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Towards Integrated Multidisciplinary Synthesis of Actively
Controlled Fiber Composite Wings

E. Livne,* L. A. Schmit,t and P. P. Friedmannf
University of California, Los Angeles, Los Angeles, California 90024

The synthesis of actively controlled composite wings is formulated as a multidisciplinary optimization
problem. A unique integration of analysis techniques spanning the disciplines of structures, aerodynamics, and
controls is described. A rich variety of behavior constraints can be treated including stress, displacement, control
surface travel and hinge moment, natural frequency, aeroservoelastic stability, gust response, and handling
quality constraints, as well as performance measures in terms of drag/lift coefficients, drag polar shape,
required load factor or roll rate, and wing mass. The design space includes a simultaneous treatment of
structural, aerodynamic, and control system design variables. The paper sets the stage for multidisciplinary wing
optimization by describing the capabilities and discussing the accuracy of the analysis and related behavior
sensitivity analysis. Applicability of approximation concepts to the multidisciplinary optimization problem is
examined by studying typical aeroservoelastic stability, gust response, and performance-related constraints. The
computational efficiency of the combined analysis and sensitivity as well as the quality of key behavior
constraint approximations indicate that single-level optimization of composite, actively controlled practical
wings is within reach.

Nomenclature
00, a\...an = coefficients of the numerator polynomial

in a sensor transfer function (see Fig. 3)
[y4],[£],[C],[£>] = Linear time invariant (LTI) state space

equation matrices
[^4],[J9] = state space system matrices in

standard form
bi = aerodynamic lag terms
bf - aerodynamic gust lag terms
bi - control law transfer function numerator

coefficients
c0, c\...cn = coefficients of the denominator

polynomial in a sensor transfer function
(see Fig. 3)

[C] - damping matrix
[C] = aerodynamically modified damping

matrix in aeroservoelastic analysis
di = transfer function denominator

coefficients
e0, e\...en = coefficients of the numerator polynomial

in an actuator transfer function (see
Fig. 3)

[E], [F], [G ], [H] = aeroelastic system matrices
/o> /i • • -fn = coefficients of the denominator

polynomial in an actuator transfer
function (see Fig. 3)

F(X) = objective function
(g} - vector of behavior constraint functions
GA = aileron gain (see Fig. 7)
[K] - stiffness matrix
[K\ - aerodynamically modified stiffness

matrix in maneuver load analysis
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= aerodynamically modified stiffness
matrix in aeroservoelastic analysis

= mass matrix
= aerodynamically modified mass matrix in

aeroservoelastic analysis
= mean square value of response to gust
= reference mean square value of gust

response
= number of actuator states
= number of aerodynamic added states
= number of control law states
= number of control surface degrees of

freedom (DOF)
= number of gust filter states
= number of structural DOF
= number of sensor states
= number of aeroservoelastic states
= number of Roger lag terms
= number of Roger lag terms added for gust
= any design variable
= load vector
= minimum state or Roger approximation

matrices
= generalized displacements
= control surface deflection
= dynamic pressure
= the vector of Laplace transformed

generalized displacements
= the Laplace transformed gust vector
= generalized aerodynamic force matrix
= white noise intensity matrix
= aerodynamic added states
= aerodynamic gust added states
= Laplace variable
= reference area
= skin thickness term
= vector of control surface excitations [see

Eq. (39)]
= flight speed
= white noise input
= vertical gust velocity
= the Laplace transformed vertical gust

velocity
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Subscripts
0
ACT
CO
c
G
s
SE

L
U

aeroservoelastic system matrices
state vector
vector of design variables
state covariance matrix
output
input command to an actuator
structural response transformation
matrices
equivalent viscous damping
reference equivalent viscous damping

reference value
actuator
control law
control surface
gust
structural DOF
sensor

gust
lower bound
upper bound

aeroelastic stability design problem is given in Ref. 76. Para-
metric studies reported in Refs. 77 and 78 further highlight the
importance of multidisciplinary design considerations for
practical fighter wings. An integrated approach to the opti-
mization of airplane configuration and control system was
presented in Refs. 79 and 80 using simplified mathematical
models. However, the application of modern optimization
techniques to wing design involving a diverse mix of con-
straints based on analyses from several disciplines (structures,
structural dynamics, aeroelasticity, aerodynamics, control,
handling qualities) has not yet been treated in a comprehensive
and realistic manner.

The purpose of this paper is to outline a unified framework
for multidisciplinary wing synthesis. It contains a description
of a set of techniques for analysis and behavior sensitivity
analysis of actively controlled fiber composite wings, which
will facilitate integrated design optimization. Several aspects
of structural, aerodynamic, and control system modeling are
discussed. Computational efficiency and accuracy of approxi-
mations for a rich variety of behavior constraints are exam-
ined. The paper lays the foundation for the application of
approximation concepts and optimization techniques to prac-
tical control augmented aeroelastic wing design.

Introduction

T HE introduction of active control technology1'6 and com-
posite structural tailoring7'11 to airplane wing design dur-

ing the last 15 years requires a re-examination of the design
practice followed in the past, which was based on a sequential,
compartmented approach.

Using the sequential approach, undesirable interactions be-
tween disciplines, which were not taken into account properly
during wing development, have resulted in expensive, some-
times lengthy, modifications and fixes.12'16 At the same time
there has been a growing recognition of the potential improve-
ments possible when an integrated multidisciplinary design
and synthesis approach is followed, in which all relevant disci-
plines are considered simultaneously.17'19

Three decades of extensive research and development have
made optimization techniques widely accepted in every major
discipline needed in wing design synthesis.20 Structural synthe-
sis has matured in the last decade and has already been used to
size complex structures under various static and dynamic be-
havior constraints including flutter and static aeroelastic con-
straints.21'38 Research carried out during the last 20 years on
control system design, active flutter suppression, and gust
alleviation has produced several alternative implementations
of optimization to active control synthesis practices.39"46 In the
aerodynamic field, optimization has been used to synthesize
wing camber, cross section, and planform to achieve desirable
aerodynamic characteristics and performance.47"58

The growing confidence in modern analysis techniques and
disciplinary optimization has led to a departure from conven-
tional designs. It has become apparent that multidisciplinary
interactions must be taken into account to prevent failure and
to extract maximum benefits from the design freedom offered
by a truly integrated approach. During the last decade, control
augmented structural synthesis has emerged as an important
research area.59'66 Initial results, for wing design, have been
recently reported emphasizing the multidisciplinary struc-
tural/aerodynamic synthesis of wings.67'71 An initial study of
the aeroservoelastic optimization problem, namely the simul-
taneous synthesis of wing structures and their active control
systems, was also reported recently.72 Methods for control law
and control system performance sensitivity analysis with re-
spect to structural and control system parameters have also
been reported in recent years as a precursor to the application
of multilevel decomposition techniques for design optimiza-
tion.73"75 An approach to the integrated handling qualities/

The Complexity and Multidisciplinary
Nature of Wing Design

The set of wing design descriptors, whose elements consist
of preassigned parameters and design variables,22 is shown in
Fig. 1. Discussion is limited to wings operating in the sub-
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Fig. 1 Hierarchy of design descriptors in wing synthesis.
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Important behavior functions in multidisciplinary wing syn-
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sonic to low-supersonic flight speeds, so that thermal effects
can be neglected. A given set of design descriptors completely
defines a particular wing design. Which of the descriptors will
be preassigned parameters and which will be used as design
variables depends on the level of application for optimization
techniques in the hierarchy described in Ref. 22, namely,
whether the design space includes sizing, configuration (ge-
ometry), or topological design variables. The set of behavior
functions, from which constraints and objectives will be se-
lected, can be divided into two categories (Fig. 2). Primary
(system level) behavior functions are those performance mea-
sures that determine the overall quality and competitiveness of
the wing. Secondary (subsystem level) behavior functions are
the behavior functions that must be taken into account during
the design to guarantee the prevention of failure in all possible
failure modes and to introduce known constraints on subsys-
tem performance. These are the means necessary to achieve
the overall design goals and should ideally be "transparent"
compared with real design objectives, although sometimes
there can be strong correlation between a secondary behavior
and a primary behavior function (e.g., mass and airplane
performance).

The importance of multidisciplinary interactions in wing
design is evident from Figs. 1 and 2. Structural topology,
shape and sizing; control system topology, control law trans-
fer function order, and gain values; as well as aerodynamic
configuration layout, jig shape, and control surface deflec-
tions in maneuvers all interact to achieve desired wing perfor-
mance while ensuring structural integrity, aeroservoelastic sta-
bility, ride comfort, and good handling qualities.82'93

The design synthesis problem can be cast in a mathematical
programming form:

m i n { X ] F ( { X } )

s.t.

(1)

To overcome the inherent complexity and to address the
computationally intensive nature of this problem, two ap-
proaches have been suggested in the literature. The first ap-
proach is based on the application of multilevel decomposition
techniques combined with existing tools for detailed analysis
and sensitivity analysis for each of the disciplines.94'95 The
second approach seeks to gain some insight into the nature of
the problem by using highly simplified mathematical models
or simple airplane configurations for structural, aerodynamic,
and control system analysis.72'79'80

Modeling Considerations

Structural and Aerodynamic Modeling
In Ref. 20, Ashley points out that a considerable part of the

research done on wing optimization has been based on models
that are "a long way from the complicated, built up lifting
surfaces of real aircraft with their multiple design criteria and
constraints." He warns that "very undesirable consequences
can result from the omission or careless handling of con-
straints," and this warning is particularly relevant for mul-
tidisciplinary synthesis, where only limited experience exists
to guide the designer, and intuition may sometimes be
misleading.

The prevalent structural beam/aerodynamic strip models
used for basic research in aeroelasticity are often inadequate
when it comes to synthesizing real wings.96"98 More realistic
models are needed. At the same time, detailed finite element
models and Computational Fluid Dynamics (CFD) aerody-
namic techniques are still computationally too expensive to
use within the inner loop of a multidisciplinary synthesis ap-
proach. Thus, it is necessary to bridge the gap between the
highly idealized and the very detailed modeling alternatives by

introducing balanced analysis and design optimization models
that capture essential behavior characteristics, without making
the integrated multidisciplinary design optimization task in-
tractable.

The integrated optimum design capability outlined here is
based on modeling and analysis techniques for the required
disciplines, which are consistent with each other in terms of
accuracy and efficiency and, thus, lead to a balanced treat-
ment of practical wings. In the structures area, a rather gen-
eral equivalent plate analysis,98 which builds on the basic ideas
underlying the Aerodynamic Tailoring and Structural Opti-
mization (TSO) computer code7'28'29; and incorporates addi-
tional recent developments due to Giles,99'100 is used. The
equivalent plate approach for structural modeling of low as-
pect ratio wings has been known for many years. It was Giles,
however, who showed that, using present day computers, a
single high-order power series can be used for approximating
displacements over wing planforms made of several trape-
zoidal segments to obtain accurate stress as well as displace-
ment information. Stresses in spar and rib caps can be calcu-
lated in addition to composite skin stresses. Configurations
made of several plate segments attached to each other via
springs accounting for attachment stiffness and actuator stiff-
ness can be analyzed to simulate wing/control surface config-
urations. The simplicity of manipulating simple power series
leads to analytic rather than numerical integration for the
mass and stiffness expressions. With the careful organization
of computer storage space and ordering of calculations, major
savings in computation times and core storage requirements
can be achieved.

In the work described here, the equivalent plate structural
analysis documented in Ref. 98 is integrated with the Piece-
wise Continuous Kernel Function Method (PCKFM) devel-
oped by Nissim and Lottati for lifting surface unsteady aero-
dynamics.101"104 Lifting surface unsteady aerodynamics105'106

has served as the basic aerodynamic modeling tool for the
flutter analysis of airplanes since the 1960s. The PCKFM
combines the power of the doublet lattice method in dealing
with pressure singularities with the accuracy and speed of the
kernel function method. Extensive numerical experimentation
has demonstrated101 that PCKFM is accurate and converges
rapidly. For configurations involving control surfaces, it can
take narrow gaps into account, is faster than lattice methods,
and is more accurate in the calculation of control surface
hinge moments. Thus, it is particularly suitable for calculating
the generalized unsteady air loads (on lifting surfaces made up
of wing and control surface elements) that are needed for
active flutter suppression and gust alleviation studies.

The combination of modern equivalent plate structural
modeling and PCKFM lifting surface aerodynamics is thought
to be adequate for the preliminary design of airplane wings
and for the exploratory venture into multidisciplinary practi-
cal wing synthesis. In addition to a reliable prediction of
flutter results and static aeroelastic effects, useful hinge mo-
ment106 and induced drag predictions107'108 can be expected for
subsonic and supersonic small angle-of-attack flight. The
analysis is adequate for addressing flight stability and control
problems of the elastic airplane.109 Its aerodynamic predic-
tions might be improved by using correction factor techniques
if any measured data are available.

Finite-Dimensional State Space Modeling of Unsteady Aerodynamics
It is suggested in the literature that aeroservoelastic stability

analysis can be successfully based on the p-k method using
generalized aerodynamic force matrices computed for simple
harmonic motion.37'110 However, when the optimization of the
design for aeroservoelastic stability is addressed and modern
control techniques are to be implemented, it is necessary to
cast the aeroelastic equations of motion in Linear Time Invari-
ant (LTI) state space form. It then follows that some approx-
imation of the unsteady aerodynamic loads in terms of ratio-
nal functions of the Laplace variable is needed.
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The method of Roger111 has been widely used for finite-di-
mensional unsteady aerodynamic loads representation during
the past decade. A series of aerodynamic stiffness, damping,
apparent mass, and several lag terms is used to approximate
elements of the generalized aerodynamic loads and gust force
matrices over a range of reduced frequencies. A least-squares
fitting procedure is carried out for each element of the ma-
trices separately.

The minimum state method, developed by Karpel112 and
recently studied in Ref. 113, is found to be attractive because
it has the potential for generating accurate approximations to
unsteady generalized aerodynamic forces, while adding only a
small number of states to the mathematical model of the
aeroservoelastic system. It is based on an iterative fitting pro-
cess in which all terms of the generalized aerodynamic load
and gust force matrices are considered simultaneously. In
comparison with other finite state modeling techniques, the
number of states needed in the minimum state method appears
to be smaller for the same overall accuracy of approxima-
tion.113 This leads to a state space model of lower order, thus
reducing core requirements and computation time.

Considering the accumulated experience and fast generation
of Roger approximations (resulting, however, in higher-order
mathematical models of the aeroservoelastic system) vs the
smaller-order mathematical models possible with the mini-
mum state approach (with a relative lack of experience and
time-consuming approximant generation as potential handi-
caps), it was decided to include both methods in the present
capability as available alternatives.

Control System Modeling
The integrated aeroservoelastic system is modeled as an LTI

system. Since the number of sensors and control surfaces is
small in real airplanes, the complex, high-order laws generated
by some multivariable control system design techniques are
avoided at this stage. A schematic block diagram of the ac-
tively controlled aeroservoelastic system is shown in Fig. 3.
Airplane motions (acceleration and angular rates) are mea-
sured by a set of sensors placed on the structure. The resulting
signals are used as inputs to the control law block which
commands control surface actuators. The control surface mo-
tions guarantee stability and desirable dynamic response of the
complete system.

The control system is completely described by locations of
sensors and control surfaces and by the transfer functions of
the sensors, control laws, and actuators. Gain scheduling can
be adopted by assigning different control laws to different
flight conditions.

Optimization Considerations
Design Variables

Shape design variables have already received considerable
attention in wing optimization studies.67'71'79'80'85 However, in

Sensors Control Laws

structure
response

control
commands

addition to a balanced approach to analysis in terms of the
analysis techniques selected, we seek to keep a balance in level
of optimization by focusing at present on sizing-type design
variables in all disciplines considered (Fig. 1).

Structural Design Variables
Figure 4 shows an airplane modeled as an assembly of

flexible lifting surfaces. Each lifting surface is modeled as an
equivalent plate whose stiffness is controlled by contributions
from thin cover skins (fiber composite lamintes) and the inter-
nal structure (spar and rib caps). Wing sections are connected
to each other via stiff springs (representing hinge stiffness at
attach points) and flexible springs (representing the stiffness
of actuators and their backup structure). Each wing section
can include several trapezoidal parts. Concentrated masses are
used to model nonstructural items and balance masses.

The vertical displacement w of each wing section is approx-
imated by a Ritz polynomial series of the form

) = D qi(t)xmiyni

i=l
(2)

where x and y are chordwise and spanwise coordinates respec-
tively. The exponents mf and «/ define the specific polynomial
series used. It can be a complete polynomial in x and y or a
product of polynomials in x and y (see Ref. 98).

The depth of a wing section is given by a polynomial

(3)

where the /// are preassigned parameters.
Thickness distribution of a typical skin layer is represented

by

(4)

Rib and spar cap areas are allowed to vary linearly along their
length 17

(5)

Wing stiffness and mass matrix elements are linear combina-
tions of certain area integrals over the planform, line integrals
over spar/rib length, and polynomial terms evaluated at
points where concentrated masses are located or springs are
attached.98 The present equivalent plate modeling capability98

makes it possible to efficiently analyze combined wing box/
control surface configurations. A wing assembly and a canard
or horizontal tail may be attached to a fuselage (modeled as a
flexible beam or a flexible plate) to simulate complete airplane
configurations. The level of modeling detail can be selected
independently for each section. Therefore, the degree of detail
used to model control surfaces for analysis and synthesis is not
limited, as is the case of the TSO code.

At the present stage of research, structural topology, shape,
and material properties are preassigned; however, skin-layer
fiber orientations are available as design variables. For skin-

Fig. 3 Elastic airplane control system block diagram.

attachment
springs

Fig. 4 Airplane as an assembly of equivalent plates.
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layer thicknesses [Eq. (4)] the coefficients of the thickness
power series serve as design variables. This guarantees smooth
thickness variation for each layer. For spar and rib cap areas
[Eq. (5)], two coefficients are used as design variables for each
spar or rib. Concentrated masses at preassigned locations and
spring constants for linear and rotational springs can also be
treated as design variables.

Aerodynamic and Control System Design Variables
Wing cross section, aerodynamic planform, and topology

are preassigned here. Performance and loads in quasistatic
maneuvers can be influenced by designing the jig shape (initial
camber) of the wing and by proper deflection of leading-edge
and trailing-edge control surfaces. The initial camber of the
wing is given by a series

)=£ q?(t)xmiyni (6)

where the powers ra/ and «/ are identical to those in Eq. (2),
and any subset of the coefficients qf can serve as design
variables. The deflections of control surfaces for each distinct
maneuver point are also available as separate design variables.

The control system design variables at the lowest level in the
hierarchy (analogous to sizing) are the coefficients of numera-
tor and denominator of control law transfer functions. Con-
trol surface locations, sensor locations, topology of the con-
trol system, and order of numerator and denominator
polynomials in the transfer functions are preassigned. It is also
assumed that sensor and actuator transfer functions are preas-
signed, although the formulation is sufficiently general so as
to allow the treatment of their numerator and denominator
coefficients as additional design variables.

The set of design variables treated spans three disciplines,
namely structures, aerodynamics, and control. The design
space is thus opened up to include sizing level design variables
from all three disciplines simultaneously.

Behavior Functions
In order to provide for a rich variety of constraints and

alternative objective functions, the following analysis capabil-
ities are included.

1) Static "maneuver load" analysis (static aeroelastic de-
flection and stress calculations for the elastic airplane in ma-
neuver): maneuvers include symmetric pull-ups (defined by
Mach number, altitude, and load factor) or steady rolling
maneuvers (defined by Mach number, altitude, and roll rate).
In addition to elastic deflections and stresses, the control
surface deflections and hinge moments needed for the maneu-
vers are calculated.

2) Static "given loads" analysis (static deflection and stress
calculations for the cantilevered wing under a set of prescribed
loads): the loads are assumed independent of the structural
design and do not change in the course of wing synthesis. This
option is important for cases where linear aerodynamic theory
is inadequate, forcing the use of experimental data.

3) Natural frequency and mode shape analysis: natural fre-
quencies and mode shapes are obtained for different sets of
boundary conditions (this facilitates generation of separate
symmetric or antisymmetric modes).

4) Aeroservoelastic stability analysis: poles of the control-
augmented airplane are calculated for different level flight
conditions (defined by specifying Mach number and altitude).

5) Gust response analysis: root-mean-square (rms) values of
control surface rotations and rates and rms values of selected
sensor measurements due to continuous atmospheric turbu-
lence are calculated for different flight conditions.

6) Drag analysis: induced drag is calculated for the elastic
lift distribution during maneuvers. Drag values assuming ei-
ther full leading-edge suction (fully attached flow) or no lead-

ing-edge suction (separated flow at-the leading edge) or a
combination of these29'33 are available.

With the integrated analysis capability that has been devel-
oped, the following behavior functions can be evaluated: elas-
tic displacements; elastic twist; spar/rib cap stresses; skin
combined stress failure criteria114; natural frequencies; real
and imaginary parts of aeroservoelastic poles; rms values of
random control surface rotations and rates due to gust; rms
values of sensor measurements in gust; total mass; lift and
drag coefficients; control surface rotations; and hinge mo-
ments in maneuvers. It should also be noted that roll rate or
load factor at a particular altitude and Mach number can be
treated as design variables; therefore, they can be maximized
or constrained.

Control surface effectiveness is not addressed directly at this
stage. The synthesis emphasizes sustaining a desired roll rate
or load factor while keeping hinge moments, control surface
deflections, and stresses within allowable bounds.

Aeroservoelastic stability is guaranteed by providing ade-
quate damping at each flutter critical aeroservoelastic pole
throughout the flight envelope.115 Handling qualities can be
preliminarily addressed via inequality constraints on the aero-
servoelastic pole locations (e.g., short-period root placement)
and pilot-seat acceleration due to atmospheric turbulence.86'89

The control surface deflection needed for trim and overall
performance in a given maneuver and its rms activity due to
gusts can be combined to ensure that no saturation occurs.91'92

Any of the behavior functions or their combinations can
serve as objective functions. Possible alternatives are mass,
drag (to be minimized), steady roll rate, lift-to-drag ratio (to
be maximized), or a combination of these.

The present analysis capability offers a rich variety of be-
havior functions for wing design synthesis. Thus, the interac-
tion among structure, control, aerodynamics, handling quali-
ties, and airplane performance can be taken into account in an
integrated manner.

Approach to Integrated Optimization
Once the preassigned parameters, design variables, failure

modes, load conditions, and objective function are selected,
the integrated optimization problem can be cast as a nonlinear
programming problem having the form of Eq. (1).

The nonlinear programming approach combined with ap-
proximation concepts (NLP/AC approach) has proven to be
an effective method for solving structural synthesis prob-
lems,21'22 and here it will be adapted to the multidisciplinary
design optimization task. In this method relatively few de-
tailed analyses are carried out during optimization. Each anal-
ysis and the associated behavior sensitivity analysis serve as a
basis for constructing approximations to the objective and
constraint functions in terms of the design variables. Thus, a
series of explicit approximate optimization problems is solved
converging to an optimal design.

The main advantage of the NLP formulation is its general-
ity. No a priori assumptions have to be made about the set of
active constraints at the optimum. Given an initial design, a
local optimum is sought using mathematical programming
techniques. Thus, it is especially suitable for multidisciplinary
optimization, where the problem is large and complicated and
past experience does not provide much intuitive guidance.
However, for the NLP approach to be practical, it is crucial to
avoid too many detailed analyses. Success in this regard de-
pends on efficient analysis/sensitivity calculations and on
making the explicit approximations of objective and con-
straint functions robust yet simple enough for efficient solu-
tion.

The use of analytic behavior sensitivities and the construc-
tion of robust approximations for behavior functions in terms
of the design variables are at the heart of the NLP/AC ap-
proach. During the past two decades, approximation tech-
niques for static deflection, stress, and natural frequency con-
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straints have been studied extensively and are now well
established. Several methods for divergence and flutter con-
straint treatment have been developed, but no experience has
been reported with the aeroservoelastic poles of an actively
controlled airplane, the rrhs of the response to random gusts,
or hinge moments of a flexible control surface on an elastic
wing. It should be pointed out that in maneuver load analysis
the loads acting on the airplane are functions of the design
variables via static aeroelasticity as well as through inertial
effects. The right side [P] of the matrix equation

(where AT is a stiffness matrix modified by aerodynamic terms
corresponding to structural and control surface motions) thus
depends on the structural design variables, whereas in the
classical given loads analysis, the right side (P} is fixed. Thus,
the success of approximations using reciprocal variables (Ref.
116) for stress and static deflection in static analysis is not
guaranteed in maneuver load analysis, and alternative approx-
imations have to be carefully examined.

Some aspects of maneuver load and drag analysis have
already been discussed in the literature within the framework
of integrated wing optimization.29'33'67'68'70 In the following we
will, therefore, focus on the aeroservoelastic and gust response
analysis and behavior sensitivity calculations.

Aeroservoelastic Analysis
As pointed out in Ref. 117, all time-dependent phenomena

of the elastic airplane are governed by a universal set of
equations of motion, wherein only the right side (representing
the input) varies in proceeding from one phenomenon to the
next. Indeed a measure of multidisciplinary integration of
analysis techniques, concepts, and terminology is needed even
before multidisciplinary optimization is addressed.

: Several steps in this direction have been taken in the
past.118'121 However, almost 20 years after the publication of
Ref. 11^, still no particular approach to the dynamics of the
deforrriable airplane is universally accepted. The analysis here
for time-dependent problems is based on the widely used set of
linearized equations for small perturbations of elastic airplane
motion with respect to eotistant speed, level flight.122'127 Al-
though perturbations in the longitudinal direction are not
taken into account at this stage, the analysis is adequate for
addressing basic stability and control as well as aeroservoelas-
tic problemsof highly Augmented airplanes in the context of
preliminary design.89

Aeroelastic Model
Assuming small perturbations from a steady level flight, the

Laplace transformed equations of motion for the elastic air-
plane are

(8)

The vector of displacements can be expressed in terms of ns
structural response DOF and nc control surface deflections:

(9)

and the equations of motion corresponding to the structural
DOF are partitioned accordingly to yield

s* + [Css]s + l K a ] ] ( q , } + ( [Msc]s2 + [Csc]s

+ [Ksc]}iqc}-qDS[Qss(s)]}iqs}

On
= S (10)

The finite-dimensional approximation to the Laplace trans-
formed generalized unsteady loads using the Roger ap-
proach111'113 is of the form

[P/+3] (11)(s+bi)

In the minimum state method,112'113 the functional dependence
of the generalized aerodynamic force matrix on the Laplace
variable is approximated by a rational expression of the form

lQ(s)] = (Pi]s2+[P2]s + [P3] + IPA (12)

The finite-dimensional Roger approximation of the Laplace
transformed generalized unsteady gust loads used is of the
form

] = s [P2
G] + [P3

G] (13)

The minimum state approximation used for the gust load
vector is

[P3
G1 + [P (14)

(Note that the notation [P] is used to denote matrices associ-
ated with unsteady aerodynamics finite-dimensional state
space approximations. However, the matrices [P/] and [P/G]
(/>4) have different meanings depending on whether the
Roger or minimum state approximation is used.)

Partitioning the aerodynamic matrices associated with
structural DOF according to Eq. (9) leads to a Roger approx-
imation of the form

lQa(s)9Qx(s)] = [Pf ,Pf]

/Ti (s + b,)
(15)

and to a minimum state partitioned approximation of the
form

lQa(s)] =

lQ5C(s)] = [PfV

IPS Isl ~ PS] (16)

(17)

In the above expressions, [PH^fM^fl are aerodynamic
apparent mass, damping, and stiffness matrices, respectively.
Their dimensions are (nsxns). [PfLIPfLIPf] are aerody-
namic apparent mass, damping, and stiffness matrices, respec-
tively, associated with the coupling terms between control
surface and structural motion. Their dimensions are (nsx nc).

Aerodynamic states are now introduced as follows. For the
Roger approximation

(18)

(19)

Aerodynamic states for the minimum state method are in-
troduced as

(r,A(3)] = (20)

(21)
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and in the minimum state approximation

Thus, in the Roger approximation, the state space equations
for the added aerodynamic states associated with structural
deflection are

(22)

(23)

Two vertical wind gust state space models are available in
the literature for random gust response calculations. These are
the Dry den5'6 model and any rational approximation to the
von-Karman128'129 model. In both cases a gust filter, repre-
sented by a strictly proper transfer function, is used to trans-
form a Gaussian zero mean white noise input w into the
vertical gust speed WG with a given power spectral density and
rms. A state space description of the gust input is thus of the
form

(24)

(25)

(26)

If aerodynamically augmented mass, damping, and stiffness
matrices are now introduced in the form

Mss=Mss-qDSP?

Kss = Kss —

Msc=Msc-qDSPfc

— Ksc —

(27)

(28)

(29)

(30)

(31)

(32)

(Ksc and Csc are zero)

and five subvectors of the state vector {x} are defined as

(x2}=s(qa

(33)

(34)

(35)

(36)

(37)

then after substitution of Eqs. (11-32) into Eq. (10), the
structural and unsteady aerodynamic part of the integrated
equations of motion can be written in matrix form as

(38)

(39)

while [£],[F],[G], and {//} are matrices whose elements de-
pend on structural, aerodynamic, and gust filter terms. Equa-
tions (38) are the Laplace transformed equations for the struc-
tural and aerodynamic states. To complete the state space

where { u } is a vector of control surface excitations

formulation of this problem, the feedback expression relating
the control surface motion (qc(s)} to the structural motions
(qs(s)}> (sqs(s)}y (s2qs(s)} is used to close the control loops.

Control System
The actual displacements, velocities, and accelerations at a

set of points on the structure are given by

(40)

The matrices $o, $i» $2 are determined by the location of
measurement points on the structure. Actual structural re-
sponses are measured by a set of sensors whose output signals
serve as input to control laws. These control laws generate
input commands [d] to the actuators. The nc commands, 6/,
are synthesized to serve as input to nc actuators.

A typical control law transfer function is given by

(41)

where >>SE/ is the input signal to the control element. The state
equations for a single control law are given by

0 0
1 0
0 1

0 0

do
di

-d2 (42)

6, = ( 0 0 0 - • • -l}(xCQ)+bttySBI (43)

where df and b\ are the transfer function denominator and
numerator coefficients. When all control laws are assembled,
the multi-input multi-output control block controlling several
actuators is represented by

= [-4co] f*co) + (44)

(45)

Sensor and actuator transfer functions are assumed to have
denominators of higher order than their numerators. When
several sensors are present, the state space model relating the
sensor states. {JCSE), the sensor outputs {>>SE}» and the actual
structural response {^STR! is

(46)

(47)

The state space model relating the sensor states (JCSE), the
sensor outputs {>>SE}» and the actual response (^STR) is [see
Eqs. (33), (34), (40), and (47)].

s USE) = WSE!USE) + [#SE]{>>STR}
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s i XSE } = [ASE] { XSE } +

(48)

The state space model of the actuators is given by

s { *ACT ) = [A ACT! (*ACT ) + [^ACT] ( <$ } (49)

toJ = [CACTH*Acr) (50)

where { qc } is the control surface deflection (assuming irre-
versible surfaces). The matrices [v4co], [BCo]9 [A:oL HSE]»
[/?SE]» [^ACT]> an^ L#ACT] depend on the design variables asso-
ciated with the control system through relations similar to
Eqs. (42) and (43). Using Eqs. (44-50), the control surface
excitation vector {« ) [see Eq. (39)] can now be expressed in
terms of structural, aerodynamic, and control system states as
follows:

+ [CACT] [̂

ACT] [AxJ [CSE] USE } (52)

X [XSE]

(53)

Complete System
The state vector of the whole system is partitioned into eight

subvectors. The following subvectors are added to the five
which have been already defined in Eqs. (33-37):

(54)

(55)

(56)

Assembly of the state space models of the structure, sensors,
actuators, control block, and approximate unsteady load and
gust aerodynamics leads to the closed-loop state space equa-
tions of the complete system:

(57)

(58)

When NI lag terms are used, then in the case of Roger approx-
imation

The order of the system is given by

A2SYS = 2 ns

and in the case of minimum state approximation

The considerable saving in terms of added aerodynamic states
with the minimum state approach is now evident, since with
the Roger approximation the number of added states is a

product of the number of lag terms used to fit the data [Eq.
(11)] times the number of structural DOF used.

Dependence of System Matrices on the Design Variables
Examine the [E], [F], [G], and [H] matrices of Eq. (38).

When augmented by the control system state space equations
for the control system states [Eqs. (44), (48), and (49)] and if
full-order structural matrices are used (no modal reduction),
then each of these matrices is a linear combination of struc-
tural, aerodynamic, and products of control system terms.
The transformation matrix relating system states ( j c ) to con-
trol excitations [u] [Eqs. (51-53)] depends only on control
system parameters (no modal reduction). Substitution of Eqs.
(51-53) into Eq. (38) shows that the elements of the [U], [K],
and ( W\ matrices of Eq. (57) are of the form

(S l)u + (A 1)0 + (Cl)0 + (52)0(02)0 + (A 2)0(03)^ (59)

The structural mass and stiffness terms 51, 52 depend only
on structural design variables, whereas the control system
matrices Cl, C2, C3 depend only on control system design
variables via the state space models of actuators, sensors, and
control laws. Since wing cross section and planform shape are
preassigned at present, when full-order stiffness and mass
matrices are used, the aerodynamic terms associated with gen-
eralized unsteady loads and gust forces do not change with a
change in design variables. When modal reduction is used to
reduce the order of the system matrices, then a fixed modes
approach is adopted here130 resulting in fixed aerodynamic
terms for the modally reduced models also. Modal reduction is
further discussed in the next section.

Full-Order and Reduced-Order Models
With the equivalent plate approach, the structural model

may include a relatively small number of DOF when compared
to conventional finite element models. These are generalized
displacements associated with the Ritz polynomials. The gen-
eralized aerodynamic matrices are calculated for the same set
of Ritz polynomials used in Eq. (2). Thus, the aeroservoelastic
stability analysis can be done with a full-order model, includ-
ing the full-order mass, stiffness, and aerodynamic matrices or
by order reduction based on a small number of normal modes.

If a Roger or a minimum state approximation can be found
that will accurately fit the full-order aerodynamic matrices
with a small number of lag terms, then these approximation
matrices can be used in the aeroservoelastic stability analysis
even with modal reduction. They just have to be premultiplied
and postmultiplied by the generalized mode shapes in order to
have the approximation to the modally reduced aerodynamic
matrices. Although the number of structural DOF might dif-
fer significantly between full-order and modal analysis, the
number of aerodynamic states is the same when both ap-
proaches are based on the same minimum state approximation
to the full-order aerodynamic matrices. If the Roger approxi-
mation is used, the number of added aerodynamic states in-
creases with any increase in the number of modes used for
reduction. This produces very large models when many modes
or a full-order analysis are used. Another possibility is first to
modally reduce the frequency-dependent unsteady aerody-
namic matrices using modes that are periodically updated
after a given number of analysis/sensitivity optimization cy-
cles. Then it might be possible to fit these reduced matrices
using fewer lag terms than the number needed to fit the
full-order matrices. If a smaller number of lag terms can thus
be used, this will reduce the dimensions of the U, V matrices
in Eq. (57), compared to their dimensionality in a modal
approach, which uses pregenerated full-order aerodynamic
matrices. However, rather than preparing the full-order aero-
dynamic approximantes only once before any synthesis starts,
in the latter case it would be necessary to generate aerody-
namic approximants each time the set of modes used as a basis
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for modal reduction is changed during the synthesis. All of the
modal reduction/unsteady aerodynamic approximation alter-
natives described so far have been included in the present
capability. However, their comparative assessment is beyond
the scope of this paper.

When full-order aerodynamic matrices are used, they are
generated once for the Ritz functions employed in the struc-
tural analysis, and they are invariant with respect to changes in
either structural sizing or control system design variables.
When modal reduction is used, the mode shapes are periodi-
cally updated after a given number of analysis steps and so are
the aerodynamic matrices and their finite-dimensional rational
approximations. Nevertheless, in eigenvalue sensitivity calcu-
lations, the derivatives of all reduced-order matrices are deter-
mined using a fixed-mode approach.130 This might require the
use of more modes in order to obtain good sensitivity informa-
tion. In summary, the derivatives of the aerodynamic matrices
with respect to structural or control system design variables
are zero for the full-order case, and they are assumed zero for
the reduced-order case.

The derivatives dU/dpf dV/dp can be calculated analyti-
cally for either structural or control system design variables
(p) by differentiting Eq. (59). The gust load vector [W]
depends only on gust filter and aerodynamic design variables,
and therefore its partial derivative with respect to p vanishes.

Stability is examined by computing the eigenvalues of the
generalized eigenvalue problem:

(60)

Sensitivity of eigenvalues with respect to structural and con-
trol system design variables is given by

dU

dp (61)

where \l/ and </> are left and right eigenvectors, respectively.

Gust Response Analysis and Sensitivity
In addition to several publications addressing it in the con-

text of active control technology,5'6'39 airplane response to
random atmospheric turbulence has already been discussed in
the context of structural optimization.131'132 Here, attention is
focused on the rms values of control surface rotations { q c } ,
rates {qc\, and sensor measurements

The state space equations [Eq. (57)] are transformed into
standard form

s (x(s)]=[A](x(s)) (62)

Since only [qc}, 5 [ q c } , and {>>SE} are considered, [Eqs. (47),
(51), and (52)], it follows that each output considered yk is
given by

,. _ ( /-* \TS *v \ f£.1\
Jk ~~ I ̂ k ) \* I (P*)

where { C k } is either constant or a function of control system
design variables.

The state covariance matrix is a solution of a Lyapunov's
matrix equation133 in the form

[ X ] [ A ] T = - { B } [ Q W ] [ S } T (64)

where [Qw] is the intensity matrix of the Gaussian white noise
w. Sensitivity of the covariance matrix [X] with respect to a
design variable p is calculated by differentiating Eq. (64):

-^ + T1 [A]T=-2(B}[QW]

(65)

and finally the derivative of the (rms)2 of yk is calculated by
differentiation of the covariance expressions based on Eqs.
(47), (51), and (52). It should be noted that

(B ) = '{ W\

and

d[U}~
dp = [U] -'[-1[ d p ]

\UY
from which it follows that

(66)

(67)

(68)

(69)

STRUCTURRL MODEL
(EQUIUflLENT PLflTE)

BICONUEH47. t/c flIRFOIL

Fig. 5 Lightweight fighter structural model.

RERODVNflMIC MODEL
(PCKFM)

TIP LRUNCHER RND MISSILE

X

HORIZONTRLTRIL

Fig. 6 Lightweight fighter aerodynamic model.
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Fig. 7 Lightweight fighter control system roll channel.
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Fig. 8 Approximations of missile pitch root damping (variable wing
thickness).
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Fig. 9 Approximations of missile pitch root damping (variable roll
loop gain).

and

(70)

The Hessenberg-Schur method of Ref. 134 is used to solve
both Eqs. (64) and (65)._Note that after the analysis is carried
out, the matrices [A], [>4]rare already reduced to Hessenberg
and Schur forms. Therefore, the sensitivity calculations of Eq.
(65) are equivalent to adding right sides to Eq. (64).

Numerical Examples
Actively Controlled Lightweight Fighter Test Model

Structural and aerodynamic models of a lightweight fighter
airplane are shown in Figs. 5 and 6. The airplane is similar to
the YF-16, and the construction of its mathematical model
was guided by Refs. 29, 135, and 136. It is different than an
actual YF-16. Vertical tail and ventral fins are not included.
The fuselage and horizontal tail are assumed rigid. There is no
leading-edge flap. The wing has a biconvex (about 4% thick-
ness-to-chord ratio) airfoil. It is made of aluminum skins and
an array of spars and ribs. A flexible aileron and a rigid tip
launcher/missile assembly are attached to the wing using
springs. The configuration analyzed weighes 20,000 Ib and is
statically unstable.

The roll channel of the flight control system is shown in Fig.
7. It is based on the YF-16 roll channel (Refs. 12, 135, and

136). The lightweight fighter model used here is intended to
illustrate the well-known YF-16 aeroservoelastic roll instabil-
ity (Refs. 12, 13, and 135). Lack of sufficient data precluded
a more refined simulation of the YF-16. However, the model
used here is representative of a typical fighter airplane and is
quite complex in its detail.

Two mechanisms of instability, similar to those encountered
in the YF-16, exist here. As the aileron gain Fp (Fig. 7) is
increased, a 6.5 Hz instability appears associated with a mis-
sile pitch mode. With a further increase of Fp, a second
instability appears at 3.5 Hz associated with the rigid-body roll
mode. Mach 0.9 aerodynamics for antisymmetric motion at
20,000 ft is used in the stability calculations. Since the original
airplane is unstable at this point, it is artificially stabilized here
by reducing the gain Fp and adding inherent damping. Stabil-
ity of the model is necessary for studying gust response ap-
proximations.

Results
The multidisciplinary wing analysis/synthesis capability de-

scribed here has been extensively tested. Structural, aerody-
namic, aeroelastic, and aeroservoelastic results have been
compared with analysis/test data available from other
sources, and overall good correlation was found. The analytic
behavior sensitivities were verified by finite-difference sensi-
tivity checks. Here we emphasize some of the basic issues
associated with the feasibility of applying the NLP/AC ap-
proach to truly integrated multidisciplinary wing synthesis.
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These are the computational speed of analysis/sensitivity
calculations and the robustness of behavior function approxi-
mations.

Parametric studies of the effects of design variable varia-
tions on aeroservoelastic poles are presented in Figs. 8 and 9.
Figure 8 shows the variation of the damping ratio f of the
missile pitch mode with a typical structural thickness design
variable. In Fig. 9 the damping varies with a typical control
system design variable: the gain (Fp) (Fig. 7). In both figures
the design variable is varied over a wide range of values. In
practical optimization, move limits will be imposed on design
variables to ensure accuracy of behavior function approxima-
tions. When move limits of 30% are used, both direct and
reciprocal Taylor series representations116 yield reasonable ap-
proximations. Thus, hybrid approximations seem adequate
for explicit representations of aeroservoelastic pole con-
straints.

Figure 10 shows the variation of the aileron mean square
deflection due to atmospheric turbulence when the gain Fp is
varied. As the missile pitch mode is destabilized (Fig. 9), the
gust response increases sharply. Away from the stability
boundary, the mean square (ms) aileron deflection is well-ap-
proximated by either a linear or reciprocal approximation with
30% move limits. Tighter move limits might be needed near
the stability boundary as damping ratios approach zero. It is
expected that any optimization procedure will respond to a
decrease in damping and an increase in gust response by
driving the design away from damping and gust response
constraint violations.

Constraints associated with maneuver loads are evaluated
next to determine the quality of approximations [see Eq. (7)].
The thickness of the skin on the wing inboard box is varied
over a wide range of values. The variation of the aileron hinge
moment needed to sustain a desired steady-state roll at sea
level, M = 0.9, is shown in Fig. 11. A stress constraint for a
point on the skin in a 9 g symmetric pull-up in terms of a
quadratic stress failure criterion114 is illustrated in Fig. 12. The

o2.50n

•£ 1.50-
8
£°
0-1.00-

,0.50-

.40 .60 .80 1.00 1.40 1.80 2.20 2.60 3.00
normalized control system roll loop gain

Fig. 10 Approximations of mean square aileron rotation activity in
turbulence (variable roll loop gain).

"S
= 1.00-1
E
c

0.80-

0.60

aileron hinge moment increases as aileron effectiveness is lost
due to a decrease in wing skin thickness in Fig. 11. Again, with
move limits of 30%, both linear and reciprocal approxima-
tions work quite well. Based on the examples presented here,
it is expected that robust approximations can be constructed
for constraints associated with a) deflection, stress, control
surface trim angle, and hinge moment in given pull-up and roll
maneuvers and b) aeroservoelastic stability and gust response
limitations in given level flight conditions. Similar consider-
ations can be expected to apply to deflection and stress con-
straints in "given-load" load conditions as well as natural
frequency constraints based on the extensive study of these
constraints within the framework of structural synthesis.116

Typical CPU times for execution of an analysis/sensitivity
cycle on the lightweight fighter are given in Table 1. In this
example, three maneuver load cases and one given-load case,
symmetric and antisymmetric modes are calculated, and
aeroservoelastic stability and gust response are included for
one level flight condition. The wing is covered by a grid of 81
points for deflection and stress calculations. A total of 3222
constraints and all of their sensitivities with respect to 40
structural, aerodynamic, and control system design variables
are calculated in about 7 min. The constraints include a com-
prehensive mix of gauge, slope, displacement, stress, natural
frequency, aeroservoelastic pole, gust response, drag, hinge
moment, and control surface travel constraints. As Table 1
shows, the major part of the computation time in one analy-
sis/sensitivity cycle is spent on the behavior sensitivity calcula-
tions. Constraint deletion22 strategies will reduce this time
considerably by retaining only a small subset of critical and
potentially critical constraints as drivers in each approximate
problem formulation. Only sensitivities of the retained con-
straints are needed, and CPU time for one detailed analysis/
sensitivity/approximate problem generation stage will be re-
duced considerably. Thus, if about 10-15 detailed analyses are

———I———————i———————l———————i———————|———————i
.00 .50 1.00 1.50 2.00 2.50 3.00

normalized constant term in skin thickness polynomial

Fig. 11 Approximations of hinge moment in steady roll (variable
wing thickness).

.40 .60 .80 1.00 1.20 1.40 1.60 1.80 2.00
normalized constant term in skin thickness polynomial

Fig. 12 Approximations of skin quadratic stress failure criterion in a
9 g symmetric pull-up maneuver (variable wing thickness).

Table 1 Typical computation times, seconds

Generate M, K, and {P j 5.4
Given-load solution 0.09
Maneuver load solutions 0.35
Drag calculations 0.07
Natural modes 4.8
Generate A, B matrices 1.53
Aeroservoelastic stability analysis 15.58
Gust response analysis 11.44
Deflection, stresses calculations 0.86
Total analysis 40.12

Stess, deflection sensitivities 295.15
Natural frequency sensitivities 1.47
Aeroservoelastic pole sensitivities +

gust response sensitivities 53.15
Total sensitivity 349.77
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needed for optimization based on approximation concepts
(Ref. 22), it can be anticipated that between 40-60 CPU min
will be needed on the UCLA IBM 3090 Model 200 for inte-
grated multidisciplinary optimization of practical wings.

Concluding Remarks
A general framework for wing optimization has been devel-

oped, highlighting the multidisciplinary nature of the prob-
lem. A balanced multidisciplinary wing analysis and behavior
sensitivity analysis capability has been described. Emphasis
was placed on various aspects of the aeroservoelastic problem
formulation as well as integration and testing of the aeroelas-
tic elements of the new method. Promising results in terms of
approximation accuracy and computation times indicate that
the integrated multidisciplinary optimization of practical ac-
tively controlled, fiber composite wings is within reach.
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