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Exploratory Design Studies of Actively Controlled Wings
Using Integrated Multidisciplinary Synthesis

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

Analysis and synthesis techniques used in a newly developed, multidisciplinary, control augmented, structural
wing optimization capability are reviewed. Structural, aerodynamic, and control system mathematical models
that are suitable for the preliminary design of real airplanes are used in an integrated manner to synthesize
improved designs of wings and their active control systems. Optimization techniques developed for structural
synthesis are adapted to the integrated multidisciplinary wing synthesis problem, in which constraints from
several disciplines are taken into account simultaneously and the design space is opened up to include structural
and control system design variables. The effectiveness and efficiency of the new capability are studied using a
mathematical model of a remotely piloted vehicle.

[A ] , [B]

ac,bc,cc
{ Ck }

F ( [ X } )
g ( { X } )

h(x,y)
[K]
[K]
[P]

[Qw]
{ q }

{ q }

qc
s
7/

t(x,y)
[^n» t^

{ H> }

Nomenclature
state-space system matrices of the
aeroservoelastic system in standard form
spar and rib cross-sectional area structural
design variables [Eq. (4)]
control system design variables [Eq. (13)]
transformation vector relating the system's
state vector to system output k
objective function
vector of inequality constraints
coefficients of the polynomial series for
wing depth [Eq. (2)]
wing depth
structural stiffness matrix
aeroelastic stiffness matrix
vector of generalized loads in maneuver
(dependent on structural design variables)
intensity matrix of the Gaussian white noise
vector of generalized structural
displacements
vector of generalized structural
displacements and control surface rotations
at a given maneuver point
control surface rotation
Laplace variable
coefficients of the polynomial series for
wing skin thickness distribution [Eq. (3)]
wing skin thickness distribution
aeroservoelastic system state-space model
matrices [Eq. (6)]
zero mean Gaussian white noise
actual vertical acceleration at the
accelerometer location at 0.65 chord on the
wing strip containing the aileron
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[X] = state covariance matrix
{ X } = vector of design variables
[ X } L - vector of design variables' lower bounds
[ X ] u = vector of design variables' upper bounds
MS)} = Laplace transformed state vector of the

aeroservoelastic system
yk = system output k
ySE - sensor output
d = actuator command = control law output
f] - coordinate along spar or rib length
coc = equivalent natural frequency of the control

law transfer function (second order)
fc = equivalent viscous damping of the control

law transfer function (second order)

Introduction

M ULTIDISCIPLINARY interactions have always been
central in airplane wing design. The introduction of ac-

tive control technology1'3 and composite structural tailoring4'6
during the last 15 years have made these interactions more
complex and important. Experience has shown that incom-
plete treatment of multidisciplinary interactions during the
design process can lead to dangerous consequences.7'8 At the
same time, the benefits of multidisciplinary integration have
become widely recognized motivating extensive research and
influencing design.9"11 Still the design practice of the past,
which was based on a sequential, compartmented approach, is
often followed today. True, advanced analysis and testing
tools have been developed to address multidisciplinary interac-
tions. Active flutter suppression, maneuver load control, gust
alleviation, and ride smoothing techniques are utilized, to
mention a few examples. Optimization techniques are used for
control system synthesis, aerodynamic design, and aeroelastic
tailoring. Structural wing synthesis subject to structural,
aeroelastic, and aerodynamic performance constraints has suc-
cessfully followed in the footsteps of structural synthesis12'13

using a variety of computer codes and techniques.14"18 How-
ever, the application of optimization techniques to multidisci-
plinary wing design is still in its infancy. True integration in
design involving structures, aerodynamics, and performance
simultaneously is described in Refs. 19 and 20. The synthesis
of realistic wings subject to a set of multidisciplinary con-
straints addressing design variables influencing several disci-
plines including controls has not been carried out. This inte-
grated synthesis of a wing structure and its active control
system is particularly complex and difficult. In the few cases
where it was studied,21"23 the mathematical models used were
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so simplified that they did not provide an assessment of the
techniques needed to optimize realistic wings, and the accumu-
lation of practical design experience was not possible. Thus,
the application of modern optimization techniques to wing
design involving a diverse mix of constraints and design vari-
ables based on analyses from several disciplines (structures,
structural dynamics, aeroelasticity, control, and handling
qualities) has not yet been treated in a comprehensive and
realistic manner.

Reference 24 describes a synthesis capability for actively
controlled fiber composite lifting surfaces. It discusses struc-
tural, aerodynamic, and control system modeling techniques
adopted and modified to challenge the formidable computa-
tional task of carrying out analysis and behavior sensitivity
calculations for this problem with computer resources that
make optimization practical and with accuracy that is suffi-
cient for preliminary design. It is based on the generalization
of the nonlinear programming/approximation concepts
(NLP/AC)12'13 approach from structural synthesis to multidis-
ciplinary optimization. The present paper focuses on the con-
trol augmented, aeroservoelastic, structural synthesis problem
and reports results achieved using the new capability.24 The
applicability of approximation concepts to the control aug-
mented, structural synthesis of wings is studied. Examination
of optimization convergence as influenced by including ap-
proximations of new constraints (particularly aeroservoelastic
stability and gust-response constraints) guides identification of
effective move limits, convergence criteria, and approximation
types to be used. Examples of integrated optimization of a
realistic wing and its active control system with structural and
control system design variables subject to gauge, stress, aeros-
ervoelastic stability, and gust-response constraints offer an
improved understanding of this complex synthesis problem.

Review of Mathematical Modeling Techniques
The integrated optimum design capability is based on a

unique integration of analysis techniques for the required dis-
ciplines. Their selection is a tradeoff between accuracy and
detail and the computational resources required.24 In the struc-
tures area, a rather general equivalent plate analysis25 which
builds on the basic ideas underlying the TSO computer code14

and incorporates additional recent developments proposed by
Giles26 is used. Configurations made of several plate segments
can be analyzed to simulate wing/control surface configura-
tions. The equivalent plate structural analysis documented in
Ref. 25 is integrated with the piecewise continuous kernel func-
tion method (PCKFM) developed by Nissim and Lottati for
lifting surface unsteady aerodynamics.27"30 This method is par-
ticularly 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
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Fig. 1 Aeroservoelastic control system modeling.

gust-alleviation studies. 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 invariant (LTI)
state-space form. It then follows that some approximation of
the unsteady aerodynamic loads in terms of rational functions
of the Laplace variable is needed. The method of Roger31 has
been widely used for finite-dimensional unsteady aerodynamic
loads representation for quite a while. The minimum state
method, developed by Karpel32 and studied in Ref. 33, is
found to be attractive because it has the potential for generat-
ing accurate approximations to unsteady generalized aerody-
namic forces, while adding only a small number of augmented
states to the mathematical model of the aeroservoelastic sys-
tem. Both methods are available in the present capability. The
integrated aeroservoelastic system is modeled as an LTI sys-
tem. Since the number of sensors and control surfaces is small
in real airplanes, complex, high-order control laws generated
by some modern multi-input multi-output (MIMO) control
system design techniques are avoided at this stage. A block
diagram of the actively controlled aeroservoelastic system is
shown in Fig. 1. Airplane motions (acceleration and angular
rates) are measured by a set of sensors placed on the structure.
The resulting signals ySE are used as inputs to the control law
block which commands control surface actuators. The control
surface motions qc guarantee stability and desirable dynamic
response of the complete system. The control system is com-
pletely described by the location of sensors and control sur-
faces 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.

The combination of modern equivalent plate structural
modeling, PCKFM lifting surface aerodynamics, and LTI
MIMO control system modeling is assumed to be adequate for
this exploratory venture into multidisciplinary practical wing
synthesis. In addition to a reliable prediction of deformations,
stresses, flutter results, and static aeroelastic effects, quite
good hinge moments34 and induced drag35'36 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.37 Its aerodynamic predictions
might be improved by using correction-factor techniques if
any measured data are available. As to control system model-
ing, the techniques used here make it possible to properly
model real flight control or active flutter suppression systems.
Effects of real actuators and sensors on control system perfor-
mance are automatically taken into account through their
given transfer functions.

Design Variables
Reference 24 sets forth a framework for multidisciplinary

wing synthesis and describes a hierarchy of design variables
consisting of sizing type design variables at the lowest level,
followed by shape and then topological type design variables.
This classification applies to design variables spanning struc-
tures, control, and aerodynamics. The higher the location of
design variables in this hierarchy in a particular design synthe-
sis problem, the more complex and computationally intensive
is the synthesis. In the present study of combined structure/
control aeroservoelastric synthesis, a balance is maintained in
level of optimization complexity by focusing on sizing type
design variables for all disciplines considered.

Structural Design Variables
Figure 2 shows an airplane modeled as an assembly of flex-

ible lifting surfaces. Each lifting surface is modeled as an
equivalent plate whose stiffness is controlled by contributions
from thin cover skins (fiber composite laminates) and the in-
ternal structure (spar and rib caps). Plate sections are con-
nected to each other via stiff springs (representing hinge stiff-
ness at attachment points) and flexible springs (representing
the stiffness of actuators and their backup structure). Each
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Fig. 2 Equivalent plate structural modeling.

wing section can be represented as a combination of several
trapezoidal segments. Concentrated masses are used to model
nonstructural items and balance masses. The vertical displace-
ment w of each section is approximated by a Ritz polynomial
series of the form

(1)

where x and y are chordwise and span wise coordinates, respec-
tively, and mi and ni are powers describing the type of polyno-
mial series used. It can be a complete polynomial in x and y or
a product of polynomials in x and y (Ref. 25). The depth of a
wing section is given by a polynomial

Nh

(2)

where the Ht are preassigned parameters. Thickness distribu-
tion of a typical skin layer is represented by

t(x,y) = £ TiX
kiyl (3)

Rib and spar cap areas are allowed to vary linearly over their
length 77

(4)

The present equivalent plate modeling capability25 makes it
possible to efficiently analyze combined wing box/control sur-
face configurations. At the present stage of research structural
topology, planform shape, airfoil shape, and material proper-
ties are preassigned. Only sizing type design variables are used.
For skin-layer thicknesses [Eq. (3)], the coefficients of the
thickness power series serve as design variables. This guaran-
tees smooth thickness variation for each layer. For spar and rib
cap areas [Eq. (4)], two coefficients are used as design vari-
ables 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.

Control System Design Variables
The control system design variables are limited at this stage

of research to sizing variables, namely the values of coeffi-
cients in the numerator and denominator of control law trans-
fer functions (Fig. 1). Other parametrizations of the controller
exist, of course, and controllers for the current aeroservoelas-
tic models could be synthesized using more advanced MIMO
control system design techniques. The direct transfer function
synthesis approach adopted here makes it possible to treat

quite complex and realistic control systems as well as very
simple controllers. It is in balance with the sizing level treat-
ment of the structural synthesis. Furthermore, it is general
enough to allow study of realistic interplay between structure
and controls in integrated aeroservoelastic synthesis. Thus,
control surface locations, sensor locations, topology of the
control system, and the order of numerator and denominator
polynomials in the transfer functions are preassigned. It is
assumed here that sensor and actuator transfer function are
preassigned, although the formulation allows the treatment of
their numerator and denominator coefficients as additional
design variables.

The set of design variables treated here spans two disci-
plines, namely structures and control. The design space is thus
opened up to simultaneously span sizing level design variables
from these two disciplines.

Analysis Capabilities
To provide a rich variety of constraints and alternative

objective functions, the following analysis capabilities are
included.

Static "Maneuver Load" Analysis
Static aeroelastic deflections and stresses are calculated for

the elastic airplane in maneuver. Maneuvers include symmetric
pull ups (defined by Mach number, altitude, and load factor)
or steady rolling maneuvers (defined by Mach number, alti-
tude, and roll rate). In addition to elastic deflections and
stresses, the control surface deflections and hinge moments
needed for the maneuvers are obtained. Maneuver deflection
and stress analysis consists of solving the equations of motion
of the free-free deformable airplane in maneuver. In a stiffness
formulation based on the Ritz polynomial functions used in
Eq. (1), these equations take the form

(5)

where {q } is a vector of generalized displacements including
an added control surface rotation degree of freedom needed
for trim in pull-up or in roll. The matrix [K] is a nonsymmetric
matrix whose elements are combinations of structural stiff-
ness, aerodynamic stiffness, and aerodynamic control surface
stiffness terms. The vector { P ] depends on inertial forces, jig
shape (initial undeformed shape of the wing), and deflection
setting of additional control surfaces for drag or load modifi-
cation.

Aeroservoelastic Stability Analysis
Poles of the LTI state-space model of the control augmented

airplane are calculated for different flight conditions and
boundary conditions (cantilevered, symmetric or antisymmet-
ric free-free motion). Assembly of the state-space models of
the structure, sensors, actuators, control laws, as well as ap-
proximate unsteady air load and gust aerodynamics, leads to
the closed-loop state-space equations of the complete system in
the form

(6)

A "gust filter" is used to transform a zero mean Gaussian
white noise input w into a vertical gust speed of given power
spectral density and root mean square (rms) value which repre-
sents the structural excitation due to atmospheric turbulence.
The state vector {x} contains structural, sensor, actuator,
control law, gust filter, and aerodynamic states. The system
matrices [U] and [V] depend on structural and control system
design variables.24 Full-order structural modeling is possible
when all Ritz polynomials of Eq. (1) are used for stiffness,
mass, and aerodynamic terms of 17, K, and W. This, however,
is extremely expensive computationally even for the relatively
small number of polynomials needed for structural modeling
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of a typical configuration (20 - 80) and it was used only for
order-reduction convergence studies. Otherwise, modal trun-
cation order-reduction methods are used based on either a
subset of natural modes of the current design calculated with
each approximate problem generation38 or a set of "mass
modified" fixed modes39'40 periodically updated after a pre-
assigned number of full analyses (e.g., three). Finite-dimen-
sional state-space unsteady aerodynamic approximations can
be generated for the full-order aerodynamic matrices at the
start of optimization, or directly for modally reduced aerody-
namic matrices during optimization whenever the modal basis
is changed.24

Gust Response Analysis
The rms values of control surface deflections and rates as

well as rms values of selected sensor measurements due to
continuous atmospheric turbulence are calculated for different
flight conditions. Both Dryden and rational approximations
for the von Karman turbulence spectra are implemented. The
relevant quantities are rms values of control surface deflec-
tions { Q c } , rates { q c } , and sensor measurements { y$E } • The
state space equations [Eq. (6)] are transformed into standard
form

s { x ( s ) } = [A]{x(s)} + ( B } w ( s ) (7)

Since only { q c } , s {qc}, and {>>SE} are considered,24 a typical
output yk is given by

(8)

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 equation41 in the form

[X](A]T=-{S}[QW]{3}T (9)

where [Qw] is the intensity matrix of the Gaussian white noise
w. The Hessenberg-Schur method42 is used to solve Eq. (9).

Behavior Functions and Behavior Sensitivity Analysis
The following behavior functions can be evaluated with the

present capability: elastic displacements, elastic twist, spar/rib
cap stresses, skin combined stress failure criteria,43 natural
frequencies, real and imaginary parts of aeroservoelastic
poles, rms of random control surface rotations and rotation
rates due to gust, rms of sensor measurements in gust, total
mass, lift and drag coefficients, control surface rotations and
hinge moments in maneuvers, and roll rate or load factor in
maneuvers. Control surface effectiveness is not addressed di-
rectly at this stage. Instead the synthesis focuses on 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
sufficient damping at each flutter critical aeroservoelastic pole
throughout the flight envelope.44 Handling qualities can be
addressed via inequality constraints on the aeroservoelastic
pole locations (e.g., short period root placement) and pilot seat
acceleration due to atmospheric turbulence.45'46 The control
surface rotation needed for trim and overall performance in a
given maneuver and its rms activity due to gusts can be com-
bined in a single constraint to avoid saturation.47'48 Individual
behavior functions or their combinations can serve as objec-
tive functions. Possible alternatives are mass, drag, rms of
aileron rotation or rotation rate due to turbulence (to be min-
imized), steady roll rate or lift-to-drag ratio (to be maximized),
or a combination of any of these.

Implicit differentiation of the analysis equations is used here
to derive analytical expressions for the derivatives of all behav-
ior functions with respect to all design variables.24'49 This re-

sults in a computer code which is much larger and more com-
plicated than one where finite difference derivatives are used.
However, analytical sensitivities are free from numerical prob-
lems associated with finite difference step size selection and
they are attractive in the context of multidisciplinary synthesis
because of superior computational efficiency.

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 of the form

(W)
(10)

subject to

The nonlinear programming approach combined with approx-
imation concepts (NLP/AC approach) has proven to be an
effective method for solving structural synthesis problems12'13

and here it is adapted to the multidisciplinary design optimiza-
tion task. In this method relatively few detailed analyses are
carried out during optimization. Each analysis and the asso-
ciated behavior sensitivity analysis serve as a basis for con-
structing approximations to the objective and constraint
functions in terms of the design variables. Thus, a series of
explicit approximate optimization problems is solved converg-
ing to an optimal design. The main advantage of this approach
is in its generality. 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 mathemati-
cal programming techniques. Thus, it is especially suitable for
multidisciplinary optimization, where the problem is large and
complicated and past experience does not provide much intu-
itive guidance. However, for this approach to be practical it is
crucial to avoid too many detailed analyses. Efficient analysis/
sensitivity calculations and robust, explicit approximations
are essential in this context. The CONMIN code50 is used here
for constrained function minimization. Reciprocal approxi-
mations were used for stress and aeroservoelastic pole location
constraints. Hybrid approximations were used for gust-re-
sponse rms values. For the minimum gauge constraints direct
approximations were used. Since the gauge constraints are
linear in the structural design variables [Eq. (3)], we have exact
expresssions for these constraints.49

Test Case
The accuracy, power, and computational efficiency of the

present capability are discussed in Ref. 24 using a mathemati-
cal model of a lightweight fighter similar to the YF-16. For the
present optimization studies, a mathematical model of a small
remotely piloted vehicle (RPV) is used. Its planform geometry
is shown in Fig. 3. A biconvex 10% t/c wing is actively con-
trolled by a small control surface located at about 80% semis-
pan towards the tip. The control surface chord is 20% of the
local wing chord, and it is driven by an actuator whose transfer
function is preassigned

1.7744728-107

(11)

The wing control surfaces are only used for active flutter con-
trol. The elevators are used for rigid-body pitch and roll. The
elevator actuator transfer function is

20
(5+20)

(12)
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Fig. 3 Drone geometric layout.

qci and 5/ are the actual control surface rotation and actuator
command, respectively. The RPV structure is modeled as an
assembly of four equivalent plates. A flexible wing is attached
to a rigid fuselage and rigid control surfaces. The wing is
divided into three trapezoids. The two trailing-edge exten-
sions, to the left and right of the control surface, are assumed
fixed. The main wing box structure, extending from root to tip
span wise and to 80% chordwise, is the structure to be synthe-
sized. The weight of fuselage, control surfaces, and nonstruc-
tural wing mass is 308 kg for a half-airplane. A Dryden gust
model with a scale length of 518.16 m and a vertical gust rms
velocity of 1.06 m/s is used. Following Refs. 51 and 52, an
accelerometer is placed on the wing strip containing the control
surface. It is located in the middle (spanwise) and 0.65 chord
point of the strip. Its measurement serves as an input to a
control law which, in turn, generates an input command 6 to
the actuator of the wing control surface. The set of three load
conditions for wing stress calculations consists of 2-g sym-
metric pull-ups at sea level, 10,000, and 20,000 ft. In the "ma-
neuver load" calculations [Eq. (5)] the airplane is trimmed
using the elevator. All stress constraints reflect a 1.5 safety
factor. Flutter, gust, and aeroservoelastic stability calcula-
tions, though, are carried out at sea level, Mach 0.9 for the
cantilevered wing in the examples described herein. This is
done intentionally in order to first examine flutter suppres-
sion/ structural optimization using a realistic but simple exam-
ple, leaving flight mechanics issues for future studies.

It should be re-emphasized that the previous simplifying
assumptions are made only for illustrative purposes and to
facilitate physical interpretation of the design optimization
results. The present capability can handle airplane models
where multiple equivalent plate elements are synthesized sub-
ject to several pull-up or rolling maneuvers. Control systems
can contain many control elements and control laws, and
aeroservoelastic/gust response analyses can be carried out for
symmetric/antisymmetric free-free motion in several flight
conditions. The modeling detail and model size are only lim-
ited by available computer memory. The CPU time limits will
determine the number of load conditions and flight conditions
for aeroservoelastic/gust-response analysis. However, as
shown later, quite complex problems can be handled with
reasonable computer resources.

The control law used for this study is the localized damping
type transfer function (LDTTF) described in Ref. 53. This
low-order control law provides damping "locally" in the range
of frequencies where damping is needed. Its form is

s2+ bcs - (13)

The denominator coefficients can be associated with equiva-
lent damping fc and natural frequency coc of the control law

Thus, cc and bc determine the center frequency and gain peak
width of the control law transfer function while ac determines
the effective gain. The preassigned accelerometer transfer
function is

3142

s2 +376.8s+ 3142 (16)

The LDTTF control law is used here without compensation for
sensor and actuator transfer functions.52

Results
For a first sequence of numerical studies, a wing tip pod is

added to the wing simulated by two 2.5 kg masses at the
forward and aft points of the tip. The wing box construction
consists of all aluminum cover skins and there are no spars or
ribs in order to simplify the model and introduce as few struc-
tural design variables as possible. All stress carrying capacity
is thus confined to the skins, which are held together math-
ematically by the plate assumptions and in practice by an
array of minimum gauge spars/ribs whose stiffness can be
neglected. The Von Mises yield criteria is used. The skin-thick-
ness distribution is represented by a nine-term polynomial in x
and y, whose terms are formed from the polynomial product
(l,Jt,Jt2)(l,>>,.y2). It then follows that the participation coeffi-
cients TI [see Eq. (3)] serve as the nine structural design vari-
ables. Several alternative objective functions can be considered
using the new design capability. In the following examples,
however, the objective function to be minimized first is the
wing box skin mass. Figure 4 shows skin-mass convergence
histories for three synthesis cases, all starting with a 1 mm
(0.0393 in.) uniform skin-thickness distribution. In the first
case, mass is minimized subject to stress and minimum gauge
constraints only. Minimum skin thickness is taken to be 0.381
mm (0.015 in.), and the Von Mises equivalent stress and min-
imum gauge are constrained at 25 points over the wing box
surface (5 chordwise x 5 span wise). This is the "stress design"
without flutter constraints. In this case, the skin mass is re-
duced in 11 full analyses/approximate problem optimization
cycles from 4.486 to 1.743 kg.

The stress design is aeroelastically unstable. It flutters at sea
level, Mach 0.9, and thus, a second synthesis is carried out.
The same nine structural design variables are used and the
same stress and minimum gauge limitations are imposed; how-
ever, dynamic aeroelastic stability constraints are now added
to the set of requirements that must be satisfied. It is required
that at sea level, Mach 0.9, there should be at least 4.5%
equivalent viscous damping in the two lowest frequency poles,

Skin Mass (Kgm)

2.0-

1.0-

0.0-

DV - design variables

S - structural
C - control system
gi - constraint type

————— 1 ——
3 5

——— I —————— i —
10 15
Number of Ful

———— I ———
20

Analyses

——— 1 ———
25

——— l
30

cc = (14)
Fig. 4 Skin-mass iteration histories with different constraints and
design variables.
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and at least 1.5% damping in the next three (aerodynamic
poles which have very large damping ratios are ignored when
the closed-loop system poles are ordered by damped fre-
quency). In seven synthesis cycles, the optimization process
generates a design with a skin mass of 3.094 kg. This is the
"flutter design." As expected, a stiffer and heavier wing is
needed to prevent flutter. The constraint which drives this
design is a damping constraint associated with a flutter pole at
14.4 Hz.

An important question is addressed next: If we are unwilling
to pay in terms of structural weight, how effective can an
active control system be in further reducing the minimum
structural weight needed to satisfy stress and flutter con-
straints? Three control system design variables are now added
to the nine structural design variables. Wing skin-mass mini-
mization is carried out (control system mass is not taken into
account at this stage) subject to stress, minimum gauge, and
dynamic aeroelastic stability constraints starting from a 1-mm-
thick uniform skin and a control law:

t= .396 i

2000
s2 + 405- + 10,000

(17)

As shown in Fig. 4, the skin mass for this case is reduced to
1.838 kg. Examination of the optimization results reveals that
the driving constraint is again the damping at a pole. Its fre-
quency is 17.03 Hz, and the final damping ratio is 0.067, which
implies that with tighter convergence criteria for terminating
the optimization, additional weight savings could be achieved
(1% diminishing return on three consecutive approximate
problem optimizations is used as a convergence criterion). In
any event, the weight in the third case (1.838 kg) is brought
back almost to the level of the stress design weight (1.743 kg)
although convergence is slower. The third case required 27
cycles and 27 CPU min on the University of California at Los
Angeles IBM 3090-4 to converge. Also, whereas rapid conver-
gence was achieved for the cases with only structural design
variables using 40% move limits, it was necessary to use 10%
move limits when control system design variables were added
(in order to protect the accuracy of system pole approxima-
tions). This explains the slower convergence in the third case.

Minimum mass synthesis of the wing with structural and
control system design variables, subject to stress, gauge, and
aeroservoelastic stability constraints was tried again. This time
the initial structural design is the unstable stress design found
at the end of 11 iterations in the first case. Different initial
values for control system design variables are used. The opti-
mization is started with

1500
s2 +40s+4000

(18)

2 -

S

• tO(x,y)=uniform 1mm
• tO(x,y)=minimum mass stress design

!0(x,y) - initial thickness distribution
sign |

0 5 10 15 20 25 30
Number of full analyses

Fig. 5 Control/structure synthesis skin-mass convergence histories
(different initial designs).

t= .426

stress.gage.flutter constraints
(structural+control system DV's)

t=1

t=1.2 mm stress.gage.flutter constraints
(structural DV's)

t= .396 mm
t= .426 mm

stress.gage constraints
(structural DV's)
(unstable)

Fig. 6 Minimum weight aluminum skin-thickness distributions.

Figure 5 shows the two skin-mass convergence histories: one
for the design starting from 1-mm uniform skin and the other
starting from the stress design. Starting with the 1.743 kg skin
of the stress design, the mass minimization progresses by first
adding mass to stiffen the wing followed by manipulation of
the control system design variables to stabilize the wing with
the smallest weight penalty possible. In fact, the final skin
weighs 1.745 kg, essentially the same as if there were no flutter
constraints at all (i.e., 1.743 kg). Final skin-thickness dis-
tributions for the stress, stress plus flutter, and stress plus
actively controlled flutter designs are shown in Fig. 6. The
penalty in weight, when only structural design variables are
used and the flutter constraint is imposed, is clearly associated
with a required increase in wing torsional stiffness. The final
control laws for the two cases shown in Fig. 5 are 1517.77
(s2 + 51.4s + 15,072.9) and 1456.7/(s-2 + 40.25 + 15,310.4) for
the 1-mm initial design and stress initial design, respectively. It
is interesting to note that the numerator terms (effective gains)
converge from different starting points to values that are
within 5% from each other. The constant denominator terms
in both final control laws are almost the same indicating that
active damping is introduced at a band of frequencies around
19.6 Hz. This result is intuitively rewarding since the flutter
mechanism seems to involve a wing bending root at 16-17 Hz
and a second root at 25-26 Hz. The control law's localized
damping action is thus tuned so as to be approximately in the
middle of this band. The width of the frequency band is con-
trolled by the equivalent control law damping parameter fc
which is 21% and 16% for the two cases in Fig. 5. The results
described so far indicate that, as long as controllability and
observability are guaranteed, an active control system of un-
limited power based on aerodynamic energy concepts51'53 can
stabilize the wing and avoid essentially all structural weight
penalty that would have been needed to achieve this in a pas-
sive manner. Even when gust dynamic stresses become critical
in the stress design (in addition to the quasistatic stresses in-
cluded here), it is reasonable to believe that a powerful control
system can save a substantial amount of structural weight.

The next objective is to study how limits on the power of the
control system effect an integrated design and how structural
weight and control effort interact in the course of integrated
optimization. If we are not willing to allocate any additional
weight beyond the weight needed for strength, a control system
can be designed for the stress design so as to take care of its
instability. It is desirable, of course, to require that such a
control system will consume as little power as possible. The
rms values of control surface rotation qc and rotation rate qc
serve as measures of control system effort and limita-
tions.3'51'52 The synthesis problem for this case is formulated as
follows: Freeze the structural stress design. Allow changes in
the three control system design variables only. Minimize the
rms value of the aileron rotation due to gusts subject to the
same stability constraints as in the previous design studies.
This is a control system optimization problem in which the



LIVNE, SCHMIT, AND FRIEDMANN: ACTIVELY CONTROLLED WINGS 1177

u.o

0.7

0.6

c
0.5

0.4

0.3

n o

: Structure is fixed at the stress design
Only control system DV's are active

~7 -_

rS.

i i i i i
1 2 3 4 5 6 7

Number of full analyses
Fig. 7 Minimization of aileron rms rotation due to turbulence (con-
trol system—variable, structural "stress design"—fixed).

Of course, it might be argued that control system power
translates in the end to added mass, and that for the tradeoff
studies to be more realistic, we need to include the weight of
the control system in the objective function. The current capa-
bility can take this into account by linking the values of certain
concentrated masses to the rms aileron rotation and rotation
rate needed. This capability was not used, however, in the
examples given here.

Figure 9 adds to the understanding of interdisciplinary inter-
actions by showing the evolution of skin mass (normalized
with respect to the stress design mass), an active stability con-
straint, and an active gust-response constraint in the course of
optimization for the third case in Fig. 8. Constraints are posed
as g/'<0.0. Thus, when a constraint is violated it is positive,
and when it is active in the final design it is within a small
neighborhood of zero. As shown, the wing is unstable at the
initial design point (stability constraint violated) and the first

0.5

• No qc.sqc RMS constraints
• RMS(qc)<0.2 deg, RMS(sqc)<21.0 deg/sec
• RMS(qc)<0.1 deg, RMS(sqc)<10.5 deg/sec

qc - aileron rotation
sqc • aileron rotation rate

5 9 13 17
Number of Full Analyses

21

Fig. 8 Convergence histories for control/structure skin-mass mini-
mizations with gauge, stress, flutter, and gust-response constraints.

normalized mass : mass/massO
damping constraint
constraint on RMS(qc)

5 7 9
Number of full analyses

11

Fig. 9 Behavior function evolution during the minimum mass skin
synthesis with stress, flutter, and gust-response constraints.

"best" control law of given order is sought to minimize aileron
gust response and guarantee stability of a given aeroelastic
plant. Figure 7 shows a history of aileron rms rotation during
optimization. The optimization converges to a control system
design of the form: 1699.6/(s2 + 21.58s + 15,853.6). The mini-
mum rms rotation is 0.374 deg and the associated rms of
rotation rate is 40 deg/s. Move limits of 10% were used.

Returning to skin-mass minimization, gust-response con-
straints are now added to the previous set of constraints. In
two cases these rms values were constrained placing limitations
of varying severity on the control system. Figure 8 depicts
three mass convergence iteration histories all starting with the
stress design: 1) no bounds on the rms qc and qc\ 2) rms
#c<0.2 deg, rms qc<2\.Q deg/s; 3) rms #c<0.1 deg, rms
qc < 10.5 deg/s. Move limits of 10% were used for all three
cases. Nine structural and three control system design vari-
ables are used simultaneously. As Fig. 8 shows, convergence
within 12 optimization cycles is achieved when the gust-re-
sponse constraints are added to the stress, gauge, and stability
constraints. When control surface activity is more restricted,
the final skin weight is larger. Thus, limited control system
resources are traded off against structural resources in a quest
for a balanced multidisciplinary optimum design. This interac-
tion takes place dynamically as the synthesis progresses and it
is hard or impossible to capture in sequential parametric stud-
ies.

35

1st structural pole
closed loop filter pole

—e— 2nd structural pole
---*- open loop filter pole

1 3 5 7 9 1 1
Number of full analyses

Fig. 10 Evolution of closed-loop damped frequencies during aeroser-
voelastic wing/control system design.
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several optimization cycles produce designs that are more sta-
ble than needed (stability constraint strictly less than zero).
The synthesis then progresses by driving the gust-response con-
straint to the feasible region and at the same time reducing
stability to the minimum allowed value of damping (bringing
the stability constraint back to zero) so as to gain further
reduction in structural weight. No gust-response calculations
are carried out as long as the system is unstable and the synthe-
sis focuses on stabilizing the wing by varying the structural and
control system design variables simultaneously. For stable de-
signs along the synthesis path, gust-response calculations are
carried out. Using 10% move limits, hybrid approximations
are apparently adequate for the gust and aeroservoelastic pole
constraint approximations in this example. Following the evo-
lution of a physically significant control system variable,
namely, the equivalent natural frequency of the control law
transfer function coc [see Eqs. (14) and (15)], Fig. 10 shows how
this frequency moves to center itself between the two lowest
frequency structural poles so as to introduce damping into
both.

Concluding Remarks
A new capability for integrated, control augmented, struc-

tural synthesis of practical wings has been used for exploratory
studies focusing on structure/active-control interaction in a
simple RPV wing. The results presented here do not reflect the
full capacity and power of this new capability (many more
examples illustrating multidisciplinary optimization of wings
can be found in Ref. 54). However, the results presented here
serve to demonstrate successful adaptation of NLP/AC tech-
niques to problems with important new types of constraints
(aeroservoelastic stability, gust response) exhibiting greater
complexity than those previously treated in pure structural
synthesis problems or in integrated design optimization studies
based on simplified models. The importance of integration in
multidisciplinary synthesis is demonstrated, as limited re-
sources in different disciplines compete dynamically and inter-
actively throughout the design process in the search for an
improved design. Further numerical studies, involving more
disciplines, richer blends of constraints and design variables,
and more complicated configurations are planned for the near
future.
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