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The analytical sensitivity analysis procedure to implement the integrated structural and control optimization of
a large, low-Earth-orbit space structure is dealt with. The objective is to show that significant computation time
can be saved when the analytical procedure is used instead of numerical calculation of the sensitivity. Despite that
the numerical approach is attractive because it does not require the hard algebraic task to develop the sensitivity
derivative expressions, the approach is often responsible for the major computational cost of an optimization
process. The analyticalapproach represents an attractive option when the computationaleffort becomes prohibitive

under cost considerations.

Introduction

PTIMIZATION playsanimportantroleinalargefield of appli-
cations. In the space area, the optimization is a consequence
of the need to reach the best compromise between weight, vol-
ume, flexibility, stiffness, energy, and time, among other constraints.
Launcher capabilities usually impose constraints on the weight, on
the stiffness, and on the available volume for spacecraft. Because
of the strong level of acceleration during the launching phase, the
spacecraft must be stowed as rigidly as possible. Once in orbit, it is
deployed and, depending on the vehicle elastic characteristics, the
control structure interaction phenomenon may occur, risking the
mission. Energy is another aspect of vital importance for spacecraft
lifetime. The solution to these sorts of problems is optimization.
Sometimes we look for contradictory objectives like minimum
energy and best performance during a maneuver, minimum weight,
and maximum stiffness. The optimization procedures have to treat
these contradictions by minimizing their effects (if any). The opti-
mization approach should combine the needs, the availability, and
the safety aspects of the whole project. The traditional approach to
the design of a structure and control system has been sequential.
The structure is first designed to satisfy the constraints on stresses,
displacements, frequencies, and so on. Then the control system is
designed for the given structure, aiming its orientation, guidance,
and/or its motion to attain the required performance. If the nomi-
nal structure does not adhere to a satisfactory control design, it is
returned to the structural group for modification. After modifica-
tion, it is sent back to the control group for redesign. This separate-
discipline approach has been used successfully in the past and is
still used in cases where a nearly high-stiffness structure is reach-
able and where nonstructuralcomponentsare the concentrated mass
and inertia, or where performance requirements are not restrictive.
However, large space structures (LSS) and performance require-
ments do not meet this category, thatis, the sequentialapproachgen-
erally does not lead to an optimum performance of the structure and
control simultaneously. The problem cannotbe solved efficiently by
the control or structural designers acting separately. The interface
between both areas becomes very important in achieving a compro-
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mise between the controland structuralrequirements. To accomplish
this goal, we have implemented an integrated approach to optimize
the structure and the control of an LSS. The approach consists of
implementingthe traditionalsequentialmethodin an integrated way.

Restrictionsfrom both the structureand the controlare seta priori,
and the optimizationprocess must satisfy thoserestrictions.It means
that an interaction between the control and the structures groups
is necessary, and the designer must know the structure and control
areas to formulate the problem, taking into accountthe requirements
frombothareas. Itis also necessaryto integrate software to solve the
optimization problem. We do not have specific software packagesto
solve integrated structural/control optimization problems. What we
have are control optimizationand structural optimization (different)
packages. If the codes are compatible, then we can integrate the
packagesand solve the problem. In the study presentedin this paper
we have integrated NEWSUMT-A and ORACLS software packages
tosolvethe structural/controloptimizationproblem. After obtainin
the optimal structureand the optimal controlwe used the MATLAB
software to solve the transient phase regarding the attitude and the
vibration control.

However, the main goal of this work is to show the integrated
structural/control optimization study by the use of semi-analytical
computation of the sensitivity of eigenvalue and control damping,
imposed as constraints in the problem formulation. The main mo-
tivation to treat the subject of sensitivity in the scope of this paper
is that it plays a very important role in the structural optimization
area. The sensitivity of the structural response to changes in the
design variables is frequently the major computational cost of the
optimization process. From the control theory viewpoint, sensitiv-
ity is concerned with the variations in the control index caused by
variations in the plant and control influence matrices. One option
to overcome the highly expensive computational time associated
with the sensitivity numerical calculation is the derivation of an-
alytical expressions for the sensitivity analysis. The objective of
this paper is to present an integrated structural/control optimization
problem formulation by using analytical expressions for the sen-
sitivity calculation and to enhance the computational savings time
of the process compared to the integrated structural/control proce-
dure. This will be accomplished by the use of numerical sensitivity
calculation via finite differences. Figure 1 shows a flow diagram of
the approach' we have used to implement the integrated structural/
control optimization.

Problem Formulation: Equations of Dynamics

Figure 2 shows the physical model of a low-Earth-orbit (LEO)
LSS subject to the gravity-gradienttorque that is the focus of this
paper. The LSS is assumed to be a large, tubular, one-dimensional
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Fig.1 Integrated structural/control optimization flow diagram.

Fig.2 LEO LSS in-orbit configuration.

beam. The attitude motion (pitch) and the elastic vibration are con-
strained to the orbital plane. The Lagrangian formulation is com-
bined with the finite element technique to derive the dynamics equa-
tions of motion. The structure has been divided into four finite ele-
ments for modeling purposes. By using the finite elements method
in conjunction with the Lagrangian formulation, we can write the
equations of motion as

i 19 .. .. daM.
Mq+Sq—55(qTMq)+Eq=Qq (1

where M and S are the mass and the rigidity matrices, respectively.
S includes the contributionof the gravitationalpotentialenergy, and
q is the generalized coordinate associated with the system degrees
of freedom. Q, is the generalized control force.

Let us assume that the nominal equilibrium state is described in
attitude by the gravity-gradientstabilized configuration (longitudi-
nal axis aligned with the local vertical) and in elastic vibration by
a closely nondeformed structure configuration. By linearizing the
equations of motion about such a state, we can write the associated
linear system equation as

Mg +Sq =0, @)

Analytical Sensitivity Expressions Derivation

The simplest technique for calculating derivatives of response
with respect to a design variable is the finite difference approx-
imation. This technique is often computationally expensive, and
finite difference approximations often have inaccuracy problems.
Despite that the numerical approach is attractive because it does
not require the difficult algebraic task of developing the sensitivity
derivativeexpressions, the approachis often responsible for the ma-
jor computational cost of an optimization process. The analytical
approach represents an attractive option when the computational
effort becomes prohibitive under cost considerations.

In general, when the integrated structural/control problems are
solved,asignificantpartof the dynamicsanalysisinvolvesthe eigen-
solution of the problem

(S — *M)p =0 3)

where w? is the diagonal matrix of the squared structural frequen-
cies. If the constraint is imposed on a frequency, as it is the case
of the present study, we have to find the derivative of the structural
frequency. The solution requires solving the associated eigenvalue
problem. Even when analytical expressions for sensitivity analysis
are derived, a challenging task still remains for the computer work.
Only for very low-order and simple problems s it possible to obtain
the analytical sensitivity expressions explicitly for the eigenvalues
and eigenvectors. In other words, if we have a high-order problem,
itis not possible to obtain analytical expressions for the eigenvalues
and the eigenvectorsin terms of the design variables. Systems with
large numbers of degrees of freedom characterize the LSS mod-
els. By virtue of this, the problem of using analytical expressions
for sensitivity analysis still involves numerical calculation, such
as the eigenvalue problem solution and eigenvector computation.
However, even when we have to solve the eigenvalue problem via
computer, the computational effortis less than that when we have to
compute the derivatives by using, for example, a finite differences
procedure.To restate, consider the derivativeof the eigenvalue prob-
lem given by Eq. (1) with w* replaced by A and assume S and M
to be symmetric. The derivative of the eigenvalue problem? can be
written as follows:

where prime denotes the partial derivative with respect to the design
variable X ;. By adopting the normalization with respect to the mass
matrix, we have

oI Mo; = 1 5)

By transposing Eq. (3) and substitutingthe resultinto Eq. (4) pre-
multiplied by ¢, we obtain the eigenvalue derivatives with respect
to the design variables:

L PIS — Mg,
/ o/ M¢;

In view of the normalization condition given by Eq. (5), Eq. (6) can
be rewritten as

(6)

W= ¢ (8" = M), (D

Note that A; =a)§. We can obtain the frequency derivative by
exploiting the A ; derivative

2

dw’ dw;
M= —L = 20 —L )
I 79X, X
By using Eq. (7), we obtain
aa)j T 4 2ng
20555 = 9] (8" —’M)g, ©)
or
S — M),
o = LMo (5= wjar)e, (10)

/ 20)]

Note that the resulting equations are functions of the eigenvalue
A; and the eigenvector ¢; so that the need to solve the eigenvalue
problem still remains. The approach used here consists of comput-
ing the partial derivatives of M with respect to the design variables
and then using the expression given by Eq. (6) [or, alternatively,
Eq. (10)] to compute the eigenvalue sensitivity. It is not that diffi-
cult to obtain the derivatives of matrices M and S with respect to
the design variable A;, the cross-sectionalarea of the tubular beam.
We have fixed the structure length so that the only design variable
is the cross-sectionalarea. Note that the moments of inertia of area
that appear in the stiffness matrix S can be written also in terms of
the cross-sectional areas. One may want to use the thickness or the
tube diameter as a design variable. Another simplification we have
adopted here regards the material density that we have assumed to
be constant. Note that the eigenvalue problem solution is required
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anyway if a constraintis imposed on a frequency of vibration. The
merit of obtaining the analytical sensitivity is that its computation
becomes just a problem of solving an algebraic equation provided
that the partial derivatives of matrix M is given analytically.If a con-
straint is also imposed on an eigenvector, then we have to compute
the eigenvectorderivatives with respect to the design variables. The
eigenvector derivative can be obtained by taking the derivative of
Eq. (5) with respect to the design variables:

(67) M, + 9 M'6; + 6] M} =20 M), + 9] M'$; =0
¢ Mo, =3/ M'¢, (11)

Equation (4) and the second of Egs. (11) can be arranged to yield
the eigenvector derivatives directly as®

[S—A,M —M¢,} {¢}} _ {—(S’—MM’)@} a2
—eiM 0 [ qeiMy;

We have to be very careful when using this equation because the
principal minor (§ — A ;M) is singular. The approximate computa-
tion of the eigenvector derivatives constitutes one of the techniques
to overcome the problem.> One approximation of the eigenvector
derivative is

¢} = Za[jk¢k (13)

k=1

The expression for «;;; (k= j) is obtained by substituting Eq. (13)
into the second of Egs. (11), as follows:

n l
D nd Mo === Mg, (14)

k=1

Then, for k = j, we have, after taking into account the normalization
with respect to the mass matrix relationship given by Eq. (5),

®ijj = _%¢,~TM/¢[ (15)

The coefficient«;;; (for k =1 # j) can be computed by substitut-
ing Egs. (15) into Eq. (4), premultiplying the resulting equation by
¢/ , and using the approximation given by Eq. (15),

D el (S —aM)g + ¢ (S' =3, M) — X, ¢TMp; =0 (16)

k=1

Because the eigenvectors are M orthogonal, the last term in this
equation is zero. Exploiting this expression for k =1 # j, we have
the expressions ¢ S¢; and ¢/ M¢;. From the eigenvalue problem,
we can rewrite these expressions as, respectively,

¢ St = M/ Mpr, ¢/ Moy = 1
By substituting these expressionsinto Eq. (16), we obtain
&/ (8" =1, M) .
= l 17
iji O =) #J (17

Observe here once again that to solve this equation and to obtain the
eigenvectorderivative we need to solve the eigenvalue problem and
to compute the eigenvectors. This can be done analytically only for
simple and low-order systems.

Now let us focus on the control aspects of our problem regarding
sensitivity. Consider the linear quadratic regulator problem associ-
ated with the control law to perform the structural vibration sup-
pression and the attitude control. The equation of the dynamics as-
sociated with the eigenvaluesensitivity problem discussed earlier is

Mg + Sq = Df (18)

where D is the distribution matrix that relates the control input vec-
tor f to the coordinatesystem. The systemequationin the state space
is given by

x =Ax + Bf (19)

where

0 1
A= |: i| (20)

B= 0 (21)
" |MmM'D

x= {q} (22)
q

To design a controller with the liner quadratic regulator, the con-
trol optimization problem can be stated in terms of the assumed
known state*> by minimizing the index

J =f «"Ox + fTRf) dt (23)
0

subject to Eq. (19), where @ is the state weighting matrix that has
to be positive semidefinite and R the control weighting matrix that
has to be positive definite. The result of minimizing the quadratic
performance index and satisfying the state equation yields the state
feedback control law

f=—Fx (24)
where F is the optimum gain matrix given by
F=R'B"P (25)

and where Pis a symmetric positive definite matrix called the Riccati
matrix. P is found by solving the algebraic Riccati equation’:

A"P+PA+Q—PBR'B'P=0 (26)

By substituting Eq. (24) into Eq. (19), we obtain the governing
equations for the optimal closed-loop system as

x=0Cx 27
where
C =A—BF (28)

C is the closed-loop matrix for this application (sometimes C is
also called the observationmatrix when observer dynamics are also
included).

Next we give the analytical procedure to obtain derivatives of the
eigenvalues associated with the closed-loop matrix C. Note that C
involves not only the open-loop matrix A and the input matrix B, but
also the Riccati matrix P [through F, see Eq. (26)]. We can derive
the expression for the eigenvalue derivative associated with C in a
way similar to how we derived the derivativeof the eigenvaluegiven
in Eq. (3). The expression for the eigenvalue derivative we present
here follows closely the derivation presented in Ref. 6. Let u; be
the eigenvalues of matrix C that can be written as

(C—pDha; =0 (29)

Bj(C — p;I) =0 (30)

where B; and o; represent the left and right eigenvectors of C,
respectively.

By differentiatingEq. (29) with respectto the design variableand
premultiplying by 87, we have

BI(C = u Dy + BT (C— p;Dat; = 0 3D
By using Eq. (30), we obtain

T v
,_ 9 Ce

K= ﬂ}-dj (32)
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Let
Bja;=c (33)

where ¢ is constant and given by a biorthogonality normalization
condition. This constantis assumed to equal unity in general. Before
working on C’, let us write it in terms of the Riccati matrix P so that
we can see clearly that the C derivative with respect to a design
variable implies differentiating the algebraic Riccati matrix with
respect to that variable. The matrix C in terms of the Riccati matrix
P can be written by substituting Eq. (25) into Eq. (28) to yield

C=A-BR'B'P (34)
Then,
C =A"-GP—-GP (35)
where
G =BR'BT (36)

The derivative of the state matrix A can be obtained through
Eq. (20). The derivative of the input matrix B is obtained in terms
of the derivative of the matrix M as shown in Eq. (21). We still
need an expression for derivative of the Riccati matrix P to have
the complete sensitivity of C. To accomplish this, we turn back to
the Riccati algebraic equation given by Eq. (26). By solving this
equation for Eq. (32) in conjunction with Eq. (31), we obtain

C'’P+P'G'P+PC+Q=0 (37)

By taking the derivative of each term in Eq. (37) with respect to

the design variable, we obtain
C'"P+C'"P+PC+PC +P"G'P+P'G"P+P'G'P =0
(38)

Note that the matrix @ is constant, and its derivative with respect to
the design variablesis zero.

By substituting Eq. (35) into Eq. (38), we obtain the Lyapunov
equation’:

C'P+PC=C (39)
where C = —(A")TP— PA’' + PG'P. The solution of Eq. (39) yields
the sensitivity of the Riccati matrix P, P’, with respect to the de-
sign variableaccounted for in the problem. Because the sensitivities
of the frequencies w; are known, the damping sensitivity can be
computed by differentiating the closed-loop damping factor & with
respect to the design variable. The closed-loop eigenvalue can be
written as

w, =0 % jo (40)
and its modulus can be written as

Wi =+or+w? 41

Here, j =+/(—1).
The closed-loop damping factor associated with the control is

& =0/Vo?+ o} (42)

By differentiating Eq. (42) with respect to a design variable, we
obtain

& = (/i — o) [ 11} (43)

This expression can be written in terms of the derivatives of w and
o by using Eq. (42) to obtain

w; (0] w; — 0; W)

(o2 +2)*

/

i

w; can be obtained semi-analytically through Eq. (10). It is not
possible to obtain the whole damping factor derivative analytically
for a high-order system. Equation (43) yields the sensitivity of the
control damping parameter.

Integrated Optimization Problem Formulation

The linear quadratic regulator has been used for the pitch and
vibration control according to Eq. (23). The structural optimization
implementedhere canbe stated by® minimizingthe structural weight

W= i pi A (44)

i=1
subject to constraints such as

g (W) =0, 8j(w) =0, 8j§)=0 (45
where &, w, and W are the control damping factor, the frequency
of vibration, and the structure weight, respectively. Side constraints
were also imposed on the structure cross-sectional areas. The side
constraints ensure that the design fits to the realistic characteristics
of the project.

The integrated approach implemented in this study is somewhat
sequential in the sense that the control and the structure are opti-
mized sequentially. However, the simulation stops when a compro-
mise between the control optimization and the structural optimiza-
tionis reachedaccording to the constraintsimposed on the problem.
This compromise is represented by the convergence of the solution
satisfyingthe constraintsinvolvingboth the controland the structure
requirements.

Computer Simulations and Results

The computer simulations have shown that the savings in com-
puter time (CPU time) is about 50% when we use the analytical
expressions for the sensitivity calculation. This result makes sense
only for the model treated here. The system we have implemented
in the computer is of the order 22 x 22 because we have divided our
structure into only four finite elements. This refers to state-space
equations (including the pitch degree of freedom). The CPU is the
personal computer’s brain. The CPU time is the time the computer
is involved in processing some task. It differs from the simulation
elapsed time (clock time) and is not the time the computer was
assigned to solve a specific task. Personal computers process se-
quentially. This means that a large CPU time makes the computer
simulation very expensive. For the model focused on in this study,
the CPU time is about 10 min when the semi-analytical approach
is used, whereas for the pure numerical approach the CPU time is
about20 min. The CPU time may differ either if the outputdata are
large or the criteria for convergence are very stringent.

For illustration of one case, we have set the convergence criteria
for the unconstrained minimization to be of the order of 10E—10
and the CPU time increased to almost one day compared to the same
problem with the criteria set to 10E—5. In general, finite element
models take into account many more elements, and the number of
state equations is much higher than the model treated here. We did
notvary the number of finite elementsto check on how the CPU time
increases with the system degrees of freedom enlargement. How-
ever, it is intuitive that CPU time increases greatly when the order
of the system is augmented. The difference between the optimiza-
tion results when using finite differences and using the analytical
expressions for the sensitivity computation are practically the same
for the problem studied here. This means that there is no problem
regarding the accuracy when we use the finite difference approach
to compute the sensitivity derivatives. The main result is the time
savings associated with the computer simulations to implement the
integrated structural optimization procedure. Figures 3-6 show the
results of the integrated structural optimization for the LSS studied
in the paper. The weight savings resulting from the integrated opti-
mization is relevant, (about 20%). The result regarding the control
performance is better for the optimized structure when compared to
the initial given structure.

Three actuators have been used (see Fig. 3 for illustration): two
force actuators (at the tips of the structure) and one torque actuator
(at the middle of the structure). The input data for the simulations
are E =7.3084 x 10'° N/m?; p =2768kg/m*; L =250.88m; A; =
3.24 x 107 m?; h=483.77 km; pg =3.986 x 10° km?/s%; 6, =
6 deg, v=2.5 m; w>5.2515¢—002 Hz; £ >0.27; Q(1,1) =103
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The side constraintsare 1.62<X; <3.24x 102 m?(i=1,2, 3,
4).E,p,L,A;,h, jig, 6, and v are the Young’s modulus, the material
density, the structure length, the structure cross-sectional areas, the
orbit altitude, the gravitational constant, the initial pitch angle, and
the structure tip displacement, respectively. The optimal structure is
given by the cross-sectional areas: A, = A; =1.62 x 10~ m? and
A, =A3=3.24 x 1073 m2. The weight savings by the integrated
optimization process is about 20% with respect to the initial struc-
tural weight.

Figure 4 shows the vibration damping of the elastic displacement
at the left tip of the structure. The better control performance is not
very evidentduring the first 7 s. It becomes more apparent when the
displacement approaches to zero.

20 T r T T
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&
o
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Fig. 6 Control effort to damp vibration at tip of structure for both
nominal and optimized structure.

Figure 5 shows the control effort for both the nominal and the
optimized structure. Once again, the difference of the control ef-
forts for both the given structure and the optimized one becomes
more apparent when the efforts approach zero. For the case of the
optimized structure, the control efforts approach zero more rapidly
than they do for the given structure.

Figure 6 shows the control effort to damp the vibration at the
tip of the structure for both the given and the optimized structure.
The result for the optimized structure is slightly better than that for
the given structure, most of the time. However, we do not have a
significant gain for the short phase when the control effort is large
for both the given and the optimized structure.

Conclusions

The results have shown a significant time savings when analytical
expressions are used to compute the sensitivity derivatives instead
of the numerical finite difference method. This result is very impor-
tant because the numerical methods may become prohibitive given
cost considerations because of the excessive computational effort
necessary to compute the sensitivity derivatives. Note that when
solving the eigenvalue problem, we can use methods to find only
those eigenvalues necessary to the problem solution, avoiding the
computational effort involved in computing all of the eigenvalues
and eigenvectors unnecessarily.
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