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Optimization of Flexible Wing Without Ailerons
for Rolling Maneuver
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An optimum � exible wing structure with enhanced roll maneuver capability at high dynamic pressures is
designed. A � exible wing optimized for weight with constraints on strength for 9-g symmetric pull-up maneuver
at M = 0.85 and constraints on the frequency distribution were used. Elastic twist and camber are achieved by
providing a system of actuating elements distributed within the internal substructure of the wing to provide
control forces. The modal approach was used to develop equilibrium equations for the steady roll maneuver of
a wing subjected to aerodynamic loads and actuating forces. The distribution of actuating forces to achieve a
speci� ed � exible roll rate was determined by using an optimal control design approach. Here, a full-scale realistic
wing was considered for the assessment of strain energy as a measure of the necessary power required to produce
the antisymmetric twist and camber deformation to achieve the required roll performance.

Nomenclature
A = aerodynamic stiffness matrix
A = plant matrix
B = input matrix
C = matrix relating generalized elastic displacements

and actuator forces
F = actuator load distribution matrix
H = Hamiltonian function
K = structural stiffness matrix
M = Mach number
p = roll rate
pt = required � exible roll rate
Q = state weighting matrix
q = dynamic pressure
R = control weighting matrix
T = transformationmatrix
® = vector of angle of attack
e = error function
g = generalized displacements
g e = generalized elastic displacements
k = Langrange multiplier
U = roll rate
w e = � exible modes
w r = rigid-body modes

Introduction

T HE objective in the multidisciplinary design optimization
approach applicable to aircraft structures is to obtain an op-

timum design satisfying performance requirements from various
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disciplines such as materials, structures, � uids, controls, etc. The
objective function to be minimized may be the weight of the struc-
ture or cost, depending on the available information from the sys-
tem or some performance index. Because of the advancements in
computationalpower available with present-daycomputers and an-
ticipated future developments, it has become possible to consider
more than oneperformancerequirementsimultaneouslyfromdiffer-
ent disciplines in the design process. This approach of integrating
different disciplines in the design approach has many advantages
and disadvantages.The advantage is that the � nal designs would be
obtained by proper tradeoff between design requirements from var-
ious disciplines. The disadvantage of considering too many design
requirements simultaneously is that it makes the design problem
too complicated and not feasible for solution due to the capabil-
ity and performance of presently available optimization programs,
hardware, and software.

At present, software is not available that is capable of simulta-
neously considering all of the design requirements from different
disciplines connected with aircraft design and obtaining optimum
design in an integrated fashion. This leads to the design process
� rst consisting of a combination of optimizations based on impor-
tant design requirements and then using this design as a basis for
modi� cations to satisfy other design or performance requirements
from other disciplines. This multiple-step design approach may be
necessary to satisfy global and local requirements from different
disciplines.

The approach selected here is a two-step process. In the � rst step,
optimum design satisfying requirements on strength and frequency
distribution are obtained. The optimization problem was solved by
using ASTROS version 20 for the design condition of a 9-g sym-
metric pull-up maneuver at M =0.85. The control system is next
designed to retwist and recamber the optimum wing to achieve the
target � exible roll rate.

Traditionally, a pilot provides a rolling maneuver for the turning
of an aircraft with an aileron system by rotation of trailing-edge
control surfaces on the right and left wings in a differential sense.
The aileron system increases the lift on one wing and decreases
lift on the other wing, resulting in a rolling moment producing the
rolling maneuver. This is an effective technique for the generation
of a rolling moment for an aircraft operating in a low dynamic pres-
sure environmentwhere the wings are essentiallyrigid. However, if
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Fig. 1 Loss of roll rate due to wing � exibility.

Fig. 2 Rolling aircraft with twisted wings.

the aircraft is operating at high dynamic pressures where the defor-
mation of the wing is signi� cant, the roll rate is reduced (as shown
in Fig. 1) by a detrimental aerodynamic twisting moment result-
ing from the trailing-edge control surface rotation. A roll reversal
dynamic pressure, at which the aileron is rendered completely inef-
fective for producing rolling moment, is also shown in Fig. 1.

Previous investigations1,2 described a technique for prescribing
an elastic wing twist and camber distribution for the enhancement
of the rolling maneuver of a wing at all dynamic pressures, with
and without ailerons.The control forces were obtained from a tech-
nique referred to as � ctitious control surfaces. Rather than using
an aileron system to achieve an aerodynamic rolling moment, wing
deformation is used as an asset rather than an impediment, avoiding
the detrimental twisting moment of the aileron and enhancing the
roll performance at all dynamic pressures. The wing is twisted and
cambered in a differentialsense on the right and left sides as shown
in Fig. 2 to achieve the required rolling moment for a speci� ed
steady roll rate.

One of the main elements of the � exible-wing concept is rolling
moment control achieved by the elastic wing twist and camber.
This has been investigated previously with an internal actuation
scheme,3,4 multiple external aerodynamic control surfaces,5,6 and
strain-actuated adaptive wings.7,8 The internal actuation scheme
of the mission adaptive wing3 did achieve aerodynamic bene� ts
through contoured control surface deformation, but the complex-
ity and weight penalty of the actuation system rendered the design
impractical. The active � exible-wing technique5,6 using multiple
control surfacesdoes achievethe properelasticwing twist for the re-
quired rolling moment and results in a decrease of structuralweight
by relaxing wing stiffness requirements; however, the potential for
an aerodynamicpenaltyexits.Recentdevelopmentsin smart materi-
als for controllingaircraft structuraldeformationmake it possibleto
achieve the proper elastic wing twist for control of roll as suggested
in Ref. 7, but large actuation strains are required for aeroelastic
control of realistic wings.

The Defense Advanced Research Projects Agency has sponsored
projects9 for demonstration of the application of smart materials
for twist control to improve aircraft performance based solely on

test results from small wind-tunnel models. Technology demon-
stration based on wind-tunnel model results will result in scale-up
issues related to implanting smart wing technologies on an oper-
ational aircraft. It is proposed here that a full-scale � nite element
model of a realisticwing be consideredfor proper elastic wing twist
and camber for roll control in a high dynamic pressure environ-
ment. In this investigation, axial load carrying cross rod elements
mounted to the internal structure were used as actuators exerting
tensile/compressive loads to twist and camber the wing to achieve
speci� ed roll rates. In this way, assessments can be made between
the energy requirementsfor twist and camber control to achieve the
required roll performance at different dynamic pressures.

Approach
The equilibriumequationsfor a steadyroll maneuver can be writ-

ten as10

[K ]{x} + q[T ]T [A]{a } + [F]{u} = 0 (1)

where [K ] is the structural stiffness matrix of the � nite element
model, {x} is the vector of nodal displacement vector, q is the dy-
namic pressure,[T ] is the transformationmatrix from the structural
degrees of freedom to the aerodynamic degrees of freedom, [A] is
the aerodynamic stiffness matrix, {a } is the vector for the angle of
attack at the aerodynamic panels, [F] is the applied actuator load
distributionmatrix, and{u}is the vector for the actuatorstimuli.The
product[F]{u} is the vector of control forces generatedat the struc-
tural nodepoints due to the actuator forces{u}or due to the voltages
applied to the solid-state actuators. In the latter case, the elements
of matrix [F] would depend on the number of stacks, number of
cycles, and the properties of the solid-state actuators in addition to
the direction cosines associated with the actuators.

The displacementvector {x} can be de� ned as a linear combina-
tion of rigid-body modes and vibration modes as

{x} = [W r ]{g r } + [ W e]{g e} = [ w ]{g } (2)

where [W r ] is the rigid-body mode, [ w e] is the speci� ed number
of antisymmetric low-frequency modes, and {g r } is the generalized
rigid-bodydisplacements,equal in the present case to the roll angle
u . InEq. (2), {g e}representthe elasticdisplacements.The subscripts
r and e are used to indicate rigid-bodyand � exible vibrationmodes,
respectively.

The angle of attack {a } at the control points of the aerodynamic
panels can be written as

{a } = (1/ V )[T ]{ Çx} (3)

where V is the freestream velocity. By the use of Eq. (2), the angle
of attack can be written as

{a } =
1
V

[T ] [ W r ]p + U
@w e

@x̄
{g e} (4)

where p is the roll rate Çu , U is the chordwise component of V in
the direction x̄ , and [(@w e) / (@x̄)] is the matrix of the � exible mode
gradientwith respectto the x̄ coordinate.Equation(4) can be written
as

{a } =
¯W r

V

@ ¯W e

@g e

p

g e
= [ ¯a ]{g } (5)

where ¯W r and ¯W e are the rigid and vibration modes expressed in
aerodynamic degrees of freedom. Using Eq. (5), the equilibrium
equation (1) can be written in terms of generalized coordinatesas

[K̄ ]
p

g e

+ q[ Ā]
p

g e

+ [F̄][u] = 0 (6)
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where

[K̄ ] =
0 0

0 [W e]T [K ][W e]
(7)

[ Ā] = [ W ]T [T ]T [A][ ¯a ] (8)

[F̄] = [ W ]T [F] (9)

Solving Eq. (6) for the generalized coordinates gives

p

g e
= ¡ [[K̄ ] + q[ Ā]] ¡ 1[F̄]{u} (10)

or

p

g e
=

B

C
{u} (11)

The roll rate p is given by

p = [B]{u} (12)

and the generalized coordinates of the elastic modes are given by

{g e} = [C ]{u} (13)

For the speci� ed distribution of actuator forces {u}, Eq. (13) can
be used to calculate the roll rate p. However, for achieving the target
roll rate pt at a speci� ed Mach number and speci� ed dynamic pres-
sure, it was requiredto use the controldesign approach to determine
the distribution of actuator forces necessary to deform the wing.

The control design algorithm used in this paper is based on the
optimal control approach. The linear state equation can be written
as

{ Çx} = [A]{x} + [B]{u} (14)

where {x} is the state vector, [A] is the plant matrix, [B] is the input
matrix, and{u}is the controlinput vector.The Hamiltonianfunction
can be written as

H = 1
2
{e }T [Q]{e } + 1

2
{u}T [R]{u} + {k }T [[A]{x}+ [B]{u}] (15)

where [Q] and [R] are the state and control weighting matrices.
These matrices must be positive semide� nite and positive de� nite,
respectively. In Eq. (15), {e } is the vector of the target error func-
tion and {k } is the vector of the Langrange multipliers. The nec-
essary conditions for optimality can be obtained by differentiating
the Hamiltonian function with respect to {x}, {u}, and {k }, and are
given by

Çx
Çk

=
[A] ¡ [B][R] ¡ 1[B]T

¡ [Q] ¡ [A]T

x

k
+

0

[Q]{r}
(16)

{u} = ¡ [R] ¡ 1[B]T {k } (17)

where {r}is the desired state vector. A solution to Eqs. (16) and (17)
would give the desired control vector minimizing the Hamiltonian
function.

For the rolling maneuver control problem, Eq. (12) de� nes the
state equation.We haveonly one state roll rate p and theplantmatrix
[A] has only one element and is equal to ¡ 1.0. By the de� nition of
the target roll rate by pt , the target error function can be written as

e (1) = (1 ¡ p / pt ) (18)

By the use of Eqs. (16) and (18), the optimality conditionsfor the
rolling maneuver control problem are given by

Çp
Çk

=
h11 h12

h21 h22

p

k
+

0

F2
(19)

where

h11 = ¡ 1.0 (20)

h12 = ¡ [B]R[B]T (21)

h21 = ¡ Q p2
t (22)

h22 = ¡ h11 (23)

F2 = (Q / pt ) (24)

Because in the present problem we are interested only in the
steady rolling maneuver, the left side of Eq. (19) can be set to zero,
and this gives

p

k
= ¡

h11 h12

h21 h22

¡ 1
0

F2
(25)

and the actuator input for required roll rate pt is given by

{u} = ¡ [R] ¡ 1[B]T k (26)

Design of the control system and the evaluationof the generalized
displacementvector{g }correspondingto the desiredroll rate pt was
iterativedue to the nonlinearnatureof the problem.For the speci� ed
weightingparameters in the de� nition of the performanceindex, the
elements of the generalized displacement vector {g } were assigned
initial values. The iteration procedurewas continueduntil the target
error function e (1) in Eq. (18) was very small. The generalized
displacement vector {g } and control vector {u} determined by this
proceduresatis� ed the generalizedequilibriumequation(6), and the
roll rate was equal to the desired value pt .

The Uni� ed Subsonic and Supersonic Aerodynamic Analysis
(USSAERO)11 program was used for the computation of aerody-
namic loadson the aircraftwing. This approachuses a superposition
of vortex singularitiesapplied to a discrete number of aerodynamic
panels to calculate the discrete pressure distribution over the wing
surface. This algorithm is capable of accounting for the aerody-
namic force producedby twist and camber, control surface rotation,
and structural deformation by satisfying tangential � ow conditions
at the control points of each aerodynamic panel.

In this investigation, numerical calculations for rigid and � exi-
ble vibration modes, aerodynamic stability derivatives,generalized
stiffness matrix, etc., are calculated from ASTROS.12 The special
version of ASTROS was run with bulk data containing the location
and description of the actuators. In the present case, the actuators
were assumed to be rod elements capable of exerting only axial
loads. The required data for solution of the approach discussed in
the last section were written on separate � les after execution of the
ASTROS run and was used to design the actuatingsystemto achieve
a speci� ed roll rate at different dynamic pressures.

The strain energy U was found by

U = 1
2{g }T [[K̄ ] + q[ Ā]]{g } (27)

which is also equal to the total work done by all of the actuators.
The displacements of the structural node points were calculated to
study the deformation patterns.

Numerical Examples
A � ghter-type wing was selected as representative of a low-

aspect-ratiowing. The wing planform is shown in Fig. 3 along with
the location of the underlying structure. The aerodynamic paneling
for this wing is also shown in Fig. 3. The wing planform as shown
in Fig. 3 was divided into 12 sections along the chord and 15 sec-
tions along the span, giving a total of 180 aerodynamic boxes. The
underlyingstructure consistingof 10 spars and 6 ribs is represented
with � nite elements,as shown in Fig. 4. The wing structurewas ide-
alized using 133 nodes. Top and bottom skins were idealized with
CQUAD4 and CTRIA3 elements.Spar and web caps were idealized
with CBAR elements, and webs were idealized with CSHEAR and
CROD elements. RBAR elements were used for rigid attachments
for extra splining of grid nodes. Only the translational degrees of
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freedom were retained associated with the CQUAD4 and CTRIA3
elements. Appropriate single-pointand multipoint constraintswere
speci� ed for proper simulation of the wing structure connection to
the fuselage. An 8000-lb mass was used to simulate the weight of
the fuselage and a total of 1600 lb of nonstructuralmass, which in-
cludes weight of fuel, was distributed among different node points
on the wing structure.

The � exible-wingstructurewas designedsatisfyingstressand fre-
quency constraints using ASTROS13 version 20. Von Mises stress
constraintswere imposed for the design conditionof a 9-g symmet-
ric pull-up at M =0.85 at the reference pressure of 30 psi. Even
though at M = 0.85 at sealevel the dynamic pressure is equal to

Fig. 3 Aerodynamic grid.

Fig. 4 Finite element model.

Fig. 5 Wing deformation at M =1.2, � exible roll rate 90 deg/s.

7.4 psi, a higher value was used to increase the magnitude of the
applied load and to achieve aerodynamic distribution instead of a
concentrated static or uniformly distributed load. A lower-bound
frequency constraint of 3 Hz was speci� ed for the symmetric sec-
ond mode.The � rst mode was a rigidmode with zero frequency.The
details of the minimum weight design are not given due to length
restrictions. The � rst six frequencies, in hertz, associated with the
� exible symmetric modes for the initial and the optimum designs
were 6.00, 25.81, 33.72, 40.95, 60.92, and 81.04, and 3.00, 9.46,
14.86, 19.66, 20.01, and 26.42. The frequency constraint speci� ed
on the � rst frequency was nearly satis� ed as an equality constraint.
The stress distributions in all the elements satis� ed the von mises
stress criteria, and the optimum design obtained after 40 iterations
was a feasible design.

The 1 rigid and 15 � exible modes were considered for this study
in the de� nition of the {g } vector in Eq. (2). Because the rolling
maneuver was associated with the antisymmetric vibration modes,
the distribution of � exible frequencies was not the same as those
givencorrespondingto symmetricpull-up.The � rst � ve frequencies,
in hertz, associated with the antisymmetric mode for the optimum
designwere5.74,13.86,14.92,19.66,and23.26,respectively.These
values are greater than for the symmetric modes.

The actuating system to twist and camber the wing consisted of
40 crossrods along the � ve ribsas shown in Fig. 4. Actuatorswereof
a generic nature, capableof providingtensile or compressiveforces
as required to deform the wing to achieve the speci� ed � exible roll
rate. The required total strain energy and the magnitude of forces
necessary to twist the wing to achieve speci� ed � exible roll rate
at different dynamic pressures were calculated under subsonic and
supersonic design conditions. The design study was conducted at
differentdynamicpressuresbetween M =0.85and2.80 at 20,000-ft
altitude. The target � exible roll rate was speci� ed as 90 deg/s at all
dynamic pressures.

Table 1 gives the total strain energy requirement in foot pounds
calculated using Eq. (27) for both subsonic and supersonic design
conditions. The work done by the actuators was also calculated for

Table 1 Strain energy requirements
to achieve 90-deg/s � exible roll ratea

Pressure, Velocity, Strain energy,
Mach lb/in.2 in./s ft¢ lb

0.85 3.41 10,577 1975
1.20 6.81 14,932 131
1.40 9.27 17,421 127
1.60 12.11 19,910 98
1.80 15.32 22,399 70
2.00 18.92 24,888 49
2.20 22.89 27,376 36
2.40 27.24 29,865 25
2.60 31.98 32,354 20
2.80 37.09 34,843 14

aAltitude 20,000 ft.
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all of the cases and was found to be equal to the strain energy stored
in the structural system. The requirement for the strain energy to
deformthe wing to achievethe roll rateof 90deg/s decreasedwith an
increase in the Mach number and associated dynamic pressure.The
decrease in the energy requirement at high dynamic pressures is
due to the increase in the lift pressure helping to create the required
rolling moment.

Figures 5 and 6 show the static aeroelastic deformations of the
wing required to obtain a � exible roll rate of 90 deg/s at Mach
numbers1.2 and 2.0, respectively.The deformationpatternsfor both

Fig. 6 Wing deformation at M = 2.0, � exible roll rate 90 deg/s.

Fig. 7 Actuator force distribution, M = 1.2, � exible roll rate 90 deg/s.

Fig. 8 Actuator force distribution, M = 2.0, � exible roll rate 90 deg/s.

cases are similar, except for the magnitude of de� ection at different
node points. The maximum de� ections at the tip of the trailing
edge for M =1.2 and 2.0 were 1.50 and 1.07 in., respectively.The
strain energies required for the two cases was 131 and 49 ft¢ lb,
respectively. In both cases the wing bends and twists to provide
a positive local angle of attack at all aerodynamic elements.The
downward deformation is believed to occur so that full advantage
of the geometric coupling between bending and twist due to wing
sweep can be utilized to maximize the increase in the local angle
of attack of the wing. This deformationpattern and the reduction of



KHOT, APPA, AND EASTEP 897

the total strain energy at high dynamic pressures indicates that the
aeroelastic effects are used to increase the rolling moment.

Figures 7 and 8 show the distributionof forces in the actuators for
Mach numbers 1.2 and 2.0, respectively, to achieve a � exible roll
rate of 90 deg/s. There were 12, 10, 8, 6, and 4 actuators in � ve ribs,
respectively.The � fth rib was near the tip of the wing and the � rst
rib was farthest from the tip. The actuators were numbered 1–12,
13–22, 23–30, 31–36, and 37–40 in the � ve ribs starting from the
� rst rib near the fuselage containing the actuators.The numbering
in each rib was started from the leading edge of the wing. In Figs. 7
and 8 the vertical dotted lines were drawn to separate the actuators
in the � ve ribs. The magnitude of forces for M = 1.2 were larger
than those for M =2.0. The maximum forcesoccurred in both cases
in actuators 11 and 12, which were located in the � rst rib near the
trailing edge. The maximum forces were equal to 4604 and 3227 lb
for the two Mach numbers 1.2 and 2.0, respectively.

Conclusions
In this investigation,the � exibilityof a wing is used as a departure

from the traditional aileron system, which results in a detrimental
aerodynamic twisting moment and possibly in unacceptable roll
performance at high dynamic pressures. A realistic wing was op-
timized with constraints on the strength and frequency distribution
to obtain a feasible � exible wing structure. Rather than using the
traditional aileron, we have investigated the use of elastic twist and
camber of the whole wing to achieve acceptable roll performance
at all dynamic pressures.

A modal-based analytical design approach was used to write the
equilibrium equations for a steady roll maneuver, and an optimal
control design approach was utilized to determine the distribution
of actuator forces. The work done by the actuators was calculated
at different Mach numbers and dynamic pressures at an altitude of
20,000 ft to access the energy requirements. The actuating system
consistedof rodsalongthe ribs,which were assumed to be of generic
nature,capableof exertingtensileor compressiveforcesas required.
At high dynamic pressures the forces in the actuators were of rea-
sonable magnitude. In the near future, it is anticipated that elastic
twist, adding camber and providing necessary stiffness to prevent
� utter and local buckling,can be achieved through the use of future
smart materials and actuating system.
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