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Integrated Structure/Control Law Design
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Michael G. Gilbert*
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and
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A new approach to integrated structure/control law design based on multilevel optimization is presented. This
new approach is applicable to aircraft and spacecraft and allows for the independent design of the structure and
control law. Integration of the designs is achieved through use of an upper level coordination problem
formulation within the multilevel optimization framework. The method requires the use of structure and control
law design sensitivity information. A general multilevel structure/control law design problem formulation is
given, and the use of linear quadratic Gaussian control law design and design sensitivity methods within the
formulation is illustrated. Results of three simple integrated structure/control law design examples are pre-
sented. These results show the capability of structure and control law design tradeoffs to improve controlled

system performance within the multilevel approach.

Nomenclature
A, B, C, D =state-space coefficient matrices
a, a =truss bar cross-section areas
¢ =upper level design criteria vector
E =Young’s modulus
[ = control force
I =identity matrix
J, K, L =scalar valued objective functions

=truss stiffness matrix

=truss bar length

= concentrated mass

= design integration parameter vector
=cost function weighting matrices
=truss bar midthickness radius
=truss bar thickness; also time
=input vector

=noise intensity matrices
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w(t) =random disturbance

x = state vector

y = output vector . .
s 22 = concentrated mass displacement
a, B, x =scalar design variables

(5] = control force application angle
P = cost function weighting matrix scale factors
v, @ =noise intensity scale factors
Operators

E = expected value

i =matrix pseudo-inverse
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Subscripts

=actual

= desired
=measured
=new
=old

O3 3NN

Notation
* = optimal value

=nominal value

= first and second time derivatives, respectively
A =change

Introduction

NE approach to the design of complex modern aerospace

vehicles is to combine high performance, well-designed
subsystems and components into a single vehicle that will then
be capable of performing the desired mission. For examiple,
both the structure and control system of a large modern space-
craft may be individually designed using sophisticated design
methods, iteration, analysis, simulation, and testing to ensure
satisfaction of the respective design requirements and objec-
tives. However, integrating these individual components into a
single vehicle does not necessarily guarantee good vehicle per-
formance or, in particular, good vehicle dynamics. The reality
is that even a well-designed control system may interact with
the primary structure in such a way as to cause unacceptably
poor or even unstable motions of the vehicle during routine
operations. In fact, adverse control/structure interaction
problems are considered very likely for future spacecraft like
the proposed U.S. space station and many others that may
have large solar arrays, flexible antennas, robotic arms, and
sensors with strict pointing requirements. Moreover, the prob-
lem of control/structure interaction is not limited to space-
craft. Both the F-16 and F-18 fighter aircraft exhibited dy-
namic control/structure interaction problems in flight,
requiring expensive and time-consuming flight control systems
redesigns.

As a result of these real and predicted control/structure
interaction problems, much research in recent years has been
devoted to the development of integrated control/structure
design methods. A representative sampling of optimization-
based methods is given in Refs. 1-7. In general, these methods
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seek to reduce, eliminate, or perhaps even take advantage of
the control/structure interactions in order to meet the total
vehicle design performance and stability requirements. This is
accomplished by accounting for the interactions within the
framework of the methodology and then selecting or modify-
ing the control and/or structural design to meet the integrated
design requirements using an optimization algorithm. These
methods can be classified further by their approach to the
problem as either simultaneous or sequential.!

In the simultaneous methods, the control law design and the
structural design are directly combined into a single problem.
Both the control and structural design variables are then se-
lected to satisfy the integrated design objective, which is usu-
ally some combination of the structural and control design
objectives. With this approach, the design problem may be of
high order since the design mathematical model must include
not only the dynamics of both the control system and the
. structure, but also the combined constraint and design vari-
able sets. Examples of simmultaneous methods include Haftka
et al.,? Salama et al.,’ Hale,* and Miller et al.’

The sequential methods of Messac et al.® and Khot et al.”
solve the integrated control/structure design problem by first
performing a structural (or control) design followed sequen-
tially by a control (or structure) design. The process is then
repeated iteratively until a satisfactory integrated solution is
found. Although these methods retain the original sizing of
the structure and control law design problems, their main
drawback is that the integrated solution is dependent on the
sequential ordering of the control and structure design solu-
tions. ‘

In this paper, dynamic vehicle response prediction methods
and a well-known control law design method are incorporated
into an existing general framework for multidisciplinary
design®’® in order to solve the integrated control/structure
design problem. This framework provides an alternative to
both the simultaneous and sequential integrated control/struc-
ture design methods. The framework is based on formal de-
sign problem decomposition methods,!%!! sensitivity of opti-
mal solution concepts,'*'* and multilevel optimization
techniques.?91516 Development of an integrated control/
structure design method within this framework allows for the
independent solution of both the structure and control law
design problems. Integration of the independently obtained
control and structural designs is achieved by formulation and
solution of a higher level design coordination problem using
the multilevel optimization methods.

The paper is organized as follows. A tutorial explanation of
multilevel optimization theory and sensitivity analysis require-
ments is given first. This is followed by a description of the
proposed multilevel integrated control/structure design al-
gorithm. Three control/structure design case studies are then
presented for a two-bar truss example problem to illustrate the
methodology. The first design case was to improve the closed
loop system stability robustness using control law and struc-
tural design freedoms, whereas the second and third cases
were formulated to expressly examine structure and control
law design tradeoffs.

Multilevel Optimization Theory

A theory of multilevel optimization for large-scale engineer-
ing design problems has been developed in recent years.®? This
theory is based on hierarchical problem decomposition meth-
ods®-!! and the use of the sensitivity of optimization problem
solutions to fixed problem parameters.!2-14

The theory is explained here by use of a conceptual multi-
level optimization problem as shown in Fig. 1. The conceptual
problem, which is a quadratic programming problem, is to
minimize the performance index J by selection of the design
variable « at the upper level and to minimize the performance
indices K and L by selection of the design variables 8 and x,
respectively, at the lower level. Note that, in this example, K
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Fig. 1 Conceptual multilevel optimization problem.

and L are functions of @ and 8 and « and yx, respectively,
whereas J is a function of «, 8, and x.

The basic idea behind multilevel optimization is to treat the
design variable « as a fixed constant during the minimization
of K and L. With « fixed, the minimizations of K and L are
decoupled and are performed independently. Once the design
variables 8= 3* and x = x* that minimize K and L are known,
the performance index J of the upper level minimization can
be evaluated and the gradient of J with respect to o computed.

Clearly, the B=3* and x=x* that minimize X and L,
respectively, are functions of the design variable «. The evalu-
ation of J at the upper level is for the fixed value of « and
B=p3* and x = x*. Thus, proper calculation of the gradient of
J with respect to o must also include the effects of the changes
in 8* and x* with respect to changes in «. This gradient of J
with respect to o can of course be calculated by a direct finite
difference method at the upper level. In this case, J is evalu-
ated for small perturbations in «, where the minimizations of
K and L for 8* and x* are repeated for each perturbation. The
necessary gradient is then obtained by finite differencing of
the perturbed values of J.

Another means to calculate the gradient of J with respect to
« is to use a chain rule approach. This results in a calculation
for the gradient of J at the upper level, which directly involves
terms that are the gradients of 8* and x* with respect to «. In
this approach, the gradients of 8* and x* with respect to « are
calculated during the lower level minimizations of K and L
and are passed to the upper level along with the optimized
design variables 3* and x*, as illustrated in Fig. 1. This can
simplify the overall multilevel optimization algorithm because
the lower level minimizations do not have to be repeated for
every perturbation of « at the upper level. (Multiple solutions
of the lower level optimization problems may still be required,
however, if the gradients of 8* or x* with respect to « are
calculated by a finite difference method, but they are indepen-
dent of upper level perturbations of «.)

In some cases, analytical expressions for the gradients of g*
and x* with respect to o can be derived from the necessary
condition of optimality'3-!* for the minimization of K and L.
This is the case shown in Fig. 1. These expressions are evalu-
ated once for B = 8* and x = x*, and the gradient information
is passed on to the upper level. Multiple solutions of the lower
level optimization problems about a fixed value of the design
variable « are eliminated by use of these analytical gradient
expressions.

A geometrical interpretation of the sensitivity of optimized
solutions is shown in Fig. 2a. In this figure, K(83,a) represents
the lower level performance index to be minimized by selection
of the design variable 8, and « is the parameter with a fixed
nominal value for a solution of the optimization problem. A
locus of optimal solutions as a function of the value of « is
shown in the figure labeled as K*(c).

The sensitivity derivative of an optimal solution with respect
to o gives the slope and direction of the locus of optimized
solution at the parameter value corresponding to the optimal
solution. This derivative has a component in both the « and 8
directions, a shown in Figs. 2b and 2c, respectively. The
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projection of the sensitivity derivative onto the K,x plane
gives the change in the optimized performance index due to
changes in the fixed value of the parameter a. The projection
of the sensitivity derivative into the X, plane gives the change
in the optimized performance index, which is due to the
change in the (optimal) 8. It would appear that this projection
violates the necessary condition of the optimization problem
since the derivative of K with respect to arbitrary variations in
B must be zero at the optimum. In other words, the derivative
38K/ 983 must be zero along a line parallel to the 8 axis. This is,
in fact, the case here also. The nonzero projection in the K ,8
plane is caused by the constraint that the sensitivity derivative
be calculated for 8 = 8*(a). That is, the X,8 projection is
really 3K/ 3« mapped from the K ,« plane by 8 = 8*(c).

The sensitivity of the optimized performance index is an
incomplete measure of the change in optimal solutions since
there is no information on the charge in the design variables
due to parameter variations. This is particularly evident in the
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simple example of Fig. 1, where the lower level minimization
of K is considered. In that problem, the optimized perfor-
mance index is X* = 0 for all values of the parameter «, but
the optimizing design variable is 8* = «. Use of the sensitivity
of K* with respect to the parameter « would not yield any
useable information for the upper level optimization since that
sensitivity is identically zero for all values of «. In the exam-
ple, then, the square difference of 8 from a desired value was
used as the criterion at the upper level, which is related to the
lower level K minimization problem. The introduction and use
of additional criteria to measure lower level performance at
the upper levels is a requirement of multilevel optimization
algorithms.

Several iterations of the conceptual problem of Fig. 1 for
the case 8 = x =1 are shown below as a final illustration of
multilevel algorithms. Note in particular that, once an « is
selected, the lower level solutions for 8* and x* are decoupled
and are obtained independently of each other. (For the pur-
poses of this illustration, a different scale factor % in the
computation for Aa was used at each step to limit the number
of iterations.)

Iteration 1 (a; = 1 assumed to start)

al=1=>3’;=1, X’r:z
dJ .
Ji=1, ——=a,+(6’;—1)(1)+(XT_1)(2)=3
de
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Iteration 3
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J
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Analytical solution (obtained by substituting the expres-
sions for B*, x*, and their derivatives into the gradient of J
with respect to o and setting the result equal to zero)
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Multilevel Structure/Control Law Design Approach

A multilevel optimization-based method can be developed
for integrated control/structure design. Specific formulation
for such algorithms are, of course, highly problem dependent,
however, a general formulation that uses linear quadratic
Gaussian (LQG) optimal control law design methods to deter-
mine the control law is outlined in the following.

The general multilevel structure/control law design formu-
lation is shown in Fig. 3. In Fig. 3, the structural design and
the control law design are independent lower level design
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Upper Level Structure/
Control Law Design

Structural Design Results
and Sensitivity to
Upper Level Design
Variables

Control Law Design
Results and Sensitivity to
Upper Level Design
Variables

Upper Level
Design
Variables

Structural Design Control Law Design

Fig. 3 General multilevel structure/control law design algorithm.

problems. These lower level designs are coordinated through
the upper level optimization problem. The upper level opti-
mization problem reflects the desired objectives of the inte-
grated structure/control law design. For example, the upper
level objective might be to reduce peak transient responses of
the controlled system and to reduce the weight of the struc-
ture. The actual peak transient responses of the controlled
system would come from analysis of the control law design at
the lower level, whereas the actual structural weight would
come from the lower level structural optimization. These
could then be combined as a weighted sum of square errors
between the actual and desired values to form a single upper
level performance index. The upper level design variables
would then be selected to minimize the objective function.

The values of the upper level design variables at any time are
treated as fixed parameters for the lower level optimizations.
These parameters define either the mathematical model of the
structure or dynamic system to be controlled or they define the
performance index and/or constraints of the optimization
problems, or both. The sensitivities of the optimized lower
level solutions to these fixed parameters are computed and
used in turn to compute the sensitivity of the related part of
the upper level performance index. That is, these final sensitiv-
ities are the gradients necessary to complete the top level
optimization. In the earlier example, one of the upper level
design variables may be a local structural stiffness require-
ment, which appears as an equality constraint in the lower
level structural optimization. The sensitivity of the structural
weight to this parameter is computed at the lower level and
returned for use in computing the part of the gradient of the
upper level performance index that is related to structural
weight. Another of the upper level design variables might be a
mean square weight on control effort, which would appear
directly in the performance index of the lower level LQG
control law design problem. The sensitivity of the optimized
LQG control law with respect to this parameter would then be
used to compute the sensitivity of the peak transient response
of the controlled system, as required to complete the upper
level optimization.

For the purposes of the current development, the use of
existing nonlinear programming-based structural optimization
and design sensitivity analysis methods is assumed. These
methods may themselves be multilevel optimization al-
gorithms, such as those of Refs. 15 and 16.

The use of LQG optimal control law design methods is also
assumed in the current method. Expressions for the sensitivity
of controlled system time, frequency, and stochastic responses
in terms of state-space coefficient sensitivity matrices are
available from the literature. The sensitivity of the optimized
LQG control law to fixed parameters must be known to com-
pute the necessary state-space coefficient matrices. Analytical
expressions for the sensitivity of the LQG gain matrices to
fixed problem parameters have been derived elsewhere from
the necessary conditions of optimality.!” The analytical ex-
pressions for the LQG sensitivity as well as analytical sensitiv-
ity equations for frequency responses, time responses, covari-
ance responses, eigenvalues, and singular values are
summarized in Ref. 18. ‘
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Fig. 4 Two-bar truss geometry and data.

Two-Bar Truss Example
Description

A two-bar truss control/structure design problem was taken
directly from the literature’ and used to validate the multilevel
integrated control/structure design method. The results of
design case studies with this problem are given here to illus-
trate the proposed integrated control/structure methodology.
Other applications of the methodology to problems of higher
complexity have recently been completed and further validate
the current approach.!?

The nominal problem definition and truss structure geome-
try is shown in Fig. 4. The basic design problem is to find a
feedback control law for the external force f(¢) and to define
the structural element geometry such that the lateral and verti-
cal motions of the concentrated mass m are minimized when
the truss is subject to an external disturbance w(¢). Because
the nominal truss bar geometries are not the same, the lateral
and vertical motions of the mass are coupled. Only the ex-
tensional stiffness of the truss bars is considered. The hier-
archical problem decomposition and the specific criteria and
design variables used in the problem are discussed in following
sections.

State-space equations of motion for the truss are given by

21
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m m .
ko)
0 0
0 0
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Table 1 Case 1 design criteria

Criteria Original Desired
number value value Description
1 —0.506 —0.531 Real parts of closed-Loop structural mode pair 1
2 - —1.452 —1.524 Real parts of closed-Loop strucutral mode pair 2
3 0.834 0.900 Return difference singular value at 1.00 rad/s
4 0.832 0.900 Return difference singular value at 3.35 rad/s
5 0.859 0.900 Return difference singular value at 5.99 rad/sec
6 1.263 0.900 Loop transfer magnitude at 5.21 rad/s
7 1.251 0.900 Loop transfer magnitude at 5.37 rad/s
Table 2 Case 1 original design and sensitivity data for first iteration
L. .. ac; aci ac; ac;
Criteria Original — — —L -
number value ap1 ap2 ap3 s
1 -0.506 -0.210 0.000 -2.923%x10-4 -0.762
2 ~1.452 —0.542 0.000 1.031x10-4 0.851
3 0.834 5.148x 103 4.274 2.874x10-% —3.891x10-2
4 0.832 ~1.178x 102 4.441 3.652x10-4 —3.922x10-2
5 0.859 —4.637x10-2 1.962 1.416x10-4 —8.860x10-2
6 1.263 0.451 -2.263%x10! —4.245%10-3 1.874
7 1.251 0.461 -2.393x 10} 4.410x 1073 1.820
where the definitions of x, y, u, w, A, B, C, and D follow 15
from the state equations, and the stiffness matrix K for the
truss is 1.45 —o—  Criterion 1
=£[ a+a A —a»} e Grtorion2
Sl 2(a) —a)) 4(a; + a)) 13} —«— Criterion 3
) ——e— Criterion 4
Note that structural damping of 0.01 has been assumed in this ——»— Criterion 5
model. 12} =+ Ciriterion 6

The bar cross-sectional areas and the Young’s modulus E
are scaled in this example as in Ref. 7 such that the natural
frequencies of vibration are consistent with an actual structure
of this size and concentrated mass. With these scalings, the
material mass density ( = 2.59 x 10~ ¢ Ib-s?/in.*) is such that
the mass of the bars is negligible compared to the concentrated
mass for the vibration equations of motion. The bar cross-sec-
tional areas are, however, a direct measure of the actual truss
structure weight, which is to be reduced as part of the inte-
grated control/structure design objective.

Lower Level Control Law Design )
An LQG optimal control law problem was formulated for

the lower level control law design in the two-bar truss exam-

ple. A cost function

.1 v
J= hm—ES 0TQy +u"Ru) dr

T=00
T 0

was assumed, where E denotes expected value and the weight-
ing matrices Q and R are Q = ¢J and R = p, where the nomi-
nal values of ¢ and p are 1.0 and 0.01, respectively. Noisy
measured feedback signals were assumed as y, =y + v,
where the noise v(¢) is a zero mean, white noise with intensity
matrix ¥V = »I, with the nominal value of » = 0.01. The distur-
bance input w(¢) was assumed to be zero mean, white noise as
well, with intensity W = w, w = 1.0 nominally. The noises w
and v were assumed to be uncorrelated.

Lower Level Structural Design

A closed-form structural design problem was defined for
the two-bar truss example problems. A closed-form problem
was used to simplify the example problem while simulating an
actual structural design. This problem was to find the thick-
ness of truss bar 1 assuming the bar was a hollow circular tube
with a specified cross-sectional area. In this case, the thickness
t of the tube is just ¢t = a;/2=r, where r is the midthickness
radius of the tube.

Criterion 7

117

10 W—'
l
0.9
1 2 3 4 5 6
Iteration

Normalized Design Criteria

Fig. 5 Case 1 design criteria iteration history.

Design Var. 1
—-o— Design Var. 2
Design Var. 3
—=+— Design Var. 4

Normalized Upper Level Design Variables

Iteration

Fig. 6 Case 1 upper level design variable history.

Upper Level Integration Problem

Four parameters were selected for use as design integration
parameters and, thus, as design variables at the top level of the
multilevel structure/control law design examples. These are
the scale factor ¢ defining the controlled output weighting
matrix Q in the LQG cost function (parameter 1, p,), the scale
factor v defining the LQG noise intensity V (p,), the cross-sec-
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tional area a; of truss bar 1 (ps), and the control force applica-
tion angle O (p4). These parameters were chosen to provide the
top-level problem with influence over the lower level control
design (parameters 1 and 2), influence over the structural
design (parameter 3), and a means of trading structure vs
control effort (parameter 4)

The upper level objective function for three design cases was
written to minimize the sum of the square difference between
desired and actual values of certain design criteria as

S= ¥ (ca4—ca)
i=1

The specific design criteria for each design case are given in the
following.

Design Case 1

Design case 1 was formulated to improve closed-looped
stability robustness of the integrated system. Seven measures
of controlled system stability robustness were used in the
top-level objective function. These criteria included increasing
the damping of the two structural modes by moving their
eigenvalues to the left in the complex plane, raising the mini-
mum singular value of the return difference at three discrete
frequencies, and reducing the magnitude of the loop transfer
function at two discrete frequencies.

The initial values of the seven criteria and their sensitivity to
each of the four top-level design variables were computed for
the design variables at their initial, nominal values. Desired
values of these seven design criteria were then selected arbi-
trarily based on the initial results, and the top-level objective
function was formulated. Table 1 summarized the initial and
desired values of the seven criteria. The sensitivity results for
the seven criteria relative to the four upper level design vari-
ables are summarized in Table 2. The sensitivity data was
arranged accordingly in a gradient matrix and an incremental
change in the four design variables was computed as

act
Ap = 3’; (ca—cq)

where p is a vector of the four upper level design variables.

New values of the four design variables were then selected as
Prn=Po+ 24D

where the subscripts » and o denote new and old and the
factor of Y2 was selected to reduce the effects of the lineariza-
tion error. This process was repeated for five iterations.

The design results are shown in Figs. 5 and 6. In Fig. 5, the
design criteria iteration history is shown with the results nor-
malized by the desired value, so that satisfaction of a criterion
occurs for a value of 1.0. All seven criteria are moving toward
satisfaction with each iteration. Figure 6 shows the history of
the upper level design variables, normalized by their initial
(starting) value. There is a large increase in the V matrix scale
factor v, which is effectively tuning the Kalman filter design,
a slight increase in the Q matrix scale factor ¢, which is tuning
the regulator design, a slight increase in structural weight
(increase in 2,); and a decrease in the control force application
angle ©. These results indicate that combination of structure
and control law design changes can be used to improve the
overall stability robustness of a controlled system.

Design Case 2

The second design case was formulated to tradeoff structure
and control design objectives. The upper level design objective
was written to improve six intégrated design criteria. The
criteria included the mean-square response and control energy
due to a random disturbance input w(¢), the static controlled
system structural deflections due to a static load, and the
structural weight (directly related to the cross-sectional area of
bar 1). The objective was formulated as in case 1, with the
desired values of the six criteria arbitrarily set to 95% of the
initial values. The criteria are further described in Table 3.

The normalized results are shown in Figs. 7 and 8. Both the
control force and the structural weight in Fig. 7 were reduced
toward their desired values, whereas the other four criteria
were actually increased. Looking at the upper level design
variable iteration history in Fig. 8, the cross-sectional area q,
was reduced to 95% of the original value, reflecting the direct
influence of its magnitude in the upper level objective. The
control force application angle © was increased, the Q matrix

Table 3 Case 2 and case 3 design criteria

Criteria Original Desired
number value value Description
1 1.194%x10-2 1.135x 10-2 Mean-square deflection in x direction
2 3.125x 10-2 2.968x 10~2 Mean-square deflection in ydirection
3 0.646 0.614 Mean-square control force
4 3.629x10-2 3.447x10-2  Steady-state x deflection to step load
5 4,490 % 10-2 4.266x10-2  Steady-state y deflection to step load
6 5.000 % 102 4.750x 102 Bar 1 cross-sectional area (truss weight)
1.3 1.4
—¢o—— (Criterion 1
——o— (Criterion 2
—+— (Criterion 3
1.3
12 —— Criterion 4 Design Var. 1

==——  (Criterion 5
— Criterion 6

1.1

Normalized Design Criteria

lteration )
Fig. 7 Case 2 design criteria iteration history.

= Design Var. 2
=+ Design Var. 3
=+ Design Var. 4

1.2

1.1

Normalized Upper Level Design Variables

0.9
5

lteration
Fig. 8 Case 2 upper level design variable history.
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Fig. 9 Case 3 design criteria iteration history.

1.10
12}
K
8 1.08
S
>
=3 1.06 | Design Var. 1
a Design Var. 2
e 1.04 Des!gn Var. 3
[ Design Var. 4
@
T 102 +
[
Q
3
> 1.00
@
o tr -
[ 0.98 ©
E
o
Z L '\ L L

0.96

1 2 3 4 5 6
Iteration

Fig. 10 Case 3 upper level design variable history.

scale factor ¢ was slightly decreased, and the ¥V matrix scale
factor » was increased 31%. The conclusion here is that the
actual magnitude of the cross-sectional area dominates the
design.

Design Case 3

Design case 3 was the same as design case 2 except that the
upper level design criteria were normalized by their initial
values before the upper level objective function was formu-
lated. The results for this case show that five of the six criteria
are improved (Fig. 9), the exception now being the structural
weight which is increasing. The design parameter history in
Fig. 10 shows the 2% increase in bar cross-sectional area &,
and also an 8-9% increase in force application angle ©. The
results show the dependence of the design on the magnitudes
of the design criteria relative to one another. They also indi-
cate that small increases in structural weight may be worth-
while in terms of controlled system performance. This is intu-
itively satisfying since decreases in structural deformations are
often associated with increased structural weight.

Conclusions

A new approach to the integrated structure/control law
design problem of aerospace vehicles has been presented. This
approach uses multilevel optimization techniques that are
based on the theories of hierarchical problem decompositions,
optimization, and sensitivity of optimum solutions. Unlike
existing sequential or simultaneous methods, the structure and
control law designs are obtained independently. Integration of
the structure and control law designs is achieved through an
optimization problem formulation in which the dependent
disciplinary designs are coordinated at an upper level. Multi-
level optimization has been explained by use of a simple con-
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ceptual example and a general multilevel structure/control law
design algorithm outlined. Results for three integrated struc-
ture/control law designs of a two-bar truss example problem
are presented. These results illustrate the multilevel design
method and show the potential tradeoffs that are possible
between the structure and control law designs. The examples
point out once more the importance of the relative magnitudes
of the design criteria to the final results.
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