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An optimum composite � exible wing structure is designed to enhance roll maneuver capability at high dynamic
pressures, using an embedded actuating system without external control surfaces. A minimum weight design, with
constraints on strength for three different � ight conditions, on the frequency distribution, and lift effectiveness was
used. The elastic twist and camber is achieved by providing a system of actuating elements, distributed within the
internal substructure of the wing, to provide control forces. The modal approach is used to develop the dynamic
equilibrium equations, which culminate in the steady roll maneuver of a wing subjected to aerodynamic loads and
the actuating forces. The distribution of actuating forces to achieve the speci� ed steady roll rate and roll angle of
the � exible vehicle within a speci� ed time was determined by using an independent modal-space control design
approach. Here, a full-scale realistic wing is considered for the assessment of the strain energy and distribution of
actuator forces required to produce the antisymmetric twist and camber deformation to achieve the speci� ed roll
performance.

Nomenclature
A = aerodynamic stiffness matrix
Ca = modal aerodynamic matrix
F = actuator load distribution matrix
K = stiffness matrix
Ka = modal aerodynamic stiffness matrix
Ksa = modal aeroelastic stiffness matrix
NKs = modal structural stiffness matrix

M = mass matrix
Ms = modal structural mass matrix
Q = generalized control loads
q = generalized displacement
qd = dynamic pressure
qe = generalized elastic displacements
qr = generalized rigid-body displacements
rs = nodal displacements
rw = control weighting parameter
T = transformationmatrix
Nu = actuator stimuli
V = freestream velocity
VLr = left aeroelastic eigenvector
VRr = right aeroelastic eigenvector
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w = aeroelastic modal states
Nx = x coordinate
® = vector of angle of attack
¸r = r th aeroelastic eigenvalue
»r , ´r = conjugate pair of r th real modal states
Ãe = � exible modes
Ãr = rigid-body modes

Introduction

T RADITIONALLY, a pilotprovidesa rollingmaneuver for turn-
ing of the aircraft with an aileron system. This is accomplished

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 opposite wing, resulting in a
rolling moment producing the rolling maneuver.This is an effective
techniquefor generatingrolling moment for an aircraft operating in
a low dynamicpressureenvironmentwhere the wings are essentially
rigid.However, if the aircraft is operatingat high dynamicpressures
where the deformations of the wings are signi� cant, the roll rate is
reduced by a detrimental aerodynamic twisting moment resulting
from the trailing-edge control surface rotation. At roll reversal dy-
namic pressure, the ailerons are rendered completely ineffective for
producingthe needed rollingmoment. Reference1 describesa tech-
nique for prescribingelastic wing twist and camber distribution for
the enhancement of the rolling maneuver of a wing at all dynamic
pressures, without ailerons. The control forces were obtained from
a technique referred to as “Fictitious Control Surfaces (Ref. 1).” In
Ref. 2, an optimized structure was designed to achieve a speci� ed
roll rate without aileronsat differentMach numbers by usinga static
aeroelasticapproach.Rather than using an aileronsystem to achieve
an aerodynamic rolling moment, here wing deformation is used as
an asset rather than impediment,which avoids the detrimental twist-
ing moment of the aileron and enhances the roll performance at all
dynamic pressures.The wing is twisted and cambered in a differen-
tial sense on the right and left wings, as shown in Fig. 1, to achieve
the required rolling moment for a speci� ed steady roll rate.

Presently, there are Defense Advanced Research Projects
Agency3 sponsored projects for demonstration of the application
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Fig. 1 Flexible wing.

of smart materials for twist control to improve aircraft performance
based solely on test results from small wind-tunnelmodels. Here, it
is proposed that a full-scale � nite element model of a realistic wing
be considered for proper elastic wing twist and camber for roll con-
trol in a high dynamic pressureenvironment.The approachselected
here is a two-step process. In the � rst step, an optimum structural
design satisfying requirements on strength, frequency distribution,
and lift effectiveness is obtained. The optimization problem was
solved by using ASTROS4 Version 20 for three � ight conditions at
9-g symmetric pull-up maneuver at M D 0:85. In the second step,
the axial load carrying cross rod elements mounted to the internal
structure are used as actuators exerting tensile/compressive forces
to twist and camber the optimum wing structurevia an activecontrol
strategy to achieve speci� ed roll rates and roll angles. The control
design approach is based on using independent modal-space con-
trol (IMSC).5 The present paper contains a short summary of this
approach as applied to the roll maneuver of a � exible aircraft.

Analytical Approach
Modal Dynamic Equilibrium Equations

The dynamic equilibriumequationsfor steady roll maneuver can
be written as2;6

[M ]fRrs g C [C ]fPrs g C [K ]frsg C qd [T ]T [A]f®g C [F]f Nu.t/g D 0 (1)

where [M] is the mass matrix, [C] is the damping matrix, [K ] is
the structural stiffness matrix of the � nite element model, frsg is
the vector of nodal displacements, qd is the dynamic pressure, [T ]
is the transformation matrix from structural degrees of freedom to
the aerodynamic degrees of freedom, f®g is the vector of angles
of attack at the aerodynamic panels, [F] is the applied actuator
load distributionmatrix, and f Nu.t/g is the vector of actuator stimuli,
which is a function of time t. The product [F]f Nu.t/g is the vector
of generated control forces generated at the structural node points
due to the actuator forces f Nu.t/g 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-stateactuators in addition to the direction
cosines associated with the actuators.

The displacementvector frs g can be de� ned as a linear combina-
tion of rigid-body modes and elastic vibration modes as

frs g D [9r ]fqr g C [9e]fqeg D [Ã ]fqg (2)

where [9r ] is the rigid-body mode, [Ãe] is the speci� ed number
of antisymmetric low-frequencymodes, and fqr g is the generalized
rigid-body displacements. In the present case, fqr g is equal to the
roll angle Á. In Eq. (2), fqeg represents the elastic displacements.
The subscripts r and e are used to indicate rigid-body and � exible
vibration modes.

The angles of attack f®g at the control points of aerodynamic
panels can be written as

f®g D .1=V /[T ]fPrs g (3)

By the use of Eq. (2), the angles of attack can be written as

f®g D 1
V

[T ]

µ
[9r ]f Pqr g C U

µ
@Ãe

@ Nx

¶
fqeg

¶
(4)

where Pqr is the roll rate Z¤, U is the chordwise component of V in
the direction Nx , and [.@Ãe/=.@ Nx/] is the matrix of � exible mode gra-
dients with respect to the Nx coordinate.Equation (4) can be written
as

[®] D
µ N9r

V
@ NÃe

@qe

¶ »
Pqr

qe

¼
(5)

where N9r D T 9r and N9e D T 9e are the rigid and vibration modes
expressed in aerodynamicdegreesof freedom.By the use of Eq. (5),
the equilibrium Eq. (1) can be written in terms of generalizedcoor-
dinates as

[Ms]f Rqg C [Ca]f Pqg C [Ksa]fqg D fQg (6)

where

[Ms] D [9]T [M ][9] (7)

[Ca] D qd [ NAc]; [Ka ] D qd [ NAk ] (8)

[Ksa] D [ NKs] C [Ka ] (9)

[ NKs] D
µ

0 0

0 [9]T [K ][9]

¶
(10)

[ NA] D [9]T [T ]T [A] D [ NAc] C [ NAk] (11)

fQg D ¡[9]T [F]f Nu.t/g (12)

in which [Ms] and [ NKs] are the modal structural mass and stiff-
ness matrices, respectively; [Ca ] and [Ka ] are the modal aerody-
namic damping and aerodynamic stiffness matrices, respectively;
and [Ksa] is the modal aeroelastic stiffness matrix. In Eq. (11), the
aerodynamicdamping matrix [ NAc] is obtained from [ NA], with all el-
ements set to zero except the � rst column, and [ NAk] is obtained from
[ NA] with � rst-column elements set to zero. Equation (6) represents
the aeroelastic roll dynamics equations of motion in the con� gu-
ration space represented by the generalized coordinates. These are
the structuralmodal coordinates,and fQg representsthe generalized
control loads in the same con� guration space.

IMSC Design of Aeroelastic System

The state-spaceequationscorrespondingto Eq. (6) can be written
as5

µ
Ms 0

0 Ms

¶ µ
Rq
Pq

¶
C

µ
Ca Ksa

¡Ms 0

¶ µ
Pq
q

¶
D

µ
Q

0

¶
(13)

Equation (13) can be written as

[ NM]f Pxg C [G]fxg D fX g (14)

where NM , G, and X represent corresponding matrices in Eq. (13)
and x is the state vector.

By the introductionof the general solution form x D vr e¸t
r into the

homogeneous form of Eq. (14), the right (R) and left (L) conjugate
aeroelastic eigenvalue problems can be posed as

[¸r
NM C G][VRr ] D 0;

£
¸r

NM T C GT
¤
[VLr ] D 0 (15)

where [VRr ] and [VLr ] correspond to the r th aeroelastic eigenvalue
¸r . Once the complex general conjugate eigenvalue problems are
solved, one no longer needs to deal with complex quantities, and
the problem can be dealt with in terms of real modal matrices and
real modal-statevariables formed from the real and imaginary parts
of the right and left eigenvectors and the complex modal state.



KHOT ET AL. 523

The resulting real aeroelastic modal state transformation and the
biorthonormalityrelationshipsfor the aeroelastic real modal matri-
ces are
£
V T

L

¤
[ NM][VR ] D [I ];

£
V T

L

¤
[G][VR ] D block-diag[1r ] (16)

[1r ] D
µ

®r1 !r

¡!r ®r2

¶
(17)

®r 1;r2 D Re¸r1;r2; !r D Im¸r1;r2 (18)

x.t/ D VRw.t/ (19)

[w] D [w1; w2; : : : ; wr ; : : : ; wn ]T (20)

wr D [»r .t/ ´r .t/]
T (21)

where [VL ] and [VR ] are the real conjugate left and right aeroelastic
modal matrices, respectively. In Eq. (20), w is the ns D 2n vector
of aeroelastic modal states, »r and ´r , (r D 1; 2; : : : ; n) are a con-
jugate pair of the r th real modal-states. In the preceding equations,
r1 and r2 denote the r th pair of eigenvalues. The uncoupled aero-
elastic modal state-spaceequationsfor designingthe control system
can be obtained by utilizing the solution of the eigenvalue problem
given in Eqs. (15–21) and the generalizedcon� guration-spaceinput
Q. This approach is an example of IMSC. One is now free to the
control theory of choice to design the single modal control input
for each uncoupled pair of modal-state equations. In this paper, a
linear quadratic regulator (LQR) control design approach is used
to design the uncoupled set of state equations. The coupling terms
arising through the constraint equations are, in general, very weak
and, therefore, have virtually a null effect on the system.

The objective function for minimization selected here to deter-
mine thecontributionz¤

r of differentaeroelasticmodes to achievethe
desiredroll rate Z¤ is theelasticstrain energyto achievethe speci� ed
roll rate. The work-energy equation is obtained by taking the scalar
product of the vector form of Eq. (6) with the incremental general-
ized coordinatedisplacementvector dq.t/ and integrating between
speci� ed time interval during the maneuver. Thus, by denotationof
the work terms due to acceleration loads (kinetic energy), elastic
loads, aerodynamic damping and aerodynamic stiffness loads, and
actuator loads, respectively,the energy equilibrium equation can be
written as5

Wkin C W� x C Ward C Wars D Wact (22)

Aeroelastic Analysis
USSAERO7 was used for the computation of aerodynamic loads

on the aircraft wing. This approach uses a superposition of vortex
singularities applied to a discrete number of aerodynamicpanels to
calculate the discrete pressuredistributionover the wing surface. In
this investigation,numericalcalculationsfor rigidand� exiblevibra-
tion modes, aerodynamic stability derivatives,generalizedstiffness
matrix, etc., are calculated from ASTROS.4 The special version of
ASTROS was runwith bulkdatacontainingthe locationanddescrip-
tion of the actuators.In the presentcase, the actuatorswere assumed
to be rod elementscapableof exertingonly axial loads.The required
data for solution of the approach discussed in the last section were
written on separate � les after executionof the ASTROS run. A sepa-
rate program was written to obtain the generalizedmatrices de� ned
in Eqs. (7–12) from the matrices calculated by ASTROS, and the
IMSC design program was written using MATLAB® to calculate
the distribution of actuator forces, time response of the roll rate,
work-energy quantities, etc.

Numerical Examples
A low aspectratiowingwas selectedfor this study.The wing plan-

form is shown in Fig. 2, along with the location of the underlying
structure. The wing planform was divided into 180 aerodynamic
boxes. Figure 3 shows the underlying structure, consisting of 10
intermediate spars and 6 intermediate ribs, represented with � nite
elements. The wing structure was idealized using 167 nodes and

Fig. 2 Aerodynamic grid.

Fig. 3 Finite element model.

was modeled using graphite-epoxy wing skins and an aluminum
substructure.The wing skins were modeled as 40 quadrilateraland
7 triangular elements per side with a (90-, 0-, §45-deg) symmet-
ric laminate on each element. The 0-deg direction is de� ned to be
parallel to the y axis of the aircraftcoordinatesystem.The wing sub-
structure was modeled as 105 quadrilateralpicture frame elements.
Each quadrilateral rib or spar element was built as a shear element
bounded by bar elements on the top and bottom. The shear element
represents the net thickness of the rib or spar, while the bar or rod
elements model the additional material needed for spar to rib con-
nections. In addition to the load-bearingwing structure,appropriate
single- and multipoint constraints and structure were speci� ed for
simulationof the wing carry-throughstructure,and an 8000-lbmass
was used to simulate the weight of the fuselage. Finally, 1600 lb of
nonstructuralmass were distributedamong different node points on
the wing to simulate fuel, plumbing, wiring, fastener, and actuator
weights, etc.

The modelwas initiallysizedto obtain theminimumweight struc-
ture that would satisfy a number of constraints.During this design,
the thicknesses of the 90-, 0-, and §45-deg layers of the skin were
allowed to vary individually, as were the thicknesses of the shear
elements and the cross-sectional areas of the bar and rod elements
in the picture frame elements. This resulted in a total of 656 design
variables: 282 skin variables (47 elements£ 2 surfaces£ 3 lay-
ers) and 374 substructure variables (105 shear panels plus 210 bar
elements plus 59 rod elements). The constraintson the optimization
were that the stresses in the elements being resized did not exceed
their allowables at three different � ight conditions. The stress con-
straintswere formulatedas Tsai–Wu for the compositeelementsand
vonMises for the metallicelements.Additionalconstraintswere im-
posed to limit the frequency. The � rst � exible mode was 3 Hz, and
the lift effectivenesswas at least 0.9 at one � ight condition.The lift
effectivenessconstraint, � exible lift curve slope dividedby rigid lift
curve slope,was applied at Mach 0.85 at sea level on a standardday.

The � ight conditions chosen for the stress constraints were a dy-
namic 9-g pull-up at Mach 0.85 at a dynamic pressureof 30 psi and
steady(zero pitch rate) 9-g pull-upsat Mach 0.85 and dynamicpres-
sures of 15 and 7.43 psi. The 7.43-psi case represents match point
conditions for sea level on a standardday. The other two conditions
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were chosen to provide different loading conditions.The reason for
these different loading conditions can be seen by examining the
static aeroelastic problem formulation:

[K ¡ AICS.qd ; M/]u C M Ru D P.qd ; M/± (23)

where

P.qd ; M/ D qd [G]T [AIRFRC.M/] (24)

AICS.qd ; M / D qd [G]T [AIC.M/][G] (25)

For a rigid wing, aerodynamic in� uence coef� cient matrix
[AICS] D [AIC] D 0. A change in dynamic pressure merely results
in a scaling of the force term [P], as can be seen from Eq. (24).
However, for the case of a � exible wing, the dynamic pressure ef-
fect in both the nonzero [AICS] term, shown in Eq. (25), and the
force term, result in a changing load distribution as the dynamic
pressure is varied.

Fig. 4 Bottom skin 0-deg ply thicknesses.

Fig. 5 Bottom skin 90-deg ply thicknesses.

The results of the optimization were that the structural mass of
the wing was reduced from 2353 to 345 lb. This optimized weight
is reasonable for a 20,000-lb � ghter. It results in a wing weight
fraction of about 3.5%. Plots of the thickness distribution of the
wing skins are shown in Figs. 4, 5, and 6 for the 0-, 90- and
§45-deg layers, respectively. As expected, most of the thickness
was retained in the 0-deg layer near the root. This location is where
the material and � ber orientation can most effectively carry the
bending load of the wing. In addition, it can be seen that mod-
erate thickness is retained in all layers near the wing tip. This
is likely due to the lift effectiveness constraint. By stiffening the
wing tip, the wing is able to withstand the aerodynamic twisting
moment that will otherwise degrade the lift performance of the
wing.

The stiffening of the wing tip can also be seen in Fig. 7. Figure 7
shows the thicknesses of the shear elements of the spar and rib
picture frame elements. In Fig.7, the thickest elements are in the
two outermost ribs. These elements are the most effective shear
elements in countering a local torsion of the wing.

The � nal set of structural design variables was the spar and rib
cap and post cross-sectional areas. The results for these elements
are given in Fig. 8. Note that three spar cap elements at the trailing-
edge root of the wing are signi� cantly larger than any of the other
cap or post elements. This is most likely the result of a path de-
pendency in the optimization. One possible change that could be
investigated is modeling the spar and rib caps as rod elements

Fig. 6 Bottom skin § 45-deg ply thickness.

Fig. 7 Spar and rib shear element thicknesses.
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Fig. 8 All spar and rib cap and post element cross-sectional areas.

Fig. 9 Selected spar andrib capandpost elementcross-sectional areas.

instead of bar elements. The areas of the three largest cap elements
were omitted from Fig. 9 to show the relative sizes of the remain-
ing elements. Figure 9 reinforces the conclusions that were pre-
sented earlier. Again, signi� cant stiffnesswas added to the tip of the
wing.

The actuating system to twist and camber the wing consisted of
40 cross rods along the � ve ribsas shown in Fig. 3. Actuatorswereof
a generic nature capable of providing tensile or compressive forces
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
Mach numbers 0.85 and 1.2 were calculated.The target � exible roll
rate was speci� ed as 90 deg/s at an altitude of 20,000 ft.

The controller was designed using six aeroelastic modes of the
servoelasticmodal state equation.The LQR controldesignapproach
was used to design the singlemodal controlinputfor each uncoupled
pair of modal-state dynamics. In the de� nition of the LQR perfor-
mance index for each aeroelastic mode, the state weighting matrix
was assumed to be diagonal, and the control weighting matrix was
a scalar. The elements of the state weighting matrix were set equal
to unity. However, each modal control weighting matrix rw was as-
sumed to be the same for all of the modes. Different values rw were
used to investigateits effect on the time responseand the magnitude
of the actuator forces. As the evaluation model, the � rst 20 � exible
structural modes were used in addition to the rigid-body roll mode
as de� ned by Eqs. (2) and (13). The results and the work done by
the actuators given in the paper are for the evaluation model, even
though the control design is based on the reduced-orderaeroelastic
modal model. The time response for the reduced-ordercontroller (6
aeroelastic modes) and the evaluation model (21 structural modes)
was not much different, indicating a negligible spillover effect. The
individual contributionof differentmodes to achieve a 90-deg/s roll
rate was determined by using the modal performanceallocationop-
timization approach to minimize the total � exible strain energy due
to the work done by the actuatorsand aerodynamicloads. For Mach
number0.85, the percentageallocationamong theaeroelasticmodes
1–6 was 0.0, 42.0, 30.0, 29.0, ¡0.3, and ¡0.7%, respectively. For
Mach number 1.2, the percentage allocation among the six modes
was 0.0, 87.1, 205.1, ¡197.0, 19.5, and ¡14.7%, respectively.The
time responseand the energy quantitieswere calculatedfor a period
of 4 s.

Table 1 Actuator work (in laboratory) from
the � exible modal coordinates to achieve

90-deg/s roll rate (altitude 20,000 ft)

Control weighting
parameter rw Mach 0.85 Mach 1.20

0.1 2712 2673
1.0 3211 3093
10.0 3805 3413

Fig. 10 Mach 0.85 wing deformation.

Fig. 11 Time history of the roll rate and roll angle, M = 0.85, control
weighting parameter 0.1.

Table 1 gives the actuatorwork associatedwith the � exiblemodal
coordinatesof the evaluationmodel for the two Mach numbers 0.85
and 1.2 for the control weighting parameter rw D 0:1, 1.0, and 10.0,
respectively. The actuator work was equal to the total energy sat-
isfying equilibrium equation (22). The decrease in the total energy
requirement at high Mach number is due to the increase in the lift
pressure helping to create the required rolling moment. When the
actuator work is compared, it is observed that it increases with an
increase in the value of the control weighting parameter rw . For
example, at Mach D 1.2, the � exible wing needed 2673 in. ¢ lb and
3413 in. ¢ lb to achievethe roll rate of 90 deg/s for thecontrolweight-
ing parameters rw D 0:1 and 10.0, respectively. Table 2 shows the
distributionof open- and closed-loop eigenvalues for the two Mach
numbers. For both cases, the � rst four � exible modes are unstable,
having positive real parts of the open-loopeigenvalues.The closed-
loopsystemsare stable.Figure 10 shows theaeroelasticdeformation
of the wing for a Mach number of 0.85. The wing twist and bending
providesa positiveangleof attackat most of the locations.The max-
imum displacements at the trailing edge of the tip of the wing were
different for the two Mach numbers. However, the general deforma-
tion patterns were similar. The maximum de� ection for Mach 0.85
and 1.2 was 1.51 and 1.14 in., respectively.High dynamic pressure
required smaller deformation than the lower dynamic pressure.The
time history for the roll rate and the actuator forces for Mach 0.85
and 1.2 for rw D 0:1 and 10.0 are shown in Figs. 11–18. In Figs. 11,
13, 15, and 17, in addition to the roll rate, roll angle is also shown as
a function of time. For each design case in Figs. 12, 14, 16, and 18,
forces associatedwith all 40 actuatorsare plotted to show variations
in relative magnitudes as a function of time to achieve the required
roll rate and roll angle.
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Table 2 Aeroelastic eigenvalues

Mach 0.85 open loop Mach 0.85 closed loop Mach 1.20 open loop Mach 1.20 closed loop

Mode Real Imaginary Real Imaginary Real Imaginary Real Imaginary

2 4:16 £ 10¡4 §3:88 £ 101 ¡1:69 £ 10¡1 §3:88 £ 101 2:79 £ 10¡4 §4:19 £ 101 ¡7:78 £ 10¡1 §4:19 £ 101

3 1:78 £ 10¡3 §9:70 £ 101 ¡7:20 £ 10¡1 §9:69 £ 101 4:82 £ 10¡4 §1:02 £ 102 ¡9:35 £ 10¡1 §1:02 £ 102

4 2:86 £ 10¡3 §1:32 £ 102 ¡9:40 £ 10¡1 §1:32 £ 102 2:49 £ 10¡3 §1:40 £ 102 ¡170£ 100 §1:40 £ 102

5 2:59 £ 10¡5 §1:57 £ 102 ¡1:21 £ 101 §1:57 £ 102 3:53 £ 10¡5 §1:57 £ 102 ¡2:54 £ 10¡1 §1:57 £ 102

6 ¡1:03 £ 10¡4 §1:96 £ 102 ¡4:39 £ 10¡1 §1:96 £ 102 ¡1:71 £ 10¡4 §1:96 £ 102 ¡2:36 £ 10¡1 §1:96 £ 102

Fig. 12 Time history of 40 actuator forces, M = 0.85, control weighting
parameter 0.1.

Fig. 13 Time history of the roll rate and roll angle, M = 0.85, control
weighting parameter 10.0.

Fig. 14 Time history of 40 actuator forces, M = 0.85, control weighting
parameter 10.0.

The responseplots for roll rateand theactuatorforces fordifferent
values of the control parameter are shown side by side to indicate
the relationship between the time required to stabilize the roll rate
at the desired value and the magnitude of the actuator forces. For
smaller values of rw D 0:1, the roll rate tends to stabilize faster, but
the magnitude of the actuator forces increases. For rw D 10:0, the
roll rate does not yet stabilize closer to 90 deg/s, even after 4 s, but
the magnitudeof maximum forces is very close to 2000 lb. This is a

Fig. 15 Time history of the roll rate and roll angle, M = 1.2, control
weighting parameter 0.1.

Fig. 16 Time history of 40 actuator forces, M = 1.2, control weighting
parameter 0.1.

Fig. 17 Time history of the roll rate and roll angle, M = 1.2, control
weighting parameter 10.0.

substantial reduction in the required magnitude of the forces, but at
the expense of roll rate settling time. Note that even though the roll
rate tends to stabilize at different times, the roll angle is increased
nearly at the rate of 90 deg/s throughout the maneuver. This is due
to the average roll rate being nearly equal to 90 deg/s during most
of the period. For all of the cases presented, the roll angle increased
from 0 deg at time t D 0:0 s to 360 deg at t f D 4:0 s (see Figs. 11, 13,
15, and 17). If achieving required roll angle is more important than
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Fig. 18 Time history of 40 actuator forces, M = 1.2, control weighting
parameter 10.0.

stabilizing the roll rate, these results show that it can be achieved
with a lesser magnitude of control forces, within the required time,
with a higher magnitude of actuator work (see Table 1).

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

away from the traditional aileron system, which results in a detri-
mental aerodynamic twisting moment and possibly in unacceptable
roll performance at high dynamic pressures. A realistic compos-
ite wing was optimized with constraints on the strength, frequency
distribution,and lift effectiveness to obtain a feasible � exible wing
structure. Rather than using the traditional aileron, we have inves-
tigated the use of elastic twist and camber of the whole wing to
achieve acceptable roll performanceat all dynamic pressures via an
active control approach.

A modal-based analytical approach was used to write the dy-
namic equilibrium equations to achieve a steady roll maneuver and
the IMSC technique was utilized to determine the distribution of
actuator forces. The work done by the actuators was calculated at

different Mach numbers and control weighting parameters to as-
sess the energy requirements and the magnitude of actuator forces.
The actuating system consisted of rods along the ribs, which were
assumed to be of generic nature, capable of exerting tensile or com-
pressiveforcesas required.The strainenergyrequirementdecreased
with increase in dynamic pressure or Mach number. The increase
in the control weighting parameter increased the time required to
stabilize the roll rate; however, the maximum magnitude of the ac-
tuator forces decreased. Even though the roll rate stabilized to the
speci� ed magnitudeat different times, the roll angle increasedgrad-
ually with time. If achieving a desired roll angle within speci� ed
time is important and the roll rate is not, then it can be attained with
less magnitude of control forces. In the near future, it is anticipated
that elastic twist, adding camber, and providing necessary stiffness
to prevent � utter and local bucklingcan be achieved through the use
of future smart materials and actuating systems.
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5Öz, H., “Aeroservoelastic Design with Distributed Actuation for High
Performance Aircraft,” Mathematics and Control in Smart Structures,
Vol. 3323, 1998.

6Appa, K., Ausman, J., and Khot, N. S., “Feasibility Assessment and Op-
timization Study of Smart Actuation Systems for Enhanced Aircraft Maneu-
ver Performance,” U.S. Air Force Research Lab., WL-TR-97-3083,Wright–
Patterson AFB, OH, July 1997.

7Woodward, F. A., “An Improved Method for the Aerodynamic Analy-
sis of Wing–Body–Tail Con� gurations in Subsonic and Supersonic Flow,
Part I—Theory and Application,” NASA CR-2228, May 1973.


