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Chapter 1. Introduction

Aeroelastic characteristics, represented by divergence and flutter, have been the one of the most important
design factors in aircraft design so far. Up to now, generally, there have been several solutions to improve the
aeroelastic characteristics of aircraft structures, such as reinforcement of structures, additional masses, restraint
of the rotation degree of freedom of control surfaces and so on. However, these methods have some
possibilities to lose their capacities with the increase of structural weight, to deteriorate the flight performance,
to increase the operation cost and so on. Hence, it has become one of the important issues in aircraft design to
develop the technology in order to improve the aeroelastic characteristics of aircrafts without any deterioration
of their performance. At present, the following two technologies have drawn attention: (i) aeroelastic tailoring
as passive control, and (ii) aeroelastic control as active control.

The main objective of this dissertation is fo propose a simple and effective aeroservoelastic design
procedure of composite wing structures. In the present research, a passive and active aeroelastic control
technologies are treated one by one for the simplicity. To achieve this goal, it is desirable that the fundamental
mechanisms of a passive and active aeroelastic control technology are emphatically reflected in design
procedure in order to improve their aeroelastic characteristics, and the following four key issues will be
investigated:

(D) To clarify the flutter and divergence characteristics of composite plate wings through the numerical results
(ii) To propose an optimum design method of composite plate wings for the flutter and divergence
characteristics

(ifi)To clarify the importance of the measurement and control of the torsional vibration mode for flutter




suppression of composite plate wings through the numerical results
(iv) To propose an efficient measurement and control system design method for flutter suppression of composite
plate wings focused on the torsional vibration mode.
The first two studies are concerned with the aeroelastic tailoring of composite plate wings, and the latter two
studies are concerned with the aeroelastic control of composite plate wings. These four studies correspond to
Chapters 2, 3, 4 and 5, respectively. In this study, aeroelastic characteristics, i.e. flutter and divergence
velocities and transient response due to an initial deflection, of cantilevered laminated plates in subsonic region
are obtained through stability analysis and time response analysis. For this purpose a two-dimensional finite
element method and a subsonic unsteady lifting surface theory are employed for structural and aerodynamic

analyses, respectively.

Chapter 2. Aeroelastic Characteristics of Composite Plate Wings

In this chapter, the effect of laminate configuration on the flutter and divergence characteristics is
investigated for composite plate wings with various sweep angles. As explained in Chapter 1, the most of
aeroelastic tailoring parameter studies of composite wing structures have used ply fiber angle of laminates as
the design parameters, that is to say, a baseline design, including ply thickness and stacking sequence was
defined in advance. As a result, the effects of laminate configuration, especially principal-axis stiffness and
bending-torsional coupling, of laminates on the aeroelastic characteristics have not been studied. To examine
the effect of laminate configuration, the flutter and divergence characteristics are represented on the lamination
parameter plane, instead of using composite fiber angle or the non-dimensional cross-coupling parameter. It is
clarified through the contours on the laminatjon parameter plane that the flutter and divergence characteristics
depend heavily on sweep angle and the nature of the first torsional vibration mode of the cantilevered laminate,
and the laminate configuration to maximize the critical velocity is an angle-ply laminate, in the case of
specially orthotropic laminates without coupling. Besides, it is also clarified that a proper adjustment of
bending-torsional coupling can improve the divergence characteristic of forward-swept wings or the flutter
characteristic of aft-swept wings and can increase the critical velocity of cantilevered plate wings, however,
large bending-torsional coupling decreases the critical velocity as compared with that of a specially orthotropic
laminate without coupling for unswept wings. It is found that the contours of critical velocity have a
discontinuous change due to the switch of the flutter modes, discontinuous change of the derivative of critical
velocity on the boundary between regions of possible flutter and possible divergence, and a complicated shape

with multi-peaks due to higher-order mode flutter in the lamination parameter space.

Chapter 3. Optimum Design of Composite Plate Wings for Aeroelastic Characteristics

The investigation in Chapter 2 shows that proper choice of the stiffness components, especially the
bending-torsional coupling stiffness components, in accordance with the sweep angle can effectively improve
the flutter and divergence characteristics of composite plate wings. It is also shown that flutter velocity changes
discontinuously with respect to the design variables in flutter analysis because of the switch between two flutter
modes. The knowledge mentioned above indicates that it is necessary to apply the optimization procedure that

does not depend on the flutter velocity derivative with respect to the design variables in aeroelastic tailoring. In



this chapter, a minimum weight design of composite plate wings subjected to the constraints on the flutter and
divergence velocities is conducted by using a distributed genetic algorithm. To obtain the global optimum,
lamination parameters are used as design variables instead of ply angle and ply thicknesses. The effectiveness
of aeroelastic tailoring is also demonstrated through the optimization results. It is clarified through the
optimization results for unswept wings and swept wings with forward and aft sweep angles of 30 degrees that
the optimal laminate configurations mainly consist of two different fiber angles and different types of flutter
and/or divergence occur at almost the same free stream velocity for the optimal structure obtained from the
present formulation of the optimization problem. It is also clarified that the structural weight can be remarkably
reduced by a lay-up optimization, and the bending-torsional coupling determines the extent of the reduction of

structural weight by a lay-up optimization for a design of forward-swept or aft-swept wing, respectively.

Chapter 4. Critical Measured and Controlled Modes for Flutter Suppression of Composite Plate Wings

Fundamental mechanism of flutter suppression has been considered for a two-dimensional airfoil with
control surfaces by several researchers as mentioned in Chapter 1. In this chapter, the importance of the
measurement and control of the torsional vibration mode is investigated through the dynamic aeroelastic
response characteristics for composite plate wings with segmented piezoelectric sensors and actuators.
Piezoelectric sensors are used as a modal transducer for measurement of the specific modal displacement,
which is constructed by optimizing the sensor gain distribution. Piezoelectric actuators are used as actuators for
flutter suppression, which apply the modal control force to the specific modes, like a modal actuator, with the
pseudo-optimal output feedback control law based on the LOR control theory. It is clarified through the results
of flutter suppression for [0,/90]; and [+45,/0]; cantilevered laminated plates that the measurement and control
of the torsional vibration mode is essential for flutter suppression of composite plate wings, and a feedback
control based on the first torsional vibration mode can suppress the divergent vibration efficiently for single
vibration mode feedback control scheme. It is also clarified that the present controller has & dominant and
significant effect on the increase of the damping of the controlled mode of laminate, and consequently, about
10% increase of the flutter velocity can be achieved by the present control scheme. Moreover, the divergent
vibration can also be suppressed by pseudo-optimal output feedback control based on the measurement and
control of the second bending vibration mode for single vibration mode feedback control scheme, although the
control cost becomes larger than that of flutter suppression based on the first torsional mode, in the case of a

[+45,/0]s cantilevered laminated plate.

Chapter 5. Flutter Suppression of Composite Plate Wings based on the Optimal Placement of Sensors

and Actuators

In Chapter 4, fundamental mechanisms of the flutter suppression of composite plate wings based on the
measurement and control of the torsional vibration mode have been discussed through the numerical results. A
modal transducer constructed by the optimization of sensor gain distribution has been adopted as a
measurement system for the modal displacement of the specific vibration mode, and a feedback control system
has been designed to apply modal control force to the specific vibration mode. In this chapter, flutter

suppression of composite plate wings based on the measurement and control of torsional vibration with a



limited number of sensors and actuators is examined. Locations of sensors and actuators are optimized based on
the minimization criteria of observation and control spillovers. It is clarified through the results of flutter
suppression for a [0,/90]; cantilevered laminated plate that the optimal placement of sensors and actuators to
suppress the observation and control spillovers, respectively, are indispensable to the flutter suppression for
suppressing spillover instability of the control loop due to the higher residual modes. It is also clarified that the
present method can realize the flutter suppression based on the measurement and control of the first torsional

vibration mode by using a limited number of segmented piezoelectric sensors and actuators.

Chapter 6. Conclusions

This dissertation has dealt with flutter and divergence instability problems as a part of aeroelastic
phenomena for cantilevered laminated plates. First, a minimum weight design of composite plate wings based
on the lay-up optimization subject to the constraints on the flutter and divergence velocities has been conducted
by using genetic algorithms and lamination parameters as intermediate design variables. Next, a design for
active flutter suppression of composite plate wings with a limited number of segmented piezoelectric sensors
and actuators has also been conducted based on the optimal placement of sensors and actuators. ‘

In Chapter 2, the effect of laminate configuration on the flutter and divergence characteristics has been
investigated for composite plate wings with various sweep angles. Some useful information on the flutter and
divergence characteristics of composite wing structures has been given in this chapter.

In Chapter 3, a minimum weight design of composite plate wings subjected to the constraints on the flutter
and divergence velocities has been conducted by using a real-coded distributed genetic algorithm. It is shown in
this chapter that an optimization method based on the concept of lamination parameters and genetic algorithms
is applicable to the minimum weight design problem of composite wing structures under the constraints on
flutter and divergence velocities.

In Chapter 4, an active flutter suppression of composite plate wing with segmented piezoelectric sensors
and actuators has been studied. Some important information on a design has been given in this chapter through
the study on fundamental mechanisms of active flutter suppression of composite wing structures with
piezoelectric sensors and actuators.

In Chapter 5, flutter suppression methodology of cantilevered laminated plates with a limited number of
segmented piezoelectric sensors and actuators has been studied. It is shown in this chapter that a design of
measurement and control systems based on the optimal placement of sensors and actuators is applicable to an
active flutter suppression problem for composite wing structures with piezoelectric sensors and actuators based
on the first torsional vibration mode.

This research has given some important information on an aeroservoelastic design, which has been widely
accepted as a key role related to these issues, from the viewpoints of a structural and control design. When a
crucial optimum design procedure considering multidisciplinary problems including aeroelasticity is
established based on a simultaneous structural and control optimization for composite smart wing structures,
together with a progress in materials for structures, sensors and actuators, a high performance aircraft or a

progressive aircraft, like a morphing aircraft, will be realized in future.
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