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Chapter 1. Introduction

Cylindrical shells are used in many engineering structures such as the bodies of aircraft and space shuttles,.
coil drum of MRI (Magnetic Resonance Image) equipment, pressure vessels and tanks. The vibration of air-
craft bodies generates large cabin noise and also leads to fatigue failure which is the direct cause of many air-
craft catastrophes. The vibration of coil drum of MRI equipment also generates large noise in the test area.
Mostof the vibration problems in these structures can be simplified as the vibration of cylindrical shells.

The objective of this thesis is to give a systematic study on the vibration control of cylindrical shells by using
integrated distributed sensors and actuators, and different control methods. Application of distributed sensors
and actuators to the vibration control of continuous structures has advantages. The coupling characteristics
between a distributed sensor and a vibration mode to be measured can be improved by the optimization of the
position and size of the sensor. The spillover due to a distributed actuator can be reduced by the optimization of
the position, size and output force of the actuator. The integration of sensors and actuators into a structurs is
also an important step in the realization of intelligent structures.

In this thesis, three different control methods are applied in the suppression of vibration excited by different
kinds of disturbances. First the disturbance cancellation method is used to control the vibration excited by
predetermined electromagnetic forces of coils inside the wall of the shells. Next the H« and 4 synthesis methods
are used in the control of piezoelectric shells excited by two mini exiciters. At last a hybrid control method which
is the combination of active control method and disturbance cancellation method is proposed and applied to the

vibration control of a cylindrical shell excited by the base movement.

Chapter 2. Vibration Control of a Cylindrical Shell Used in MRI Equipment
This chapter studies the vibration control of the coil drum which is used to support the gradient magnetic
coils in MRI equipment. The coil drum is a cylindrical shell with three groups of coils inside the wall of the shell

The coil drum 1s excited by the Lorentz force between the pulse current applied to the coils and the main magnetic
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field in the axial direction of the coil drum. The vibration of the coil drum generates high-level noises which
have large influence on the performance of MRI equipment. In order to suppress the noise inside the coil drum,
the vibration of the coil drum is to be controlled. In the coil drum, axisymmetrical modes are excited by the
Lorentz force of 2-coils and asymmetrical modes by those of x- and y-coils. To control these two types of modes
two actuator models are proposed. Actuators generating in-plane forces are used to control the axisymmetrical
modes and actuators generating bending moment to control the asymmetrical modes. Since the vibration of the
coil drum is excited by predetermined forces, disturbance cancellation method .is applied. The analytical model
is established from the Fligge’s equation of cylindrical shells and solved by using the modal analysis method.
Simulation was carried out on the control of forced vibration excited by sinusoid and pulse signals. The frequency
response shows that the vibration level is successfully reduced by more than 20dB in the frequency range of 400~
1200Hz. It is also proved theoretically that a given number of modes can be controlled completely if enough

number of actuators and control inputs are used.

Chater 3. Vibration Control of a Cylindrical Shell Using Disturbance Cancellation Method.

The purpose of this chapter is to verify the effectiveness of the control method of the former chapter experi-
mentally in the control of shell vibration. The shell is a reduced-size model of the MRI coil drum. The model is
made from two polyester films and two piezoelectric films (PVDF), which are pasted together in the order of
PVDF —polyester film —polyester film—PVDF. The polyester films are used as insulators, between which the
x-coils are inserted. For convenience the y- and z-coils are not considered in this model. The copper-nickel elect-
rodes on the surfaces of the PVDF films are divided into several parts so that different parts can be applied with
different voltages. When the two layers of PVDF on the inner and outer sides of the same part are applied with
in-phase voltages, they generate a distributed resultant force in the area and this part can be used as a distribut-
ed in-plane force actuator. When the two layers of PVDF on the inner and outer sides of the same part are appli-
ed with 180° of-out-phase voltages, they will produce a distributed resultant bending moment in the area and
this part of the shell can be used as a distributed bending moment actuator. In this chapter, two parts of the
shell are used as bending moment actuators so that no external actuators are needed. A superconducting magnet
is used to generate the main magnetic field in the axial direction of the coil drum. The vibration of the shell is
excited by the Lorentz force of the coils inserted between the two layers of the polyester films. Experiment and
simulation of vibration control were carried out when the shell was excited at the resonance frequencies of three
main modes. The results show that the disturbance cancellation method in combination with the piezoelectric
film actuators can successfully suppress the forced vibration of the shell and that the minimum amplitude of
controlled vibration varies for different modes. The relation between control effect and the size, position and

output magnitude of the actuators is also discussed.

Chapter 4 . Active Vibration Control of a Cylindrical Shell Using Distributed Piezoelectric Ac-
tuators

This chapter presents a study on the vibration control of a piezoelectric cylindrical shell by using integrated
piezoelectric actuator and He control theory. The cylindrical shell system consists of two layers of piezoelectric
films pasted directly together. Since there is no insulator between the two piezoelectric films, only out-of-phase
voltages can be applied to them and only bending moment actuators are available. In this model a part of the
shell wall is used as a bending moment actuator. The state equation is established by means of the modal ex-
pansion method used in Chapter 2. The controller is designed by applying H« robust control theory. The shell is
vertically mounted on a stable base with a clamped lower end and free upper end and excited by a pair of mini

exciters which are set 180° apart in circumferential direction. The two exciters are driven 180° out of phase so
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that the circumferentially odd modes are excited. Since feedback control method is used, sensors are needed to
measure the response of vibration. In this chapter, a gap sensor is used to measure the displacement of a point
on the shell surface. Numerical simulation and experiment were carried out on the control of forced vibration
when the shell is excited at the resonance frequency of mode (5, j) = (1, 5), where i and j are axial and circum-
ferential wave numbers. The results show that the amplitude of the forced vibration excited by unknown distur-

bances can be decreased to one forth of the uncontrolled vibration by using this control method.

Chapter 5. Active Vibration Control of a Cylindrical Shell Using Distributed Piezoelectric Sen-
sors and Actuators

This chapter studies the application of integrated piezoelectric sensors and actuators to the vibration control
of a cylindrical shell. The experimental model used in this chapter has the same geometrical and physical para-
meters as that of the former chapter. One part of the shell wall is used as a bending moment actuator and
another part is used as a distributed sensor. The output equation of the distributed piezoelectric sensor is deduc-
ed form the electric boundary conditions of piezoelectric materials and verified in the experiment. Modal ex-
pansion method is used in the establishment of state equation of the shell system and He robust control theory
is used in the design of controller, The controller is then improved by the x-synthesis method so that it satisfies
the given control performance and robust stability. The same experimental setup as that of the former chapter
is used. The shell is excited by two mini exciters driven in phase so that the circumferentially even modes are
excited. Simulation and experiment are carried out on the control of forced vibration of the shell when it is
excited at the resonance frequency of mode (5, j) = (1, 4). The results show good agreement between simu-
lation and experiment, as well as the good control effect of the method using distributed sensors and actuators

in conjunction with robust control theory.

Chapter 6. Vibration Control of a Cylindrical Shell Using a Hybrid Control Method

In this chapter a new hybrid control method which is a combination of active control and disturbance cancella-
tion method is proposed. The active controller and disturbance cancellation controller are designed independently.
The H. control and u-synthesis theory are used in the design of the active controller. The active control input
is calculated from the sensor output and active controller while the disturbance cancellation input is calculated
form disturbance signal and disturbance cancellation controller. The two independent control input are added
together and the sum is used as the input of hybrid control. The shell is constructed from a polyester film in the
middle surface and two piezoelectric films, one on each side. Two parts of the piezcelectric films are used as in-
plane force actuators. The shell is vertically mounted on a slip, table and excited by the horizontal movement of
the table. An acceleration sensor is used to measure the vibration of the slip table, which is used as the disturb-
ance signal needed in the calculation of disturbance cancellation input. A photonic sensor which moves together
with the slip table is used to measure the relative displacement of a point on the surface of the shell, which is
used as the feedback signal. The active control, disturbance cancellation and hybrid control methods are used,
respectively, in the simulation and experiments and their results are compared. The results show that the hy-

brid control is more effective than each individual control method.

Chapter 7. Conclusion

Five subjects on the vibration control of cylindrical shells have been studied in this thesis. From the simula-
tion and experimental results, the following conclusions can be obtained.
1. The flexible piezoelectric films can be used as distributed sensors and actuators in the vibration control of

structures with curvature such as cylindrical shells,
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2. Disturbance cancellation method can be used in the control of vibration excited by predetermined disturbance
or disturbances which can be measured. Theoretically a given number of modes can be suppressed completely
when enough actuators and control inputs are used. In the control of vibration induced by unknown disturban-
ces, active control methods are needed. When the disturbance cancellation method and active control method
are combined, better control effect be achieved in the control of vibration induced by predetermined disturban-
ces or disturbance which can be measured.

3. This thesis gives a fundamental study of intelligent structural systems with integrated sonsors and ac-
tuators. The possibility of intelligent cylindrical shells with integrated sensors and actuators was proved in

both the simulation and experiments.
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