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CHAPTER 1 Introduction

In recent years, actively controlled structures have been widely applied in many advanced engineering
systems. Due to the introduction of actuators, sensors, and controllers, the whole systems can not only retain
shapes or resist external loads, but also behave with some degree of adaptability to the changes of the
environment or responsiveness to the commands from human beings and computers. As for optimal designing
of an actively controlled structure, obviously, disciplines of both structural and control design are involved. In
traditional design practice, the structural and control design are performed separately. First, the structure is
designed or optimized and the mathematical model of the final structure is simplified to constitute the plant for
control design. Then, the optimal control system is synthesized for the given plant. Such method may not yield
the overall optimal solution, since there exist complicated interactions between the structural and control
systems and it is possible to further enhance the performance by simultaneous structure-control optimization.
Due to more and more stringent performance requirements in advanced applications, simultaneous optimization
has been receiving increasing attention from researchers and designers.

The aim of this thesis is to investigate several important issues, i.e., formulations, solving techniques, and
practical applications, of simultaneous structure-control optimization, and demonstrate the applicability and
effectiveness of the new design method by simulation and experiment. The research work can be divided into
two parts according to their contents. In the first part which includes Chapter 2 and 5, and Appendix A, the
simultaneous optimizations for vibration control are discussed, while in the second part which includes Chapter
3 and 4, and Appendix B, the simultaneous optimizations for positioning control of flexible robot arms are

studied.
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CHAPTER 2 Simultaneous Optimization of a Spring-Supported Beam for Vibration Control

A general simultaneous design method for structural vibration control with good applicability and high
efficiency is presented. The simultaneous design is formulated as a nonlinear programming problem, in which
the overall objective function is optimized over a selected structural and control design parameters, subject to
some constraints. To solve the problem, two iterative solving techniques, called “serial” and “parallel”, are
proposed and compared. In the serial approach, the simultaneous problem is approximated by a sequence of
structural and control sub-optimizations where the structural and control design parameters are modified
individually. The control parameters are held constant during the structural sub-optimization, and vice versa. In
the parallel approach, the control sub-optimization is nested into the main structural optimization. It means that
whenever the structural parameters are changed the control parameters will be redesigned. The control
parameters can be regarded as functions of structural parameters so that from the level of the main structural
optimization they are “invisible”. In both serial and parallel approaches, the structural and control design
parameters are treated separately; thus existing efficient tools of structural and control design can be used
without any difficulty and various control laws can be adopted conveniently in the problem formulation of
simultaneous design. As a simple numerical example, the formulation method and solving techniques are
applied to the simultaneous désign problem of a spring-supported beam for vibration suppression. The beam is
modeled using finite element method (FEM) and the cross-sectional dimensions of the beam elements are used
as structural design parameters. While for the control system, state feedback is used and the constant gain
matrix is adopted as control design variable. The closed-loop H, or H.. norm of the augmented performance
output vector, which includes displacement and control effort, are used as objective function. The optimization
problem is solved by both serial and parallel approaches, where sequential quadratic programming (SQP) and
linear matrix inequality (LMI) are used respectively to treat structural and control design variables. As the
results, the performance of both displacement output and control input is improved significantly after
simultaneous optimization and the parallel approach is shown to be more efficient than the serial approach. The
effectiveness of the proposed approach and the great potential advantages of simultaneous optimization over

traditional design method are shown by the simple example.
CHAPTER 3 Simultaneous Optimization of a One-Link Flexible Robot Arm for Positioning Control

Simuitaneous structure-control optimization of a one-link flexible robot arm is investigated. The arm
consists of a hub, a flexible link, and a tip mass as payload. The control system is required to drive the arm
using the torque produced by hub motor, to reach pre-defined tip position and suppress residual flexural
vibrations as quickly as possible, so that both motion and vibration control are involved in this research. The
arm is modeled using FEM and the cross-sectional dimensions of the beam elements are used as structural
design variables. The overall control system consists of a nonlinear sliding mode controller and a linear optimal

stabilizer. A switching logic is used to combine the two feedback terms. First, the nonlinear feedback is applied

— 167 —



to make the arm move from its initial position towards the goal position. Then, when the joint angle enters the
first neighborhood of the goal, the linear feedback is started and added to the nonlinear feedback, and when the
arm moves closer and closer to the goal, the linear feedback plays more and more important role than the
nonlinear feedback. Finally, when the joint angle reaches the second neighborhood (more stringent than the
first), the nonlinear term is completely removed from the control input and only the linear feedback remains to
suppress the residual vibration. Several performance indices, i.e., settling time, overshoot, steady state error,
maximum tip deflection, are taken into account and the simultaneous design is formulated as a multi-objective
optimization problem. The vector objective function is converted into a scalar one using goal attainment
concept. The structural and control parameters are treated equally and optimized simultaneously using
float-type genetic algorithm. The designs obtained by simultaneous optimization and traditional method are
compared by simulation. The results show that significant reductions in response time and structural weight are

achieved by the new design method.
CHAPTER 4 Simultaneous Optimization of a Two-Link Flexible Robot Arm for Positioning Control

Simultaneous optimization of a two-link flexible robot arm for positioning control is carried out. The arm
consists of two flexible links, a fixed joint, a moving joint, and a tip load, and is driven by two torque motors at
the joints to reach pre-defined goal positions. The same FEM modeling technique is used as in Chapter 3, but
the element matrices of the second link and the overall governing dynamic equation are much more
complicated. Moreover, similar control method is used to regulate the arm position, but the sliding mode and
linear quadratic controller, and the switching logic are aﬁgmented and modified to fit the two-output case. The
formulation and optimization method of the simultaneous design are also the same but the computation is much
more intensive. The performance enhancements of the overall system in response speed and structural weight
due to the simultaneous optimization are shown clearly by the simulation results. For motion and vibration
control of complicated structural systems, the advantages of the simultaneous design over tradition design are

verified again.
CHAPTER 5 Simultaneous Optimization of a Steering Wheel for Vibration Control

Both computational and experimental investigations into a simultaneous design problem of a steering
wheel and its control system for vibration suppression are performed. The research in this chapter can be
divided into two halves. In the first half, the basic concept and solution approach of simultaneous
structure-control optimization developed in Chapter 2 are applied to the steering wheel which has more
complicated geometry and is more challenging than the spring-supported beam studied in Chapter 2. The H..
norm of the closed loop transfer function is adopted as the objective function for the simultaneous design. The
selected physical parameters of the structure and the system matrices of the H.. output feedback controller are

modified iteratively to minimize the objective function subject to several design constraints. Compared with the

— 168 —



pase system obtained by traditional design method, the closed-loop H.. performance of the simultaneously
optimized structure is improved significantly. It is confirmed by the simulation results that, for practical and
complicated structural vibration control problems, more desirable design can be achieved by the simultaneous
structure-control optimization. In the second half, the performances of the base and optimized wheel are
evaluated and compared by experiment. First, the FEM models of the two wheels are refined according to the
results of vibration test. Then, the controllers are redesigned for the two wheels using g synthests method due
to its capability to consider the effect of plant uncertainty and improve the robust performance. Finally, the i
controllers are implemented using DSP system and the experiments of vibration control are carried out. The
experimental results show that the magnitudes of the closed-loop peak frequency responses decrease
considerably. Moreover, when the time responses at the resonant frequencies are considered, compared with the
base system, the optimized system has less convergence time, requires smaller steady-state control input, and

has lower steady-state vibration level.
CHAPTER 6 Discussion and Conclusion

The results and achievements of the whole research work are summarized.
Appendix A Vibration Control of a Steering Wheel Using Piezoelectric Actuators

Appendix A can be regarded as a preparation work for Chapter 5. Its main purpose is to verify the
effectiveness of the necessary numerical and experimental techniques involved in the vibration control problem
of the steering wheel, since such techniques will be used again in the second half of Chapter 5 to evaluate the
design obtained from simultaneous optimization. In Appendix A, a numerical model of the wheel is derived
from FEM structural analysis and then modified according to the experimental data. First six natural vibration
modes of the wheel constitute the state space plant for control design while the higher modes are neglected. The
control system is designed using y synthesis. Multi-layer piezoelectric actuators are bonded to spokes of the
wheel to actively suppress the vibration caused by environmental disturbance. Displacement measured by a
photonic sensor is used as feedback signal. The digitalized controller is realized on a PC with A/D, D/A

converters. Both simulation and experimental results show that the vibration level is successfully reduced.
Appendix B Float-Type Genetic Algorithm for Parametric Optimization
The major procedures of the float-type genetic algorithm used in Chapter 3 and 4, including individual

representation, initialization, selection function, crossover and mutation operators are listed and explained

briefly.
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