vibration control circuit with maximum output voltage
at T9V. The piezoelectric sensor signal is amplified and
phase-shifted 180° to drive the piezoelectric actuator for
active damping control. It is shown in Figure 8 that the
bending vibration of the aluminum beam is effectively
minimized from 9.5 to 4 seconds. And that of the
composite laminated structure is minimized from 10 to
These
experimental results indicate that the structural damping
is increased by active control from the piezoelectric
sensor/actuator. The control induced structural damping

42 seconds as also shown in Figure 9.

Close-loop
Open-loop

L
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Figure 9. Piezoelectric sensor of the composite beam in
open-loop and close-loop system.

can be furthered increased by the increase of feedback
gain (control voltage) and/or by the increase of number of
piezoelectric actuator.

3. Shape control

Another important application of smart structure is
shape - control. The linear relation between the
mechanical strain of the smart structures and the applied
DC voltage in Figure 3 indicates that the piezoelectric
effectiveness can be applied to improve shape control
accuracy. Figure 10 shows the shape control circuit of
the smart structure driven by one 9VDC battery. The
objective is to amplify the 9VDC to about 200VDC such
that the smart structure mechanical strain can be fine
tunedlinearly by the control input. This control circuit
also use IC555 to provide the oscillating current, which is
then amplified and transformed to direct current voltage

to drive the piezoelectric actuator. Experimental result
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Figure 10. Shape contro} circuit.
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shows that the maximum displacement of the tip of the
aluminum beam can deflect 5 mm in a resolution of 20
4 m/volt. This result illustrates that the application of
smart structure design in shape control is very effective.

The above results show that the smart structure
concept is applicable to advanced aircraft systems with
active wing design, aeroservoelastic system, and accurate
shape control systems. The ability to use relatively
simple drive electronics combined with piezoelectric
sensor/actuator of low thermal, and radiation sensitivities
and large dynamic range has demonstrated the
effectiveness in dither excitation, vibration suppression

and shape control.

Conclusions

(1) Two smart structure specimens--an aluminum beam
- with surface bonded piezoelectric materials and a
glass fiber composite laminates with- embedded
piezoelectric sensor and actuator--are designed,
fabricated, and tested for their effectiveness both in
vibration control. In addition to modal festing, the
“'smart specimens are also tested for their piezo-

- effectiveness. - Static test results show that the
mechanical strain increases in a rather linear relation

~ when the voltage is increased.

(2) In dither excitation, the tip displacement of an
~ aluminum cantilever beam of 400 mm X 30 mm X
1.2 mm can be as high as 35 mm, and that of the
composite laminated structure of 270 mm X 40 mm
X 1.3 mm is about 15 mm. Any desired dither
frequency within the control bandwidth is possible
because of the wide dynamic range of the
piezoelectric actuator.

(3) In vibration suppression, the bending vibration of
the smart structure specimen is suppressed by using
a velocity feedback control circuit. The settling time
of the cantilever aluminum beam is shown to be
minimized from 9.5 to 4 seconds and that of the
composite laminated structure is from 10 to 4.2
seconds.- Experimental results validate that the
smart structure'concept can be implemented on-
effective  vibration

board for suppression  in

aeroservoelastic systems.

(4) In shape control, experimental result shows that the
maximum displacement of the tip of the aluminum
beam can be fine tuned in the range of S mm in a
resolution of 20 x4 m/volt.
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