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Preface

When signing on in January 1996, I did not really know what to expect from

the years to come. Today, I realize that the outcome has widely exceeded my

fuzzy expectations. In short, I have enjoyed being part of the �rst few years of

a most promising evolution of the Department of Aeronautics at KTH, formed

in May 1996.

Among the joyful spirits in the Department, I particularly recognize my

supervisor Professor Ulf Ringertz. The beam of light from his o�ce on the

�fth oor has served as a beacon on the ocean of possibilities, saving me a lot

of wasted e�ort. His unbounded enthusiasm, competence and go-ahead spirit

is still a mystery, but have been a true source of knowledge and inspiration

during these years. Thanks Ulf!

With regard to the experimental work performed, Dr. Jakob Kuttenkeuler

has been a soul-mate. His clear-sighted and e�cient solutions to various ex-

perimental challenges have proven invaluable along the road. We also had two

wonderful years in the same o�ce, but �nally agreed not to get married. We

now live happily next-doors.

Thanks to my lovely wife Therese I have also been spoiled with a comforting

home in times of hard work. To dedicate this thesis to her would not be fair;

she is simply a part of it.

Stockholm in April 2000

Dan Borglund





Control and optimization of structures with uid interaction 3

Abstract

Various problems on the optimal design of elastic structures subject to noncon-

servative uid-dynamic forces are considered. The optimal design problem is

typically posed as minimizing structural weight subject to constraints on struc-

tural stability. Traditionally, structural dimensions and orientations of �ber

composite materials are common design variables. It is demonstrated that the

structural weight can be reduced further by including the design of a stabiliz-

ing control system in the structural design optimization, giving an integrated

optimization problem where both structural and control system parameters are

used as design variables. The integrated approach may result in a design with

signi�cantly improved performance compared to traditional methods, both in

terms of reduced structural weight and control system performance.

Using optimization for design of mechanical systems with nonconservative

external load tends to increase the likelihood of obtaining a design which is

very sensitive to imperfections. As a result, the predicted performance of the

optimal design may not be achieved in practice. The importance of this funda-

mental di�culty is emphasized throughout the thesis by comparing numerically

obtained results to experiments.

The �rst part of the thesis is concerned with the stability and optimal design

of a beam subject to forces induced by uid ow through attached pipes. A

nozzle control system deecting the uid jet at the beam tip is used to improve

the stability of the system. The simultaneous design of the control system

and the beam shape minimizing structural mass is performed using numerical

optimization. The inclusion of the control system in the optimization gives

a considerable reduction of the beam weight but results in an optimal design

which is very sensitive to imperfections. An optimal design with improved

robustness is obtained by solving a modi�ed optimization problem.

The stability of a exible wing structure with a controllable trailing edge

ap is investigated. Due to uncertainties in the numerical stability analysis,

the wing is predicted to become unstable at a signi�cantly higher speed than

what is observed in wind tunnel tests. Two di�erent approaches to stabilize

the wing in utter is demonstrated. First, numerical optimization is used to

design a controller which at each ow speed maximizes the damping of the

utter mode observed in the wind tunnel experiment. Second, an integrated

approach is adopted, where a simultaneous mass balancing and control law

design is performed. It is argued that a two-step procedure may be required

to obtain a design with minimum weight and a control law that is well-de�ned

for all operating conditions.
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Dissertation
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Introduction

Early studies of the impact of elasticity on aircraft performance were initi-

ated when exibility, and not only the structural strength, appeared to be the

reason for aircraft failures (Bisplingho� et al. [1]). As the speed of powered

ight increased, the aeronautical engineers were faced with the fact that elastic

deformation could interact with aerodynamic forces, leading to a structural

instability. Since then, the interaction between exible structures and aero-

dynamic forces, usually referred to as aeroelasticity, has become a vital topic

in aircraft design. At Saab AB in Sweden, analysis of phenomena related to

aeroelasticity has been emphasized since the early �fties (Stark [2]).

The development of �nite element structural analysis, potential ow panel

methods and numerical optimization methods has made it possible to solve

quite complex aeronautical design problems. Ashley [3] gives an excellent re-

view on the use of optimization in aeronautical engineering. The most common

objective is to minimize structural weight subject to constraints on structural

stability. Other performance criteria may include measures of aircraft maneu-

verability, but structural stability is always a prerequisite.

The degree of di�culty in developing the numerical stability analysis is

very dependent on the nature of the external forces. One important property

is whether the forces are conservative or nonconservative, since in the latter

case one is in general forced to consider the dynamics of the system (Ziegler [4]).

This means that the structural stability is investigated by solving the equations

of motions, and considering the dynamic structural response.

The remainder of this introductory part of the thesis is devoted to a brief

discussion on stability analysis, design optimization, control and integrated

servo-structural design of structures with uid interaction. The main results

of the work presented in the appended papers are summarized where appro-

priate. The important aeronautical application of a wing structure subject to

aerodynamic forces serves as a model problem.

Linear equations of motion

Consider the wing structure subject to aerodynamic forces in Figure 1. Far

away upstream from the wing, the ow �eld is assumed to be uniform with air-

speed U in the positive x-direction. The aerodynamic forces acting on the wing

depend on the deection of control surfaces as well as the elastic deformation

of the wing, which in turn is due to the aerodynamic forces. Hence, we have a

problem characterized by uid-structure interaction, meaning that the motion

of the wing and the aerodynamic forces have to be solved for simultaneously.

A reasonable assumption made in most stability analysis is that the in-

stability will develop from initially small deviations from an equilibrium con-

�guration. This implies that the stability can be determined using linearized

equations of motion, which simpli�es the analysis signi�cantly.

For the wing structure in Figure 1, the linear equations of motion may

be formulated by combining �nite element structural analysis with a potential
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Figure 1: A wing structure subject to aerodynamic forces.
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ow method for the unsteady aerodynamic forces. Neglecting inertial loads

due to motion of the control surfaces (commanded by a pilot or an aircraft

control system) and disregarding the structural damping forces, the linearized

equations of motion are given in discretized form as

M �w +Kw = q(t) + q
v
(t); (1)

where the vector w(t) denotes the nodal displacements of the wing �nite ele-

ment model,M the structural mass matrix, K the structural sti�ness matrix,

q(t) the vector of aerodynamic forces due to elastic deformation and q
v
(t) the

vector of aerodynamic forces due to control surface deections v(t). A dot

denotes di�erentiation with respect to time t.

A di�culty with unsteady ow is that the instantaneous forces acting on

the wing depend on the time history of motion due to the inuence from the

wake generated by the wing. The equations of motion (1) are thus of integro-

di�erential equation type. Following Stark [5], the aerodynamic forces due to

elastic deformation can be written

q(t) =

Z
t

0

Q1(t� �) _w(�) d� +

Z
t

0

Q2(t� �) �w(�) d�; (2)

assuming that the wing is at rest in a uniform ow �eld at t = 0 for con-

venience. This is an aerodynamic statement of a result from linear system

theory; the response of any linear system to an arbitrary input can be written

as a convolution integral of the response to a unit step input. In this case,

the inputs are given by w(t) and _w(t) de�ning the boundary conditions (see

the next section) for the ow �eld generated by elastic deformation, and the

outputs are the aerodynamic forces. The elements fQ1(t)gij are the so-called

indicial aerodynamic functions corresponding to the input wj(t), representing

the aerodynamic force response at location i due to a unit step displacement

in wj(t) at t = 0. A similar expression holds for q
v
(t), based on the inputs v(t)

and _v(t).
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Linear incompressible unsteady aerodynamics

While the present study is limited to inviscid and incompressible ow, Jame-

son [6] gives an excellent review of the evolution of computational methods for

more general ows. At typical Reynolds numbers for real aircraft, e�ects due

to uid viscosity and compressibility are usually small in the lower subsonic

regime. However, the unsteadiness of the ow may have a signi�cant inuence

on the structural stability.

Following Bisplingho� et al. [1], the fundamental assumption of irrotational

ow assures that the disturbance ow velocity u(x; y; z; t), representing the

local deviation from the distant ow �eld (U; 0; 0), is the gradient of a disturb-

ance velocity potential �(x; y; z; t). Adding the assumption of incompressible

ow, the velocity potential must satisfy the continuity equation

r
2� = 0; (3)

which is recognized as Laplace's equation.

The boundary condition for the partial di�erential equation (3) is given by

the fact that the velocity component normal to the wing surface must vanish.

In linearizing this condition, the actual wing is replaced with an in�nitely thin

surface of which the deformation is described by zw(x; y; t), giving

uz =
@�

@z
=

@zw

@t
+ U

@zw

@x
for z = 0; (x; y) 2 Rw; (4)

where uz is the out-of-plane velocity component and Rw the projection of the

wing in the xy-plane. Since zw(x; y; t) is determined by interpolation from the

nodal displacements w(t) and v(t) in the discrete model of the wing, these

displacements, together with _w(t) and _v(t), will enter the problem through the

boundary condition (4).

Assuming that the boundary value problem (3) and (4) is solved for a given

motion of the wing, the linearized Bernoulli equation can be used to determine

the pressure di�erence between the upper and lower surfaces of the wing,

�p(x; y; t) = ��

��
@�u

@t
�

@�l

@t

�
+ U

�
@�u

@x
�

@�l

@x

��
; (5)

where � is the air density and �u and �l denotes the velocity potential on

the upper and lower surfaces of the wing, respectively. Finally, the lift and

moment distributions acting on the wing are obtained by integration of the

pressure distribution over the wing.

By measuring time in units of L=U , length in units of L and mass in units

of �LS, where L is a characteristic aerodynamic length (usually the mean wing

semichord) and S a characteristic aerodynamic area (usually the wing area), the

nondimensional boundary value problem is found to have no explicit depend-

ence on U . Further, the pressure di�erence (5) can be written as proportional

to the dynamic pressure q = �U2=2. For convenience, the boundary value
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problem is usually solved in nondimensional form, after which the magnitude

of the aerodynamic forces is obtained by scaling with qS.

Solving the boundary value problems has proven di�cult, even for simple

wing geometries and motions. Again, this is mainly due to the inuence from

the wake, which has to be taken into account to obtain the complete solution.

The classical approach is to distribute elementary solutions to Laplace's equa-

tion (3), such as sources, sinks and potential vortices, on the wing surface and

wake, in a way such that the boundary condition (4) and the so-called Kutta

condition are ful�lled. Kutta's hypothesis states that there is a stagnation

of the ow along the trailing edge, which has been well veri�ed for subsonic

ight (Bisplingho� et al. [1]). This approach was used by Theodorsen [7] who

�rst presented a complete solution for the aerodynamic forces acting on a two-

dimensional thin airfoil undergoing simple harmonic motion.

More recent methods for computing unsteady three-dimensional aerody-

namic loads due to simple harmonic motion involves numerical solution of

an integral equation relating the normal velocity on the wing surface (i.e.

the boundary conditions) and the pressure distribution on the wing. Essen-

tially, the integral equation is derived by distributing elementary solutions to

Laplace's equation over the wing and wake regions, and integrating for the

resulting velocity induced on the wing region. As in the problem solved by

Theodorsen, this leads to certain improper (or singular) integrals of which the

�nite (or proper) part represents the solution to the physical problem, see for

example Landahl and Stark [8] for a discussion of these issues.

The numerical methods for approximate solution of the integral equation,

such as the method by Stark [8] or the doublet-lattice method by Albano and

Rodden [9], are usually based on a discrete distribution of elementary solutions,

of which the strength (or loading) are represented by unknown coe�cients. The

coe�cients are then determined by satisfying the normal velocity condition in

a set of control points on the wing. The computation of unsteady aerodynamic

forces is by far the most di�cult problem that an aeroelastician is faced with

in developing an aeroelastic model suitable for stability analysis.

Aeroelastic stability analysis

The aeroelastic stability is typically determined by solving an eigenvalue prob-

lem obtained by Laplace transformation of the equations of motion (1). This

is often referred to as transforming the time domain equations of motion (1)

to the frequency domain. Denoting the Laplace transform of w(t) by ~w(p),

p = � + i! being the Laplace transform variable, the transformed equations of

motions yields h
p2M +K � ~Q(p)

i
~w(p) = ~Q

v
(p)~v(p); (6)

where

~Q(p) = p ~Q1(p) + p2 ~Q2(p) (7)
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are obtained by taking the Laplace transform of the convolution integrals in (2).

This matrix may be interpreted as an aerodynamic transfer function between

the elastic deformation w(t) and the aerodynamic forces, since it corresponds

to the transfer function in linear �lter theory. The matrix ~Q
v
(p) is the corres-

ponding transfer function between the control surface deections v(t) and the

aerodynamic forces. The aerodynamic transfer functions are often referred to

as aerodynamic force matrices.

The aerodynamic forces due to simple harmonic motion of the wing is

given by evaluating the transfer function for p = i!, where ! is the (circu-

lar) frequency of oscillation. Hence, ~Q(i!) is the frequency response function

of the transfer function ~Q(p), using terminology from linear �lter theory. This

means that the aerodynamic forces due to simple harmonic elastic deforma-

tion w(t) = Ref ~wei!tg are given by q(t) = Ref ~Q(i!) ~wei!tg. Note that the

(constant) complex vector ~w determines the amplitude as well as the phase

angle of the components of the harmonic input w(t).

How to compute the aerodynamic transfer function ~Q(p) for arbitrary mo-

tion of the wing is not obvious (see Stark [5] or Edwards [10]), while the aerody-

namic frequency response function ~Q(i!) may be computed using for example

the doublet-lattice method (Albano and Rodden [9]). The aerodynamic forces

are often approximated by the forces due to oscillatory motion of the wing,

meaning that ~Q(i!) is used instead of ~Q(p) in (6). While this approximation

may not be su�cient for other applications, the accuracy of the aeroelastic

stability analysis is not a�ected by this action, as explained below.

The aerodynamic forces are usually computed using the nondimensional

form of the boundary value problem (3) and (4). The nondimensional aero-

dynamic forces will then depend on the nondimensional Laplace variable p̂ =

pL=U in the frequency domain formulation. The imaginary part of p̂ is the

so-called reduced frequency k = !L=U . If the characteristic length is chosen

as the wing mean semichord b, then

k =
!b

U
= �

2b=U

T
(8)

where T is the period of the wing oscillations and 2b=U the time it takes for

a uid particle with speed U to move the distance of the mean chord. In this

respect, the reduced frequency is a nondimensional measure of the unsteadiness

of the ow.

If there is no interaction between the elastic deformation of the wing and

the control surface deections, it is su�cient to consider the homogeneous part

of (6) to determine the aeroelastic stability. Adopting the approximation of

the aerodynamic forces discussed above, the result can be written

h
p̂2
�
U
2

L2M
	
+K � qQ(ik)

i
~w = 0; (9)

where Q(ik) is the aerodynamic force matrix, p̂ the nondimensional Laplace

variable and q the dynamic pressure. While the mass and sti�ness matrices

are real symmetric positive de�nite, the aerodynamic load matrix is in general
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complex and nonsymmetric. The given equation is identi�ed as a nonlinear

eigenvalue problem, which can be solved for a set of eigenvalues p̂
j
and cor-

responding eigenvectors ~wj , j = 1; :::; np. The nonlinearity is due to the de-

pendence on the reduced frequency k, which is the imaginary part of p̂. This

complicates the analysis somewhat, but there are well established techniques for

solving nonlinear eigenvalue problems, see for example B�ack and Ringertz [11]

and Stark [12].

Solving the eigenvalue problem (9) for a speci�ed dynamic pressure q, the

transient response of the elastic deformation is given by the eigenmodeswj(t) =

Ref ~wje
pjt
g. If all eigenvalues have negative real part �j , the structural re-

sponse will decay with time, and the wing is stable. In this respect, the neg-

ative real part of an eigenvalue represents the modal damping. The critical

dynamic pressure qc at which an aeroelastic instability develops is obtained

by solving the eigenvalue problem for increasing values of q, until an eigen-

value with positive real part is detected. This process is often displayed in a

root-locus plot where the leading eigenvalues are traced for increasing load, see

Figure 2. At q = q0 the eigenvalues are located in the left half plane (marked

Figure 2: Root-locus plot of the leading eigenvalues.

Re p̂

Im p̂

q0

q0 p̂1

p̂2
qc

qc

by '�'), and the wing is stable. Increasing the load, the eigenvalue p̂1 eventually

crosses into the right half plane at the critical load q = qc (marked by '�').

It should be emphasized that the eigenvalues obtained by solving (9) are

only approximations of the eigenvalues that would be obtained if the aerody-

namic forces for arbitrary motion were used in the analysis, except for eigen-

values on the imaginary axis. This means that the prediction of the critical

load is not a�ected by the use of approximate aerodynamic forces in the aer-

oelastic analysis. In physical terms, the wing will display undamped harmonic

oscillations at the utter boundary.

By now, it is apparent that a utter instability is characterized by a purely
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imaginary critical eigenvalue, corresponding to a utter motion in the form

w(t) = Ref ~wei!tg. However, the critical eigenvalue may also be zero, giving an

aeroelastic instability known as divergence. In this case the deformation of the

wing increases strictly with time, similar to a buckling phenomena (Ziegler [4]).

By inserting the real critical eigenvalue p̂ = 0 in (9), the eigenvalue problem

reduces to

[K � qQ(0)] ~w = 0; (10)

where Q(0) is the (real) aerodynamic force matrix for steady ow. This is a

new eigenvalue problem, but now q represents the eigenvalue. The smallest real

and positive eigenvalue is the critical dynamic pressure qD at which divergence

occurs. Hence, it is su�cient to solve one eigenvalue problem in the form (10)

to perform a static stability analysis, while a dynamic stability analysis requires

that a sequence of eigenvalue problems in the form (9) is solved.

The previous result illustrates one of the main di�erences between stability

analysis of mechanical systems with conservative versus nonconservative ex-

ternal load. A conservative external load results in a real symmetric positive

de�nite load matrix in the eigenvalue problem (9). As a consequence, only

static instabilities can occur, and dynamic forces due to inertia and damping

will have no e�ect on the stability. In this case, it is su�cient to derive only

the sti�ness and load matrices to pose an eigenvalue problem in the form (10).

Design optimization

With an accurate stability analysis at hand, an appealing concept is not only

to verify the aeroelastic feasibility of a �xed wing structure, but also to exploit

the stability analysis to tailor the properties of the wing structure to maximize

some performance criteria. Performance is in many aspects dependent on low

structural weight, virtually regardless of de�nition of performance. Reductions

in structural weight can be translated into e.g. increased payload, reduced drag,

improved maneuverability or reduction of needed thrust. Therefore, the most

common objective is to minimize the structural weight subject to constraints on

other performance criteria, such as structural stability, using structural dimen-

sions and orientations of �ber composite materials as design variables. More

generally, using structural properties to a�ect the aerodynamic and structural

performance in a bene�cial way is usually referred to as aeroelastic tailoring,

see Shirk et al. [13] for an excellent review of this area.

This study focuses on minimizing structural mass subject to constraints on

structural stability, which can be posed as the optimal design problem

minimize
xi

m(xi) (11)

subject to Re p̂
j
(xi; q) � 0; j = 1; : : : ; np; q 2 [0; qc]; (12)

x
i
� xi � xi; i = 1; : : : ; nx; (13)

where m(xi) is the structural mass, xi the design variables, p̂
j
the eigenvalues

obtained by solving the eigenvalue problem (9) and qc a speci�ed minimum
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critical dynamic pressure. More generally, the parameter q represents the mag-

nitude of the external load. For systems with nonconservative load, stability

at the prescribed critical load qc does not imply stability for loads q < qc, and

stability must be ensured for the entire range q 2 [0; qc]. This is achieved in an

approximate manner by enforcing the stability constraints for a discrete set of

loads qk, k = 1; : : : ; nq , in the range [0; qc], giving a total of np � nq stability

constraints. Usually, only a few eigenvalues need to be considered, as well as

a reduced range of the load magnitude. The feasibility is then veri�ed by a

posteriori stability analysis of the optimal design.

More generally, the given optimization problem can be formulated as a non-

linear programming problem in the form

minimize
x

f(x) (14)

subject to g(x) � 0: (15)

where x is the vector of design variables, f(x) the scalar objective function

and g(x) the vector of constraint functions. Assuming that all functions have

continuous �rst derivatives with respect to the design variables, the �rst order

necessary conditions for a point x� to be optimal are given by the so-called

Karush-Kuhn-Tucker optimality conditions (Gill et al. [14])

rf(x�) + �Trg(x�) = 0; (16)

�Tg(x�) = 0; (17)

g(x�) � 0; (18)

� � 0; (19)

where � is a vector of Lagrange multipliers.

The most common optimization methods are based on solving a sequence

of approximate convex optimization problems. In each step, the optimization

problem (14)-(15) is approximated by a convex problem, based on the gradients

of the objective function and constraints at the current iterate xk. The solution

to the approximate problem determines a search direction d, which is used to

generate an update xk+1 = xk+�d for some stepsize � > 0. This procedure is

repeated until a convergence criteria is ful�lled. One of the most common al-

gorithms of this type are sequential quadratic programming, see Gill et al. [14].

In this work the method of moving asymptotes (MMA) by Svanberg [15] is

used, which to some extent resembles these methods.

The main di�culty in optimization with eigenvalues, such as the optimal

design problem (11)-(13), is that the derivatives of coalescing eigenvalues do

not always exist, making the problem non-smooth (Seyranian [16]). However, if

the eigenvalues are distinct at the solution, the problem may usually be solved

using gradient based methods such as MMA. Note that this strategy is likely to

be more successful in the optimal design of systems with nonconservative load,

since even if there are several critical eigenvalues, they can still be distinct.

This does not hold in the conservative case. In the more di�cult situation
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where the eigenvalues coalesce at the optimum, more specialized methods are

required, see Ringertz [17].

Despite the di�culty of optimization with eigenvalues, the formulation (11)-

(13) have proven successful in several studies on aeroelastic design optimiza-

tion, Kuttenkeuler and Ringertz [18] is one example. In Paper A, the same

formulation is used to minimize the structural mass of a beam subject to non-

conservative uid-dynamic forces.

Sensitivity to imperfections

After optimization, the root-locus plot may appear as shown in Figure 3. A

stability analysis gives the desired critical load qc = q2, at which the eigen-

value p̂1 crosses the stability boundary. However, at q = q1 this eigenvalue

Figure 3: Root-locus plot of an imperfection sensitive design.

Re p̂

Im p̂

q0

q0
p̂1

p̂2q2

q2

q1

touches the stability boundary, but is stabilized again for increasing q. Hence,

a small perturbation may cause the eigenvalue p̂1 to move into the unstable

region at q = q1, and the critical load will drop from q2 to q1, clearly an

undesirable situation.

The critical load of a system with nonconservative load is clearly a non-

smooth, possibly discontinuous, function of the design variables. The sensitive

behavior of the optimal design is the result of a discontinuity at the optimum.

Consequently, a formulation of the optimal design problem where the critical

load is maximized would not be well behaved. This scenario explains the sens-

itivity that may be obtained when optimization is used for design.

To avoid failures due to design sensitivity, the uncertainties need to be taken

into account in the optimization. Assume that the uncertainties in the model

are represented by a vector � 2� of real parameters, where� is a set de�ning

the bounds on these. That is, � is not known, but the true model is assumed to
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be represented by some � 2�. Then the robust optimal design is the solution

to the optimization problem

minimize
xi

m(xi) (20)

subject to Re p̂
j
(xi; q;�) � 0; q 2 [0; qc]; � 2�; (21)

x
i
� xi � xi; (22)

where the index sets are disregarded for brevity. In theory, one could enforce

the stability constraints (21) for a discretized set �0, in the same manner as

made for q 2 [0; qc]. This is unfortunately not a very useful approach since

the number of constraints grows exponentially with the number of uncertainty

parameters, making the problem unreasonable large even for a modest number

of uncertainties.

At present, some progress has been made for the case of small parametric

uncertainties, for which a procedure is proposed and successfully used in an

aeroelastic optimization in Kuttenkeuler and Ringertz [19]. Essentially, the

procedure exploits that the robustness of a structure may be improved by im-

posing stability margins on the eigenvalues in the optimization. The robustness

of the design in Figure 3 would obviously be improved by imposing a margin

on the eigenvalue p1 to the imaginary axis.

Recently, Lind and Brenner [20] has demonstrated that so-called �-analysis

(Zhou et al. [21]), originally developed for robustness analysis of linear control

systems, can be applied to perform a robust stability analysis of an aeroelastic

system. This could be an interesting approach for robust design optimization

as well.

The non-smooth dependence of the critical load on the design variables is

clearly demonstrated for the pipe-ow system in Paper B, both theoretically

and experimentally. Further, the optimal design is found to be extremely sens-

itive to uncertainties, which is also veri�ed experimentally. It is shown that

the robustness of the optimal design can be improved by enforcing stability

margins in the optimization, indicating that the predicted performance can be

obtained in practice if uncertainties are taken into account.

Interaction with controls

So far, possible interactions with a control system have not been considered.

Modern aircraft often feature high-performance control systems for stability

augmentation and automated ight. The main objective of the control system

is to control the rigid body motion of the aircraft, but the sensors providing

input to the control system will capture response due to elasticity as well. This

interaction is illustrated in Figure 4, where P (q) represents the aeroelastic

plant, y(t) the measured outputs, and G(q) the control system connecting the

outputs and the control surface deections v(t).

If the interaction with the elastic modes is not accounted for in the design of

the control system, the response of the control surfaces due to elastic deform-
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Figure 4: Interaction with an aircraft control system.

P (q)

G(q)

yv

ation of the aircraft may induce an aeroservoelastic instability. To avoid this

scenario, the aeroelastician has to consider these interactions as well, and per-

form an aeroservoelastic stability analysis. Aeroservoelasticity thus involves

the interaction between elastic structures, unsteady aerodynamic forces and

control systems.

In most cases the measured response due to elastic deformation w(t) can

be related to an output signal y(t) in the form

y(t) =N2 �w(t) +N1 _w(t) +N0w(t); (23)

where Ni are constant output matrices determined by the type of sensors used

and the location of these. For example, the input to an accelerometer would be

represented by the �rst term in (23). Transformation to the frequency domain

yields

~y(p) = p2N2 ~w(p) + pN1 ~w(p) +N0 ~w(p) =N (p) ~w(p); (24)

where N(p) is the transfer function between the elastic deformation and the

output signal.

In this case, it is assumed that the dynamics of sensors, actuators and

the aircraft controller are given to the aeroelastician in the form of a total

transfer function G(p) relating the output signal y(t) and the control surface

deections v(t),

~v(p) = G(p; q)~y(p); (25)

where possible tuning of the controller with the dynamic pressure q is accoun-

ted for. Using (6), (24) and (25), the aerodynamic forces produced by the

interaction can now be written

~q
v
(p̂) = qQ

v
~v = qQ

v
GN ~w = qS(p̂; q) ~w(p̂); (26)

where p̂ is the nondimensional Laplace variable, Q
v
(p̂) the aerodynamic force

matrix and S(p̂; q) may be called the servo matrix (or transfer function).

Exploiting the fact that the closed-loop system will display undamped har-

monic oscillations at the aeroservoelastic stability boundary, the aeroservoelastic

stability may be determined by solving the eigenvalue problemh
p̂2
�
U
2

L2M
	
+K � q

�
Q(ik) + S(ik; q)

	i
~w = 0; (27)
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obtained by including the aerodynamic forces (26) in the equations of motion.

As expected, the the interaction results in a modi�cation of the aerodynamic

forces.

Active control

Of course, a control system can also be used to modify the aerodynamic loads

in a bene�cial way. For a �xed wing design, a control system may be used to

increase the utter speed, thus extending the ight envelope without weight

penalty. This action is usually referred to as active utter suppression. The

control system can also be used to improve the subcritical response of the wing

to reduce structural loads or improve ride comfort.

Virtually regardless of the method used for the control law design (see e.g.

Stevens and Lewis [22]), the essential e�ect of the control system is a relocation

of the open-loop eigenvalues to a more desirable root-locus given by the closed-

loop nonlinear eigenvalue problem for arbitrary motion of the wing,

h
p̂2
�
U
2

L2M
	
+K � q

�
Q(p̂) + S(p̂; q)

	i
~w = 0: (28)

In the subcritical regime the wing may be strongly damped, and the aerody-

namic forces di�er substantially from the forces due to harmonic motion. In

this case the aerodynamic forces for arbitrary motion are required to accurately

predict the aeroelastic response and performance of the control system.

There exist many techniques for approximating the aerodynamic forces for

arbitrary motion, see for example Stark [5], Karpel [23], Vepa [24], Edwards et

al. [25] and Morino et al. [26]. Most commonly, the aerodynamic matrixQ(p̂) is

approximated by properly chosen transfer functions, represented by unknown

coe�cients, which are determined by matching the result to the known fre-

quency response function Q(ik).

Among the more spectacular demonstrations of successful utter suppres-

sion is the active exible wing program at the NASA Langley Research Center,

which demonstrated utter suppression while performing rolling maneuvers

with a full-span wind-tunnel model, see Waszak and Srinathkumar [27]. In

this case a traditional root-locus method was used for the control law design.

An optimal (time-domain) controller has also proven successful for the very

same model, as reported by Mukhopadhyay [28].

A straightforward approach demonstrated by Ghiringhelli et al. [29], is to

directly assign the eigenvalues in (28) to desired locations. This is accomplished

by proper tuning of a given set xc of parameters in an otherwise �xed control

system G(p̂;xc). Di�erent ight conditions can be accounted for by assigning

the eigenvalues for a set of di�erent load magnitudes, and by interpolation a

control system in the form G(p̂;xc(q)) is obtained.

In Paper D, a method closely resembling the assignment technique is used

to design a simple feedback controller to suppress the utter of a exible wing.

The closed-loop modal damping of the critical mode is maximized for di�erent
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load magnitudes, giving a signi�cant increase of the critical speed in wind

tunnel tests.

Integrated design optimization

Flutter suppression is usually thought of as a possibility to improve the per-

formance of a given wing structure. The �nal result is a exible structure

which requires support from an interacting control system to be fully opera-

tional. However, the independent design of the structure and the supporting

control system places unnecessary requirements on the control system. The

structural design may be such that a fairly advanced high-authority control

system is required for a su�cient extension of the operational envelope. In

fact, it may not be possible to accomplish much improvement at all with the

existing controls, regardless of the complexity of the control system.

A more fruitful approach is to perform the structural and control system

design simultaneously. By integrating the control system design in a structural

design optimization, the stability provided by the control system is exploited

for further reduction of the structural weight, while the structural design im-

provements will tend to relax the initial requirements on the control system.

The result is an integrated design with potential of having both lower weight

and improved control system performance compared to the 'traditional' design.

For example, assuming that the planform of the wing is �xed (including the

shape and location of control surfaces) and a �xed-structure controller, the mass

and sti�ness matrices will depend on a set xs of structural design variables,

while the servo matrix depends on a set xc of control system parameters. While

the structural design will be the same for all operating conditions, the controller

can be scheduled with load magnitude to achieve maximum performance. Thus,

in this case xc is considered as a set of control points from which the actual

parameters of the controller is obtained by interpolation. Also note that the

location of sensors may be represented by a subset of xc.

Now, based on the eigenvalue problem

h
p̂2
�
U
2

L2M (xs)
	
+K(xs)� q

�
Q(ik) + S(ik; q;xc)

	i
~w = 0; (29)

the optimal design problem of minimizing structural mass subject to constraints

on stability can still be posed as

minimize
xi

m(xi) (30)

subject to Re p̂
j
(xi; q) � 0; j = 1; : : : ; np; q 2 [0; qc]; (31)

x
i
� xi � xi; i = 1; : : : ; nx; (32)

but in this case the design variables are composed of both xs and xc. While

the bounds on xs in (32) are usually given by manufacturing constraints, the

bounds on xc are typically related to rate limitations of the actuators.
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Concerning the existence of a stabilizing controller, it should be noted that

even if the initial structural design may not be possible to stabilize with the

chosen controller structure, the nonlinear programming method used for solving

the optimization problem will try to �nd a stable integrated design. If a feasible

solution to (30)-(32) is found, the corresponding design is stable, at least in

theory.

Despite the apparent simplicity of including control in the design optim-

ization, additional concerns are introduced. The disturbance rejection in the

subcritical regime may be unacceptable if the formulation (30)-(32) is applied in

a straightforward manner, since the system is allowed to be arbitrarily weakly

damped without violating the stability constraints (recall the system in Fig-

ure 3). It may thus be necessary to pose constraints on the subcritical response

as well, which in general requires that the aerodynamic forces for arbitrary mo-

tion are used in the analysis. Of course, an improved subcritical response will

be achieved at the cost of additional weight.

In the ultimate method, the shape of the wing planform and control surfaces

would also be part of the optimization, making the problem very di�cult and

computationally expensive. However, the problem of design sensitivity still

remains, which is even further emphasized when additional degrees of freedom

are introduced in the optimization. Considering the integration of control, the

sources of uncertainty include approximate models of sensors and actuators,

uncertain measurements, time delays, mechanical freeplay and approximate

aerodynamic forces due to motion of control surfaces. The optimizer will exploit

the de�ciencies of the model as well, thus increasing the likelihood of obtaining

an infeasible optimal design.

The main objective of the present work has been to demonstrate the use-

fulness of integrated design, but also to emphasize the fundamental di�culty

with sensitivity to imperfections. In Paper B, integrated design optimization of

a beam subject to uid-dynamic forces is considered. The inclusion of a simple

control system in the optimization reduces the structural weight signi�cantly,

but unfortunately results in an optimal design which is extremely sensitive to

uncertainties. By imposing a stability margin in the optimization, an optimal

design with improved robustness is obtained. Compared to an optimal design

not taking control into account, the robust integrated design is superior by

having a signi�cantly lower weight while still showing increased damping.

In Paper E the same approach is applied to minimize the weight penalty

when using mass balancing and a gain-scheduled controller to increase the

critical speed of a exible wing. The integrated approach is found to reduce

the weight penalty, which is veri�ed by experiments. It is argued that the

simultaneous design of a structure and a gain-scheduled controller in general

requires a two-step procedure to result in a control law that is well-de�ned for

all operating conditions. This is the case when maximum actuation is only

required for certain values of the load magnitude in the optimization. At other

load magnitudes, there is redundant actuation which can be used for other

purposes, or simply not used at all to e.g. reduce wear of actuators.
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Future work

The present study has indicated that signi�cant improvements to current design

methods are possible using integrated design optimization. It appears to the

author that current methods for analysis of linear structural dynamics, aero-

dynamics and control systems can be used for design if care is taken with

respect to their limitations. However, many problems of vital importance still

remains. Provided an accurate aeroservoelastic analysis can be developed, the

main obstacle is the lack of robustness that may be obtained when using op-

timization for design. Current methods for taking uncertainties into account

are rather simplistic. To fully exploit the advantage of using optimization in

aeronautical engineering, the development of more advanced methods is very

important.

Linear aerodynamic predictions are often successful in the subsonic and su-

personic regimes, but can normally not be used in the transonic regime (Silva

and Bennet [30]). It is well known that aircraft may encounter a region of re-

duced utter speed in this regime, manifesting the importance of aeroelasticity

in transonic ight.

While most of the present aeroelastic analysis and design are based on

linear aerodynamics, future concepts are likely to explore the nonlinear regime.

Trends in this direction can already be found in the literature. A new concept

for ight vehicle control is currently being developed at Stanford University

(Kroo [31]). Based on highly nonlinear aerodynamics of distributed trailing

edge micro-aps, this concept has great potential for high-bandwidth control

of structural modes as well.
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Division of work between authors

Paper C

Fredriksson initiated the study and suggested a suitable experimental design.

Borglund transformed the ideas into the actual experimental rig, and proposed

the system of two articulated pipes for the numerical simulations. Nordmark

performed the numerical simulations. The paper was written jointly by the

authors.

Paper D

Borglund designed and manufactured most of the experimental setup, de-

veloped the aeroservoelastic model and performed the control law design. Kut-

tenkeuler manufactured vital parts of the aileron assembly, managed the optical

measurement system and programmed the controller. Borglund wrote the pa-

per with support from Kuttenkeuler.
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