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Structure/Control Design Synthesis of Active Flutter
Suppression System by Goal Programming

Shinji Suzuki and Seiji Matsuda
University of Tokyo, Bunkyo-ku, Tokyo 113, Japan

The simultaneous design of the structure and control for a typical wing section with a trailing control surface
is considered. Since the original structure usually has inadequate dynamic characteristics for active control,
design parameters must be optimally modified. Full-state feedback control gains are designed using the linear
quadratic Gaussian regulator theory at the design airspeed; this is the only control design parameter. A typical
wing section with a trailing control surface is examined as a design example, and then both structure and control
design parameters are optimized in accordance with the following prioritized design requirements: 1) the flutter
speed of an initial open-loop system is maintained, 2) the stability characteristics of a closed-loop system are
obtained over a wide range of flight speed, 3) the control surface deflection angle is restrained, and 4) the degree
of structural design changes is minimized. The sequential goal programming method is successfully applied to
optimize these multidisciplinary design requirements.

Introduction

A CTIVE flutter suppression has been recognized as a
means to improve wing damping characteristics without

increasing structural stiffness and without adding mass balanc-
ing. Several techniques of control synthesis of flutter suppres-
sion have been presented.1'4 In these studies, analytical and
experimental results reveal that there is an inter-relation-
ship between structural design and control synthesis.5"7 Gener-
ally, since the installation of an active control system is
not taken into account in structural design, the structural
dynamic characteristics are sometimes altered in the process of
control design. Consequently, it has been suggested that struc-
ture/control design must be integrated at an early vehicle
design stage.5'6

Numerical optimization of simultaneous structure/control
design has been applied to structures in space8'10; however,
this approach has not been used in the design of an active
flutter suppression system due to several complex difficulties,
e.g., control systems must operate in various flight conditions
resulting from the system characteristics varying with the dy-
namic pressure and sufficient open-loop characteristics must
be provided against a control system failure. Numerical opti-
mization procedures handle these problems by treating them as
design constraints. Since constraints conflict with one another,

it is difficult to use this technique to obtain feasible solutions
satisfying all constraints. Reference 10 manages to solve
the dilemma using a method that initially relaxes the original
constraints to provide an initial solution and then recovers
them iteratively.

In this research, goal programming (GP) is applied to opti-
mize the structure/control design parameters for an active
flutter suppression system. Goal programming, developed for
use in mathematical economics, deals with design constraints
as achievement goals, using priority assignments to solve con-
flicting multiple goals.11'13 The simplex algorithm can be effi-
ciently applied to GP for linearized problems; therefore, a
nonlinear GP problem can be sequentially approximated as a
linearized GP problem to obtain the optimal solution using the
simplex algorithm. This approach is named the sequential GP
method. Whereas the sequential linear programming method
using a sequentially applied simplex algorithm has been re-
ported to be an efficient and reliable method for nonlinear
optimization problems,10 the presented sequential GP method
has never been applied in structure/control design synthesis.

A typical wing section is considered as a design example.
This section was presented as the worst-case design example in
Ref. 14. Because of lack of controllability in the original struc-
tural design, the optimal regulator failed to produce adequate
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control. Reference 14 solved this problem by adding a leading-
edge control surface, whereas this paper uses GP to determine
optimal modification of both structure and control design
parameters. The elastic axis location, the hinge line location,
the distance from elastic axis to mass center, and the dis-
tance from hinge line to control surface mass center are se-
lected as structural parameters. The full-state feedback control
gains are obtained using linear quadratic Gaussian regulator
(LQGR) theory; thus, the only control parameter is the design
speed where the control gains are determined. It should be
noted that the feedback gains are optimally calculated in each
design modification.

An optimal modification was successfully obtained in ac-
cordance with the following design concepts: 1) the flutter
speed of the initial open-loop design is maintained, 2) the
stability characteristics of a closed-loop system are obtained
over a wide range of flight speed, 3) the deflection angle of
the control surface is restrained, and 4) the degree of structural
design changes is minimized. Although Ref. 5 dealt with simi-
lar research, it did not explicitly utilize these complex design
requirements.

Typical Section Model
Figure 1 shows a typical two-dimensional wing section elas-

tically supported in an airstream U. It has three degrees of
freedom, plunge h, pitch a, and trailing-edge control surface
deflection j8. Linear and torsion springs at the elastic axis act
to restrain motion in plunge and pitch, and the torsion spring
acts at the control surface hinge line. The flutter equation can
be written in the following form:

Msxs = -Ksxs + Fa + Fg + Bsu

a 18]
(1)

where Ms and Ks are structural mass and stiffness matrices,
and Fa and Fg are vectors of aerodynamic and gust loads.
Control torque Bsu around the hinge line is generated by
control input u. The flow is assumed incompressible, and the
unsteady characteristics in aerodynamic loads Fa and Fg are
expressed using the Fade model.15'16

The random gust with a vertical velocity wg is adopted as a
disturbance of the system. The gust model is expressed as

= -(l/Tg)wg w (2)
where Tg and w are time constants of the gust model and white
noise input, respectively. When the variance of the vertical
velocity wg is written as cr2, the intensity of the white noise is
defined as 2a2Tg.

Arranging Eqs. (1) and (2) gives the state-space equations of
the flutter system:

= Axp + Bu +wp

=
(3)

= [Xs Xs Xa

where xa and xg are augmented state variables expressing the
unsteady aerodynamic loads and gust, and wp is a white noise
vector of intensity matrix V.

Details of the Ms, Ks, Fa, Fg, Bs, A, and B matrices can be
found in Refs. 14-16.

Control Law Synthesis Method
Linear quadratic Gaussian regulator theory is applied to

determine full-state feedback control gains. Using steady-state
LQGR, the cost function has the form:

/ = HmE[x^(t)Rlxp(t)^-uT(t)R2u(t)\ (4)

where E [ ] denotes the expected value operator, and RI and R2
are weighting matrices.

U

Linear Spring

Fig. 1 Typical wing section with control surface.

The optimal full-state feedback control law is given as17

u = -Fxn (5)

(6)

where F is the feedback control gain vector, and P is the
positive definite symmetric matrix of the solution to the fol-
lowing steady-state Riccati matrix equation:

+ PA (7)

Dynamic characteristics of the system in a stochastic process
are evaluated using covariances of state variables xp. The co-
variance matrix in steady state is defined as17

(8)

The covariance matrix Q is solved by the Lyapunov matrix
equation:

(A -BF)Q + Q(A -BF)T + V = 0 (9)

where Fis the intensity matrix of the white noise wp in Eq. (3).

Initial Design Characteristics
Table 1 lists the structural and geometric parameters used

and represents the worst-case design example.14 Figure 2a
shows the eigenvalues of the open-loop system (root locus) as
a function of nondimensional airspeed U* (=C//Z?coa, coa is
the natural frequency of the pitch mode). The x and y axes are
the nondimensional airspeed and the nondimensional eigen-
values X* ( = X/oja). When the real part of an eigenvalue
becomes positive, the system becomes unstable. Therefore, the
plunge h mode becomes unstable above the flutter speed,
C/* = 2.98. The shaded regions in Fig. 2 indicate where the
system is unstable.

Table 1 Typical wing section parameters

coa Natural frequency associated with a. 100 rad/s
u$ Natural frequency associated with /3 300 rad/s

Natural frequency associated with h 50 rad/s
Section mass ratio 40

aElastic axis location /b - 0.4
aHinge line location /b 0.5
aDistance from elastic axis to mass center /b 0.2
Radius of gyration associated with a. 0.25

a Distance from hinge line to control surface
mass center /b 0.0125

Radius of gyration associated with (3 0.00625
Variance of gust velocity 1.0
Time constant of gust model 3/20?r

Wh

a
c

Xa

T2
i ot

7J3
n1

aDenotes structural design parameters.
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3.4

a)

b)
Fig. 2 Locus of eigenvalues of initial design (nondimensionalized
by w«) as a function of U/bwa: a) open-loop system; b) closed-loop
system.

A control law was designed at the condition of 17* = 3.25,
i.e., the design airspeed U£9 a speed at which the open-loop
system was unstable. Although there are two weighting ma-
trices in Eq. (4), only the weighting matrix R2 is necessary to
assure stability of the closed-loop system. Therefore, R{ and
/?2 were chosen to be a zero and a unity matrix, respectively.
Figure 2b shows the eigenvalues of the closed-loop system
when the feedback gains were held constant at the nondesign
airspeeds. The closed-loop system was stable around the
design airspeed U£, and the closed-loop flutter speed Ufc
increased to 3.80. However, in the closed-loop system, two
unstable regions occur below the closed-loop flutter speed U*c,
as shown in Fig. 2b. One is due to instability of the pitch a
mode below U*c, and the other is due to the divergence of one
of the aerodynamic lag roots (ALRs) below L#. Note that
ALRs were introduced to model the unsteady characteristics
in aerodynamic loads.

Figure 3 shows the eigenvalues of the open-loop and closed-
loop systems in a different style. The x and y axes are the real
and imaginary parts of the dimensionless eigenvalues. A sys-
tem becomes unstable when the eigenvalue is located to the
right side of 0.0 on the real axis.

Reference 14 found that the pitch mode instability in the
closed-loop system was attributable to the poor controllability
of the wing section by the trailing-edge control at around U*c.
Uncontrollability of the mode was indicated by pole-zero
proximity of the loop transfer matrix. These poles (eigenval-
ues) and zeros are calculated from the denominators and
numerators of the loop transfer matrix, respectively. In this
case, the pitch mode zeros approximate the plunge mode poles
when £7*^3.0. This proximity is associated with stabilization
difficulties in the closed-loop system. Reference 14 added a
leading-edge control surface to improve uncontrollability,
causing the pitch mode zeros and the plunge mode poles to

a)
.6-0.5-0.4-0.3-0.2-0.1-0.0 0.1 0.2

Real

a mode

b)
- 0 . 6 - 0 . 5 - 0 . 4 - 0 . 3 - 0 . 2 - 0 . 1 - 0 . 0 0.1 0.2

Real

Fig. 3 Locus of nondimensional eigenvalues of initial design:
a) open-loop system; b) closed-loop system.

separate. Contrary to this solution, design modifications of
the wing section are proposed here. The proposed approach is
considered superior because the system has adequate dynamic
characteristics for active control without adding complex con-
trol devices.

Sensitivity Analysis
The derivatives of eigenvalues and covariances with respect

to design parameters are effective values with which to gain
insight into structure and control design modifications. These
derivatives may be calculated by finite differences, although
the numerical computations are quite expensive and time con-
suming. Computational efficiency is required in the design
optimization described in the next section because the deriva-
tives associated with design parameters must be calculated in
each design cycle; thus, analytical derivatives are applied with
the application method called sensitivity analysis.18

The derivative with respect to a design parameter/), for /th
eigenvalue of the system matrix A, has the form19

T
=

dA
(10)

where */ and yt are the /th right and left eigenvectors of
the system matrix A, respectively, and these vectors are nor-
malized as y?Xi = l. This gives the derivatives of the open-
loop eigenvalues, whereas the substitution of A -BF into A
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in Eq. (10) yields those of the closed-loop system:

3X? T-T- =ydp
dA
-T-dp

dB
-j-dp

dF—dp (11)

where dF/dp is the derivative matrix of the optimal feedback
control gains. Since the optimal feedback gains are altered due
to the design parameter change, the derivative dF/dp must be
evaluated. Using Eq. (6), under the assumption that #1 and R2
are independent of p, results in

dp dp
IBT

dp (12)

Differentiating Eq. (7) allows the derivatives of the Riccati
solution to be obtained from

(13)AC=A -BF

dp dp

where Eq. (13) is in the form of the Lyapunov equation.9
The derivative of the covariance matrix is calculated from

the Lyapunov equation:

(14)

obtained from Eq. (9), assuming that Vis independent of p.
Using this sensitivity analysis, the derivatives of the eigen-

values with respect to several design parameters in Table 1
were calculated. Figure 4 shows the change of root loci of the
open- and closed-loop systems when the value of the center of
gravity Xa was varied ±10% from the initial value. Notice that
the shift of the center of gravity in the closed-loop system to
the aft of the section extends the stable boundary, yet slightly
decreases the flutter speed of the open-loop system. This result
indicates that it is difficult to improve the closed-loop system
characteristics without decreasing the flutter speed of the
open-loop system. The flutter speed of the open-loop system

should be maintained to protect against a failure of the control
system.

Design Optimization by Goal Programming
As shown in the previous section, it is difficult to find a

sufficient design that satisfies both open- and closed-loop
characteristics, and, subsequently, a numerical optimization
approach is needed to obtain the optimal modifications. In this
study, x«» Xj8» c> and a were chosen as structural design
parameters (see Table 1), being nondimensionalized by a half
chord length b. In addition, the design speed was selected as a
control design parameter, since at that speed the LQGR pro-
duced optimal feedback control gains.

The numerical optimization was carried out in accordance
with the following prioritized design requirements.

Open-Loop Characteristics
To obtain sufficient open-loop characteristics against a fail-

ure of the control system, the flutter speed of the initial de-
sign must be maintained. This requirement is represented as
follows:

Re[X*]<0.0, / = !,...,11 at U* = 1.0,3.0 (15)

where Xf is the dimensionless /th open-loop eigenvalue of the
system matrix A, and Re[ ] denotes the real part of a complex
value. The sensitivity analysis showed that the stability charac-
teristics in the open-loop system did not drastically change;
consequently, the constraints were only specified at two dis-
crete speed points, whereas the eigenvalues vary continuously
with the flight speed.

Closed-Loop Characteristics
To obtain the stability characteristics of the closed-loop sys-

tem over a wide range of flight speed, these requirements are
written as

Re[X<*]<0.0, / = !,... ,11 at U* = 1.0,2.6,3.0,3.8 (16)

Re[X?]<-0.1, / = !,..., 11 at C7* = 2.1,2.2,2.3,2.4,2.5
(17)

where \c* is the i th closed-loop eigenvalue of the system matrix
Ac. Equation (17) has strict constraints to assure robust con-
trol system characteristics since the initial design had poor
controllability at that airspeed range (2.1 — 2.5).

a)

- 0 . 6 - 0 . 5 - 0 . 4 - 0 . 3 - 0 . 2 - 0 . 1 - 0 . 0 0.1 0.2
Real

10%fore
Initail

b)

- 0 . 6 - 0 . 5 - 0 . 4 - 0 . 3 - 0 . 2 - 0 . 1 - 0 . 0 0.1 0.2
Real

Fig. 4 Change of root loci by movement of mass center: a) open-loop system; b) closed-loop system.
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Restraint of the Control Surface Deflection Angle
The deflection angle of the control surface should be physi-

cally restrained. These restraints are given by

Var[/5]< 0.001 at U* = 1.0,2.0,2.1,2.2,2.3,
2.4,2.5,2.6,3.0,3.8 (18)

where Var[/3] is the steady-state covariance of the deflection
angle presented in Eq. (9).

Restraint of Structural Design Changes
The degree of structural design changes should be mini-

mum; thus, each design parameter vajue should be set close to
its initial value.

Goal programming11'13 is introduced as a method to numer-
ically optimize these design requirements. Although this ap-
proach is not commonly used by dynamic and control engi-
neers, GP should be considered since it has several advantages.
First, GP deals with constraints as goals to be achieved; there-
fore, it is not necessary to obtain an initial feasible design that
satisfies all the constraints. Second, the simplex algorithm can
be used to efficiently solve linear GI? problems. For GP non-
linear problems that have a large number of goals, the sequen-
tially applied simplex algorithm to linearized GP problems
yields an efficient and reliable solving method.

A general nonlinear optimization problem can be expressed
as

Table 2 Cost function

minimize /(*)

subject to gj(x) {<, = ,>)0.0,

(19)

(20)

where jc is the design parameter vector. In the presented study,
the objective function / represents a minimum design change
requirement and the constraint functions gj represent both the
stability requirement for the open- and closed-loop systems
and the restriction of the control surface deflection angle.

Sensitivity analysis makes it possible to decompose a non-
linear problem into a linear optimization problem:

minimize Cx (21)

subject to jX {<, = , > ) bj, j = l9...9m (22)

XL<X (23)

where C and Z/ are 1 xn coefficient matrices, and Eq. (23)
defines the range that each design parameter can be moved and
still assure the linearity assumption. The variables XL and xv
denote lower and upper limit vectors, respectively.

In the GP approach, the left polynomial of the ith restric-
tion in Eq. (22) becomes an objective function having goal bj,
and if the original objective function Eq. (21) is the design
change degree (given as the difference from the initial design
parameters), then the degree of difference is reduced and each
design parameter becomes closer to the initial values, i.e., the
goals. As a result, Eqs. (21-23) are transformed into the fol-
lowing equivalent forms:

minimize (24)

subject to ZjX - dj+ + df = bj 7 = 1,... 9m' (25)

all dj+, df > 0 (26)

xL<x<xv (27)

where df and df denote the overachievement and the under-
achievement of the yth goal. In Eq. (24), P/ represents
the priority of the goals, and wf and wf are weights in
the same priority level //. The goals are scaled by the impor-

Priority
number /

1

2
3

Value Pi
106

103

1

Weights

(5,0)
(1,0)
(1,0)
0,0)
(1,1)

Requirement
Re[X*]<0.0
Re[X?*]<0.0
Re[X?*]<-1.0
Var[0]< 0.001
Minimum design

modification

tance of their priority level. An appropriate choice of w/
and wf makes it possible to deal with various types of con-
straints (see Ref. 13). For example, if the objective values are
set to be less than the goals, as in Eqs. (15-18), w/ and wf
are chosen to be a positive integer and 0, respectively. The GP
formulated problem can now be solved using the conventional
simplex algorithm.

The priority levels previously discussed in this section are
listed in Table 2, with the values of P/, w/, and wf also
presented. The design procedure is illustrated by the flowchart
in Fig. 5. In each design cycle, the sensitivity analysis is used
to achieve a linear problem, and then each design parameter is
optimally modified by GP within the design parameter's
range. Goal programming incorporates the optimal feedback
control gains that are calculated by LQGR theory in each
design cycle.

Numerical Results
The optimization procedure was used to modify the typical

wing section design parameters. Figure 6 shows the design
cycle histories of the objective functions in goal programming.

Initai Design Parameters

Design of Controller
(LQGR)

Analysis of Dynamic
Characteristics

Sensitivity Analysis
IE

Numerical Optimization
(GP)

No

4 .5

^ 3,0

sr
W 1.5

0.0

Fig. 5 Design cycle flow chart.

3rd priority

1st priority

( 2nd priority

10 20 30
Iteration Number

Fig. 6 Design cycle deviation histories for priority level.
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Xft Xa, ~a

0 , 0 2 r 0 .5

0 , 0 1 5

0 , 0 1 L 0 , 2

Table 3 Design parameters
after modification

0,3

10 20 30
Iteration Number

Fig. 7 Design parameter histories.

a)

b)

0 , 0 1 , 0 2 , 0 3 , 0 4 , 0

0 ,0 1 ,0 2 , 0 3 ,0 4 ,0
-0,4

Fig. 8 Locus of nondimensional eigenvalues of final design: a) open-
loop system; b) closed-loop system.

The y axis is the value of

which indicates the achievement level of the goals in a given
priority level. The first priority (stability requirements for both
open- and closed-loop systems) and the second priority (re-
striction of the control surface deflection angle) are achieved
early. The third priority (requirement for minimizing modifi-
cations) is satisfied as best as possible without decreasing the
other two priorities. Figure 7 illustrates the histories of each
design parameter. In the initial iterations, each parameter

Design
parameter

Xct

X/3a
cUB

Initial
value
0.2

0.0125
-0.4
0.5
3.25

Final
value
0.364

0.01248
-0.449
0.461
3.514

a)

0. IE-02

I
0. 0

Initial Design

0. IE-02 -

0. 0

Final Design
(39 Iteration)

b) p. o 2. 0
U/bwtt

4. 0

Fig. 9 Steady-state covariance of control surface deflection angle:
a) initial design; b) final design (39 iterations).

drastically changes to satisfy the first two priorities, then they
later go to the initial values to minimize the design changes.

The optimized design parameters are listed in Table 3. The
center of gravity moved aft to extend the stable boundary of
closed-loop system, the elastic axis moved forward to improve
the open-loop flutter speed, which was worsened by the move-
ment of the center of gravity, and the size and the center of
gravity of the control surface slightly changed to satisfy the
deflection angle restrictions. Additionally, the design speed
increased to maintain the flutter speed of the closed-loop sys-
tem. Figure 8 shows the resulting eigenvalues for the open- and
closed-loop systems. In the final design, the values of the
flutter speed for the open- and closed-loop systems were 3.00
and 3.88, respectively. Sufficient stability requirement charac-
teristics for both systems were achieved. Figure 9 shows that
the final design restrains the steady-state covariance of the
control surface deflection angle.

Conclusions
The control and structure design parameters of a typical

wing section with a trailing control surface were optimally
modified to improve the dynamic characteristics in accordance
with the following design requirements: the closed-loop system
is stable over a wide range of flight speed without worsening
the open-loop flutter speed, the control surface deflection an-
gle is restrained, and the degree of structural design change is
minimized. Sensitivity analysis was used to decompose the
nonlinear optimization problem to a sequentially approxi-
mated linearized optimization problem. The simplex algorithm
was applied to linearized goal programming problems to
obtain the optimal modifications satisfying the multiple design
requirements. Finally, note that future studies are needed to
address more general design procedures. First, the presented
study only considered a simple wing section model and
neglected actuator dynamics and flow compressibility. Al-
though, in a real situation, more detailed mathematical models
are required, the method of sequential goal programming us-
ing the simplex algorithm is capable of handling a large num-
ber of design parameters and goals. Second, since a full-state
feedback system used in the present paper is not feasible in
general, a more general control system such as an acceleration
based feedback system should be incorporated once the design
procedure is completed.
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