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Simultaneous design optimization is considered for structure and control parameters of a wing with a gust
load alleviation (GLA) control system. The application of a goal programming (GP) formulation to the design
synthesis of an aeroservoelastic system is carried out by the use of a simple mathematical model in conjunction
with a wind-tunnel model having a GLA control system. Numerical applications are based on a cantilever wing
having an aileron surface controlled by wing-tip accelerometer feedback signals. System equations are obtained
in the form of state equations, thus enabling the statistical characteristics of both the gust-induced wing stress
and the control surface deflection angle to be evaluated using their standard deviations. The wing spar height
and the controller feedback gain are simultaneously optimized to obtain the minimum spar weight while satisfying
the following structure and control design constraints: 1) the spar stress is limited with the control system either
on or off; 2) the control surface deflection angle is restricted; and 3) system stability should be guaranteed by
incorporating a controller stability margin. Numerical examples demonstrate the successful application of a GP
formulation for the simultaneous structure/control design synthesis by specifying priorities to the conflicting

design constraints.

Introduction

CTIVE control technology has been recognized as a de-
sign tool to improve aeroelastic characteristics of flight
vehicles.! Active controls have been attempted into aircraft
to improve structural deficiency, to increase fatigue life, and/
or suppress aeroelastic instabilities without increasing struc-
tural weight. This design process primarily depends on the
control system’s design and traditionally no modifications can
be applied to the structure. However, due to the strong in-
teractions between these two systems, a simultaneous design
synthesis method must be developed at an early stage of ve-
hicle design in order to take full advantage of active control
techniques.? This led to the present article which describes a
simultaneous structure/control design optimization method for
a wing having a gust load alleviation (GLA) control system.?
Numerical optimization of simultaneous structure/control
design synthesis has been successfully applied to structures in
space*; however, aircraft design applications are limited as a
result of complex design requirements, e.g., control systems
must have sufficient stability margins, and aircraft structures
must withstand load conditions when used with the control
system including control system failure. As a result, the min-
imum structural weight design subject to gust load constraints
usually considers structures with no control system,5-7 and
has led to the development of control design synthesis meth-
ods for alleviating gust loads which only consider existing
structures without modifications.®° Recently, simultaneous
structure/control design synthesis for an active flutter suppres-
sion system in simplified models was reported,'®!* and sen-
sitivities of flutter characteristics and stability margins with
respect to structure/control design parameters were derived.!2
However, more effort must be directed toward simultaneous
structure/control optimization in aircraft design.
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Simultaneous structure/control optimization generally con-
siders multiple objective optimization problems since the
structure and control problems have either individual design
requirements or constraints, and in practical situations criteria
target values of achievement are of significance. Here, goal
programming (GP) is applied to optimize the structure/control
design parameters for wing structures incorporating a GLA
system. GP considers design objectives as achievement goals
by using priority classifications to solve conflicting multiple
goals.”® Although GP is an important technique for multiple
criteria optimization in mathematical economics, this ap-
proach is not commonly used in engineering fields.!! This
approach is sequentially applied to a linearized problem to
obtain the optimum structure/control design parameters since
the simplex algorithm can efficiently and reliably solve lin-
earized GP problems. The following design requirements are
considered: 1) system stability requirements incorporating
stability margins; 2) gust-induced stress constraints with the
control system on or off; 3) restriction of the control surface
deflection angle; and 4) minimization of structure weight.

To demonstrate the sequential GP approach, a simple aero-
servoelastic system is utilized. Numerical applications are based
on a wind-tunnel model designed to experimentally study the
GLA control system.> Although gust loads have been pre-
viously analyzed in the frequency domain, this study considers
the system equations as a first-order time-domain (state-space)
form, thereby enabling modern control design techniques to
be utilized. The presented method is summarized as follows:
1) vertical gust velocities are represented as output signals of
a first-order state equation driven by Gaussian white noise;
2) the standard deviation of the principal bending stress is
used to evaluate the gust-induced stress; and 3) a conventional
feedback control law is applied to move the aileron control
surface using wing-tip accelerometer measurements. It should
be noted that it is difficult to use statistical properties which
consider more sophisticated fatigue criteria involving com-
binations of stress components since the phase relations be-
tween the stress components cannot be obtained. However,
Ref. 7 proposed the use of constraints based on an equal-
probability-of-load-combination to cope with this difficulty.
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Selected design parameters are the wing spar height dis-
tribution and the controller feedback gain which are then
optimized to obtain the minimum spar weight while satisfying
all structure and control system design requirements.

Aeroservoelastic Model

Aeroelastic Model

A wind-tunnel model used is shown in Fig. 1, being a uni-
form cantilever wing having an aileron surface for active con-
trol which is vertically attached to the wind-tunnel wall at a
0 deg angle of attack.

The wing spar is divided into bar elements for finite element
method (FEM) structural analysis. An airfoil covering the
spar and an actuator device are modeled as concentrated mass
and inertia added to each nodal point. The controller device
mass and location are fixed in this study because an available
actuator device and its location were limited in this wind-
tunnel model. It should be noted that the controller device
size should be changed according to the control output, and
also that its location should be selected as a design variable
since both its mass and placement directly influence struc-
ture’s dynamic characteristics.

Time domain equations for dynamic response of the wing
spar structure are

(1€} + [BJE + [KNE = {f} M

where [I], [B,], and [K,] are the identity, damping, and stiff-
ness matrices, respectively, {£} is the generalized structural
displacement vector, and {f} is the generalized force vector
associated with air forces. The physical displacement vector
{z} is represented as

{a = [Dlig} @

where [®] is the matrix of eigenvectors normalized with the
generalized mass matrix. The present mathematical model
consist of three modes, i.e., the first and second bending
modes and a spar torsion mode.

A simple aerodynamic model is used in this study. The air
forces acting on a wing section are approximated by the quasi-
steady two-dimensional potential flow theory including an
apparent mass effect, whereas the air forces due to a control
surface deflection are estimated using the steady aerodynamic
theory. The reason for using this simple aerodynamic model
is that the reduced frequency of the original wind-tunnel model
is low, therefore allowing the analytical derivation of aero-
dynamic loads derivatives with respect to design parameters.
The bending frequency w and the reduced frequency k (= wb/
U; b is a semichord, and U is a flow velocity) of the baseline
wind-tunnel model were 6.12 rad/s and 0.0459, respectively.

Integration of the section forces using the strip theory will
result in the generalized force vector

{f} = {Hlo, + {HJs + [H){&} + (K} + [H3]{§}(3)

where [H,], [H,], and [H;] are aerodynamic matrices related
to the generalized coordinates, and {H,} and {H,} are aero-
dynamic vectors generated by a wind gust having an angle-
of-attack a, and by the aileron deflection angle 8, respectively.

Gust Model
A random wind gust with a vertical velocity w, is modeled
using output signals of the first-order time domain equation

W, = —w,w, + wn, “)

whete w, and n, are a cutoff frequency of the gust model and
the Gaussian white noise, respectively. The variance of the
gust velocity is

E[w?] = (0,V,/2) (5)
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where V, is the intensity of the white noise. The gust angle-
of-attack a, in Eq. (3) is represented by w,/U,.

Control Model
The actuator transfer function is

5 _ e 6
8, $?+ 2ws + w? ©)
where 8 and 8, are the aileron surface deflection angle and a
command signal to the actuator, ¢, and w, are dynamic char-
acteristics of the actuator, and s is the Laplace variable.

The value of 8, is determined by feedback signals from a
wing-tip mounted accelerometer (Fig. 1), with the negative
feedback control law being defined as

8. = —[-K(Ts + D)y (™)

where T and K are a time constant and the controller feedback
gain, respectively, and y is the wing-tip vertical acceleration.
Figure 2 shows a block diagram of the closed loop feedback
control system. Since the aeroelastic model’s transfer function
between 8 and y is negative, the sign of the feedback gain is
made negative so that the open loop transfer function between
the command signal 8, and the controller’s feedback signal
—~Ky/(Ts + 1) is positive. To increase the damping of the
first bending mode, the phase angle between 8 and y is ad-
justed to be 90 deg at the first bending mode frequency w,

by setting the time constant T equal to
w? — w?

T = ol

®)
The wing-tip vertical acceleration y can be written as

y = {du}" &} (€)

where {¢,;,} is the vector containing each eigenvector com-
ponent at the wing tip.

System Equations

Transforming Eq. (6) into a state-space form by combining
Egs. (1), (3), and (4) results in the open loop equations

) = [All + {B)S, + {Din, (10)
y = {C}Tx}
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where
X7 =, & a5, 8 (11)
0 I 0 0 0
-M;'K, —-M;'B, M;'H, M,H; 0
[A] = 0 0 —w, 0 0
0 0 0 0 1
0 0 0 it w% - 2{,:(1)?
(12)
with

M,=1-H,B,=B, - H,K,=K-H, (13)

{B}” = {0,0,0,0, 2 (14)
D} = {0, 0, w,/U,, 0, 0} (15)
€} =10, %, 0,0, 0.}{4] (16)

The open loop Eq. (10) can be closed by using the feedback
control law [Eq. (7)], which results in the closed loop state
equations

.} = [AKx} + {D.}n, 17)
where
fr} = {;‘} (18)
A B
(4d = [(K/T)CT —1/T] (19)
.} = {g} (20)

having a total order of 10.
If the system is stable, the steady-state covariance matrix
is defined as

[Q] = lim E[x.x]] (21)

where [Q] is solved by the Lyapunov matrix equation’

[Ad[Q] + [Q][A]" + D}V D} = 0 (22)
with V, being the intensity of the input white nose n, in Eq.
O).

The FEM formulation can evaluate the stress of each ele-
ment as'®

{o} = [SHz} (23)
where {0} and [S] are the stress vector at each element and

the transformation matrix, respectively. The covariance ma-
trix associated with the stress vector is defined as

[Q.] = [SI®l[Q]®P)[S1" (24)

where [Q,] is the covariance matrix for the state £.

Stability Index

In order to assure system stability, a stability index is in-
troduced as'’

1 N
= ;‘ Yo (; e”’)") (25)

where N is the order of the system; A, is the real part of the
ith eigenvalue of the system matrix [A.], and p, is a scaling
parameter. Equation (25) is the Kreisselmeier-Steinhauser
function,'® and when F, < 0, the system is stable.!®

Although a condition of F, < 0 guarantees system stability,
the control system still may not have sufficient stability mar-
gins. Therefore, in the following applications, the system is
considered stable even if the feedback gain increases the de-
sign variable by up to 3.16 times, being represented as

F(3.16K) < 0 (26)

with Eq. (26) indicating that the control system has a gain
margin of greater than 10 dB.

Goal Programming

Design parameters of the aeroservoelastic system were se-
lected as structural parameters for each element in the FEM
formulation and the feedback gain K in Eq. (7). These pa-
rameters p; (i = N,) are optimized to minimize the
wing structural welght M( p:) while also satisfying the corre-
sponding design constraints.

The design problem can be expressed as a general nonlinear
optimization problem

minimize: M(p,)

subject to: ¢, (p )=, =, E}b
(]fOI‘ [ = ]Nd) (27)
(forj = 1 » N.)

where ¢;(p;) are N, constraint functions. In the structure de-
sign the constraint functions represent restrictions on both the
maximum stress and the design variables’ upper/lower limits,
whereas the control design considers the stability require-
ments and restrictions on the control surface deflection angle.

Since many design constraints appearing in Egs. (27) are
not satisfied in the original baseline wind-tunnel model, and
since no feasible solutions satisfying all design constraints may
be found, it should be considered that each criterion has a
target value of achievement. Additionally, each criterion has
a priority of significance in an engineering sense. The GP
approach®® is considered to be suitable for this optimization
problem because it minimizes as best as possible the deviations
from target values in accordance with the priority, thereby
obtaining solutions even if all constraints are not satisfied.
GP deals with a constraint value b, in Eq. (27) as a goal value
g and defines deviation variables d and d; to measure
overachievement and underachievement from the target goal
g;- Considering the original objective function M has an ideal
goal gy, the following relations are obtained:

subject to:  f(p) — dif + di = g
df-d; =0
dr=0,d; =0 (28)
(fori=1,...,Ny)
(fork=1,...,N.+ 1

In a GP formulation, an objective function to be minimized
is given as

L
minimize: ), [P,(E(w,jdk+ + wkd;)] (29)
I=1 kell
where P, represents the priority of the goals, and w; and
w; are weights in the same priority level I, The goals are
grouped according to priorities. The goals at the upper priority
level are considered to be infinitely more important than goals
at the lower priority level; thus, P, does not represent a real
number but indicates the goal at priority level /. This means
that the objective functions at the lower priority level can only
be further minimized by not decreasing the objective functions
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at the upper priority. An appropriate choice of w} and wy
makes it possible to deal with various types of design require-
ments, e.g., inequality constraints, equality constraints, and
function minimization (see Table 1).

If the goal function f, is a linear function with respect to a
parameter p;, the GP formulated problem can efficiently be
solved by the modified simplex algorithm (the lexicographical
simplex algorithm?®). Therefore, f, is linearized with respect
to the design variables so that the algorithm can obtain the
optimal solutions within the move limits of each design var-
iable. The objective function in Egs. (28) is then linearized
for each successive updated design variable until all solutions
converge. A proper choice of the move limits is required to
assure the linearity assumption of f, and to converge the it-
eration process. Typically, a proper choice for the starting
value of the move limits is 10% of an initial design parameter.
These values are reduced when a design parameter changes
its sign during the iteration process. Note that this situation
can also be found in a conventional sequential linear pro-
gramming approach.’

Sensitivity Analysis

A derivative of the goal function with respect to the design
parameter must be calculated in each design cycle. It was
found that a sensitivity analysis which analytically determines
the derivatives improves the computational efficiency.

The derivatives with respect to a design parameter p for
the covariance matrix [Q] and the stress matrix [S] are used
to obtain stress and the control surface deflection angle de-
rivatives. The derivative matrix 6[ Q]/dp can be calculated from
the Lyapunov equation

i, %ff] Al

T
oAl _
ap J

" a—[;j,—] (0] + [0]
(30)

obtained from Eq. (22). The calculation of the derivative
matrix 8[A_]/dp in Eq. (30) requires derivatives of the structure
matrices [B,] and [K,] in Eqgs. (1), the aerodynamic matrices
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Fig. 3 Optimization procedure flowchart.

Table 1 Weight selections in goal programming

Weight

wi >0, wy >0
wi >0, wy =0
wi =0, w; >0
wi >0, w; <0

Constraint or objective

Subject to: fi(p) = 8«
Subject to:  filp) = 8
Subject to:  fi(p) = &
Minimize: f.(p)

and vectors in Eq. (3), the time constant T in Eq. (8), and
the output matrix [C] in Eq. (10). These derivatives are cal-
culated using both the structure’s eigenfrequency derivative
and the structure’s eigenvector derivative obtained in the FEM
structural analysis.'®

It is necessary to determine the derivative with respect to
a design parameter for the eigenvalue of the system matrix
[A.] in order to calculate the derivatives of the stability index
F,. The derivative of the eigenvalue A, is"®

oA, A,
= {tt}Ta—[éIJ—] ir) (31)

where {I} and {r;} are the ith left and right eigenvectors of the
system matrix [A_].

As shown in Fig. 3, the presented design procedure is sum-
marized as follows: 1) define initial design parameters; 2)
calculate structural characteristics, i.e., the eigenfrequency
w,, the eigenvector {¢}, the stress matrix [S]in Eq. (23), and
their derivatives; 3) compute the aerodynamic matrices and
vectors, i.e., [Hy], [H,], [H;], [H,], and {H,}, in Eq. (3) and
their derivatives; 4) assemble the system equations and cal-
culate the system characteristics with the control system on
and off, i.e., the standard deviations of both the element stress
and the control surface deflection angle, the stability index,
and their derivatives; 5) make the linear model for the GP
formulation and obtain the optimized design parameters within
their move limits; and 6) update the design parameters and
return to step 2) until all solutions converge.

Numerical Example

Mathematical Model

The design objective in numerical applications is to find the
optimum spar height ¢ of each bar element and the optimum
feedback gain K in Eq. (7) which minimize the spar weight
while satisfying structure and control design requirements.
Table 2 summarizes the material properties and numerical
parameters used in the problem. Note that the spar is divided
into eight bar elements and the number of design parameters
is nine.

Structural Optimization

A conventional design procedure is initially applied (i.e.,
only the structural design parameters are optimized without
considering the control system), and then controller feedback
gain is adjusted to reduce gust-induced stress of the obtained
structure.

The maximum stress from a wind gust must be limited to
prevent unacceptable structure fatigue, and should be defined
under the conditions with the control system on and off in
case of a control system failure. Although structure fatigue
criteria define these maximum stresses in aircraft structures,
the present study introduced control system on/off limits using
the stress levels determined by the wind-tunnel model (Fig.
1), e.g., the maximum principal stress with the control system

Table 2 Material properties and numerical parameters

Parameter Value
Spar material Young’s modulus 71.5, GPa
property Poisson’s ratio 0.335
Density 2.79 x 10°, kg/m?
Uniform flow Velocity (U,) 20, m/s
Density 1.225, kg/m?
Gust model w, 0.333, Hz
[Eq. (4)] Variance (E[w2]) 0.0324, (m/s)?
Actuator model , 6.0, Hz
[Eq. (6)] 3 0.7
Scaling parameter
[Eq. (25)] b, 10
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on is 3.0 MPa and the maximum one with the system off is
relaxed up to 4.5 MPa.

Based on the maximum allowable stress constraint, the
structure with the control system off is optimized under the
prioritized design goals shown in Table 3. The first priority
concerns the upper and lower limits of the spar height, the
second priority considers the maximum stress requirement
with the control system off, and the third one (the reduction
of the spar weight) is satisfied as best as possible without
decreasing the other two priorities. The initial spar height of
each element was set to 3.0 mm.

Figure 4 shows the design cycle histories of the objective
functions, where the stress of the root element is divided by
the goal value (4.5 MPa) and the weight is divided by the
optimized minimum weight (0.489 kg). The stress require-
ment (the second priority) is satisfied early, then the spar
weight (the third priority) is reduced without violating the
maximum stress. Figure 5 shows the iteration histories of the
element spar height and the standard deviation of the principal
stress. The spar height is larger at the root section and smaller
at the tip section to obtain the maximum stress level along
the wing span.

The control system can further reduce the spar stress ob-
tained in the structural optimization. The controller’s stress
reduction performance is shown in Fig. 6 with respect to the
feedback gain (the controller design parameter) vs the stan-

Table 3 Optimization goals (structure
optimization with control system off)

Priority Objective

1 1.0 =1t =6.0, mm
2 Do]* = 3.0, MPa
3 Minimize weight

aD[o] Denotes the standard deviation of a
parameter.

* : Weight
a: Stress
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Fig. 4 Normalized weight and stress (root element) vs iteration num-
ber (structure optimization).
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Fig. 5 Design cycle history of spar height and principal stress (struc-
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Table 4 Optimization goals
(structure/control optimization with
control system on/off)

Priority Objective
1 1.0 == 6.0, mm
2 F, <00
3 D[o,]* = 3.0, MPa
4 D[8]* = 8.5, deg
5 D[o,]* = 4.5, MPa
6 Minimize weight

2Dlo,, 8, 0,.] Denotes the standard deviation
of a parameter.

dard deviations of the maximum stress and the aileron de-
flection angle. The design procedure cannot reduce the max-
imum stress below the allowable limit (3.0 MPa) because the
system becomes unstable by increasing the feedback gain;
thus, the control system’s effectiveness is diminished at higher
control gains.

Structure/Control Optimization

In the next step, both the structure design parameters and
the feedback gain are simultaneously optimized.

Table 4 shows the prioritized design goals, where the second
priority is the system stability requirement, the third priority
is the allowable stress limit with control system on, the fourth
priority indicates the aileron’s maximum deflection angle, the
fifth priority is defined for the allowable stress limit with
control system off, and the final priority is for the weight
reduction. The initial spar height (the structure design pa-
rameter) was set at the optimized value from Fig. 5, whereas
the initial feedback gain (the control design parameter) was
set to 0.2.

Figure 7 shows the design cycle histories in which the weight
is normalized by an initial value (0.489 kg), the stresses with
the control system on and off are divided by their allowable
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limits (3.0 MPa and 4.5 MPa) respectively, and the aileron
deflection angle is divided by its maximum limit (8.5 deg).
The stress requirement can be satisfied early, with the feed-
back gain subsequently increasing to minimize the spar weight
as best as possible until the aileron deflection angle reaches
its allowable limit. However, the weight reduction due to the
increase of the feedback gain is slight, and the high controller
gain is unsuitable with respect to system stability character-
istics.

Figure 8 shows the optimized system’s Nyquist plot of the
open-loop transfer function between the actuator command
signal 8, and the feedback control signal — Ky/(Ts + 1). The
distance between the point (—1, 0) and the system’s open-
loop transfer function indicates a controller stability margin.
Although the system is stable, it does not have a sufficient
stability margin, thus an additional constraint for the stability
margin must be incorporated.

Structure/Control Optimization with Stability Margin

To assure an adequate stability margin, the following design
constraint was introduced: maintaining the system margin by
allowing the feedback gain to increase the design variable by
up to 3.16 times, i.e., having a control system gain margin of
greater than 10 dB. This stability margin constraint [Eq. (26)]
was included in the design procedure as the second priority
of Table 4.

The design cycle histories of the objective functions are
illustrated in Fig. 9, and even though the weight converges
to a larger value (0.502 kg) than the initial one (0.489 kg),
the feedback gain and the aileron deflection angle are main-
tained small. This optimized system has sufficient stability
margin because the gain and phase margins are over 10 dB

3
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(1.0 >\‘° :
g
£ 0

—)
at 7 >4 w=ee

| Phase Margin

Real

Fig. 8 Nyquist plot of open-loop transfer function (eptimum design
without stability margin).
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Fig. 9 Normalized weight, stress of root element (control system on/
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(structure/control optimization with stability margin).

and 80 deg as shown in the Nyquist plot of the open-loop
transfer function (Fig. 10).

Finally, to check the uniqueness of the solutions, the design
process with the same design requirements was executed from
different starting points, i.e., the initial spar was selected as
a uniform spar having 3.0-mm height. Figure 11 shows the
design cycle histories in which each item is normalized by the
same value used in Fig. 9. It should be noted the solutions
converge to the same values obtained in Fig. 9. Figure 12
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shows the iteration histories of the element spar height and
the principal stress with the control system on and off. Note
that as the spar height changes from a uniform spar, the
principal stresses with the control system on and off are kept
within their allowable limits.

Conclusion

A simultaneous structure/control design optimization of a
wing structure with a GLA system was presented. The struc-
tural weight was minimized with the following structure and
control design requirements: 1) system stability requirements
incorporating stability margins; 2) gust-induced stress con-
straints with the control system on or off; and 3) restriction
of the control surface deflection angle. The gust-induced stress
and the control surface deflection angle were statistically eval-
uated by the standard deviation of a parameter in a time-
domain formulation. To assure system stability margins, sys-
tem stability was guaranteed by allowing the feedback gain
to increase the design variable by up to 3.16 times. Numerical
examples demonstrate the successful application of a GP for-
mulation for structure/control simultaneous design by com-
paring the results to a conventional design (i.e., only structure
design parameters are initially optimized without considering
the control system), and then the controller feedback gain is
adjusted. Further investigations are necessary to treat more
complex multiple input and multiple output (MIMO) control
systems and also to consider practical wing design require-
ments such as flutter and structure failure characteristics in
addition to the gust-induced stress. Although analytical de-
rivatives of aerodynamic loads can be obtained with the pre-
sented simple aerodynamic model, future studies are needed
to address full nonsteady or transonic flows.
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