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Nomenclature
[A], [B] = aeroservoelastic state-space matrices in

the Lyapunov's equation for response to
white noise

[A], [B], [C], [D] = state-space system and observation
matrices of a linear system

[A], [B], [C], [D] = reduced-order state-space system and
observation matrices of a linear system

[A(&, Moo)] = matrix of aerodynamic influence
coefficients

b = representative semichord
bi = coefficients in the numerator of a

typical transfer function for a control-
system element

[C] = damping matrix
CQ, {Ci}, [c2] = planform-dependent constant, vector,

and matrix, respectively, in the equation
for drag caused by lift, Eq. (7)

Dv{ - /th design variable
di = coefficients in the denominator of a

typical transfer function for a control
system element

[Ei] = real matrices in the Roger
approximation or the minimum state
approximation of unsteady aerodynamic
generalized forces

[Ef] = real matrices in the Roger
approximation or the minimum state
approximation of unsteady aerodynamic
generalized forces after transformation
from one set of modes to another

fi(x, y) = shape functions for variable camber
shape definition

/({jc}) = objective function
f ( { x } ) = approximate objective function
{g} = vector of nonlinear constraint functions
{g} = vector of approximate constraints
{hj} = displacements at aerodynamic

downwash points in mode j

[K]
[KG]
k
[M]
Moo
{ML}

mL

p
[Q(p)]

[<2H,]

{q}
{qc}
qD
qw

r
rh Sf

[Thd]

[Thp]

[Tad]

t(x, y)
U
[U], [V]

{u}

= stiffness matrix
= geometric stiffness matrix
— reduced frequency
= mass matrix
= Mach number
= vector of move limits
= powers of terms in the polynomial

parametrization of skin thickness
- number of lag terms in the Roger

approximation
= Laplace variable
= matrix of generalized aerodynamic

forces
= intensity matrix of a Gaussian white

noise driving a gust filter
= modal generalized displacement vector
= control surface rotations
= dynamic pressure
= pitch rate in a symmetric pull-up

maneuver
= input to a control system element
= powers of terms in the polynomial

parametrization of jig shape
= interpolation matrix relating structural

deflections to downwash at downwash
points

= interpolation matrix to determine
structural deflections at pressure points

— coefficients in the polynomial
parametrization of skin-thickness
distribution

= interpolation matrix relating structural
deflections to slope (geometric angle of
attack) at downwash points

- thickness distribution for a skin layer
= true airspeed
= aeroservoelastic state-space system

matrices
= rigid body and elastic generalized

displacements
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Subscripts
c
cont
e

G
h

Superscript
F

see Eq. (8)
generalized coordinates defining initial
(jig) shape
coefficients in the polynomial
parametrization of jig shape
vector of downwash entries for a lifting
surface
gust vertical velocity
jig shape of the wing
aeroservoelastic state co variance matrix
axis pointing along the fuselage in the
wind direction
vector of design variables, also vector
of state variables, Eq. (39)
lower and upper bounds on the design
variable vector {x}
vector of design variables at base
(reference) design, where detailed
objective and constraint functions are
evaluated
output from a control system element
measured response, as output of a
sensor (accelerometer, strain gauge, or
rate sensor)
actual structural response (displacement,
velocity, acceleration, strain) at a
measurement point on the structure
lag roots in the Roger approximation
vector of pressure differences on a
lifting surface in mode j
diagonal matrix of panel areas
aeroservoelastic eigenvector
diagonal matrix in the minimum state
rational function approximation,
containing the real aerodynamic poles
buckling eigenvalue or aeroservoelastic
pole
mode shape vector
matrix of mode shape vectors
natural frequency

control surface degrees of freedom
controller
excitation caused by sources other than
structural, control, or gust effects
gust
associated with vertical deflection
structural degrees of freedom

= full order

Introduction

T HE interactions of lightweight flexible airframe structures,
steady and unsteady aerodynamics, and wide-bandwidth

active controls on modern airplanes lead to considerable mul-
tidisciplinary design challenges. More than 25 years of math-
ematical and numerical methods' development, numerous ba-
sic research studies, simulations and wind-tunnel tests of
simple models, wind-tunnel tests of complex models of real
airplanes, as well as flight tests of actively controlled airplanes,
have all contributed to the accumulation of a substantial body
of knowledge in the area of aeroservoelasticity. 1-5 A number
of analysis codes, with the capabilities to model real airplane
systems under the assumptions of linearity, have been devel-
oped.6"12 Many tests have been conducted, and results were
correlated with analytical predictions.

A selective sample of references covering aeroservoelastic
testing programs from the 1960s to the early 1980s,13 as well
as more recent wind-tunnel test programs14'19 of real or real-

istic configurations, are included in the References section of
this paper. An examination of Refs. 20-29 will reveal that in
the course of development (or later modification), of almost
every modern airplane with a high authority active control sys-
tem, there arose a need to face aeroservoelastic problems and
aeroservoelastic design challenges.

It has become evident that aeroservoelastic analysis and syn-
thesis are not just endeavors or tasks of choice, which the
designer is free to adopt or reject, depending on whether he
wants to pursue technologies such as active flutter suppression
or gust load alleviation. Even if the designer chooses, as part
of his design approach, not to create desirable interactions and
not to try to harness these multidisciplinary interactions to his
benefit, still, as long as there are onboard high-power active
control systems for flight mechanics, he has to face some mul-
tidisciplinary problems in the form of undesirable interactions.
Aeroservoelasticity, thus, must be addressed in the course of
modern airplane design. And whether benefits of aeroservo-
elastic interactions are to be pursued, or problems avoided in
a cost-effective way, aeroservoelastic analysis and synthesis
should be included in as early a stage of the airplane design
process as possible, and not be postponed until the design is
almost complete.

This paper aims at examining the integrated aeroservoelastic
design challenge in the context of the evolving field of mul-
tidisciplinary design optimization (MDO), and at reviewing the
status of the effort to make aeroservoelasticity an integral part
of airplane conceptual and preliminary design.30 Emphasis is
not on aeroservoelastic analysis, where aeroservoelastic be-
havior is evaluated for given configurations and control sys-
tems. The drive discussed here is to develop integrated aero-
servoelastic synthesis, the capability to simultaneously, and in
an integrated way, synthesize aeroservoelastic systems across
their contributing disciplines, quickly, efficiently, and reliably.

The work discussed here is limited to airframes and control
systems of fixed-wing airplanes operating without significant
aerodynamic heating. Selected references, which can serve as
starting points for the review of developments in aeroservo-
elasticity and multidisciplinary interactions on panels, hyper-
sonic vehicles, rotary wing aircraft, and also addressing the
problem of whirl flutter, can be found in Refs. 31-38.

In the following sections, the integrated aeroservoelastic
synthesis problem is defined, and different levels of complexity
and difficulty identified. Mathematical modeling for design,
behavior response analysis, behavior sensitivity analysis, and
approximation concepts is discussed. The status of research
and development efforts aimed at capturing the complexity
of real actively controlled airplanes is surveyed, and the les-
sons learned will lead to the identification of problems and
difficulties as well as to recommended directions for future
work. A selective list of references is included, to provide a
solid starting point for any interested reader, who seeks to
study the many aspects of the interesting and complex prob-
lems at hand.

Analysis Problems: General Classification
The array of computational tasks needed during the design

evaluation of a modern airframe can be sorted and categorized
according to disciplines involved, the type of behavior in space
and time captured by analysis, or according to the type of
mathematical problems addressed. In general, for most fixed-
wing aircaft, the disciplines affecting the design evolution of
the airframe include 1) external aerodynamics (including pro-
pulsion integration), 2) structures (including materials), 3) con-
trol, 4) flight mechanics (including point performance and
flight path analysis), and 5) economics. Electromagnetics for
airplanes where radar cross section is important, integrated
powerplant design on some air-breathing hypersonic vehicles,
or heating problems in certain supersonic airplanes can be im-
portant in some design problems, but these are beyond the
scope of the technology covered here. Space-time behavior
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classification leads to the distinguishing between 1) linear and
nonlinear problems; 2) steady and unsteady (dynamic) prob-
lems; and 3) between problems of global nature (associated
with the complete airframe or large sections of it) and prob-
lems of local nature (such as panel buckling and panel flutter
problems, the failure modes of brackets and fittings, etc.).

The computational effort supporting modern airframe design
must cover the following mathematical problems.

1) The utilization of explicit algebraic formulae (including
numerical integration) for the generation of system matrices of
structural and structural dynamic models (including the im-
portant as-built weight estimates39'40), system matrices for aero-
dynamic models, state-space dynamic system and control-sys-
tem models, and mathematical models for flight mechanics and
flight-path analysis. Airplane point performance analysis as
well as cost analysis are also included in this category.

2) The solution of linear and nonlinear systems of algebraic
equations, obtained from discretization of the relevant field
problems, such as fixed-shape steady aerodynamic analysis;
fixed-loads static structural analysis; solution-dependent-loads
static aeroelastic analysis; and steady-state gust response co-
variance analysis.

3) The solution of eigenvalue problems such as static aero-
elastic stability analysis and aileron reversal analysis (if
needed); aeroservoelastic stability analysis in the Laplace do-
main, or bifurcation buckling stability analysis.

4) The solution of time-dependent linear and nonlinear prob-
lems modeled by systems of ordinary differential equations
(after discretization of time-dependent field problems). Sta-
bility, control, and aeroservoelastic flight mechanics of the
deformable airplane (including large motions as well as small-
perturbation motion); flight-trajectory analysis; aeroservoelas-
tic response to discrete gusts; and aeroservoelastic response to
transient loads.

Some problems of mesh generation for either aerodynamic
or structural models can belong mathematically to categories
1 or 2 (or even 3), depending on the mesh generation method
and methods of computer-aided geometry used.

The classifications listed in the preceding list, while admit-
tedly quite general, provide a standard against which the state
of the art in airplane modeling for analysis and modeling for
design optimization can be evaluated. There have been major
developments in recent years in applied computational fluid
dynamics (CFD), computational structural mechanics, com-
puter graphics, and dynamic system simulation, as well as sig-
nificant improvements in computational hardware. The aero-
dynamic analysis and shape synthesis of realistic airplane
configurations41"47 is becoming increasingly practical. Struc-
tural analysis and sizing optimization of complete airframes
are already widely practiced.48"58 So are the development and
simulation of multi-input multi-output (MIMO) nonlinear con-
trol systems for the maneuvering airplane, with their variable
gains and different limiters.

However, the generation of detailed mathematical models,
and the detailed integrated analyses of the maneuvering air-
plane in all flight regimes constitute a monumental task. In
some areas, accurate and reliable modeling and analysis are
still beyond the capability of current technology. It takes
months to complete just a very limited number of detailed
analyses, and while this might be acceptable when one focuses
on the results of one thorough, definitive cycle of detailed
analyses, this is unacceptable when early design optimization
of the whole vehicle is concerned. During design optimization,
many configurations, alternative shapes, structural arrange-
ments, control systems, and flight trajectories must be consid-
ered. Any optimization algorithm solving an optimization
problem involving many design variables and constraints will
change and evaluate the design numerous times. The challenge
of design-oriented modeling is to construct quickly an array
of reliable and efficient mathematical models covering all rel-
evant disciplines. Accompanying fast analysis and solution

techniques must make it possible to carry out a large number
of complete behavior evaluations of the airplane, subject to a
large number of variations of design variables in all relevant
disciplines.

Aeroservoelastic Analysis: Coupled Nonlinear
Behavior Models

If computers were fast enough, and limitations on the size
of computer memory posed no problem if user-friendly robust
algorithms were available for meshing and discretization of the
relevant field problems in structures and aerodynamics, and if
numerical solutions of large-scale nonlinear coupled-field
problems for steady-state and time-domain behavior were
practical, if simulation of the motion of a deformable airplane
along a flight path, and the dynamic behavior of sensors and
actuators in the presence of an active control computer could
be done in an integrated manner, then, ideally, in the course
of design optimization of an actively controlled vehicle, the
following problems could be coupled and solved repetitively.

1) Steady-state (static) structural analysis subject to nonlin-
ear loads, taking into account the possibility of large overall
motions (in six rigid degrees of freedom), with small or large
elastic deformations, allowing for buckling and postbuckling
behavior.

2) Steady-state nonlinear aerodynamic analysis, covering the
operational range of angles of attack (including high angles of
attack) and flight conditions (including transonic speeds), and
capable of capturing shock waves, separation, vortex genera-
tion, and vortex motion.

3) Steady-state aeroelastic analysis, e.g., Ref. 42.
4) Time-dependent nonlinear structural, aerodynamic, and

aeroelastic59'60 analyses, coupled with nonlinear control-system
simulation, taking the nonlinearities of the control system
(such as the presence of limiters, switches, gain schedules, etc.)
into account.

The capability to carry out a whole array of aeroservoelastic
behavior analyses of such scope is, of course, still beyond
reach. Realistic design-oriented analysis models, to be used
repetitively in the course of practical aeroservoelastic design
optimization with current computational technology, must be
more limited in size and in scope.

Aeroservoelastic Synthesis: Contributing Analyses
A practical and realistic aeroservoelastic synthesis problem,

which is believed to be ready for inclusion in airplane MDO
using current computational technology and modeling prac-
tices, can be supported by the following analyses, covering
steady and dynamic behavior of the maneuvering, flexible, ac-
tively controlled airplane.61"64

1) Static given loads structural analysis, in which the air-
plane is constrained against rigid body motion in some manner,
and is subject to predetermined load distributions that do not
change throughout the design. The elastic displacements are
obtained from a solution of the linear system of equations

[K][u] = {P} (1)

where [K] is the stiffness matrix, {«} is the vector of displace-
ments, and [P] is the load vector (or a set of load vectors).

2) Static aeroelastic maneuver loads linear analysis, in
which the deformable airplane is free, and the loads depend
on the flight conditions and take aeroelastic load redistribution
into account. Motion in the rigid-body degrees of freedom and
elastic motions, as well as control-surf ace rotations needed for
trim, are obtained from a solution of the linear system of
equations62'65-69

= [P] (2)

where the modified [K] now contains structural and aerody-
namic contributions, and the loads {P} depend on the ma-
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neuver parameters (load factor, roll rate, Mach number,
altitude), aerodynamic design variables (initial camber distri-
bution, or jig shape), and the structural design variables
(through inertial loads).

It should be noted here that progress in CFD-based steady
aeroelastic analysis has reached a stage where it is believed
that it will become ready for inclusion in early integrated aero-
servoelastic design optimization in the next few years. This
will cover static aeroelastic nonlinear maneuver loads analysis,
in which allowance for large rotations in the three rigid body
rotational degrees of freedom is coupled with linear structural
analysis and nonlinear aerodynamic analysis.41'42'45

3) Global and local bifurcation buckling [calculated for the
internal loads obtained from Eqs. (1) and (2)70"76], or the non-
linear analysis in 2, where a panel or a group of panels can
buckle, depending on the eigenvalues of

(3)

(4)

(5)

where [U] and [V] include structural, unsteady aerodynamic,
and control- system effects,61'62'64 and A is an aeroservoelastic
pole.

6) Dynamic response analysis81"84 for calculating time his-
tories, and determining peak values of rigid-body motions,
elastic deformations, and stresses resulting from dynamic ex-
citation by transient control surface inputs, discrete gusts, land-
ing impact, external store ejection, etc. The free-response equa-
tions [Eq. (5)] are transformed from the Laplace domain to the
time domain, and the right-hand side (RHS) is modified to
include forcing functions, and can be solved in the time do-
main by direct time integration. Alternatively, they can be
solved in the frequency domain and then, selected responses
can be transformed to the time domain using inverse fast Fou-
rier transform (FFT) techniques.85

7) A gust response analysis for the state covariance matrix
""'""

or by using simpler interaction formulas.77

4) Natural frequency and mode-shape analysis

[-<o2[M] + [K]][tf>} = {0}

where [M] is the mass matrix.
5) Aeroservoelastic linear stability analysis61'62'64'78'80

[X] i61,62,86,87

[A\[X] + [X][A]T =- (6)

where [A] and [B] depend on structural and control system
design variables, and [Qw] is the intensity matrix of a Gaussian
white noise driving a gust filter that generates either Dryden
or approximate von Karman62 gust-excitation power spectral
density. Root mean square (rms) values of accelerations, mea-
surements, and control-surface activity in terms of rotation and
rotation rate are calculated based on [X].

8) Drag analysis based on linearized aerodynamics and small
rotations, where induced drag for the deformed configuration
in flight is calculated by integrating pressures over the exposed
surfaces (taking leading-edge thrust into account), or by inte-
gration in the Treffetz plane.88"95 If friction and form drag are
included by buildup from components and by the integration
of a two-dimensional airfoil drag along the span of the wing,
and if the airfoil drag is parabolic in terms of airfoil lift, then
the drag on the configuration can be approximated for small
angles of attack by

{u}T[c2]{a} (7)

where c0, { c i } , and [c2], respectively, are planform-dependent
constant, vector, and matrix, and the vector {«} contains jig-

shape (initial shape) coefficients {u0}, rigid body and elastic
displacements {M}, as well as control surface rotations [qc]
and pitch rate qw (in a symmetric pull-up maneuver)

(8)

With a relatively small modification of the drag analysis
described earlier, additional nonlinear effects can be included,
such as semiempirical corrections for attainable leading-edge
thrust,65'95 or corrections for drag resulting from flow behavior
over flap hinge lines. The emphasis here is on corrections of
airplane drag estimates because of angle of attack, trim, and
shape variation effects of airframe flexibility. More compre-
hensive drag-prediction techniques, based on CFD analysis of
the complete configuration, are becoming more powerful and
more practical.47'96'97 Integration of such capabilities into the
framework of aeroservoelastic synthesis is a challenge calling
for further research and development in the years ahead.

Analytical derivatives of all behavior functions with respect
to all design variables can be obtained by implicit differenti-
ation of the analysis equations.98 This can be done analyti-
cally62'98 or by using automatic differentiation.99 Alternatively,
finite difference (FD) and semianalytic (SA) differentiation
techniques98 can be used, as required. Of course, the devel-
opment and computational challenges of obtaining behavior
sensitivities of nonlinear structural and CFD calculations is
still considerable,100"106 but significant progress has been made
in this area. More on obtaining sensitivities will be discussed
later in this paper.

Aeroservoelastic System Characteristics and
Behavior: Design Constraints and Candidate

Objective Functions
The goal of the array of analyses outlined earlier is to predict

the characteristics of an aeroservoelastic system as well as its
response to controlled and uncontrolled excitations throughout
the flight envelope and the operational life of an airplane.
These predictions must be used throughout the design process
to make sure that the resulting design is safe, behaves in a
desirable manner, its characteristics meet design specifications,
and that the resources required are acceptable. It is important
to note that many behavior measures, while extremely impor-
tant, might not be of particular interest from the overall air-
plane system point of view (as the aeroservoelastic design
problem is just one part of the overall design problem), while
other behavior measures translate into characteristics that are
observed at the highest level of airplane system design. For
example, particular stresses in specific parts of maneuvers are
not visible from an overall system perspective as long as safety
of the structure is guaranteed. Vibration levels during a flight
in turbulence, affecting the ride comfort of the air crew and
passengers, translate immediately into ease of operation and
customer satisfaction. It is convenient, then, to distinguish be-
tween primary behavior measures, which are monitored and
observed at the highest system level, and affect economics and
operator/customer satisfaction, and secondary (internal) behav-
ior measures, which can be transparent at the customer/oper-
ator level of evaluation.

In the structures area, elastic deformations, strains, and
stresses (both static and dynamic) should be evaluated, as well
as buckling instabilities, to guarantee structural integrity.107'108

Based on the resulting structural model at every step of the
design process, as-built weights39'40 must be evaluated, and,
depending on the topology and philosophy of design, the cost
and manufacturing time can be estimated.

In the aerodynamics area, drag or drag-to-lift ratios for the
flexible airplane can be evaluated for a variety of flight
conditions.91"95 Constraints on pressure distributions to guar-
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antee flow smoothness, or to protect against seperation or buf-
fett65 can also be included.

Assuming a tightly coupled structural/flight-control system,
dynamic aeroservoelastic stability (covering both rigid-body
and elastic motions) must be ensured.61"64 Handling qualities
must be within recommended envelopes.109'112 Handling qual-
ity constraints can be imposed on the locations of system
poles, or by using frequency- and time-response performance
measures.29 Vibration and noise levels felt by the passengers
and flight crew should be within recommended comfort lev-
els.113'114

On the control system's side, if given actuators and sensors
are used, and if predetermined hydraulic and electric systems
are imposed, then limitations on actuator power, rate, and
stroke, as well as limitations on overall hydraulic and electric
power systems, must be met. If, however, actuators and their
supporting power systems are to be designed as part of the
aeroservoelastic synthesis task, then, of course, actuator and
support system power requirements can be used to formulate
constraints or objective functions, and these evaluations can
be linked to cost and weight estimates for the active control
system.

The consideration of robustness measures115"117 has become
an integral part of any practical control-system design synthe-
sis. However, this is just one aspect of the important problem
of how to carry out design optimization in the face of uncer-
tainty; more on this problem will be discussed later in this
paper.

Behavior measures such as weight, cost, flight performance
(as influenced by lift, drag, and weight), ride comfort, or ease
of handling are clearly primary, in that they have a direct im-
pact on airplane operators, pilots, and passengers. At a lower
level from an overall system's perspective is a host of other
constraints mentioned earlier, which protect against failure
mechanisms such as structural disintegration and instability, or
ensure feasibility of the design within the limitations on ma-
terials, control-system power, and actuator performance. These
constraints can be transparent at the systems level.

It is interesting to note that, with the developments in active
control technology, some of these transparent constraints can
even become unnecessary, and be dropped from the set of
behavior constraints altogether. A case in point involves the
aileron effectiveness constraint.

In addition to divergence, one of the most important static
aeroelastic constraints in high-performance aircraft has been
aileron effectiveness.118"122 Airplane deformation, through the
static aeroelastic action, tends to modify the stability deriva-
tives28'123"126 as well as unsteady aerodynamic forces used to
couple flight mechanics and control-system behavior. In the
case of thin, high-speed wings, wing twist resulting from ai-
leron rotation can lead to aileron reversal, in which the twisting
of the wing cancels any rolling moment resulting from the
aileron rotation. In the case of typical fighter airplanes flying
at low altitudes and at transonic speeds, the effectiveness of
the ailerons can be reduced to 10-15% of what could have
been achieved if the wing was rigid. In many formulations of
the aeroelastic optimization problem, the constraint that limits
the reduction of aileron effectiveness leads to considerable
stiffening of the wing, and to added weight.

A different design approach, the active flexible wing (AFW),
can, however, be adopted, if several leading- and trailing-edge
control surfaces are available.127"129 Using the control system
to rotate each of the control surfaces at any given flight con-
dition (rotation angles, which serve as aerodynamic camber
design variables), enough rolling moment can be produced by
the control surfaces even if one of them becomes reversed.
Thus, it is feasible to ignore the constraints on individual ai-
leron effectiveness61'62'129 and to focus on meeting the desired
performance of the airplane in terms of roll rate, pitch rate, or
any time response to pilot commands.

As in the selection of design variables, which will be dis-
cussed next, constraints from all participating disciplines
should be included in a balanced way. Results of any synthesis
effort will be misleading, if failure modes in one discipline are
included in the set of constraints in great detail, while other
important constraints, representing a different discipline, are
ignored.

Design Variables
Borrowing from the terminology developed for structural

optimization,61 a hierarchy of design variable types can be
identified, in which the complexity of the design task and the
associated computational challenges grow, as design variables
change from sizing type, to shape design variables, and finally,
at the highest level of complexity, to topology design variables.

Topology Design Variables
Topology changes involve layout variations in the form of

number and relative positions of bodies and lifting surfaces,
changes in the number of spars and ribs, and their pattern,
changes in the number and location of control surfaces, the
order of control-law transfer functions, and the identity of sen-
sors and actuators they connect, i.e., which actuator responds
to inputs from which sensors. The resulting optimization prob-
lem can be global in nature, with multiple minima over disjoint
design spaces, with both discrete and continuous design vari-
ables. Practical topological optimization of realistic aeroser-
voelastic systems is still well beyond the capability of any
current aeroservoelastic synthesis technique.

Sizing-Type Design Variables
When sizing-type design variables are used, preassigned pa-

rameters for the optimization include both topology and shape.
Wing planform and depth (airfoil shape) distribution, control
surface size and location, material properties, and structural
layout of the wing (number of spars and ribs and their loca-
tions) and fuselage are preassigned. Control system structure
is also preassigned. Thus, the number of sensors and actuators
and their locations are given along with the number of control
laws transforming given combinations of sensor outputs into
control commands. It is also assumed that the general form of
the transfer functions of sensors and actuators are given and
cannot be changed during optimization (alternative approaches
to the parametrization of the control system will, of course,
lead to different choices for control system design variables).

To take advantage of multidisciplinary interactions, the de-
sign space is opened up to include structural design variables,
control system (both hardware and software), and aerodynamic
design variables simultaneously.

Structural design variables include thicknesses of panels,
cross-sectional dimensions of beams and rods, mass and inertia
of concentrated masses, as well as spring coefficients repre-
senting actuators and hinge stiffness. Usually, design variables
associated with groups of individual finite elements are linked
to guarantee smoothness of the resulting design and to reduce
the number of design variables.130'131 This linking may be ob-
tained by assuming constant thickness (or constant cross sec-
tion) for a structural region, or by using a series of spatial
functions to determine the structural variation in a given re-
gion. In the polynomial-based equivalent plate approach,132"134

structural design variables include polynomial coefficients, Th
in the polynomial series describing skin-layer thickness distri-
bution over the wing. In the case of composite skins, a separate
series is assigned to the thickness in each fiber direction, as
follows:

(9)

When a typical stressed skin aeronautical wing structure is
considered, a finite element model of the structure suitable for
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predicting global behavior can be constructed using truss,
shear web, and plane-stress membrane elements. Plane stress
elements are used for the skins. Shear webs are used for the
spar and rib webs, and truss elements are used for the spar and
rib caps. The stiffness and mass matrices are, in this case,
linear in the sizing-type structural design variables DV,

[A:] = \KA-DV, (10)

where a typical DVt can be the cross-sectional area of spar/rib
cap, or the thickness of a skin or web element, and the matrices
[Kt] are evaluated once and depend on element geometry and
material and element position in the global structure. Thus,
sensitivity of the stiffness matrix with respect to truss and
plane-stress element design variables, has to be evaluated only
once, and will not change throughout the design cycle. Equa-
tion (10) can actually be used to re-evaluate the stiffness ma-
trix whenever sizing design variables change, and there is no
need to go back to element stiffness computations and their
transformation to global coordinates.

When beam, plate, and shell elements are used, their stiff-
ness matrices depend on their sizing design variables (such as
thickness or cross-sectional geometric properties) in a nonlin-
ear manner.135'136 Still, it is simple to obtain sensitivities with
respect to these design variables because the global mesh of
the finite element model does not change, and nodes stay in
their original places during the optimization.

Control-system design variables can include polynomial co-
efficients, bi and dh in the transfer functions representing con-
trol laws.61'62

bnpn

r(p) p" -f dn-^pn~ + • • • d,p + do

In the case of a second-order transfer function, e.g.,

y(p) b2p2 + b,p + b0

(11)

(12)

where r(p) is the Laplace transformed input, y(p) is the La-
place transformed output, and p is the Laplace variable. An
equivalent state- space representation consists of a state equa-
tion

O - Mo
b2dt

and an observation equation

(14)

which in conventional state-space notation are written as

p { X } = [A]{x] + {B}r

y = { c T } { x ] + [D]r
(15)

The state-space matrices [A], [B], [C], and [D] are explicitly
expressed in terms of the control system design variables in
this case, and evaluation of them and their sensitivities with
respect to these design variables is fast and straightforward. In
the case of a strictly proper transfer function (b2 = 0), the state-
space matrices of a control element are linear in the design
variables defined earlier. Their sensitivity with respect to these
design variables has to be evaluated only once, and does not
change throughout the design.

This parametrization, while simple, and directly related to
the practical implementation of the resulting design, leads to
disjoint design spaces140 and to serious difficulties in gradient-

based optimization. It is used here just as an example. If other
control systems parametrizations are used, control system de-
sign variables will be determined accordingly.137'143 Note that
the stability constraints in the problem must ensure stability of
the closed-loop complete system, as well as (if actuators are
synthesized) the open-loop stability of these actuators. The
poles of actuator transfer functions, such as in Eq. (11), must
then be always stable.

Aerodynamic sizing-type design variables include coeffi-
cients in any parametrization of the jig shape.61'62'89'124 For a
preassigned planform, this is the camber shape of the manu-
factured unloaded wing, which needs to be determined so that
in flight, while it is deformed under the action of loads [Eq.
(2)], it leads to desirable performance. The jig shape can be
defined by the vertical distance of the center plane of the wing
from the reference x-y plane using a series of polynomials

(16)

and the coefficients Wi can serve as jig shape design variables.
Steady angles of the rotation of flaps and ailerons can be added
to the set of aerodynamic design variables61'62'129'144'145 to make
it possible to change effective wing camber during different
flight conditions. Variable camber (on a mission adaptive
wing), can then be designed, by assigning design variables to
the rotation of control surfaces to change the effective camber
of the wing, or by assigning design variables to smooth func-
tions of the form

DVtfl(x9 y) (17)

where the shape functions /(;c, v) represent a smooth change
in the camber obtained using flexible skin to cover flap mech-
anisms146 or by using strain actuators.147'148

A control-surf ace rotation design variable can be allocated
for each maneuver desired (Ref. 62). Similarly, control system
parameters (Eq. 11) can be assigned for each maneuver point
independently, and some form of gain scheduling may be used
to switch control-system gains from flight condition to flight
condition.29

Actually, changes in jig shape and camber design variables
(categorized as aerodynamic sizing design variables) lead to
changes in the camber shape of the wing. Nevertheless, these
design variables are different from the other aerodynamic
shape design variables, those that define the planform shape
(sweep, aspect ratio, taper ratio, size and location of control
surfaces, etc.) and airfoil thickness. When linearized lifting-
surface aerodynamic theories are used (and small perturbation
motion is assumed), the variation of aerodynamic sizing design
variables does not change the aerodynamic mesh required, nor
does it change the matrix of aerodynamic influence coefficients
[A] in the equation for pressures

where A/? and w are the pressure differences and downwash,
respectively. Only the RHS, the downwash, is affected, and its
dependence on jig shape and camber design variables is ex-
plicit and easy to compute.62

All sizing-type design variables, then, do not lead, during
the optimization, to changes in mesh (whether structural or
aerodynamic), or to changes in the location of nodes, or var-
iation in the order (dimension) of any of the linear models
used across the disciplines. They are, thus, much easier to han-
dle than the shape design variables (which are discussed next),
and of course, the toplogy design variables.

Shape-Design Variables
In a structural sizing problem, the matrices [AT,] [Eq. (10)]

are fixed. But they are nonlinear functions of the location of
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nodes in a finite element model of given topology. When
shape-design variables are added to the problem, they deter-
mine the shape of the structure through any one of many pos-
sible shape parametrizations. The resulting variation of node
locations leads to complex nonlinear dependence of the struc-
tural matrices on the shape-design variables and to a more
expensive updating of these matrices.148"155 Shape-design var-
iables for a wing can include (as already discussed) aspect
ratio, taper ratio, span and sweep, or, alternatively, the location
of the vertices defining the planform shape of the wing. Fu-
selage shapes can be parametrized using polynomial or spline
shape functions.149'156'157 Locations of wings, canards and tail
surfaces, and their shapes, are also included in the set of shape
design variables.

In the aerodynamics area, with linearized, small-perturbation
aerodynamics, as long as planform shape and control-surface
size and location are fixed, the aerodynamic influence coeffi-
cient matrices [Eq. (18)] are fixed. When the overall planform
shape of the wing is to be determined, as well as its airfoil
depth distribution, then the aerodynamic influence coefficient
matrices (both steady and unsteady) have to be generated anew
with every change in shape-design variables.158"164

When the topology of the control system is fixed, then the
number and type of sensors and active control surfaces, the
connectivity and structure of control laws, and the order of the
associated transfer functions are all fixed. Control-system
"shape"-design variables are assigned to determine the posi-
tions of sensors, as well as size and location of control sur-
faces.122'154 As can be seen, structural and aerodynamic effects
are coupled in this case with control-system variation. Variation
of shape-design variables in all disciplines, then, leads to vari-
ation of structural and aerodynamic meshes, and to changes in
the location of structural and aerodynamic nodes as well as
points of response measurement and system actuation.

The changes in node locations and overall mesh lead in cer-
tain cases to deterioration of accuracy of the analysis predic-
tion because most finite elements perform well only within
certain limits on aspect ratio and angular distortion.153 Using
the semianalytic method98 to obtain structural sensitivities with
respect to shape-design variables must be done carefully to
avoid errors.165 In the aerodynamic area, shape changes, lead-
ing to mesh changes, can also lead to errors in analysis and to
noisy sensitivity evaluation. The wiggly behavior of analysis
predictions166 is especially severe when, in the course of shape
variations, computational cells or aerodynamic panels get dis-
torted and stretched in areas of high gradients of flow variables
(such as subsonic leading edges or control-surf ace hinge lines).

Design-Oriented Modeling
For MDO to make an impact on the design in its early

stages, careful consideration must be given to the creation of
adequate mathematical models in all disciplines involved. Here
it is important to distinguish between analysis models and de-
sign models,167"169 design models being crafted for the special
requirements posed by an MDO environment. The main issues
distinguishing design models from analysis models revolve
around 1) degree of detail and level of accuracy, 2) cost and
time required for model generation, 3) availability of sensitiv-
ity information, 4) efficiency of interfaces and data transfer,
and 5) cost of design-oriented analyses (given that a design
oriented analysis has to be carried out repeatedly in the course
of optimization).

It has long been the practice in airplane design, that simple
approximate mathematical models serve successfully during
the very early stages of design, and that more refined models
are brought in as the design progresses from conceptual, to
preliminary and, finally, to detail design. However, when the
challenge is to design a new type of airplane, and when there
is not enough engineering experience and data to support such
a design, it is important to bring detailed, accurate analysis
techniques to the cutting edge of the design effort. This is even

more important when aeroservoelastic interactions are to be
harnessed as assets rather than dealt with as troubles in a new
integrated control augmented flight vehicle.

A list of questions that should be asked regarding model
simplification include the following. Do we need all of the fine
detail in the structural models, including local effects (which
are accounted for in detail design), or is it sufficient to con-
struct a structural model with a coarser finite element or aero-
dynamic mesh and less attention to local detail? Do we have
to comply with the precise geometric definition of the outer
shape of the airframe (including complex curves that are used
locally in areas of component attachments and interfaces), or
is it sufficient to generate an approximated geometry that cap-
tures the overall shape with acceptable accuracy and ignores
localized inaccuracies? This last question will, of course, have
different answers when structures or aerodynamic simplifica-
tions are discussed.

As to accuracy of point predictions (analysis) or trend pre-
dictions (design sensitivities). Do we accept less accurate
stress, deformation, mode shape, natural frequency, aerody-
namic load, and drag predictions if we can capture their sen-
sitivities (trends) accurately? And, if accuracy of the design-
oriented analysis is to be pursued, then how accurate should a
design model be to be acceptable, compared with the accuracy
of an analysis model?

Model detail and preciseness of geometric definition trans-
late directly into time and effort required to create a structural
finite element model or a CFD mesh for an airplane. There are
powerful computer-aided graphics tools today, as well as de-
velopments in preprocessing and postprocessing for common
commercial finite element and CFD codes. However, it is still
a major problem in the airplane industry to create reliable
structural and aerodynamic models with a short enough cycle
time to be acceptable for early design stages, when many al-
ternative configurations must be evaluated and compared
quickly and efficiently.170'171 In aeroservoelasticity, the problem
is particularly serious because both structural and aerodynamic
models must be created in a balanced way, and any weakness
in modeling in any of the disciplines will affect the results of
the whole design optimization effort.156

Discussion of the hierarchy of structural analysis techniques
(from equivalent beam to equivalent plate to simplified finite
element and to detailed finite element models), and aerody-
namic analysis techniques (from linearized lifting surface to
linearized panel methods to full potential and Euler and up to
Navier-Stokes CFD methods), and the corresponding accu-
racies and effects on optimization can be found in Refs. 61,
172-177. Discussion of automated model generation and up-
dating can be found in Refs. 47, 156, 171, and 178-182. In
the following sections we address issues that are unique to the
aeroservoelastic design-oriented analysis task.

Aspects of Design-Oriented Aeroservoelastic
Mathematical Model Generation

Aeroelastic Equations of Motion
The Laplace transformed equations for the small perturba-

tion motion for an elastic airplane with control surfaces, can
be partitioned as follows:

[P
2[MSS] + p[Css] + [Kss] - qD[

(19)

= - {Qco(p)}wc(p) + (20)
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where p is the Laplace variable, and [M55], [Cw], and [Kss] are
structural mass, damping, and stiffness matrices, respectively.
The generalized unsteady aerodynamic matrix associated with
structural degrees of freedom is [Qss(p)]. Motion in structural
degrees of freedom is described by the vector [qs(p)}> and
active control surface rotations (actuator outputs) are contained
in {qc(p}}' The inertial and aerodynamic coupling between
structural and active control surface motions is modeled by the
matrices [Msc] and [Qsc(p)]. Laplace-transformed gust velocity
and associated generalized force vector are given by wG(p) and
{QSG(P)}> respectively. Corresponding terms indexed cc and cs
account for actuated control surface motion and its coupling
with the structural degrees of freedom. Generalized excitation
forces caused by other sources are given by {Qse(p)}, (Qce(p)}
(including hinge moments), and the equations are written for
flight at airspeed U and dynamic pressure qD.

These aeroelastic equations of motion are the basis for static
aeroelastic analysis (no time dependence, but inertia relief in-
cluded), flutter analysis (no active controls and no excitations),
aeroservoelastic stability analysis (no excitations), or dynamic
response to excitations.62 They apply to cases where linear
structural modeling and linear unsteady aerodynamics provide
adequate representation of the aeroelastic behavior of deform-
able aircraft, and have been used successfully for the aero-
elastic analysis of airplanes flying in the subsonic and super-
sonic flight regimes.

When detailed finite element structural models are used, the
order of the resulting equations is reduced by some form of
modal-order reduction, where the displacement vector (us(p)}
is approximated by a linear combination of a fewer number of
modal vectors (mode shapes)

[us(p)} = (21)

The matrix, [<f>], contains a subset of the normal modes of
the structure, or normal modes of a modified structure, or a
set of suitable Ritz vectors. Effective structural order reduction
is crucial for design modeling, because common finite element
models of airplanes are too big and intensive computationally,
to be used in detail, repeatedly during the optimization
process.183"189 If the partitioned full-order mass and stiffness
matrices are [M£, Mfc], [K^s, 0], then they are replaced by
reduced-order generalized mass and stiffness matrices

(22)

[MJ =

(23)

(24)

The selection of mode shapes or Ritz vectors for structural-
order reduction is extremely important in the context of struc-
tural, aeroelastic, and aeroservoelastic synthesis. As the struc-
ture changes in composition and shape during the optimization
process, the question is: should the modes used be updated to
follow the changing structure, or can a set of fixed modes
provide enough accuracy, even for large variations of the struc-
ture.62'183 Another consideration involves the importance of lo-
cal effects, and the capability of the reduced-modal coordinates
to capture these local changes accurately. Local effects become
important when behavior sensitivities are required with respect
to design variables of localized nature (such as the thickness
of a single skin finite element), when excitation forces or sen-
sor measurements are concentrated at a few single points on
the structure, and when stresses are required. The traditional
practice has been to use detailed full-order finite element mod-
els for stresses and steady aeroelastic response, whereas mo-
dally reduced models have been used in dynamic aeroelastic-
ity. As Refs. 184 and 187 show, however, modes can also be
used for stress and static aeroelastic calculations, and can lead
to a significant reduction in model order and computation time.

Unsteady Aerodynamics
The unsteady aerodynamic generalized forces are calculated

directly for the modally reduced-order structure. Using any
linearized aerodynamic panel or lattice method e.g., Refs.
190-197, the complex normalized unsteady pressures for sim-
ple harmonic motion, caused by structural motion in mode
shape j, are found from the aerodynamic equations

H(£, AQHAX) = — k
(25)

In this equation, [hj] and {Ap7} are displacements in mode7,
and the corresponding normalized vector of panel pressures,
respectively. For each panel, the displacements and local
slopes are usually defined at downwash points, whereas the
pressures are defined at pressure points. That is, the boundary
conditions and pressures may be applied at different points
within each panel. The matrix of aerodynamic influence co-
efficients is [A(/r, Moo)], and it depends on the Mach number
Moo, and the reduced frequency (based on a representative
semichord, b)

k = cob/U (26)

Using the diagonal matrix of panel areas [AS], the gener-
alized aerodynamic force associated with pressures caused by
motion in mode y, and deformation in mode / (at the pressure
points), is given by

(27)

Because the structural and aerodynamic discretizations are
usually different, there is a need to interpolate displacements
and slopes of deformation from the structural mesh to the aero-
dynamic mesh. This is one of the classic problems of
aeroelasticity.198~201 It involves three interpolation operations.
From structural finite element nodes to aerodynamic down-
wash points

j} = [Thd]{<t>J}

and from structural nodes to pressure points

(28)

(29)

(30)

where the matrices [Thd], [Tad], and [Thp] are interpolation ma-
trices, and the vector {<£»'} is a vector of finite element modal
displacements. These interpolation matrices are fixed if the
planform is fixed during optimization. If, however, configu-
ration planform changes are allowed during optimization, then
the finite element and aerodynamic meshes move and change,
and the interpolation matrices have to change too. If an as-
sumed pressure mode method is used for unsteady aerodynam-
ics (Ref. 202), similar expressions are obtained.

Control-Surface Aerodynamics
For high-dynamic pressures, where aeroelastic instabilities,

such as classical flutter and divergence, are likely to occur,
linearized potential unsteady aerodynamic theory has proven
to be quite accurate. Although limited to wing/body combi-
nations operating in subsonic and supersonic flight conditions
without flow separation, the associated numerical methods still
serve in industry for the aeroelastic clearance of all new air-
planes.

For aeroservoelastic analysis, where control surfaces are
used to modify system dynamics, unsteady aerodynamic loads
and the associated hinge moments caused by control-surface
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motions become important. In this area, linearized unsteady
lifting-surface techniques are not as successful as in the case
of complete wings.203"211 Trailing-edge control surfaces (in-
cluding tabs) operate, many times, in thick boundary layers
and behind hinge lines, which introduce geometric disconti-
nuities into the flowfield. Even on wings with smooth variable
camber23 there can be a considerable loss of effectiveness of
trailing-edge control surfaces because of flow separation. The
problem can become more severe when the same control sur-
faces are used for both variable camber (in a quasisteady man-
ner) and for active flutter suppression or gust alleviation (dy-
namically oscillating about the steady-state positions). This
might lead to situations in which the control-surf ace travel
might be large enough to introduce significant flow separation.
As to leading-edge control surfaces, the prediction of aero-
dynamic effects is challenging because of the large pressure
gradients at the leading edge and along the hinge line.203 In
addition, gaps and slots can modify the flow over the control
surface significantly, and in the transonic speed regime, oscil-
lating shock waves might make unsteady control-surf ace aero-
dynamic derivatives highly nonlinear.

While experimental and numerical efforts are underway to
improve the reliability of control-surface aerodynamic pre-
diction,212'215 linearized unsteady aerodynamic theory should
be used with caution, and care must be taken to verify the
accuracy of its predictions, and to use correction factor tech-
niques as necessary.216'218

In a related development, which might be found to improve
the situation, it was reported recently that periodic blowing
over deflected flaps219 can delay flow separation significantly
using only relatively small blowing momentum (and, thus,
small power of the blowing system required). The potential of
this method in controlling separation over oscillating flaps has
not been investigated yet. But if improvement in aerodynamic
performance of trailing-edge devices can indeed be achieved,
then not only will aerodynamic predictions become more re-
liable, but also this might lead to the re-evaluation of tab sur-
faces220 for the aeroservoelastic control task.

State-Space Linear Aeroelasticity
Unsteady generalized aerodynamic forces are usually cal-

culated for simple harmonic motion at a selected set of reduced
frequencies [Eqs. (25-27)]. They are transcendental functions
of the frequency. When the Laplace transform (rather than the
Fourier transform) of the aerodynamic forces is calculated, it
is also a transcendental function of the Laplace variable. To
construct a linear time invariant (LTI) state-space model of the
aeroservoelastic system, a model that will serve, in turn, for
modern control-system design,221'222 the unsteady aerodynamic
forces must be rational functions of the Laplace variable. A
rational function approximation (RFA) is fitted, usually, to the
unsteady aerodynamic loads over the range of reduced^ fre-
quencies &!, &2, &3, . .. for which these loads, [GC/£i)L
[Q(jk2)], . . . , (called the tabulated matrices) are available from
the solution of Eqs. (25-27). This approximation is then used
in the LTI model.223-232

Such a simple and widely used approximation is the Roger
approximation,224'229 in which a matrix of generalized forces
(at some Mach number M) is given as a function of reduced
frequency in the form

[E0(M)] (jk)2 [E2(M)]

ff (y* + A)
(31)

where the matrices [Et] and the lag roots j8/ are real, while the
generalized aerodynamic matrix [Q(jk)] is complex, and / is
the pure imaginary unit \/—~1 • Note that the lag roots /3, are
the same for all elements /, j of the generalized force matrix.
Replacing the Fourier transform by a Laplace transform

through analytic continuation,226 /£ — » p(b/U), and partitioning
into forces caused by structural motion and forces caused by
active control-surface rotations

[fi« GJ JJ'J = [Ecu E0sc] JJ'J

(32)

9'

+ p{rle] + p[r2c] + •••

where new state variables are defined by

(33)

H - • [*•- f-HM
(/IcJ p + P^U/b) \_E(l+2)cS £(l+2)ccj [#<J

leading to additional Laplace-transformed differential equa-
tions for the vectors of state variables, {r/}, / = 1, 2, 3 . . .,
where, if [/] is the unit matrix

r*l a U m Jr'A j. r^o^,] , , , r^(i+2),J , ,^ = -R — [/] < t + \ (l+^)ss [qs] -f v^^c {^}
'•.cj b (/<cj L^(1+2>"J L^^1+2>CCJ

(35)

Examination of Eqs. (19), (20), (32), and (33) shows that
the aerodynamic terms combine with structural terms to mod-
ify the mass, damping, and stiffness matrices in Eqs. (19) and
(20), whereas additional state variables are added to represent
time-lag behavior of the unsteady aerodynamic forces. These
are called added states or aerodynamic states. As Eq. (35)
shows, the aerodynamic states are coupled with the structural
states and are influenced by control-surface rotations.

Several alternative approximation equations for unsteady
aerodynamic generalized forces have been developed in the
past 25 years. They all add states to the LTI state-space model
of the aeroelastic system. Because the order of the aeroser-
voelastic state-space model affects the computational effort re-
quired for eigenanalysis [Eq. (5)], gust response analysis [Eq.
(6)], or other dynamic response computations, it is extremely
important in the context of aeroservoelastic optimization to
keep this order as low as possible. The need to minimize the
number of added aerodynamic states is behind many of the
other approximation techniques, usually at a cost of increased
computational effort required to create the rational function
approximation. In the classical Roger approximation,224 the
aerodynamic lag terms are preselected, and the [E] matrices
are obtained by least-squares fitting. To obtain more accurate
approximations, mathematical optimization may be used to de-
termine the lag terms to minimize (over the set of frequencies
at which aerodynamic matrices are available) some measure
of fitting error. Different forms of the approximation, such as
in the minimum state (MS) method,228'229 may lead to an iter-
ative process for the determination of system matrices.

If the planform shape of the wing and its control surfaces
is preassigned, and if the optimization problem is a sizing-type
problem, then a rational function approximation of the aero-
dynamic generalized forces must be created only once, for a
fixed set of modes used for structural-order reduction. If, how-
ever, the planform shape of the wing can be changed during
optimization (shape-optimization problem), new aerodynamic
matrices and new rational function approximations must be
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generated repeatedly. This adds an important consideration and
affects the selection of the RFA technique used.

RFAs of gust response for the LTI model must also be gen-
erated for the gust input terms in Eq. (25). The dependence of
gust input forces on reduced frequency is different from that
of the generalized unsteady forces discussed earlier, and care
must be taken to ensure good accuracy of fit with the particular
RFA selected.81'187'233

In the context of generating unsteady aerodynamic forces
and transforming them into LTI state-space form, additional
issues must be considered. First, because coupling between
rigid body and elastic degrees of freedom is expected in a
highly integrated aeroservoelastic system,234"236 the LTI state-
space model should be capable of predicting rigid body as well
as elastic motion. Its aerodynamics should be consistent with
stability derivatives in the low-frequency range,126 when these
stability derivatives are estimated by other methods, such as
the USAF DATCOM, advanced aerodynamic codes, or wind-
tunnel results. When modal-order reduction is carried out, it is
important to account for effects of residual flexibility on aero-
elastically corrected derivatives, i.e., flexibility not modeled by
the reduced basis used,126 in addition to the flexibility effects
modeled by the modal basis used.

It is important to use a consistent formulation of the equa-
tions of motion for flight stability and control simulation in-
cluding large rigid body motions as well as elastic deforma-
tions.237"240 This is an area in which different models and
different approaches are still used in the flight control and in
the flutter professional communities.

Finally, the range of reduced frequencies, at which Eq. (31)
is solved for the subsequent RFA fitting, should well cover all
frequencies of interest in the stability, response, and control-
system design analyses. If a state-space model of a typical
fighter airplane, e.g., is to be constructed to be valid over a
range of frequencies from 0 to 50 Hz, and if the mean aero-
dynamic chord is 2.5 m, then using half the mean aerodynamic
chord, the range of reduced frequencies used for the RFA fit-
ting should cover reduced frequencies from 0 (steady) to

(36)

If at a given Mach number, say 0.85, the LTI model has to
be valid at altitudes up to 9.9 km, then the minimum speed is
calculated at the highest altitude, and the highest reduced fre-
quency required is obtained from Eq. (22) as 3.08. The set of
reduced frequencies used for constructing RFAs should cover
this range with enough points to capture the variation of un-
steady aerodynamic forces with frequency, and with special
emphasis on areas where aeroelastic problems are expected. If
flutter with external stores is expected at 4-7 Hz, e.g., care
must be taken to have an accurate fit between reduced fre-
quencies of 0.246 and 0.431. The low end of the frequency
spectrum should be covered well too, for rigid-body stability
and control. As can be seen, unsteady aerodynamic forces must
be evaluated at many carefully selected reduced frequencies,
before an acceptable rational function approximation can be
constructed. When aeroservoelastic analysis predicts instabili-
ties or considerable dynamic response at certain combinations
of frequencies and flight conditions [Eqs. (5) and (6)], the an-
alyst should go back to the RFA and make sure that enough
reduced frequencies in the tabulated set cover the particular
range of interest, and that the RFAs provide good quality of
fit in this region.

Control
Structural response in the form of deformation, strain, or

acceleration is measured by sensors, whose transfer functions
are usually predetermined. In the case of a strictly proper trans-
fer function, the measured response jmeas, and the actual struc-

tural response ystr, are related by a transfer function of a typical
sensor as

+ ' ' ' + d\P + (37)

The actual structural responses are linear combinations of
structural displacements, velocities, and accelerations

(38)

Elements of the [<f>J matrices depend on the type of sensor
and its location on the structure.

Similar transfer functions describe the dynamics of
actuators, relating the actual response of the actuator
(which serves to rotate an active control surface), to its input
command. Those input commands to the actuators are, in turn,
determined by an array of control-law transfer functions, trans-
forming an array of measured responses into actuator input
commands.61'62

The importance of accurate actuator modeling, even at the
cost of using high-order models, is demonstrated in Ref. 242.
The reader is also alerted to the fact that actuator models, as
usually derived and tested in the lab, assume a given load
against which the actuator has to work. If complete interaction
with the aeroelastic system is to be accounted for, then equa-
tions for the actuator power mechanism and control mecha-
nism must be integrated directly with Eqs. (25), which repre-
sent the hinge moment the actuator has to provide. In the case
of irreversible actuators, with an actuator model based on re-
alistic representative loads, the actuator transfer functions can
be generated separately. Integration with the aeroelastic system
is obtained through I/O relations representing actuator re-
sponse (and control- surf ace rotation) to control-system com-
mand, where the control command is based (through some
control law) on the sensor measurement of a structural re-
sponse [Eqs. (37-38)].

A state-space model of the control system can then be con-
structed62

(39)
} = [Acon]{jccon} + [£con]{.ystr

[qc] = [Ccon]{jccon} + [Dcon]{.ystr}

where the control-system state vector contains sensor, control
law, and actuator states. The control-system state-space matri-
ces, [Acon], [#conL [CconL and [Dcon], contain elements deter-
mined by the numerator and denominator polynomial coeffi-
cients of all sensor, control law, and actuator transfer functions.
The control-system equations can now be coupled with the
equations of the structural/aerodynamic system to create the
overall LTI state-space equations of the aeroservoelastic
system.62'79"81

Parametrization of the control system in terms of transfer
function polynomial coefficients leads to disjoint design
spaces, as discussed earlier in the design variable section, and
to a highly nonlinear dependence of response functions on con-
trol-system design variables. Experience with design by math-
ematical programming in the control-system field is growing
continuously, and alternative approaches to control-system
modeling and parametrization are now available.

For aeroservoelastic synthesis, formulating the aeroservo-
elastic equations as a set of second-order differential equations,
rather than the standard first-order state-space LTI equations
[Eq. (5)], has been suggested.16'63 The resulting state equations
can be viewed as a generalization of a structural dynamic
model, with modified mass, damping, and stiffness matrices,
determined by structural, unsteady aerodynamic, and control-
system contributions. This may offer an advantage when ap-
proximations of behavior functions have to be created for an
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approximate problem optimization in nonlinear programming/
approximation concepts approach (NLP/AC).167

Order Reduction
Control-system approaches to order reduction of LTI

good choice of base vectors.62'79 In a set of modal coordinates,
{#}, let a MS RFA79'228 be generated:

systems start with detailed state-space models of the ac-
curately modeled, high-order systems. For any given LTI sys-
tem, defined by its [A], [#], [C], and [D] matrices, an equiv-
alent, reduced-order model ([A], [B], [C], [D]) is then
constructed to capture the dominant dynamics of the system
so that selected responses, as predicted by the reduced-order
model, will closely approximate those responses in the high-
order system, and so that the effect of inputs on both detailed
and reduced-order models will be similar in some manner.

It is quite difficult, however, to automatically reduce the
order of complex, high-order aeroservoelastic models of real
airplanes. These models have thousands of structural degrees
of freedom, transcendental unsteady aerodynamic forces, and
many outputs that need to be monitored in the form of not
only dominant poles but also dynamic stresses at many points
on the structure. Order reduction in each of the disciplines,
with methods that are tailored to the particular physics of each
disciplines are, thus, usually used before system-level order-
reduction attempts. Thus, as has already been discussed in pre-
vious sections, some form of modal-order reduction is usually
used in the structural dynamics area (with special attention
given to providing accurate stress information), as well as ef-
forts to generate approximate rational unsteady aerodynamics
models with the minimal number of added states.

While structural-order reduction using some modal basis is
quite routine, and must be carried out if just for making it
possible to generate unsteady aerodynamic generalized forces
for a reasonable number of degrees of freedom, the picture is
less clear in the unsteady aerodynamic area. To obtain com-
parable accuracy of fitting using RFA with a smaller number
of added aerodynamic states, usually means an increased com-
putational effort at the stage where the RFA is constructed. For
example, compared with the cost of obtaining a Roger ap-
proximation,224 the iterative process associated with the deter-
mination of an equivalent MS approximation228'229 can be sub-
stantial. This increased computational cost will be compen-
sated, however, by computational savings in subsequent aero-
servoelastic analyses, carried out with the smaller number of
added aerodynamic states.

An alternative approach, using the general state-space
model-order reduction techniques244"251 can be developed as
follows. First, generate an unsteady aerodynamic RFA with as
many added states as required (enjoying the computational ad-
vantage of a simple approach such as the Roger approach),
and use it to construct a high-order LTI model of the aeroser-
voelastic system. Then, apply one of the general-order reduc-
tion techniques251 to this model, enforcing the responses pre-
dicted by the resulting reduced-order model to match the
dynamics of the full-order original in some optimal manner.

There has not been, to date, any systematic comparison of
the two approaches for aeroservoelastic applications. It is not
clear whether it is more efficient to pay the computational price
up front and create a MS model, or to generate a high-order
Roger model followed by order reduction of the resulting LTI
system.

In the case of planform shape optimization, when aerody-
namic influence coefficient matrices [Eq. (25)] and the result-
ing generalized aerodynamic loads [Eq. (27)] must be repeat-
edly generated, the more efficient approach to overall
model-order reduction has yet to be determined. Note that
there is a marked difference here between sizing-type and
planform-shape optimization. In sizing-type optimization, even
though structural mode shapes are changing during the course
of optimization, still (with linear aerodynamics) it is sufficient
to obtain a rational function approximation just once, for any

P
2(E2]

p[E3][p[I] - (40)

This RFA can then be used either in a fixed-mode approach,
or, when modes are updated, the RFA can be updated by pre-
and postmultiplication by the modal updating matrices.

If a new set of generalized coordinates are used, where

(41)

then the new MS rational function approximation can be ob-
tained from the previous one

[Q(p)]{rj] = + + P
2[B2]

where

(42)

(43)
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(45)

(46)
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(48)

If planform-shape optimization, however, is carried out, then
changes in the generalized aerodynamic forces [Q(p)] are not
only a result of mode-shape variation [Eq. (41)], but also to
changes in aerodynamic influence coefficients [Eq. (25)] as a
result of changes in relative distances between sending and
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[E3] = [3>]T[

[E4] = [

receiving points. RFAs in this case must be generated
more often, and the associated computational burden becomes
more significant.

Nonlinear Programming/Approximation Concepts
The approach to engineering optimization, known as non-

linear programming/approximation concepts (NLP/AC), is the
key to the success and growing power of structural synthesis
today. It brought structural synthesis to the point where real-
istic, complex engineering structures can be optimized, subject
to a multitude of static and dynamic load conditions, as well
as constraints imposed to prevent a rich variety of structural
and aeroelastic failure mechanisms.48-58'167'168'252-255 The main
idea in NLP/AC is to let an optimization algorithm commu-
nicate directly with approximations of the constraints and ob-
jective function of an engineering optimization problem, rather
than with exact values of constraints and objectives obtained
from detailed, computationally intensive analyses. (The word
exact is used here, as distinguished from approximate, to de-
scribe the results of high-fidelity modeling and analysis, but
with the understanding that no mathematical model is perfect
in accuracy and fidelity.)

Let an original optimization problem, supported by detailed
analyses for constraints and objectives, be formulated as an
inequality constrained nonlinear programming problem

min /({*})

subject to gj({x}) ^ 0, j = 1, m
[XL] < {*} < {Xu}

(49)
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where {x} is the vector of design variables,/({jc}) is the ob-
jective function, gj({x}) are m nonlinear inequality constraint
functions, and [XL], {xv} are lower and upper side constraints,
respectively. Using high-fidelity behavior analysis and sensi-
tivity analyses results at some design point {x0}, an approxi-
mate nonlinear programming problem is formulated

min /({*})

subject to gj({x}) ^0, j = 1, m

{XL} < {x} < { X u }

{x0} - [ML] < {x} < {*0} + {ML}

(50)

where /, gj are approximate objective function and constraint
functions, respectively. The move limit constraints ({ML}) are
added to the problem to prevent the design from wandering
too far away from the point (or points) where the approxi-
mations were generated, thus, protecting the accuracy of the
approximate problem.

When the approximations used are accurate enough within
reasonable move limits and are cheap to evaluate, optimization
of even large-scale problems becomes practical. A new design
point is reached by optimization of an approximate problem.
A new detailed analysis is carried out at the new design point.
New approximations are created. Optimization of the new ap-
proximate problem is carried out, and so on until convergence
is achieved. While many approximate analyses are required by
the optimization routines during the solution of the approxi-
mate problem [Eq. (50)], only a few detailed analysis and sen-
sitivity calculations are carried out in the process.

Selected Successful Approximation in
Structural Synthesis

The effectiveness of NLP/AC depends on the availability of
accurate approximations for all relevant constraints and objec-
tive functions. In the structural area, such effective approxi-
mations are available today for constraints on deformations,
stresses (when full-order finite element models are used), nat-
ural frequencies, dynamic response, bifurcation buckling, in-
volving either sizing-type design variables (where the shape
and topology of a structure are predetermined, and panel thick-
ness or element cross-sectional area serve as design variables),
or overall shape design variables.256'257

Local approximations in the form of first-order Taylor series
expansions, using intermediate design variables and interme-
diate response quantities, are very popular and computationally
efficient, and are based on detailed analysis and behavior sen-
sitivity analysis at a base (reference) point. In this case, if
physical design variables are {#/}, and a behavior response
function is y, then intermediate design variables {Jc,-} are sought
(Xj = Xj(xf)) and an intermediate response function y is sought,
(y = y(y))* so that the intermediate behavior function behaves
more linearly in terms of the intermediate design variables.

A first-order Taylor series for the intermediate function in
terms of the intermediate design variables is constructed

= +y = y Xj ~ XJQ) (51)

The approximate y is then substituted into y = y(y) to obtain
an approximation for y.

The key is, then, to capture as much of the nonlinearity
explicitly through the transformations between original and in-
termediate functions and variables, and then use first-order
Taylor series, where the dependence of an intermediate re-
sponse function on intermediate design variables is as linear
as possible.

As an example, consider the stresses in truss finite elements
representing spar caps or rib caps in a typical aeronautical
wing structure. Suppose that all other structural-sizing design
variables are held constant, and that the active design variables
include only cap cross-sectional areas. The internal force in
element /, with a cross-sectional area At = xh is found by finite
element analysis to be F/, and, thus, the stress in element i is
given by

cr,- = (52)

In a statically determinate structure, the internal forces are
independent of the cross-sectional areas and depend only on
the configuration geometry of the structure. Of course, in any
statically indeterminate structure, the internal forces depend on
all structural-design variables, including cross-sectional areas.
Thus, Ff = F{(XJ). Still, experience in structural analysis sug-
gests that internal forces in many cases change in a less non-
linear way when the cross-sectional areas change, compared
to the changes in stresses, which are influenced by the explicit
division by the cross-sectional area, x{ in Eq. (52). This ob-
servation leads to two of the most powerful approximations
for stresses in structural synthesis. In the case of elastic dis-
placement and stress constraints in typical airplane structures,
represented by truss and plane-stress finite elements, approxi-
mations in terms of reciprocal sizing design variables have
been found to be very effective.135'136 Each sizing-type design
variable xf is replaced by its reciprocal xt = 1/jc/. A first-order
Taylor series in these reciprocal variables can be written in
terms of the original design variables as follows (Ref. 98,
Chapter 6):

CTO
do- 1-

Xj XjQ

, . i 0(xt ,- xi0) —

A direct Taylor series in the original design variables is

x do-
xt - xi0) —

(53)

(54)

However, we can also use a Taylor series approximation of
the intermediate response function, the internal force F/ (in
terms of either direct or reciprocal design variables)

Ft « F0 dxj
F0

/v _ v \ ;(Xj Xjo)
BF
dXj

(55)

and then substitute in the explicit expression [Eq. (52)]

<r, = Ff/Xf (56)

This is known as the force approximation, and has been ex-
tended to structures containing more complex finite elements,
such as beams and plates.258

Another example of the utilization of intermediate design
variables and intermediate response quantities is the Rayleigh
quotient approximation (RQA) used in eigenvalue problems
[Eqs. (3) and (4)], for the computation of natural frequencies
or bifurcation buckling loads for a structure.259"261 In the case
of free undamped vibration of a linear structure, each natural
frequency w/ [Eq. (4)] is the ratio of corresponding kinetic and
potential energies associated with the corresponding mode
shape

(57)

In many structures with distinct natural frequencies, the var-
iation of mode shapes is slower than the variation of natural
frequencies, when the structure is subject to modification.
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Mathematically, it is known that if approximate mode shapes
are used in Eq. (57) (with a first-order error in the mode
shapes), then the error in the square of the natural frequency
is of second order.262 A simple approximation for the natural
frequency can be obtained, then, by using the fixed mode
shapes as evaluated at the base design point {cfr}0» together
with approximated stiffness and mass matrices

(58)

The approximation is constructed using approximate strain en-
ergy and kinetic energy, which serve as intermediate response
quantities in this case. In typical airplane structures, when fi-
nite element models can be constructed using truss and plane-
stress elements, the stiffness and mass matrices are linear in
the sizing-design variables, and the approximated [K] and [M]
obtained by direct first-order Taylor series, are, in fact, exact:

= [K0] +

[Mapprox] = [M0]

d[K]

d[M]
~ Xi0)

(59)

(60)

When other design variables are involved, direct or reciprocal,
any other approximation of the modified stiffness and mass
matrices can be used in the RQA.260'261 Note that the deriv-
atives of intermediate response functions in terms of inter-
mediate design variables must be obtained at the base point,
where an approximation is constructed. Indeed, behavior sen-
sitivity analysis, as discussed in previous sections,98 is one of
the most important elements in NLP/AC synthesis technology.

Approximations for Aeroservoelastic Synthesis
Complex Poles

Successful approximations in the structures area owe their
discovery to the deep understanding of both the physical nature
and mathematical properties of engineering structures. Gen-
eralization of such approximation techniques to sizing-type
aeroelastic optimization, including flutter constraints, has also
proven to be very successful. In the rapidly evolving field of
control/structure interaction,263'264 and integrated control/struc-
ture optimization, RQAs have been introduced to ap-
proximate the complex poles of the combined system. In that
case, left and right eigensolutions of Eq. (5) are required,
where the system matrices U and V contain structural and con-
trol terms, and are, in general, nonsymmetric.

The RQAs, as well as direct, reciprocal, or hybrid Taylor
series approximations for natural frequencies, buckling loads,
or structure/control and aeroservoelastic poles, lead to signif-
icant computational savings because they are simple and ex-
plicit in the design variables, and because the eigenvalue prob-
lems [Eqs. (3-5)] do not have to be solved repeatedly.
Avoiding eigenvalue reanalysis is extremely important when
large matrices are involved, as can be expected with detailed
finite element models.

However, the highly nonlinear dependence of eigenvalues
on elements of the system matrices is a challenge to any of
the eigenvalue approximations described earlier, and usually
makes it necessary to use tight move limits. The problem is
especially severe when control-system design variables are
used in the form of numerator and denominator coefficients of
transfer functions [Eqs. (11-15)]. In the aeroservoelastic op-
timization studies reported in Ref. 62, there was almost no
difference in optimization rate of convergence, between cases
where RQA were used to approximate complex poles and
cases when Taylor series in reciprocal variables were used. An
effort to improve eigenvalue approximations for such dynamic

systems is described in Ref. 269. The approach described in
Refs. 16 and 63, when active control system elements are mod-
eled as equivalent mass, stiffness, and damping contributions,
may offer an advantage in this case.

Still, in the case of aeroservoelastic optimization, when
structural and aerodynamic order-reduction techniques are
used, and if system matrices [Eq. (5)] can typically be of order
50 to about 200,62 then, using current super computer tech-
nology, it may be worthwhile to approximate the systems ma-
trices [U] and [V] [Eq. (5)], and to then carry out complete
eigenvalue analysis each time aeroservoelastic poles are re-
quired.269

Dynamic Response
While system's poles determine the stability and affect han-

dling qualities of the aeroservoelastic system, dynamic re-
sponse constraints take into account dynamic stresses, fatigue,
vibration levels, handling qualities, and control effort. Approx-
imations used for dynamic response constraints in aeroservo-
elasticity are based on generalizations of dynamic response
approximations from structural synthesis.84'85 One of the diffi-
culties encountered in early studies of aeroservoelastic synthe-
sis61'62 was associated with the poor quality of direct and re-
ciprocal approximations of the rms of dynamic response to
atmospheric turbulence.69'87

It should be realized that when any of the complex poles of
the coupled system [Eq. (5)] approaches instability, then the
rms of the response to random excitation becomes infinite.
Direct or reciprocal approximations of the rms in terms of
structural or control-system design variables cannot capture
this behavior. As Ref. 269 shows, however, expression of the
covariance matrix [Eq. (6)], explicitly in terms of the right and
left eigenvectors of Eq. (5) and the terms of the associated
complex eigenvalues, makes it possible to develop an approx-
imation of the gust response, which can capture the sharp rise
in response when the damping of any pole becomes small. It
is shown that any rms of structural response can be expressed
in terms of a series containing terms of the form 1/(A, 4- A,-),
where A,-, A, are combinations of all poles of the system [in-
cluding all roots of Eq. (5), real or complex conjugate]. If these
poles are then used as intermediate response functions, and if
good approximations of these complex poles (A,-, A,) can be
obtained using the Rayleigh quotient, or Taylor reciprocal ap-
proximate expressions, an approximation of the rms quantity
can be constructed by_ replacing all 1/(A/ 4- A,-) terms by the
approximate 1/(A,- + A,) terms. Clearly, when any pole tends
to become unstable, there will be a resulting marked increase
in the rms response.

Another important comment regarding the rms response to
gusts: when in the course of the optimization process any pole
is found to be unstable, then the covariance analysis of Eq. (6)
becomes meaningless, and the gust response evaluation is by-
passed. That is, a gust response based on Eq. (6) is evaluated
only for a stable system.62 Viewed from another perspective,
if the system is stable, and any pole migrates in the Laplace
plane toward becoming very close to the imaginary^axis, there
will then be a sharp rise in resulting rms response, and this
response will serve as a penalty function, keeping poles away
from instability.

Design Optimization in the Presence of Model Variation
and Modeling Uncertainties

Analytic expressions for sensitivities of gain and phase mar-
gins, in the case of aeroservoelastic synthesis, can be found in
Ref. 270. Other measures of robustness, derived mainly from
techniques in the control-systems area, are discussed in Refs.
115-117, 266, 268, and 271. As limited studies in Refs. 62
and 274 show, if robustness constraints are not included in the
formulation of the problem, then resulting designs emerge that
can be very sensitive to any change in a system's parameters.
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The problem can be addressed by using controllers to sta-
bilize the system over many flight conditions and design
weights simultaneously. Stability constraints in this case (with
proper bounds on frequency and damping) will be calculated
for all flight conditions covered, and will actively influence the
resulting design.62'139'142 How conservative the integrated sys-
tem will turn out to be when robustness constraints are added,
and what the tradeoff is between robustness and efficiency of
the resulting designs, are questions whose answers have yet to
be found.

Also, the potential of adaptive controllers has been investi-
gated for active flutter suppression with the hope that such
controllers can be made to adapt to varying flight conditions,
varying configurations (such as in the case of fighter airplanes
with external stores), and uncertainties in modeling.15'207 But
even if, indeed, adaptive controllers can be made flexible and
robust enough to successfully control systems with multitudes
of dynamic properties, there will still be limitations on power,
control-surface travel, and the rate of rotations of actuators.
Investigation of tradeoffs between power and weight of adap-
tive control systems and wing structural weight in the context
of integrated aeroservoelastic optimization has yet to be re-
ported.

Other approaches for addressing uncertainty in the design
optimization of structural systems are still in various stages of
study and evaluation.275"278 Ranging from statistical methods,
in which the statistical characteristics of uncertainties are
known or assumed, or methods based on fuzzy logic, as well
as methods that use bounds on the system uncertainties to op-
timize for a worst-case combination of preassigned parameters
and modeling errors, all these methods have not been applied
yet to aeroelasticity and aeroservoelasticity of fixed-wing air-
planes.

Approximations and Shape-Design Variables
There has been limited experience and success with alter-

native approximations in NLP/AC-integrated aeroservoelastic
optimization to date, in only a few integrated studies involving
sizing type design variables. Much less is known in the area
of aeroservoelastic approximations, when shape-design varia-
bles are added to the sizing-type design variables discussed
earlier. Even when the structures discipline alone is considered,
significant difficulties still exit when shape synthesis is at-
tempted. It is not always clear how to parameterize the shape,
or how to select intermediate design variables and intermediate
response functions. The calculation of behavior sensitivities
becomes more expensive and more difficult, 151~155 because the
finite element mesh has to deform, and stiffness terms are
highly nonlinear as functions of node location.

When control system and aerodynamic design variables are
added to the design space, effective approximations become
more elusive. Compared with the vast body of knowledge re-
garding approximation concepts in the structures area, approx-
imation theory, and practice for NLP/AC in the areas of control
and aerodynamics are in their infancy. Most often used are
direct, reciprocal or hybrid Taylor-series-based approximations
for the response quantities in terms of the actual design vari-
ables. How to find intermediate design variables and response
quantities, which will lead to highly accurate approximations
over large move limits, is still the subject of active research.

Regarding aerodynamic design variables, effective approx-
imation of the induced drag in terms of jig shape and flap
rotation design variables has been used in Ref. 62, taking ad-
vantage of the quadratic nature of the induced drag in terms
of these design variables.

When planform shape is changing during optimization,
steady and unsteady aerodynamic forces have to be regener-
ated repeatedly. In the context of dynamic aeroelasticity and
aeroservoelasticity, the unsteady aerodynamic forces [Eqs.
(25-27)] are changing with variation of planform shape or
control-surface size and location.

Downwash [on the RHS of Eq. (25)] is changing because
of the change in structural mode shapes [as a result of the
changing mass and stiffness of the wing, Eq. (4)]. When a
rigid-control surface rotation mode is considered, then, with
changes in the shape of the control surface, downwash caused
by motion in this mode will also change. The influence coef-
ficient matrix is changing with the wing geometry and the
resulting change in distances between receiving and sending
points. The interpolation matrices in Eqs. (28-30) must reflect
new positions of grid or collocation points on the wing. In the
integration for generalized force in Eq. (27), the panel areas
and the interpolation matrix also change with variations of the
planform shape. Moreover, for each new planform shape, the
unsteady aerodynamic forces must be calculated at many re-
duced frequencies, before a rational function approximation
can be constructed [Eqs. (31) and (40)]. The coupling between
the aerodynamic problem and the structural-order reduction
problem is also evident. In the context of planform-shape op-
timization, there is still very little experience with the kind of
modes to be used, and whether to allow them to vary or to
keep them fixed as the structure evolves during optimiza-
tion.159'160'183

Weak and Strong Aerodynamics/Structures/Controls
Coupling and Associated Design Approaches

Aeroservoelastic interactions in modern airplanes with wide-
band active control systems can affect not only six-degrees-
of-freedom stability, control and handling qualities, or aero-
elastic stability (flutter) and ride comfort (vibration levels).
Actually, internal stresses in the airframe can be increased or
reduced when control surfaces are activated both statically (in
a variable camber mode to improve drag and reduce wing
loads) and dynamically (for dynamic loads and gust allevia-
tion). Interdisciplinary coupling can, thus, become quite tight,
when controls participate not only in shaping the overall dy-
namic response of the complete flight vehicle (both flight me-
chanics and elastic motions), but also in making an impact on
detailed structural design and structural integrity of the air-
frame.279'280

The need to address adverse interactions (such as aeroser-
voelastic instability) and the benefits of favorably harnessing
aeroservoelastic interactions have been known and discussed
for years. Active controls on variable camber (mission adap-
tive) wings to reduce stresses in maneuvering flight were tested
and implemented.144"147 Gust-alleviation systems for both ride
comfort and dynamic stress reduction have been devised.281'285

Maneuver loads spectra for the fatigue-life evaluation of
fighter airplanes had been developed using flight simulations
that take into account both aircraft dynamics and active-flight
control-system design. The importance of dynamic stresses be-
cause of atmospheric gusts, as participants in determining the
structural design of both civil and military airplanes, is now
well established.286-291

Still, to date, published studies of applications of aeroser-
voelastic optimization to realistic airplane systems, have been
quite limited in scope and in degree of multidisciplinary in-
tegration. Usually, active control systems have been designed
for given airframes after these airframes had been optimized
structurally subject to structural and aeroelastic constraints. If
the effect of the structural design on the coupled structure/
control aeroservoelastic system was to be evaluated, then it
was usually done in a parametric way; i.e., a few structures
with different planforms were optimized structurally and
aeroelastically. Then control systems were designed for these
structures in some optimal way, and finally, the overall result-
ing control/structural systems were evaluated and compared.

In a different scenario, when a flight-control system is de-
signed separately, then its sensors, actuators, and control laws
can be included as preassigned parameters in the aeroservo-
elastic model of an airframe when this airframe is optimized
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structurally, with constraints on aeroservoelastic stability added
to the usual constraints on stresses, strains, deformations, etc.

Actually, the problem mentioned first in the preceding text,
that of designing a control system for a given optimized air-
frame, has become quite important with the appearance of eas-
ily programmable digital flight controls. Active control laws
play an important role in flight mechanic dynamic maneuver
simulations, and such simulations are used to determine critical
loading conditions for the establishment of extreme loads and
fatigue loading spectra. As can often happen, the flight-control
system can be modified (for any number of reasons) after fa-
tigue life of the airframe (using these original loads spectra)
had been demonstrated.284 This change in active controls might
make it necessary to re-evaluate fatigue life and to check for
the possibility of internal loads that are now larger than the
original ones, for which the airframe was designed.

Of course, a requirement on any flight-control system mod-
ification might be that it will not allow increases in critical
stresses in the structure. However, the design of a flight-control
system (including aeroservoelastic controls) using any of the
MIMO control-system synthesis methods available today117'139'142

is quite challenging, if only for the need to observe or estimate
a large number of outputs (such as stresses in many points
throughout the airframe, in addition to accelerations, velocities,
and angular rates), and to keep them within bounds. There can
be cases where available control surfaces are ineffective in
controlling a particular response. The topology and geometry
of control surfaces and sensor arrays must then be improved
to make the airframe more control friendly,292'293 with better
controllability and observability characteristics for all struc-
tural responses of interest. In any case, with variable camber
and wide-bandwidth active controls, modern airframe design
has arrived at a stage where the control system, and not only
the aeroelastic system alone, affects stresses and, thus, struc-
tural design.281'285

It is important to mention here the still-existing reluctance,
in design and certification circles, to rely on active controls
for flutter suppression in civil aviation, the main reason being
the perceived lower reliability of such systems compared with
passive design. This makes it impossible at this stage to reap
the complete rewards (in terms of structural weight savings)
that active controls might offer. In the gust-alleviation area (as
Ref. 281 shows), a careful approach will rely on the partial
relief of gust stresses, the possibility of reducing speed (in
turbulence) if there is system failure, and on highly redundant
control mechanisms involving many control surfaces, includ-
ing spoilers.294 If flutter within the flight envelope is eliminated
using passive means, while active controls are used to provide
the margins of safety outside of the flight envelope, structural
weight savings can still be significant.

As to structure/aerodynamic coupling, it has been pointed
out295 that interdisciplinary coupling can be relatively weak
and one-sided in this case, and that aeroelastic optimization
for minimum weight can be carried out separately, as a second
step, with added constraints and jig shape-design variables to
force the airframe to deform in maneuver into a desired aero-
dynamic shape, which was optimized as a first step in the
aerodynamics discipline. This uncoupling (or asymmetry) be-
tween disciplines seems to apply even in cases where a mul-
titude of aerodynamic shapes, for different maneuvers, is
needed, because, in addition to the jig shape, the designer can
utilize leading- and trailing-edge control surfaces in a variable
camber (mission-adaptive wing, Refs. 144—147) concept. Yet,
as the experience with mission-adaptive wings shows,147 rota-
tion of control surfaces beyond certain angles at certain angles
of attack leads to severe buffeting and loss of control effec-
tiveness caused by flow separation. If the same control surfaces
are used for variable camber and flutter or gust alleviation, the
combined total rotations (static plus dynamic) must be within
bounds, and tradeoffs between control rotations for camber
variation and control rotations for dynamic control (and their

resulting effect on the structure) should be determined through
an integrated approach. Moreover, if airfoil-thickness design
variables are introduced, then the aerodynamics and structures
disciplines are more strongly coupled and the tradeoff between
drag (aerodynamic) and weight (structural), as they affect
overall performance, should be determined by an integrated
approach.

Integrated Aeroservoelastic Synthesis Capabilities
Experience with integrated simultaneous optimization of

aerodynamics, airframe, and flight controls, subject to con-
straints on stresses, fatigue life, deformations, dynamic stabil-
ity, ride comfort, handling qualities, robustness, power limi-
tations of control system and elements, as well as consideration
of drag, load factor, and roll rate in maneuvers, is nonexistent.
Reported results of tradeoff studies, examining effects of active
control technology on structural weight, performance, flight
comfort, and safety are mostly based on parametric studies, in
which optimization was done one discipline at a time. A num-
ber of aeroservoelastic optimization studies have been pub-
lished in the last 10 years, reporting results for highly simpli-
fied beam or plate structures and control systems. There has
been no reported development of a truly integrated aeroser-
voelastic optimization capability within the aerospace industry,
and only a few academic efforts were reported with the ca-
pability to model and optimize realistic airplane configurations.

The aircraft integrated design-Ingegneria Aerospaziale
(AIDIA) computer code,63 and the lifting surface control
augmented structural synthesis, (LS-CLASS) computer
code61'62'272'274 were developed in the late 1980s for the inte-
grated synthesis of aeroservoelastic systems. LS-CLASS is
aimed at actively controlled wings, and its structural modeling
is based on equivalent plate techniques. AIDIA is more general
in its structural modeling, and can be interfaced with different
structural modules, such as MSC/NASTRAN. It can, thus, be
used for integrated structure/control synthesis of general struc-
tures, as well as for aeroservoelastic synthesis. Both capabili-
ties are based on modeling techniques that can represent real
airplanes and practical control systems. This realism is very
important. Beyond the development of modeling, sensitivities,
approximations, and optimization strategies for real applica-
tions, the integrated multidisciplinary synthesis capabilities,
once operational, must be used for extensive numerical studies.
These numerical experiments in MDO are needed to help iden-
tify problem areas and weaknesses in the MDO technology
used. They also help build experience and insight in an area
where very little experience is available, and where, because
of the complexity of multidisciplinary interactions, intuition
can be, many times, misleading. Following a similar philoso-
phy and emphasizing realistic modeling, important elements of
aeroservoelastic model-order reduction for optimization tech-
nology were brought together and used for aeroservoelastic
synthesis in Ref. 64. The optimization procedures reported in
Ref. 64 were not based on NLP/AC, but the reduced-order
approximations used for structural dynamics and unsteady
aerodynamics, as well as the reduced-order approximations for
stress analysis presented in Refs. 184 and 187 and for aileron
effectiveness119 all fit very well into the framework of aero-
servoelastic NLP/AC.

Structural-order reduction is used in the three capabilities
mentioned earlier. In LS-CLASS, full-order structural models
can also be used throughout the optimization process. Approx-
imation concepts/nonlinear programming, as an optimization
strategy, is the basis for AIDIA and LS-CLASS. AIDIA uses
convex linearization,254 whereas LS-CLASS allows a variety
of approximations, depending on the behavior function being
approximated. In LS-CLASS, direct, reciprocal, hybrid, or
RQAs can be used for natural frequencies and aeroservoelastic
poles. Intermediate response functions are used in the evalu-
ation of damping coefficients and induced drag.62'272"274 The
method of feasible directions130 is used for solving the approx-
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imate optimization problems. In addition, in both LS-CLASS
and AIDIA, a control system and structure can be designed to
cover many load cases at many flight conditions simultane-
ously, as a way to ensure robustness of the resulting integrated
system. While AIDIA is reported to use the p-k method223 for
stability analysis, LS-CLASS uses aeroservoelastic poles ob-
tained by solution of the linear eigenvalue problem [Eq. (5)].
With both capabilities, any behavior function can be used as
a constraint or an objective.

In addition to constraints on element gauges, stresses, dis-
placements, natural frequencies, aeroservoelastic poles, and
flutter envelope, LS-CLASS has the capability to calculate
rms values of dynamic response to atmospheric turbulence, so
that constraints on control surface activity (in terms of rms
rotation and rms rate of rotation) can be imposed at a variety
of flight conditions. This is a more realistic way of including
control-system power and performance limits in the optimi-
zation, than the minimization of some weighted control-system
gains, as reported in many studies of controls/structures opti-
mization. In the aerodynamics area, LS-CLASS can use jig-
shape design variables and steady (maneuver-dependent) con-
trol-surface rotations to affect drag and internal loads by
optimizing a variable camber. In an implementation of an AFW
approach, LS-CLASS can impose requirements on perfor-
mance in pullup and rolling maneuvers, relying on the variable
camber optimization and aeroelastic tailoring to meet these re-
quirements even if a control surface becomes reversed.61'62'274

LS-CLASS can also impose constraints on handling qualities
in the form of constrains on frequency and damping of flight
mechanics poles, such as short period, etc. It should be em-
phasized again here, that all these design variables and con-
straints are integrated, and that the optimization problems are
solved across all participating disciplines with all design var-
iables changing simultaneously.

Reported Results
Results reported in Refs. 61-63 and 272-274 have dem-

onstrated that the effectiveness of NLP/AC can be extended
beyond structural synthesis to integrated aeroservoelastic op-
timization, including structural, control, and aerodynamic de-
sign variables and constraints. Convergence of the sequence
of approximate optimization problems has been achieved with
a few, and up to about 30 detailed analyses/sensitivity calcu-
lations. A typical structural synthesis problem with deforma-
tion and stress constraints converged within 10—15 approxi-
mate optimizations. When control-system design variables
were introduced, move limits had to be tightened, and con-
vergence of the NLP/AC optimization process took up to about
25-30 approximate optimizations in some cases.

The need to reduce move limits for control-system design
variables (5 and 10%, compared with 40 and 50% in the purely
structural case) is because of the limited accuracy of the ap-
proximations used for aeroservoelastic poles and for rms re-
sponses to atmospheric turbulence. It was found that neither
Taylor-series-based nor RQAs had any clear advantage when
control-system design variables were present. Moreover, as has
already been discussed, gust-response constraints cannot be ap-
proximated effectively with direct or reciprocal Taylor series
because of the sharp rise in response when any of the poles
approaches instability (the gust response approximations of
Ref. 269 have not yet been incorporated into LS-CLASS).
This was one of the major reasons for the need to reduce move
limits to protect the accuracy of the approximate problem.

Interestingly, optimizations carried out with AIDIA, in the
case of structure/control-design variables, converged faster. An
example of an actively controlled swept wing, reported in Ref.
63, converged within seven approximate optimization cycles.
In the control-system parametrization in AIDIA, the controller
is modeled as a second-order system and is used to directly
modify structural matrices. Approximations that have been

successful for structures, may, thus, be equally successful for
the augmented aeroelastic/control model obtained this way.

Extensive numerical experimentation using LS-CLASS re-
vealed intricate interactions among the participating disci-
plines. Stress designs, in which wing composite structures were
tailored for minimum weight to meet stress and manufacturing
constraints, were usually unstable at high dynamic pressures
resulting from flutter. Flutter designs, in which the structures
were optimized to meet both stress and flutter constraints, were
heavier. When an active control system was added, and the
actively controlled structures were optimized for minimum
weight, with structural- and control-design variables, and sub-
ject to stress and flutter constraints, it was possible to reduce
the structural weight back to the stress design weights. In that
case, the control system was, in fact, synthesized to stabilize
against flutter. With no control-system limitations or cost in
the problem formulation, the active controls could take care of
flutter, while leaving the structure to meet the steady stress
design maneuver loads.

However, this resulted, many times, in high rates of activity
of the control surfaces caused by gusts, affecting the power
required for control-system operation. When this power was
limited in subsequent problems, as an added constraint, then
structural weight could not be brought down to its stress
weight. Thus, the studies indicated the existence of a tradeoff
between control system power and structural weight saved.

Application to an F16-type fighter-control system/wing, with
additional simple handling qualities constraints (in the form of
limitations on frequency and damping in the short-period
mode), demonstrated convergence of the NLP/AC approach in
a very realistic case, and found a minimum weight solution
that met all constraints. Typical problems, with up to 50 design
variables and 3000 constraints, and covering structures, aero-
dynamics, and controls simultaneously, took up to 1 h of CPU
time in an IBM 3090 in the late 1980s.

The introduction of induced drag constraints complicated the
picture somewhat. Minimizing the weight of a wing, with
stress, flutter, and drag constraints, using structural, control,
and aerodynamic camber (jig shape) design variables, revealed
interesting interdisciplinary interactions and tradeoffs. Results
of integrated optimizations from both AIDIA and LS-CLASS
indicated that when an active control system was synthesized
as part of the integrated design at one flight condition only,
robustness of the resulting design was poor. Synthesizing
structure and controls at several flight conditions simultane-
ously was required to produce a robust design.

Results of structure/controls aeroservoelastic optimization
with robustness constraints are reported in Ref. 64. With 22
thickness design variables for the composite skin of an active
flexible wing wind-tunnel model, plus three simple gain design
variables Gi relating sensor outputs [y] to actuator command
inputs {«}, integrated optimization was carried out using re-
duced-order models based on finite element structural model-
ing and MS rational function approximation of unsteady aero-
dynamic forces. Constraints included gauge constraints on
skin-layer thicknesses and side constraints on control-system
gains, plus constraints on flutter dynamic pressure and gain
margins as well as a rolling moment constraint. No stress con-
straints were included, and the optimization was assumed to
start from a stress design, with zero lower bounds on all struc-
tural gauge design variables, so that no thickness is reduced
below its starting value. While the multidisciplinary nature of
interactions included in this example was quite limited, and
constraints on control system power requirement were imposed
in only a simplified manner, the result did demonstrate the
feasibility of aeroservoelastic optimization based on industry-
type structural finite element models. It also demonstrated the
importance of optimizing structures and controls simultane-
ously.

Lessons
The integrated optimization studies discussed earlier re-

vealed the limitations of existing approximation techniques
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used for aeroservoelastic systems. To allow larger move limits
in the integrated aeroservoelastic case, better approximations
for aerodynamic, aeroelastic, and aeroservoelastic behavior
functions must be developed.

For planform shape optimization, where the consideration of
interdisciplinary interactions affects a design in the conceptual
and preliminary design stages, no integrated aeroservoelastic
synthesis capability exists today. An intensive research effort,
reported in Refs. 156 and 161-163, has been focusing on the
problem of integrated airplane shape optimization. However,
most efforts have been devoted to the static aeroelastic prob-
lem, including divergence constraints, aileron static control,
and aileron effectiveness. Integration of aeroelasticity with
the airplane performance problem, with an effort to develop
design-oriented aerodynamics for drag/lift estimation up to
supersonic speeds, are important steps on the way toward the
practical integrated MDO of airplanes. The considerable
computational cost of aerodynamic analysis and sensitivity
computations, as well as interpolation between structural and
aerodynamic meshes, were found to be major challenges.

Other problems that were discovered included the non-
smooth behavior of some aerodynamic predictions with respect
to changes in the configuration's shape.159'160'163'166 This prob-
lem makes it necessary to re-examine analysis techniques used,
and develop design-oriented techniques that eliminate super-
fluous nonsmooth behavior. Alternatively, if existing computer
codes are to be used for aerodynamic predictions, methods for
estimating sensitivity and for optimization in the presence of
numerical noise must be developed.

Only very limited experience exists in the area of planform
shape optimization with dynamic aeroservoelastic constraints.
Most of the research effort has been aimed at developing ap-
proximation concepts and effective sensitivity analysis71'159'160

and at preparing the tools required for NLP/AC synthesis. It
is quite difficult to find intermediate design variables and in-
termediate response quantities in aerodynamics that will lead
to the same accuracy of approximation as had been achieved
in the structures area. However, a continuing research effort in
this direction should strive to create such approximations,
guided by the understanding of the physical nature of the prob-
lem, and by taking advantage of its mathematical structure.
Without such approximations, NLP/AC has to rely on formal
Taylor-series-type approximations (direct, reciprocal, or hy-
brid). When behavior functions are highly nonlinear, the move
limits necessary will be small, and convergence rate of the
NLP/AC process will be slow.

Additional Necessary Developments
A considerable amount of research has yet to be conducted

to develop an integrated aeroservoelastic synthesis capability
that covers all important constraints, affecting the design of a
modern, highly integrated airplane. To be accepted by the aero-
space industry, mathematical models used in each of the con-
tributing disciplines must be accurate and robust to industry
standards. This requires major improvements in the automation
and cycle time of the processes used to create aerodynamic
and structure meshes and corresponding structural and aero-
dynamic models, as well as practical, realistic control systems
for new configurations. Because the MDO problem requires
massive amounts of data transfer and storage, as well as eval-
uation of overall system response under many loading condi-
tions at a multitude of maneuver points, developments in in-
formation communication, storage, and parallel processing are
needed. A cultural change within the industry, in which de-
signers are encouraged to become fluent in all relevant disci-
plines, and in which teams of experts work in a coordinated
manner, has already begun to some extent.

In aeroservoelasticity, to model interactions between flight-
control and structural dynamics, a consistent design-oriented
aeroelastic formulation is required, integrating rigid body and
elastic motions, stability derivatives, and unsteady aerody-

namic forces. A comparative study of control-system parame-
trization and associated approximations should be conducted
to determine the most effective ones in the context of NLP/
AC.

Following the fast developments in applications-ready CFD
aerodynamic tools and parallel computation,47 methods for sen-
sitivity analysis and approximations for advanced aerodynamic
analysis techniques are required, so that more realism is
brought into the aerodynamic part of the aeroelastic synthesis
formulations.46'105'106 The computational effort required to in-
clude finite difference CFD in large-scale MDO is still consid-
erable. But the need to include realistic drag and load predic-
tions in the transonic speed regime and in cases where
aerodynamic loads are nonlinear, provides a strong motivation
for developing methods to include such predictions in the in-
tegrated design formulation.

As has already been argued earlier in this paper, research
efforts aimed at developing automated model generation, fast
analysis, fast sensitivity analysis, robust approximation con-
cepts and efficient data management are all required to make
realistic NLP/AC aeroservoelastic synthesis feasible. However,
this is just one facet of the problem. In a design environment
so complex and so tightly coupled and integrated, design in-
tuition is almost nonexistent (actually, it might be misleading),
and design experience is quite rare. Questions such as how to
make good design decisions, how do disciplines interact when
optimal designs are pursued, what are the resulting tradeoffs,
how does modeling uncertainty affect results, must all be an-
swered. A practical integrated MDO capability can provide the
necessary answers, and once it is developed, it should be used
for numerical experimentation to educate the designers and
build a body of design experience. In aeroservoelasticity, stud-
ies of integrated optimization of strongly coupled airplane sys-
tems are already underway, as an extension of the work re-
ported in Refs. 61, 62, and 272-274, and will be reported in
the near future.

Finally, another important role of MDO should be recog-
nized: its usefulness in evaluating overall value of new tech-
nologies. A new technology is being developed currently for
the active control of structures, using strain actuators and smart
sensors.296~300 One of the goals of this smart-structures tech-
nology is the development of structures and aeroelastic sys-
tems that will be more efficient than the ones available today.
However, new phenomena, interactions, failure modes, and de-
sign considerations must be addressed when the effects of the
new technology on the integrated airplane are examined. It is
believed that only through systematic optimization studies, ad-
dressing the integrated system in as a complete manner as
possible, can design experience be gained and clear trends
identified. Thus, after the accuracy of analysis methods is es-
tablished, methods for sensitivity analysis, approximation con-
cepts, and optimization strategies must be developed for the
new technology to be assessed using MDO.

Integrated aeroservoelastic synthesis, then, is necessary for
the improvement of designs based on current technology, and
for directing the development of future technologies for max-
imum effectiveness and economy.301

Conclusions
A broad view of aeroservoelastic synthesis has been pre-

sented in this paper. The key elements of aeroservoelastic anal-
ysis have been examined from a design-oriented perspective,
including methods that are ready for MDO applications, and
emerging nonlinear analysis methods that offer to add accuracy
and generality. Application of the engineering optimization
method known as NLP/AC for integrated aeroservoelastic syn-
thesis has been shown to be a natural extension of its succes-
ful utilization in structural synthesis. Aeroservoelastic sensitiv-
ities and approximation concepts have been discussed, and
strengths and weaknesses were identified. A survey of the lim-
ited experience in integrated aeroservoelastic synthesis existing
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today, covered the main lessons learned, and the required di-
rections for further research. The importance of intensive re-
search efforts to develop efficient techniques for aeroservo-
elastic MDO in compliance with industry accuracy standards
and to prepare the computational and data management infra-
structures required have been emphasized. It was then argued
that, as a step following the creation of practical, realistic aero-
servoelastic MDO capabilities, such capabilities should be
used for extensive numerical design studies to build an expe-
rience base for designers of tightly coupled aeroservoelastic
systems, as well as for assessing overall benefits of new tech-
nologies in a thorough manner. The importance of the shape-
synthesis problem was emphasized, addressing interdiscipli-
nary interactions early in the design stage, when airplane shape
is still evolving. Finally, a rich reference section is provided,
listing key publications in all areas related to aeroservoelastic
analysis and synthesis.

Appendix A: References by Subject
Active flexible wing: 18, 19, 127-129
Actuator modeling: 26, 241-243
Adaptive control: 15, 207
Aerodynamic modeling: 176, 177
Aerodynamic optimization: 46, 47
Aerodynamic sensitivities: 100-106
Aeroelastic synthesis: 48—58
Aeroservoelastic analysis codes: 6-12
Aeroservoelastic optimization: 61-64, 272-274
Aeroservoelastic synthesis: 30
Aeroservoelasticity—general: 1-5, 38
Aeroservoelasticity of real airplanes: 20-29
Aeroservothermoelasticity: 33, 34
Aileron effectiveness: 65, 66, 118-122
Approximations: 61-63, 77, 135, 136, 256-264, 269
Body freedom flutter: 14, 234-236
Buckling: 70-77
Buffet: 27
CFD: 41-47, 59, 60, 99-106, 207-211
Computational aeroelasticity: 41-45, 59, 60
Control/structure optimization: 143, 265-268
Control-surface aerodynamics: 202-211, 212-215
Control-surface planform optimization: 292, 293
Control-system optimization: 115-117, 139-142
Correction techniques—aerodynamics: 65, 126, 216-218
Design-oriented structural modeling: 167-171, 178-182
Design variable linking: 130, 131
Drag: 61, 62, 65, 89-97
Dynamic response constraints: 84—86
Equations of motion—aeroservoelastic: 6-12, 61, 62, 79-81,

126, 237-240
Equations of motion—quasisteady: 28, 65-69
Equivalent plate structural modeling: 61, 62, 65, 71, 132-134,

173, 174
Experimental studies—active controls: 13-19
Finite element structural models: 48-53, 63, 64, 66-69, 82,

83, 175, 178, 179
Flight control: 29
Flutter suppression: 137, 138, 220, 272-274
Gust alleviation: 279-285
Gust response: 61, 62, 69, 81, 87, 88, 233, 279-289
Gust-response stress constraints: 290, 291
Handling qualities: 109-114
Integrated structure/aerodynamics shape optimization: 161-

163
Interpolation (structure-aerodynamic meshes): 198-201
Load alleviation: 146, 147, 288
LTI: 221, 222
Lyapunov's equation: 87, 88
Maneuver load control: 146, 147, 288
MDO overview: 295
MIMO: 117

Minimum state approximation: 62, 185, 228, 229
Mission adaptive wing: 23, 24, 144-147
NLP/AC: 135, 136, 167-169, 252-255
Order reduction: 64, 79, 80, 82, 83, 119, 183-189, 244-251
Panel aeroservoelasticity: 31, 32
Reduced-size models: 64, 82, 83, 119, 183-189
RFA: 185, 223-233
Ride comfort: 113, 114
Robustness: 80, 115-117, 142, 275-278
Roger approximation: 62, 224, 229
Rotary-wing aeroservoelasticity: 35-37
RQA: 259-264
Sensitivities: 98-106, 269-271
Shape optimization (structural): 122, 149-155
Shape sensitivities: 71, 99-106, 158-166
Smart structures: 296-300
Spoilers: 281, 282, 285, 294
Stability constraints: 61, 62, 78
Stability derivatives—flexible: 123-126
Strain actuation: 296-300
Stress evaluation: 63, 65, 82, 132, 133, 184, 187, 288, 289
Uncertainty: 275-278
Unsteady aerodynamics (linearized): 190-197, 202-206
Variable camber: 23, 24, 144-147
Weight estimation: 39, 40
Whirl flutter: 38
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