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Aeroservoelastic Tailoring for Lateral Control Enhancement

Terrence A. Weisshaar* and Changho Namt
Purdue University, West Lafayette, Indiana 47907

The purpose of this paper is to illustrate the application of an automated optimization approach to the
integrated structural and control design of an aircraft wing and its control surface. The performance index or
cost function for optimization is the aileron hinge moment required to sustain a specified terminal roll rate at
a chosen design speed at which aeroelastic effects are significant. The design variables used for aileron
hinge-moment minimization are the aileron flap-to-chord ratio; the location of the aileron with respect to the
roll axis; and the orientations of three advanced composite plies comprising 60% of the wing structure. In
addition to presenting the results of the optimization process itself, the study examines the effects of aileron
location and advanced composite ply orientation on the terminal roll rate and aileron hinge moment. Optimiza-
tion is seen to involve a compromise between a laminated structure/aileron combination that is effective in
creating large rolling moments and one that minimizes the damping-in-roll. These two requirements are in
conflict; the optimization driver must locate a compromise design point by moving the control surface and
changing its size while also creating a suitable structural design.

Introduction

T HE need for effective aircraft lateral control for rolling
and turning is as old as powered flight itself. The effec-

tiveness of the aerodynamic surface used for this control de-
pends on a long list of parameters, including the following:
Mach number, control-surface shape, size, and location on the
wing, and the aeroelastic characteristics of the aircraft at a
particular flight condition.

The purpose of this paper is to examine a procedure for
integrated optimal structural design and control surface de-
sign. The use of the term "optimal" implies a measure of
goodness that is commonly referred to as the performance
index. This performance index will be a measure of the aileron
hinge moment required to achieve a specified terminal roll rate
at a certain airspeed, called the design airspeed.

Three structural design freedoms available for optimization
are the orientations of advanced composite laminate plies that
comprise 60% of a 10-layer platelike structure of a 30 deg
sweptback wing. The control design parameters are the aileron
flap-to-chord ratio and the spanwise location of the aileron on
the wing. The total spanwise length of the aileron is fixed to be
30% of the wing semispan. Since this is a multidisciplinary
optimization study, several facets of aileron roll effectiveness
will be reviewed before the discussion of the analysis/opti-
mization procedure.

Background
Among the problems solved by the Wright Brothers before

their first flight were provisions for three-axis control of the
aircraft; the fact that the Wright Flyer was statically unstable
in pitch and roll created a challenging situation.1 To create the
necessary rolling moment for active roll stabilization, and to
bank the aircraft, they used wing torsional flexibility to distort
the wing; this distortion is referred to as "wing warping."

Although the Wright Flyer biplane structure was relatively
stiff in bending, intentional torsional flexibility tailored into
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the wing allowed the prone pilot to use hip movement to move
a control cradle, connected to a wire apparatus, to create
differential wing twist to warp the wings. The increased lift on
one side and reduced lift on the other created the required roll
moment. Excessive torsional flexibility would be desirable
from the point of view of the powered actuator (Wilbur or
Orville), but undesirable from a structural and aeroelastic
point of view. However, the proper integration of structural
stiffness into the Wright Flyer control design led to its success.

Ailerons quickly replaced wing warping as roll control
devices. The amount of aerodynamic rolling moment gener-
ated by a unit differential deflection of a control surface is
proportional to dynamic pressure as long as the wing does not
deform. This roll moment causes the roll rate, denoted by p,
to build rapidly. Damping-in-roll, created by wing rolling
motion, opposes unchecked rolling motion. As a result, roll
velocity will reach a steady-state or terminal roll rate when the
damping-in-roll moment equals the roll moment created by
the ailerons. The damping-in-roll moment that opposes rolling
motion is proportional to roll rate/? and airspeed V, Without
wing distortion, the terminal roll rate per unit 60 is propor-
tional to the airspeed, as indicated on the left side of Fig. 1.

The same aileron deflection that provides an increase in lift
on the wing section also produces a nose-down twisting mo-
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Fig. 1 Control effectiveness as a function of airspeed for a rigid and
a flexible airfoil. Effectiveness is the ability of an aileron to generate
a terminal roll rate p for a unit aileron displacement 60.
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Fig. 2 Aeroelastic wash-out of a flexible swept wing caused by
upward bending under the load due to an aileron.

ment that is proportional to dynamic pressure. A combination
of twisting flexibility and high dynamic pressure can produce
a substantial nose-down aeroelastic twist that reduces both the
airfoil angle of attack and the net lift generated by the aileron.
As a result, the flexible airfoil produces a smaller rolling
moment, as is indicated qualitatively on the right side of
Fig. 1.

At the reversal dynamic pressure qR, the lift generated by
the aileron deflection is exactly counterbalanced by that pro-
duced by the aileron-induced twist so that a force couple, but
no net lift, results. At dynamic pressures larger than the rever-
sal dynamic pressure, a pilot stick input that would normally
produce a rolling response to the left produces roll to the right;
above this dynamic pressure, the controls are said to be "re-
versed."

Aileron reversal occurred on a number of early unswept
monoplanes with low torsional stiffness. These difficulties
spawned a number of significant qualitative and quantitative
studies of aileron effectiveness beginning after World War I
and continuing up to the present time. Cox and Pugsley2 were
among the early researchers who studied the aeroelastic behav-
ior of unswept, cantilever monoplane wings with ailerons of
different sizes. As a result of their research, they suggested the
terminal roll rate per unit aileron deflection (p/d0) as a good
measure of the lateral maneuverability of a flexible airplane
because the time required to achieve a specified roll rate de-
creases as p/dQ increases. However, Cox and Pugsley also
suggested the ratio p/Vas an even better measure of aileron
performance when the objective is to achieve a certain roll rate
in a minimum flight distance, since a large value of p/V is
associated with a shorter elapsed distance. Their recommenda-
tions were in contrast to an earlier study by Ogawa3 who used
maximum angular acceleration as a measure of roll effective-
ness for a rigid aircraft.

Cox and Pugsley also examined the interaction between
control-system geometry (in their case aileron surface area and
aileron length) and roll effectiveness. They found that, for
their configuration, an aileron that begins at the wing/fuse-
lage junction and extends outward 70% of the wing semispan
is best. Earlier work by Irving et al.4 had examined different
aileron planform proportions and measured aileron efficiency
by computing the ratio of aileron rolling moment-to-aileron
hinge moment required to achieve a prescribed roll moment.
Along the same lines, Glauert5 measured aileron performance
by defining it as rolling moment squared, divided by aileron
hinge moment. He concluded that the best aileron span on an
unswept wing is two-thirds of the total semispan. In his study,
aileron chord did not have much influence on this "perfor-

mance index*' when aileron chords of only 20 to 30% of the
planform chord were considered. Glauert also suggested that
the ratio of /?2-to-hinge moment be used as a criteria if large
values of p are the objective of the aileron design.

During World War II, Harmon6 updated the studies of Cox
and Pugsley and included flight test data for a P-47C fighter
aircraft. He also examined the role of sideslip of the aircraft in
reducing roll effectiveness of the ailerons.

These early studies did not address swept-wing aircraft roll
effectiveness. After World War II, the development of high-
speed, swept-wing aircraft added a new dimension to control
effectiveness. Sweptback wing bending, combined with the
nose-down twisting effect shown in Fig. 1, further aggravates
reversal. As illustrated in Fig. 2, upward bending along a
sweptback spanwise axis produces a streamwise geometrical
effect identical to a nose-down torsional rotation. As a result,
a downward aileron displacement to increase lift on a swept
wing accentuates adverse twisting distortion. Post-World War
II aircraft with high aspect ratio swept wings encountered roll
effectiveness difficulties sufficient to lead to the adoption of
alternative surfaces to replace ailerons as lateral control sur-
faces.7

Despite the mutual interaction between the control-surface
deflection and swept-wing flexibility, control ineffectiveness is
still perceived to be a structural problem. Until the early
1970s, the only engineering measures available to counter
control ineffectiveness were reduced airspeed, limited maneu-
verability, or increased structural stiffness. This is no longer
true.

The late 1960s and 1970s witnessed the development of
reliable advanced composite materials. In addition to extreme
strength and stiffness, these laminated materials allow the
designer the freedom to tailor the laminate-ply orientation to
develop optimal stress paths within the material. They also
allow the coupling together of deformation modes, such as
spanwise bending and twist, without adversely affecting
strength. The result is an adaptable or "user friendly" struc-
ture that naturally redistributes aerodynamic loads, depending
on the laminate geometry and the flight speed. This design
process is referred to as aeroelastic tailoring.

References 8 and 9 provide an extensive background and
history of aeroelastic tailoring, including roll effectiveness
studies. Reference 10 provides an example of a state-of-the-art
look at aeroelastic tailoring efforts in an industrial setting.
Because of the range of laminate design possibilities provided
by a multitude of laminate orientations and stacking se-
quences, there exists the potential, and perhaps the necessity,
for formal optimization procedures for laminate design.

The design of an efficient structural arrangement to en-
hance control in an aeroelastic environment recognizes the
strong coupling between aeroelasticity and control devices.
This interaction is referred to as aeroservoelasticity, of which
aileron effectiveness is a subset. As a result of these interac-
tions, an integrated design approach is advisable, if not re-
quired.

The term "integrated" implies a cooperative effort with a
common goal. The definition of a common goal is not always
easy when diverse disciplines are to be integrated. Fortunately,
in this case, given the historical definitions of aileron effi-
ciency, it is relatively easy to define a measure of efficiency
that will satisfy both the structures and control design partici-
pants. As discussed previously, hinge moment is a measure of
aileron efficiency at a given terminal roll rate. In addition, as
suggested by Sensburg and Schmidinger,11 the hinge-moment
requirement determines the actuator weight. Weight reduction
is of great importance in aircraft design so, as a result, hinge-
moment minimization was chosen as the performance index.

In the next section, an aeroservoelastic design problem is
defined with a measure of aileron hinge moment as the perfor-
mance index and with a set of interdisciplinary design vari-
ables. We will then solve this problem and examine and inter-
pret the results.
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Fig. 3 Planform for aeroservoelastic optimization study showing
geometry, reference axis, and laminate orientation 0/.

Optimization-Performance Index and Design Variables
Shown in Fig. 3 is the wing planform used for this study. An

aileron with a length equal to 30% of the wing semispan is
attached. Its span wise location Na and the aileron flap-to-
chord dimension are control design variables. A high-aspect-
ratio laminated plate with 10 plies of constant-thickness
graphite/epoxy material provides wing stiffness. The angular
orientations 0/ of three upper (and lower) plies of this symmet-
rically laminated plate complete the list of design variables.
Because the plate is symmetrical through the thickness, 60%
of the plate structure is tailorable or subject to design modifi-
cation. This wing is required to develop a terminal roll rate of
1.5 rad/s at an airspeed of 152 mph at sea level. Because of
aeroelastic interaction, the aileron deflection angle required to
achieve this roll rate will change markedly with laminate orien-
tation.

The wing structure is characterized as a one-dimensional
beam with spanwise bending stiffness £7, torsional stiffness
GJ9 and a bend/twist stiffness cross-coupling parameter K.
These three stiffness parameters are measured along the span-
wise swept reference axis in Fig. 3 and are functions of the
laminate geometry and material characteristics. The parame-
ter K determines the twist rate produced by a spanwise bend-
ing moment or, alternatively, the bending curvature caused by
a spanwise twisting moment.9 An orthotropic laminate design
laid up along the y axis in Fig. 3 will produce a value of K = 0.
An important effect of stiffness cross-coupling is that it can
significantly change the position of the streamwise locus of
centers of twist (the flexural axis) for the beam. Airloads
applied downstream of the flexural axis will rotate the wing
nose down.9

An accurate description of the spanwise lift distribution
caused by aileron deflection, rolling motion, and structural
deformation is required. The computational method chosen
for this study is based on that outlined by Gray and Shenck.12

Reference 12 presents not only an aerodynamic model, but
also develops a flexibility matrix for a structural stiffness
model. Modifications to that structural model to account for
laminated beam bend-twist deformation cross-coupling are
developed in Ref. 13. This procedure was programmed into a
computer code, CWINGSM, and used for this study.

A set of simultaneous linear algebraic equations describes
the aeroelastic response of the wing to steady-state aileron
input. This is a result of discretizing the planform into a set of
spanwise segments. Horseshoe vortices are attached at the
quarter-chord-line of each of these panels. The accuracy of
this discrete representation depends partially on the number of
panels used. For the present study, 20, equal-width, spanwise
panels were used to represent the wing semispan in Fig. 3. In

addition, the spanwise airload distribution was restricted to
antisymmetrical rolling motion about the longitudinal center-
line.

The lift intensity/7; (note that with the subscripting, /?/ is lift
per unit length, not roll rate) acting on each panel is related to
the angles of attack along the wing. A relationship between the
vector of panel lift intensities (/?/) and the local panel angle of
attack oij is written as follows:

l/q[Aij][pj•} = (at] (1)

The matrix [Ay] is a square matrix (of order n x n where n is
the number of panels) of aerodynamic influence coefficients,
whereas q represents the flight dynamic pressure.

The elements 4/7 are functions of planform geometry and
"known" values of each panel's two-dimensional lift-curve
slope. If the vector of local angles of attack «/ is specified,
then the lift distribution may be found simply by premultiply-
ing Eq. (1) by q\Aij] ~l. If aeroelastic interaction is included,
then the vector {«/) is unknown, since the loads /?/ will cause
surface distortion that will change a/.

For a roll maneuver, the vector of panel angles of attack is
a linear combination of three characteristic types of angles of
attack, each associated with a specific part of the maneuver.
This vector is expressed as

where yf is the nondimensional distance from the roll axis to
the panel midspan, defined as y = 2y/b. The elements of Eq.
(2) are ( a s } , the streamwise angles of attack due to structural
bend/twist deformation; pb/2V {>> / ) , the spanwise angles of
attack due to rolling motion p at airspeed V; and [ac}9 the
apparent aerodynamic twists due to control deflection.

The streamwise angles of attack ( a s } caused by the bend-
ing and twisting of the planform are related to the lift intensity
distribution vector through a flexibility matrix [C/,], devel-
oped in Ref. 13, as follows:

Upon substitution of Eq. (3) into Eq. (1), the following combi-
nation is created:

(4)

The matrix [£/,] is the aeroelastic flexibility matrix.
The solution for the airload distribution requires the inverse

of [Bij\\ this matrix may be singular at certain critical values of
q denoted as qD. The lowest of these values corresponds to the
clamped-wing divergence dynamic pressure.

The control-surface-induced spanwise angle-of-attack dis-
tribution {ac} is due to two effects, one of which is purely
geometrical, whereas the other depends on airfoil bend/twist
flexibility. The deflection of a control surface located on any
of the wing panels will cause a change in the apparent angle of
attack of that panel by reorienting the zero lift line. This
change is written as

dci * t*\«C1=-S0 (5)

The derivative in Eq. (5) is written as

da = dci(
dd ~ dd\da cloi

(6)

The two-dimensional section derivative c/6 is a function of a
number of parameters, two of the most important being Mach
number and the aileron flap-to-chord ratio.

Since control-surface deflection creates a twisting moment
about the aerodynamic center at the quarter-chord of the
panel, each control-surface panel is subjected to a twist per
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unit length proportional to the product qc?cmdd0, where c/ is
the panel chord. If the values of the two-dimensional, stream-
wise pitching-moment coefficient cm8 are identical for each
panel, then this component of the control-induced twist distri-
bution may be written as

{oic2}' = (7)

The [Efj] matrix is a wing/aileron flexibility matrix that
provides the streamwise wing twist distribution due to an
initial streamwise pitching-moment distribution created by the
ailerons along the wing span. Note that [£//] determines the
streamwise wing rotation due to a torque intensity distribution
computed at the quarter-chord of each panel. The term {7,)
in Eq. (7) is a vector that controls and identifies which panels
have aileron segments. If a panel (j) has no aileron, then 7, is
zero. If a panel has an aileron deflected down, then 7, is equal
to unity; an aileron deflected upward is identified by a nega-
tive unity value.

If we substitute Eqs. (5) and (7) into Eq. (1), the solution for
[pi} is found to be

IP/} = [*„]-' TrJ:P, i } d 0 { (8)

The condition for steady-state roll moment equilibrium is
found by summing panel roll moments over the entire span.
With yf as the distance from the roll axis to the center of a
panel of width /*/, this condition is expressed as

(9)

With Eq. (9) prescribing steady-state motion, pb/2Va.nd dQ
are not independent. Placing Eq. (8) into Eq. (9) and solving
for 50 give

(10)

The numerator in Eq. (10) is the damping-in-roll moment
generated by rolling motion. The term multiplying pb/2V is
referred to as Cip in aircraft stability and control literature.14

The denominator is sometimes called the aileron rolling power
(per unit aileron deflection). This term depends on wing stiff-
ness as well as the aileron size and spanwise position, repre-
sented by {7/1. The matrix term [By]'1 appears in both the
numerator and denominator of Eq. (10). In theory, the singu-
larity that appears when q = qD will cancel out of Eq. (10) so
that it cannot be relied on to detect wing aeroelastic diver-
gence.

The first term in the denominator of Eq. (10) is the source
of aileron reversal. Because of the camber changes associated
with an aileron deflection, cmd will be negative and the first
term in the denominator of Eq. (10) will become increasingly
negative as q increases. As a result, the aileron rolling power
will become zero at the reversal dynamic pressure. When this
happens, 60, as given in Eq. (10), will tend to infinity.

If we define aileron effectiveness as pb/2V/dQ, then with
cmd and da/dd constant along the wing span, the expression for
aileron effectiveness may be written as

da
aTT

OO (H)

The numerator in Eq. (11) is the aileron rolling power,
whereas DR is the damping in roll. Note that the term ( — DR)
is positive.

Turning to the hinge moment, we note that its use as a
performance index has some potential drawbacks, since the

hinge moment is a function of many diverse design parame-
ters. Included among these parameters are aileron balance,
trailing-edge shape, gap size, and geometry.15 Etkin14 notes
that of all aerodynamic parameters required for a stability and
control analysis, aileron hinge-moment coefficients are the
most difficult to predict precisely. Reference 15 shows that
hinge moments on trailing-edge controls may be nonlinear
functions of angles of attack and flap deflection if the aileron
rotation angle is too large.

These difficulties notwithstanding, a measure of hinge mo-
ment is proposed that, if not precisely equal to the hinge
moment, still can be used to reflect the magnitude of the hinge
moment. This measure is derived from the hinge moment
predicted by two-dimensional aerodynamic theory for an air-
foil with a trailing-edge control surface.16 For the ith panel on
the wing, the expression for the panel aerodynamic hinge
moment is denoted as /• and is given as

= (7r/4)pc2 (K/7T)2 (T5 - (12)

(13)

T5 = - (1 - e2) - (cos - lef + 2eVl-e2 cos - le (14)

r10 = Vl -e 2 + cos-1e (15)

In these latter equations, the symbol e represents the distance,
measured in wing semichords (c//2), between the aileron hinge
line and the midchord of the airfoil.

In Eq. (12), the angle ft represents the angle of incidence
between the airstream and the aileron and is the sum of the
aileron rotation 60; the panel structural twist; and the equiva-
lent twist due to roll-induced velocity at that particular panel.
If we know the total number and position of the spanwise
segments to which ailerons are attached, the values of/ for
each panel may be computed and then added together to
obtain the total hinge moment, denoted as H.

The optimization problem begins by defining the following
constraint:

da—
do

(-DR) (16)

In Eq. (16) the term (pb/2V)des is a numerical value when p is
1.5 rad/s and the wing operates at the design velocity V.
Equation (16) defines 60. The terms da/dd and cm5 are com-
puted from relations consistent with those used to compute
hinge moment; these are16:

_
TT — 110dd TT

(17)

(18)

During the search for the minimum hinge moment, the flap-
to-chord ratio, given as c= Vi(\ - e), is required to lie be-
tween specified limits. Because of geometric constraints, the
aileron midspan position cannot be less than 15% of the span,
nor greater than 85% of the span since the aileron span is itself
30% of the wing span.

The optimization problem reads as follows:
Minimize

subject to

,) <0

7 = 1,5)

(1 = 1 ,2 ,3 ,4)

(19)

(20)
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The symbol Xj represents the five design variables (three lami-
nate orientation angles 0/, aileron spanwise position Na, and
flap-to-chord ratio c), whereas #/ represents the four inequal-
ity constraints on aileron spanwise location and chordwise
geometry. Six of 20 wing panels contain aileron segments.

Two different optimization approaches were used for this
problem. One approach views the constrained optimization
problem as a sequence of unconstrained minimization prob-
lems by using an interior penalty function method.17 This
procedure defines a pseudoperformance index $ as the sum of
the hinge moment H and a weighted sum of penalty functions
that incorporate constraints. This objective function is

rps(xi)

where

(21)

(22)

The choice of a value for the multiplicative constant rp is left
to the analyst.

In theory, the function $(#/) converges to the optimal de-
sign from design points within the feasible design region. The
design itself can approach the constraints, but violations are
never allowed because Eq. (22) imposes heavy penalties near
constraint boundaries where g/ is zero. During successive de-
sign cycles, as design progresses, the constant rp is redefined to
be smaller and smaller. Note that $(*/, rp) is discontinuous at
the constraint boundaries. The Davidon-Fletcher-Powell
method, in conjunction with a cubic interpolation method,
was chosen to implement this design optimization approach.17

A second, more restrictive optimization approach proved
valuable during the initial stages of this study. For this portion
of the study, the spanwise position of the aileron was treated
as a design parameter, together with flap-to-chord ratio. As a
result, the inequality constraints could be discussed so that
only the orientations of the structural plies remained. The
Fletcher-Reeves method was used in conjunction with a cubic
interpolation method to select a one-dimensional step size.17

The problem consisted of a series of unconstrained searches,
each with different aileron spanwise positions.

Both optimization procedures require sensitivity deriva-
tives, in particular, derivatives of hinge moment with respect
to the laminate design variables 0/, aileron midspan position
Na, and the flap-to-chord ratio. Expressions for these deriva-
tives were derived analytically by differentiation of the matrix
equations discussed previously. This approach permits the
development of derivatives that provide the change in hinge
moment due to a change in aileron position (a spacial deriva-
tive) and the change in hinge moment caused by a change in
laminate orientation (a structural derivative). The expressions
for sensitivity derivatives were then programmed and attached
as subroutines to the existing analysis code, CWINGSM, to
accomplish the optimization.

Study Results
To begin the study, we choose the approach in which the

spanwise aileron position and its flap-to-chord ratio are fixed
design parameters so that the structural optimization process
may be isolated and examined. Two sets of initial design
conditions involving the values of the three ply angles were
considered. In the first case, all three plies were oriented
initially at angles 20 deg forward of the reference axis
(0i = 02 = 03 = - 20 deg) to provide a wash-out (bend-up/
twist-down) initial design point. In the second case, all three
ply orientations were initialized at angles 80 deg aft of the
reference axis (Q\ = 02 = 0s = 80 deg) to provide a strong initial
wash-in (bend-up/twist-up) design. In each case, a different
optimum laminate design was located by the unconstrained
optimization procedure.

First of all, consider Fig. 4, which shows the minimum
hinge moment obtained after structural optimization plotted

Wash-in Laminate

Orthotropic Laminate

0.50
(mid-span)

Aileron Location, na

Fig. 4 Minimum hinge moment H vs aileron nondimensional
spanwise locations na = 2Na/b resulting from structural design
optimization. Flap-to-chord ratio c is fixed at 0.10.

90°

oT 60°

5, 30°
ciT

E -30°
n

| -60°

-90P

Wash-out Region

0.85
(tip)

0.5
(mid-span)

Aileron Location, na

0.15
(root)

Fig. 5 Laminate orientations 8\, 02, #3 associated with locally min-
imum hinge moment H plotted in Fig. 4. Flap-to-chord ratio c is 0.10.

against aileron spanwise position when the flap-to-chord ratio
is 10%. The curve labeled "wash-out laminate" is that ob-
tained when 0/ = -20 deg is chosen as an initial starting
point. For reference, the hinge moment associated with the
nonoptimal orthotropic structure (B\ - 62 = #3. = 0 deg) is also
plotted in Fig. 4. For the initial points chosen, the optimiza-
tion driver, after only two or three cycles, will locate a mini-
mum hinge moment whose final laminate orientations 0 l f 02,
and 03 are nearly equal. This design cycle history for a typical
cycle is shown in the insert to Fig. 4. The values of 0/ associ-
ated with the minimum hinge moments in Fig. 4 are plotted in
Fig. 5. Although these three angles begin as equal angles and
end as equal angles, they were observed to be different during
the design "process."

A different minimum hinge moment result is found when
0/ = 80 deg is used to create a wash-in starting point. The final
optimum values of 0/ are also nearly equal and are shown
plotted against aileron position in the wash-in region of Fig. 5.

Figure 4 seems to indicate that, when restricted to a certain
flap-to-chord ratio and aileron position, the optimization
driver, if presented with an initial wash-in design, usually will
choose a wash-in design to create a minimum hinge moment.
Similarly, an initial wash-out starting point yields minimum
hinge-moment design with structural wash-out characteristics.
Since the global minimum is the lower of the two curves in Fig.
4, when the aileron is located outboard, a structural design
that emphasizes wash-in will produce the lowest actuator
hinge moment. Structural wash-in creates a favorable aero-
elastic coupling situation in which upward-bending deflection
is accompanied by nose-up twist. This increases the aerody-
namic effectiveness of the surface and seems to indicate that
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Reversal

b)
Fig. 6 a) Aileron rolling power vs common ply orientation Oj and
aileron nondimensional spanwise location na =*-2Na/b. Flap-to-chord
ratio is 0.10. fo) Damping-in-roll vs Si and na.

Reversal

Fig. 7 Aileron effectiveness/?fc/2K/6o vs common ply orientation 0/
and aileron nondimensional spanwise position na = 2Na/b. Flap-to-
chord ratio is 0.10.

favorable bending of the wing due to aileron-induced lift is of
more importance than adverse twisting caused by the aileron.
In effect, the flexible 30-deg swept wing behaves, aeroelasti-
cally, more like a wing with a smaller sweep angle.

When the aileron is located outboard, the optimization
procedure with the wash-out design starting point yields a
design with a hinge moment that, while locally minimal, is still
quite large. However, when the aileron is located at the
midspan position, the optimal wash-in and wash-out designs,
although structurally quite different, lead to nearly (or, in one
case, exactly) the same hinge moment. When the aileron is
placed further inboard, the wash-out design produces an opti-
mum hinge moment that is slightly better than its wash-in
counterpart.

To investigate the reasons for these results, the optimization
driver was "disconnected" and parameter variations exam-
ined. For this special investigation, all three plies were re-
stricted to have the same orientation and the aileron flap-to-
chord ratio was fixed, as before, to be 10%. Figure 6 shows
carpet plots of a) the aileron rolling power and b) damping in
roll, plotted against laminate-ply angle and aileron spanwise
position. Note that for plotting convenience, the negative
value of DR is plotted. Although DR is not a function of
aileron position, it is presented as such to create a common
format in Fig. 6.

Figure 6a indicates that maximum aileron rolling power is
obtained when the aileron is placed in an outboard position

and the ply orientation is in the wash-in region, (0 deg <
0<90 deg), near 0 = 20 deg. However, this type of laminate
also creates the maximum (negative) damping in roll. This
near coincidence of maxima occurs because the same aeroelas-
tic effects that increase the aileron rolling power also increase
the effectiveness of the lifting surface to generate damping in
roll. Figure 6 indicates that a design compromise is necessary.
Such behavior had been observed previously in a study by
Niblett.18

Figure 7 shows the result when the quantities in Fig. 6 are
combined to create a plot of aileron effectiveness [Eq. (11)].
Local maxima are seen to occur when the aileron midspan
position is located about one-quarter of the span outboard of
the wing root. The local maxima in the wash-in and wash-out
regions are defined more clearly from a contour plot of aileron
effectiveness shown in Fig. 8.

Figure 8 shows that maximum roll rate can be achieved with
either a wash-in or a wash-out laminate. This figure indicates
that a broad plateau exists in the wash-in region and that
reversal (the dashed lines) occurs when the aileron is near the
tips of the wash-out laminate. Figure 9 shows a contour plot
of the hinge moment required to achieve a terminal roll rate of
1.5 rad/s at the design airspeed, plotted against laminate-ply
orientation 0, and nondimensionalized aileron spanwise posi-
tion na. A local minima is located near (but, not at) the point
where a local maximum aileron effectiveness occurs. The sec-

O

.*!
90° 60° 30° 0 -30° -60° -90°

Ply Orientation (degrees)
I-——— Wash-in ————-h——— Wash-out ———H

Laminate Laminate
Fig. 8 Contour plot of aileron effectiveness pb/2V/b$ vs common
ply orientation Oj and aileron location na = 2Na/b.

60° 30° 0 -30° -60° -90°
Ply Orientation (degrees)

H"——— Wash-in————•+•———Wash-put———H
Laminate Laminate

Fig. 9 Contour plot of hinge moment H vs aileron spanwise location
na - 2Na/b and common ply orientation 0/.
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Fig. 10 Flap-to-chord ratio and aileron location vs design cycle,
using the full set of design variables for the optimization problem.

ond local (and global) minimum hinge moment is located
some distance away from the location associated with the local
maximum aileron effectiveness in the wash-in region, but still
on the plateau observed in Fig. 8. The closely spaced contours
associated with the outboard aileron region reveal an ex-
tremely large gradient of hinge moments consistent with the
approach of aileron reversal. The aileron reversal point (where
hinge moments are "infinite") is indicated by a dashed line in
the lower right corner of Fig. 9.

These results indicate that a harmonious combination of
structural stiffness and control surface size and location is
likely to encounter the need for compromise between the
ability to create a rolling moment (aileron rolling power) and
the ability to provide low damping-in-roll. The first objective
requires swept-wing lift effectiveness, whereas the second re-
quires lift ineffectiveness. The additional requirement that the
surface distortion and aileron rotation do not create excessive
moments on the aileron actuator will further modify the out-
come.

When all design variables are included in the optimization
problem, the functional $ defined in Eq. (21) is minimized.
Figure 10 shows the values of the flap-to-chord ratio and
aileron location as hinge-moment minimization progresses.
From an initial value of about 11%, the flap-to-chord ratio
declines until it reaches the minimum constraint boundary of
7.5%. The aileron span wise location converges quite rapidly
to its final position with the aileron midspan located about
70% outboard of the wing root. Note that the position labeled
(tip) in Fig. 10 corresponds to na = 0.85.

Figure 11 tracks the orientations of the laminate-ply angles
0i, 02, and 03 as the design progresses. In this case, the design
begins with a wash-out design and rapidly progresses to a
wash-in design. After eight design cycles, the laminate-ply
orientations change little during the ensuing design process.

Figure 12 shows the progress of both hinge-moment reduc-
tion and augmented-performance index reduction with each
automated design cycle. The sharp reductions in the perfor-
mance index (visible, for instance, between cycle numbers 10
and 11) are due to reductions in the value of the user-chosen

50°

40°

? 30°

20°

I
-10°

-20°

-30°

92

[0,90]s

10 15 20
Design Cycle Number

30

Fig. 11 Ply orientations Of vs design cycle during structure/control
optimization.

10 15
Design Cycle Number

Fig. 12 Performance index * and hinge moment H plotted against
design cycle when the five design variables are used in an integrated
optimization procedure.

constant rp in Eq. (21). Note also that these results were
obtained from a mostly automated procedure. An interactive,
human/machine approach would substantially reduce the
number of cycles necessary to achieve the same results.

Because the initial results obtained when the aileron flap-to-
chord ratio and spanwise location were design parameters
show the presence of two local minima, it is not clear that this
local minimum located by the optimization driver is a global
minimum. Because of this, several other sets of initial condi-
tions were tried. However, the final results obtained were very
similar and insensitive to initial conditions.

Conclusions
The simultaneous optimization of structural stiffness

(through laminate orientation), aileron size, and aileron span-
wise location to obtain hinge-moment reduction has been
demonstrated and discussed. The configuration to which the
procedure was applied, although unsophisticated, still displays
essential aeroelastic features of a real-world configuration.
When the aileron chord and spanwise location are treated as
fixed design parameters, as opposed to design variables, the
minimum hinge moment required to achieve a specified roll
effectiveness has two local minima, one of which is a global
minimum. Structural optimization of the configuration with a
fixed control-surface geometry and position requires a trade-
off between aileron rolling power and damping-in-roll of the
wing planform itself.

When aileron spanwise location and flap-to-chord ratio are
included as design variables, further design-sensitivity infor-
mation must be available. This sensitivity information in-
volves differentiation to compute the changes in aileron hinge
moment (including aeroelastic effects) with respect to flap-to-
chord ratio and aileron spanwise position. Once this is done,
optimization is straightforward.
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There are any number of configurations to which this
methodology may be applied. For each configuration, the
topographical characteristics of the design space will be quan-
titatively different than those shown in this study. However, it
is likely that the essential aeroelastic features of the present
configuration will carry over to realistic designs. Given the
intricacy of the complex process that occurs during the design
of a realistic, effective control surface, the mathematical ef-
fort demonstrated here may not be inexpensive. However, the
present results indicate that a combined synergistic effort can
produce a more effective design than that produced by solitary
processes. Furthermore, such a combined effort recognizes the
aeroelastic features of the problem that tightly bind the two
disciplines of structural design and control design.
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