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Maneuver Trim Optimization Techniques
for Active Aeroelastic Wings

P. Scott Zink,* Dimitri N. Mavris,” and Daniella E. Raveh*
Georgia Institute of Technology, Atlanta, Georgia 30332-0150

A method for performing trim optimization of active aeroelastic wing (AAW) technology, based on posing the trim
problem as a linear programming problem and solving it with the simplex method, is presented. Trim optimization
is then integrated with the structural design process in a sequential manner, such that new optimal deflections of
the control surfaces are computed for every structural design iteration. The use of the simplex method for trim
optimization allowed the elimination of nonphysical constraints that had to be imposed when a gradient-based
method was used. This resulted in significantly better objectives for the trim optimization. The sequential AAW
design process was demonstrated on a lightweight fighter-type aircraft performing symmetric and antisymmetric
maneuvers at subsonic and supersonic speeds. The concurrent trim and structural optimization resulted in a
significantly lighter structure compared to a structure designed with conventional control technology and to a
structure employing AAW technology with fixed control-surface deflections.

Introduction

N EMERGING and promising technology for addressing the

problem of adverse aeroelastic deformation, such as control-
surface reversal, is active aeroelastic wing (AAW) technology. It
has recently been a key area of study for both the government
and industry"? and is defined by Pendleton et al. as “a multidis-
ciplinary, synergistic technology that integrates air vehicle aerody-
namics, activecontrols,and structurestogetherto maximize air vehi-
cle performance.’®> AAW technologyexploitsthe use of leading- and
trailing-edgecontrol surfacesto aeroelasticallyshape the wing, with
the resulting aerodynamic forces from the flexible wing becoming
the primary means for generatingcontrol power. With AAW the con-
trol surfacesthen act mainly as tabs and not as the primary sourcesof
control power as they do with a conventionalcontrol philosophy. As
a result, wing flexibility is seen as an advantage rather than a detri-
ment because the aircraft can be operated beyond reversal speeds
and still generate the required control power for maneuvers. Hence,
there is potential for significant reductions in structural weight and
actuator power.

Figure 1 illustrates conceptually the differences between AAW
technology and a conventional control approach. The hypothetical
example shows the cross section of two wings deforming as a result
of aeroelasticeffects. The upper wing, employing AAW technology,
is twistingin a positive way with the use of both leading-and trailing-
edge surfaces, whereas the conventionally controlled, lower wing,
which uses only the trailing-edge surface, is twisting in a negative
way.* This adverse twist caused by the deflection of the trailing-edge
surface is associated with reduced control surface effectiveness and
control-surfacereversal, in which the increase in camber caused by
the deflectionof the surfaceis offsetby the negativetwist of the wing.

Because AAW technology is multidisciplinary in nature, struc-
tural design using the technology necessarily requires detailed in-
formation about the vehicle structures, aerodynamics, and controls,
and in particular,is heavily dependent on control law design, which
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in turn depends on the flexible structure. As a result, there is a need
for an AAW design process in which the structure and control laws
are optimized concurrently.

In consideration of AAW technology’s use of redundant con-
trol surfaces, important constituents of the technology are control
surface gear ratios, which dictate how one control surface deflects
with respect to a single basis surface. Two gear ratio scenarios are
illustrated in Fig. 2, in which the deflections of the leading-edge
inboard (LEI), leading-edge outboard (LEO), and trailing-edge in-
board (TEI) surfaces are linearly dependent on the deflection of the
trailing-edge outboard surface (TEO). The gear ratios significantly
influence the aeroelasticload distributionand, hence, affect internal
loads and structural deformation. For the purposes of this research,
the gear ratios constitute the control laws.

The AAW design process refers to the concurrent optimization
of the structure and the gear ratios. Structural optimization refers
to the sizing of structural elements (e.g., skin thickness, spar thick-
ness) to minimum weight, subject to stress, aeroelastic constraints,
etc. Optimization of the gear ratios, more commonly known as trim
optimization, is the process of selecting the gear ratios, or control-
surface deflection angles, that trim the aircraft to a prescribed ma-
neuver while minimizing some objective function. The need for trim
optimizationis caused by AAW technology’s use of redundantcon-
trol surfaces, which means that the static aeroelastic trim equations
cannot be solved in a closed-form manner.

Volk and Ausman’ added a trim optimization capability to
ASTROS,® a finite element-based structural optimization code. The
trim optimization objective was to minimize the overall control-
surface actuator command signal or, in other terms, control en-
ergy. The optimization was performed by using a Newton-Raphson
method. A latter version of the program incorporated the ability to
also limit the control-surfacehinge moments.” Applicationsof these
trim optimization capabilities in ASTROS can be found in Refs. 8
and 9 in which control-surface gearing was studied for rolling ma-
neuvers of a fighter-type aircraft using AAW technology. Similarly,
Miller!'® formulatedthe trim optimizationproblem as a minimization
of a control-surface energy function, subject to bending moments,
torsion, hinge moments, roll rate, and roll acceleration constraints.
The process employed a gradient-basedoptimization algorithm. As
an evolution of Miller’s work, Zillmer'! posed trim optimization as
the minimizationofa composite functionof stress,induceddrag,and
buckling load. Trim optimization was performed in the Integrated
Structure/Maneuver Design (ISMD) program. Stability derivatives
that are necessary for trim balance, and sensitivitiesof the objectives
with respect to the control-surface deflections, were obtained from
a NASTRAN!? static aeroelastic analysis.



1140 ZINK, MAVRIS, AND RAVEH

AAW Approach
LE AAW Approach
\ T

Aeroelastic Twisting Moment

LE deflects up
TE deflects up

Wing twists positively

Conventional Approach
TE deflects down

R / SL Wing twists adversely

Fig. 1 AAW technology vs conventional control.

< >y = ¥ &,
5“2' _ 5“0 2 Different Control 6[” _ ! 5TEO
LE0 = rEO Law Designs LEO 80
Opgy = * Sreo Opgy = §TEO
\ Gear Ratios _//4

Fig. 2 Gear ratio illustration.

Zillmer'' and Dobbs et al.!* developed an iterative approach to
the AAW design process, in which the trim optimization algorithm
implemented in ISMD, just discussed, is embedded in an iterative
process with NASTRAN. The maneuver loads caused by the opti-
mized deflections from ISMD are transferred to NASTRAN, which
then optimizes the structure to minimum weight. NASTRAN then
passes stability derivative and sensitivity information of the cur-
rent structural design to ISMD for another trim optimization. This
process repeats itself until the wing weight converges.

Love et al.'"* proposed a generalized trim capability in which any
linear combination of component loads (section bending moment,
torsion, hinge moments, etc.), or trim parameters, could be the ob-
jective of the trim optimization problem. In addition, component
loads could be considered as constraints. The optimization problem
was solved by a modified method of feasible directions algorithm
(MMOFD)," which is the optimization algorithm implemented in
ASTROS for structural optimization. However, the MMOFD is not
the ideal algorithm for solving the trim optimization problem (as
will be discussed in more detail in a following section), and this
led to the necessity of imposing additional constraints on the prob-
lem. The method was implemented in ASTROS so that stability
derivatives and sensitivity information were not obtained from an
external source. Zink et al.'® applied the techniques of Ref. 14 in
a design study of a generic lightweight fighter concept employing
AAW technology. Trim optimization was performed for symmetric
(pull-up, push-over) and antisymmetric (rolling) maneuvers. The in-
tention was that trim and structural optimization would be repeated
iteratively as proposed in Ref. 14. However, only the first step was
demonstrated, as trim optimization was performed only once on the
starting structural design.

The difficulties with trim optimization in Ref. 16 have prompted
the authors to explore other means of solving the trim optimization
problem. Recognizing that both the symmetric and antisymmetric
trim problems are linear, the authors propose that the optimiza-
tion problem can be posed as a linear programming (LP) problem
and solved by the simplex method.!”~'° Then, the optimal control-
surface deflections, resulting from trim optimization, are converted
to gear ratios and used in a structural optimization within ASTROS.
Following the proposed process of Ref. 14, a sequential design pro-
cess is demonstrated that iterates between trim optimization and
structural optimization steps, until the optimal structure with its op-
timal control-surface deflections are obtained. The paper presents
a comparison between results of trim optimization performed with
the MMOFD and the simplex algorithms. An AAW design study is
performed on a lightweight composite fighter aircraft. The optimal

structural design obtained by the sequential AAW design process is
then compared to the structural design of an AAW whose control
law remains fixed over the course of the structural optimization. In
addition, comparison is made to a conventionally controlled wing,
indicating some of the weight benefits associated with the use of
AAW technology.

Methodology

Static Aeroelastic Equation

The basic equation for the static aeroelastic analysis of a free
aircraftby the finite element method in discrete coordinates is*

[[K] — qlAICS]{u} + [M][¢,1{it,} = [P]{s} M

where [K] is the stiffness matrix, [AICS] is the aerodynamic in-
fluence coefficients matrix transformed to the structural degrees of
freedom, {u} are the displacements and rotations at the structural
nodes, [M] is the mass matrix, [¢,] are the rigid-body modes of the
free aircraft, {ii,} is a vector of rigid-body accelerations, [P] is a
matrix of the rigid aerodynamic force coefficients caused by aero-
dynamic trim parameters, ¢ is the dynamic pressure, and {8} is the
vectorof aerodynamic trim parameters (e.g., angle of attack, aileron
deflection, steady roll rate). For a free aircraft Eq. (1) is solved to-
gether with the following constrainton the elastic displacements’!:

(6,1 [M]{u} = {0} 2

Substitution of {u} from Eq. (1) into Eq. (2) yields the trim
equation?

[LNi,} = [R]{s} 3

where [L] is the resultant aeroelastic mass and [R] is the resul-
tant aeroelastic trim forces. In the case where the number of free
trim parameters {8} is equal to the number of rigid-bodymodes {ii, },
Eq. (3) has a closed-form solution. However, if multiple control sur-
faces (i.e., redundant surfaces) are desired to trim the aircraft, then
the closed-form solution no longer exists. The trim solution must
then be formulated as an optimization problem (i.e., trim optimiza-
tion) to determine the combination of control-surface deflections
that trim the aircraft and minimize an objective of interest to the
structural designer.

Trim Optimization by MMOFD

Trim optimization by the MMOEFD is performed for both sym-
metric and antisymmetricmaneuvers. For the symmetric maneuvers
the trim optimization problem is posed as a minimization of root
bending moment (RBM), where the wing control surfaces are used
to tailor the load distributionand provideload relief at the wing root,
thus ultimately reducing wing weight.

The symmetric trim optimization problem'®

is formally stated as

Minimize:
< | 9(RBM) 9(RBM)

RBM = _— 8; _— 4
Z[ 55 } +[ — « @
i=1 flex flex

Subject to:

Control-surface travel limits:

—30deg < §g < 5deg, —30deg < 81po < Sdeg
—30deg < drgr < 30 deg, —30deg < 8rgo < 30deg
—30 deg < éyr < 30deg, —10deg < o < 30 deg
Hinge moment (HM) constraints:

—3.0 x 10° < HM, 5 < 3.0 x 10°
—1.0 x 10i < HMLEO <1.0 x 10i
—1.5%x 10° < HMqg < 1.5 x 10°

—5.0 x 10* < HM1go < 5.0 x 10" 1b-in.
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where the HM for each control surface (cs) is given by

O~ | 9(HM,,)
=325

i=1

+[8<HM“>} H[a(HMco} " ©)
80( flex 8a" flex

4

Satisfaction of trim equations (lift and pitching moment

balance):
X! oL
Z e 5,- + | = o+ Lconsl =ma, (6)
85,‘ flex dor flex

i=1

N (oM M
Z Pye 5,- +\ = o+ Mconst =0 (7)
85,‘ flex dot flex

i=1

The design variablesare «, 811, 8LEo, 81E1, 0TEO, and Sut, Where HT
isthehorizontaltail, « is the angle of attack, §; are the control-surface
deflections, a, is the vertical acceleration, m is the aircraft mass, 7.
is the number of control surfaces, and L,y and M., refer to the
lift and moment terms that are not dependent on control-surface
deflection and angle of attack. The lift and moment derivatives of
Egs. (6) and (7) are the dimensional flexible stability derivatives,
estimated from the trim equation (3). Similarly, the flexible com-
ponentload derivatives [0 (RBM) /38, d(HM)/d48] are estimated by
multiplying the applied loads (both inertial and aeroelastic) caused
by a unit deflection of the trim parameter, by an appropriate matrix
that represents the moment arm from each grid point to the section
about which the moment is being calculated. The control-surface
travel limits and hinge moment limits are based on typical allow-
ables for modern fighter aircraft. The effect of pitch rate is assumed
to be negligible.

For the antisymmetricmaneuvers trim optimizationis formulated
as a minimization of the total hinge moments, subject to the surface
travel limits, hinge moment constraints, and trim balance require-
ments, as given formally by

Minimize:

HM_g; + HMigo + HMrg + HMrgo

Subject to:
Control-surfacetravel limits:

—30deg < 8ipr < 5 deg, —30deg < dLgo < 5deg
—30deg < 6t < 30 deg, —30deg < 6o < 30deg
HM constraints:
—3.0 x 10° < HMg < 3.0 x 10°
—1.0 x 10° < HMgo < 1.0 x 10
—1.5x 10° < HMqg < 1.5 x 10°
—5.0 x 10* < HMggo < 5.0 x 10* Ib-in.

where the HM for each control surface is

N | 9(HM) 9 (HM,)
HM, = | & _— 8
l Z [ 85’ }ﬁex + [ ap }ﬁexp ( )

i=1
Satisfaction of trim equations (roll moment balance):
[0 e
G R OREI
i=1 85’ flex 8P flex

The design variables are g1, dLgo, dtE1, 0TEO, Where £ is rolling
moment and p is the user-specified roll rate. The minimization of
hinge moments turned out to be difficult, as initially the optimizer

would drive the hinge moments to large negative values, which were
as bad as large positive values. This is because positive (downward)
deflection of the trailing-edge surfaces produces negative hinge mo-
ment. To prevent this, for the subsonic rolling maneuver, HM g
and HM1go were constrained to be negative and multiplied by neg-
ative one in the objective. For the supersonic rolling maneuver the
trailing-edge hinge moments were constrained to be positive be-
cause the trailing-edge surfaces were found to be reversing. These
difficulties prompted the authors to explore more suitable methods
for performing the trim optimization. The next section poses trim
optimization as a LP problem to be solved by the simplex method.

Trim Optimization by the Simplex Method

The simplex method'” is a non-gradient-based algorithm, de-
signed for the solution of LP problems. A LP problem is an opti-
mization problemwhose objectiveand constraints(inequalityand/or
equality) are linear functionsof the design variables. One of the fea-
tures of the simplex method is that typically, for well-posed prob-
lems, the algorithm converges to the exact optimal solution.

The symmetric trim optimization problem, as formulated in the
preceding section, is already cast in the form of a LP problem. The
antisymmetric problem, as it is posed, is also a LP problem. How-
ever, to overcome the difficulties of the MMOFD algorithmdriving
the hinge moments to large negative values, the antisymmetric trim
problemis cast as a minimization of a function, which is defined as
the summation of the absolute value of each hinge moment term.
Mathematically, the new objective function for the antisymmetric
maneuvers is written as

Minimize:

[HM_gi1| + [HMigo!| + [HMrg| + [HMrgo | (10)

where each hinge moment term (HM; g1, HM| ko, etc.) is again de-
fined by Eq. (8) and is a linear function of the trim parameter design
variables (8.g1, d1ro, €tc.). As a result of taking the absolute value
of each hinge moment, the inherent linearity of the original objec-
tive function with respect to the design variables is eliminated, and
thus the minimization of Eq. (10) does not constitute a LP problem.
However, it can be equivalently posedas a LP problemby defining a
new minimization problemin which each hinge moment term of the
objective |[HM| is replaced with a new design variable e, which
is constrained to be greater than or equal to the absolute value of
the hinge moment. This formulation results in two additional con-
straints for each term,'” and the minimization of Eq. (10) is then
posed as
Minimize:

€L T eLgo + eter + €teo
Subject to:

HM g < ez, —HMg < ergr, HMigo =< erro

—HMigo < erko, HMrg; < erg,

< —HMg < erg

HMr1go =< ergo, —HMrgo = ergo

The design variables are (sLE], 5LEOs JTE], 5TEOs €1El>, €LEO> €TEI,
and €TEQ -

The addition of the control-surface travel limits, hinge moment
constraints, and the roll balance constraint of Eq. (9) to the preced-
ing LP problem results in the new antisymmetric trim optimization
problem in which the summation of the absolute value of the hinge
moments is being minimized. The nonphysicalconstraintsthat were
added when using the MMOFD algorithm, in order to prevent the
optimizer from driving the design to large negative values, are now
eliminated.

Sequential AAW Design

The sequential AAW design process is performed by iterating
between trim optimization, by the simplex method in MATLAB® 2
and structural optimization by ASTROS, as presentedin Fig. 3. For
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Fig. 3 Sequential AAW design process.

each structuraloptimizationiteration, the control surface deflections
for the current structural design are optimized. Then, these new
control-surfacedeflections are converted to gear ratios [eliminating
the redundancies of Eq. (3)] and passed to the structural optimizer,
which then proceeds to take another step. After the structural opti-
mization step the aeroelasticequations for the new structural design
are assembled, and the appropriate stability derivatives, trim objec-
tive, and constraintcoefficients [neededin Egs. (4-9)] are calculated
in ASTROS and then output to trim optimization. This process re-
peats itself until the structural optimization objective, wing weight,
is converged.

Results

Structural and Aerodynamic Models

The structural model of the aircraftused both in this research and
in Ref. 16 is shown in Fig. 4. It is an ASTROS preliminary design
finite element model of a lightweightcomposite fighter aircraft with
four wing control surfaces (two trailing edge, two leading edge) and
a horizontal tail *:>* It corresponds to a wing with an aspect ratio of
3.0, a total planform area of 330 ft?, a taper ratio of 20%, a leading-
edge sweep of 38.7 deg, and a thicknessratio of 3%. The skin of the
wing is made up of four composite plies with orientationsof 0, +45,
and 90 deg, where the thickness of the —45 and +45-deg plies are
constrainedto be equal. The composite wing skin plies are designed
(tailored) in thickness, via ASTROS optimization routines, to meet
specified maneuver and strength requirements.

The aerodynamic model is shown in Fig. 5. It is a flat-panel
Carmichael®® model containing 143 vertical panels and 255 hori-
zontal panels. It also contains paneling for the four wing control
surfaces and horizontal tail to coincide with the control surfaces
on the structural model. Carmichael aerodynamic influence coeffi-
cients are produced for two Mach numbers, 0.95 and 1.2, for both
symmetric and antisymmetric conditions .2

The design variables for structural optimization are the layer
thickness of the composite skins. The number of design variables
is 78 as a result of physical linking of the skin elements. Internal
structure and carry-through structure remain fixed. Table 1 shows
the symmetric and antisymmetric maneuver conditionsand strength
constraints to which the structure is designed. Whereas a realistic
fighter design requires the consideration of asymmetric 3-degree-
of-freedomrolling pull-out maneuvers, this study is limited to pure
symmetric and antisymmetric maneuvers for simplicity. To account
for this, the strength constraints of the antisymmetric maneuvers
were lowered, acknowledging that additional strain would result
from the symmetric component of the asymmetric maneuver.

Comparison of Simplex Method and MMOFD

For comparisonof the MMOFD and simplex algorithms, trim op-
timization is performed for maneuver 1 (subsonic, symmetric 9-g
pull-up), maneuver 3 (supersonic roll), and maneuver 4 (subsonic

Table1l Maneuver conditions and design constraints

Maneuver condition

1) Mach 0.95, 10,000 ft
9-g pull-up

Design constraint

Fiber strain

3000 pe tension

2800 pe compression
Fiber strain

3000 pe tension

2800 pe compression
Fiber strain

1000 pe tension

900 e compression
Fiber strain

1000 pe tension

900 e compression

2) Mach 1.20, sea level
—3-g push-over

3) Mach 1.20, sea level
Steady-state roll = 100 deg/s

4) Mach 0.95, 10,000 ft
Steady-state roll = 180 deg/s

Fig. 5 Aerodynamic model of generic fighter.

roll). Trim optimization results for the MMOFD are obtained from
Ref. 16. Maneuver 2 is omitted from the comparison as trim opti-
mization by the MMOFD for this maneuver was not performed in
Ref. 16. Table 2 shows a comparison of the final results of the two
methods for the subsonic rolling maneuver. For trim optimization
by the MMOFD, the leading-edge surface deflections were fixed
to zero, and the hinge moments for each of the leading-edge sur-
faces were not considered in the objective. As a result, to compare
the MMOFD and the simplex method fairly, trim optimization by
the simplex method was first posed to reflect the formulation of the
MMOFED. The results of this are in the second column, with the sim-
plex method results matching closely the results of the MMOFD.
Trim optimization by the simplex method was then performed with-
out the restrictionon the leading-edge surfaces and hinge moments.
The results of this optimization are shown in the third column of
Table 2, showing that the removal of these restrictions results in a
significantly lower total hinge moment.

Table 3 shows a comparison of the MMOFD and the simplex
method for the solution of the supersonic antisymmetric trim
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Table 2 Trim optimization comparison for subsonic roll

Simplex
Variable MMOFD  (like MMOFD)  Simplex
SLEI 0.000 deg 0.000 deg 2.565 deg
SLEO 0.000 deg 0.000 deg 5.000 deg
STEI —1.157 deg —1.155deg —0.960 deg
STEO 9.457 deg 9.442 deg 8.854 deg
HM| gp, Ib-in. —25,566.0 —25,560.0 0.000
HMi ko, Ib-in.  —23,394.0 —23,389.0 —4,720.0
HMrgp, Ib-in. —0.169 0.000 0.000
HMrtgo, Ib-in.  —13,325.8 —13,204.4 —12,200.0
Total objective  62,286.0 62,153.0 16,920.0

Table3 Trim optimization comparison for supersonic roll

Simplex

Variable MMOFD (like MMOFD) Simplex
SLEI 2.792 deg 2.792 deg 0.773 deg
SLEO 5.000deg 5.000 deg 2.780 deg
STEI 0.255 deg 0.414 deg 0.245 deg
STEO 1.605 deg 1.603 deg 13.220 deg
HMy g, Ib-in. 82,610.0 82,600.0 0.000
HM ko, Ib-in. 85,280.0 85,265.0 13,870.0
HMrgp, Ib-in. 866.0 0.000 0.000
HMrEo, 1b-in. 0.150 0.000 —50,000.0
Total objective ~ 168,756.2 165,200.0 63,870.0

Table 4 Trim optimization comparison
for subsonic pull-up

Variable MMOFD Simplex
SLEI —16.800 deg —10.599 deg
SLEO —30.000 deg —30.000 deg
STEI —2.140deg 0.463 deg
STEO —30.000 deg —30.000 deg
Sur 1.902 deg 2.698 deg
o 13.032 deg 12.659 deg
HM gj, b-in. 252,230.0 300,000.0
HM ko, lb-in. 100,430.0 100,000.0
HMrgj, lb-in. 8,020.0 —1,480.0
HMrgo, lb-in. 40,380.0 39,920.0
RBM, lb-in. 4,372,700.0 4,351,100.0

problem. In the case of the MMOFD, the trailing-edge hinge mo-
ments were constrainedto be positive,and once again, in the interest
of fairness, an optimizationby the simplex method was performedto
reflect the formulationof the MMOFD. Both methods produce com-
parableresults, with the simplex convergingto a slightly lower total
hinge moment. However, without the restrictionon the trailing-edge
hinge moments being positive, the simplex method uses more of the
TEO surface,resulting in a significantly lower objective (column 3).

The results of the trim optimization for the subsonic, symmetric
maneuver are shown in Table 4. A comparison of the two methods
shows good agreement in the final converged solution, with the
simplex converging to a slightly lower RBM. In addition, the final
solutionby the simplex method resultsin a much “tighter”’ constraint
value for HM, g1, where it fell precisely on its upper limit. This is
a beneficial characteristic of the simplex method where the optimal
solution must lie on a constraint vertex. However, with gradient-
based methods, such as the MMOFD, the solution depends heavily
onoptimizationparameterssuchas move limits and starting point. In
complex problemsthereis thenno guaranteethat the global optimum
is reached.

Overall, the simplex method proved to be better suited for the trim
optimization problem as it has been formulated. The simplex solu-
tions, when posed to reflect the MMOFD formulations, converged
to slightly better solutions and were more precise in their satisfac-
tion of the constraints. However, the benefits of the simplex method
become even more dramatic when the restrictions of the MMOFD
are removed, as is evident in the antisymmetric maneuvers.

Table 5 Independent and dependent control surfaces

Independent
Maneuver (basis) surface Dependent surfaces
1 HT LEL LEO, TEI, TEO
2 HT LEL LEO, TEI, TEO
3 LEO LEIL TEI, TEO
4 TEO LEL LEO, TEI

Table 6 Final weights for each optimization

Optimization case Weight, Ib
AAW sequential 292.271
AAW optimization 1 405.134
AAW optimization 2 355.50
Conventional control 383.04

Sequential AAW Design Process

The sequential AAW design process, as proposed in Fig. 3, was
implementedfor the ASTROS optimizationmodel discussedearlier.
In addition, three other structural optimizations were performed as a
basisof comparisonto the sequentialprocess. The first of these,iden-
tified as AAW optimization 1, is an ASTROS structural optimization
with the optimal control-surface deflections for the starting struc-
turaldesign convertedto gearratios. Over the course of the structural
optimization, these gear ratios remain fixed, and the deflections of
the independent surfaces are constrained so that none of the sur-
faces exceed their allowable travel limits. The independentsurfaces
and dependentsurfaces for each maneuver are givenin Table 5. The
HT was selected as the independent surface for maneuvers 1 and 2
becauseit has historically been the primary control surface for sym-
metric trim. The LEO surface was selected for maneuver 3 because
it is the most effective surface at supersonic conditions, at which
point both trailing-edge surfaces experience control reversal. For
maneuver 4 the TEO surface is the independent surface because it
is the most effective roll control surface at subsonic speeds.

The second comparison case, identified as AAW optimization 2,
is a structural optimization where the dependent surfaces are set
to their optimized deflections for the starting structural design and
remain fixed over the course of the structural optimization. The
independentsurfacesremain free during the optimization,deflecting
to achieve the prescribed maneuver requirements. For example, for
maneuver 1 the deflections of the LEI, LEO, TEI, and TEO surfaces
remain fixed at theirinitial optimal values, and the deflections of the
horizontal tail and angle of attack remain free to trim the aircraft.

The final comparison case is structural optimization for a con-
ventionally controlled aircraft, which would be reflective of how
current fighter aircraft are controlled. In this case only the horizon-
tal tail is used to trim the aircraft for the symmetric maneuvers.
For the supersonic antisymmetric maneuver a blending of the TEI
surface and horizontal tail (similar to the F-16) is used to achieve
the required roll rate, and for the subsonic antisymmetric maneuver
the TEO surface is used. In addition, control-surface effectiveness
constraintsare added to the structural optimization for the antisym-
metric maneuvers, as is typically done for modern fighter aircraft
that require high roll rates or fast time to bank.

The final optimized weights for the sequential AAW design pro-
cess and the three comparison cases are shown in Table 6. By exami-
nation of the weights alone, one observesthe benefit thatis achieved
by performing trim optimization for each iteration of the structural
optimization. AAW optimization 1 employs AAW technology, but
because all of the dependent surfaces are geared to the indepen-
dent surfaces the independent surfaces have very little “freedom”
with which to trim the aircraft. As a result, additional stiffness is
added to make the independentsurfaces more effective, resultingin
an even higher weight than a configuration employing conventional
control technology. AAW optimization 2 results in a lower weight
solutionsimply because the independentsurfaces are not attached to
the dependent surfaces and thus have far more freedom with which
to trim the aircraft. However, the weight is not nearly as low as
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the sequential process, again emphasizing the need to optimize the
control-surface deflections for each structural design (i.e., at each
optimization iteration).

Tables 7-10 show the control-surface deflections and trim opti-
mization objectivefor the final structuraliteration of each of the four
optimization cases. Table 7 contains the final data for the subsonic,
pull-up maneuver, where one clearly sees the benefit of using the
wing control surfaces to relieve RBM. For all three AAW cases the
outboard control surfaces deflect to their largest negative allowable,
which for the leading-edge surface is nose down and for the trailing
edge surfaceis tail up. This has the effect of decreasingthe effective
angle of attack on the outboard section of the wing, shifting aero-
dynamic load further inboard, and hence reducing RBM. The three
AAW optimization cases result in a 25% reduction in RBM over
the conventional control approach. Moreover, in the AAW cases the
horizontal tail deflects much less than in the conventional control

Table 7 Final control-surface deflections and trim
objective for subsonic pull-up

AAW AAW

Variable Sequential ~optimization 1 optimization2 Conventional
SLEI —4.609deg  —5.990 deg —6.350 deg 0.000 deg
SLEO —30.056deg —28.286deg  —30.000deg  0.000 deg
STEI —6.446deg  —3.231deg —3.430 deg 0.000 deg
STEO —30.056deg —28.286deg  —30.000deg  0.000 deg
Sur 0.790 deg 1.430deg 1.383 deg —4.799 deg
o 11.751 deg 11.784 deg 11.699 deg 10.072 deg
RBM, Ib-in. 4,701,820.0 4,614,680.0  4,629,120.0 6,238,330.0

Table 8 Final control-surface deflections and trim
objective for supersonic push-over

case. This leads to less tail loading, which probably would have
contributed to the reduction of the total structural weight if the tail
structure were included in the structural optimization.

Figure 6 is a history of the subsonic, pull-up maneuver control-
surface deflections after each structural optimization step of the
sequential AAW design process, giving an indication of how the
control law evolves as the structural design changes. The dashed
line on each plot corresponds to the final deflections for AAW op-
timization 2. It is seen that the deflections significantly change as
the structure is optimized, indicating the importance of conducting
a concurrent trim and structural optimization.

Table 8 presents the final trim data for the supersonic, push-over
maneuver. Here, once again, one observes the dramatic reduction
in the magnitude of RBM for the AAW approachesover a conven-
tionalapproach.Inthis case the leading-edgesurfaces deflect to their
largest positive allowables, which is exactly the opposite trend of
maneuver 1. This is because maneuver 2 is a push-over maneuver;
hence, RBM is naturally negative, and the goal of trim optimiza-
tion is to increase RBM, which is achieved by maximal upward
deflection of the leading-edge surfaces. Although the trailing-edge

Table 9 Final control-surface deflections and trim
objective for supersonic roll

AAW AAW
Variable Sequential optimization 1 optimization2 Conventional
SLEI 0.705 deg 0.714 deg 0.715 deg 0.000 deg
SLEO 4.732deg  4.995deg 5.000 deg 0.000 deg
STEI 0.033 deg 0.115 deg 0.115 deg 16.503 deg
8TEO 1.093deg  11.533 deg 11.547 deg 0.000 deg
HMoal, Ib-in.  48,991.7 82,156.0 80,488.1 115,045.1

Table 10 Final control-surface deflections and trim

AAW AAW objective for subsonic roll
Variable Sequential optimization 1 optimization2 Conventional
AAW AAW

SLEI 4.998 deg 4.499 deg 5.000 deg 0.000 deg Variabl ial imization 1 imization 2 ional
Sro 4.998 deg 4.499 deg 5.000 deg 0.000 deg ariable Sequential optimization 1 optimization2 Conventiona
STEI —29.290deg —26.005deg —28.900deg  0.000 deg SLEI 3.165 deg 2.774 deg 2.774 deg 0.000 deg
STEO 15.480 deg 13.537 deg 15.040 deg 0.000 deg SLEO 5.016 deg 4.989 deg 5.000 deg 0.000 deg
Sur 2.695 deg 2.603 deg 2.660 deg 2.217 deg STEI —2.385deg —1.527deg  —1.530deg 0.000 deg
[ —2.213deg  —2.152deg  —2.210deg  —1.600deg STEO 15.291deg  10.753 deg 12.064 deg 14.797 deg
RBM, Ib-in. —1,328,030.0 —1,406,360.0 —1,324,950.0 —2,111,000.0 HMotal, Ib-in.  39,330.9 28,369.3 32,859.5 90,971.1
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surfaces deflect to rather large values, their ineffectivenessat super-
sonic speeds results in them having little effect on the RBM, and
thus they are used primarily to meet the hinge moment constraints.

Table 9 presents the final data for the supersonic, rolling maneu-
ver, showing the same trends that were observed for the previous
maneuvers. Examination of the final control-surfacedeflections for
each of the three AAW optimization cases reveals that as the struc-
ture is modified the trailing-edge surfaces are used less and less to
achieve the required roll rate. This is made apparent by the lower
deflection of the trailing-edge surfaces for the sequential approach
compared to the other AAW optimization cases. In AAW optimiza-
tion 1 and 2 the TEO surface is used rather extensively, as these
cases correspond to the optimal control laws for the starting struc-
tural design, but as is evidentby the higher total hinge moment, they
are not optimal for the final structural design.

Thispointis alsoreinforcedin Fig. 7, whichis a plot of the control-
surface deflections for each iteration of the sequential AAW design
process for this maneuver. The dashed line on each plot refers to
the final control-surface deflection of AAW optimization 2. One
sees that after the first iteration usage of the TEO surface drops off
dramatically. This is because from iteration 1 to iteration 2 the TEO
control surface begins to reverse, and hence the trim optimization
deemphasizes this surface in favor of the leading-edge surfaces.
However, both AAW optimization 1 and 2 are forced to use this
surface as they employ the starting optimal control law and, as a
result, pay a rather significant penalty in hinge moment because of
its heavy use.

Finally, Table 10 contains the final trim data for the subsonic
rolling maneuver. In contrastto the supersonicrolling maneuver, the
TEO surface is used rather heavily. This is because at the subsonic
Mach number this surface s still effective. Although the total hinge
moment by the sequential process is higher than either of the other
two AAW optimizationcases, the structureis much lighter and more
flexible. Thus, the loadsactingon this structureproducehigherhinge
moments. Also, note the significant reductionin total hinge moment
when the leading-edgesurfaces are employed as seen by comparing
the AAW cases to the conventional control design.

Conclusion

Trim optimizationfor AAW technologyhas been performedusing
the simplex method and compared against previous trim optimiza-

tion results that were generated using a gradient-based MMOFD
optimizationalgorithm. The results of this comparisonrevealed that
the simplex method converged to comparable and slightly better so-
lutions when posed in the same manner as trim optimization by
the MMOFD. However, when the nonphysical constraints that were
appliedto trim optimizationby the MMOFD were removed, the sim-
plex method produced significantly better results as seen by a 73%
reduction in total hinge moments for the subsonic roll and a 61%
reductionin total hinge moments for the supersonicroll. In general,
the simplex method was better suited for the type of trim optimiza-
tion problems being solved, whose constraints and objectives were
linear functions of the design variables.

Trim optimizationby the simplex method was thenintegratedinto
the sequential AAW designprocess,in which structuraloptimization
and trim optimization are repeated in an iterative fashion. Compar-
ison of final results of the sequential process with a conventional
controlcase demonstrateda nearly 24 % reductionin weight with the
use of AAW technology. Comparison of the sequential AAW design
to designs based on fixed control laws demonstrated the importance
of optimizing the control law following each structural optimiza-
tion. This is evidenced by the significant reductions in weight and
different final control-surface deflections of the sequential AAW
design process over AAW optimization 1 and 2. The current effort
of the authors is focused on the direct integration of the trim opti-
mization into the ASTROS structural optimization scheme, in order
to accommodate the concurrent trim-structural optimization.
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