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Control structure integrated design has been applied to a satellite for which the nonlinear orbital dynamics are
fully modeled. Final designs are shown to differ from those for which orbital dynamics are unmodeled. The effects
of different constraints and weighting factors on the optimization procedure and � nal design are examined. For
designs that are optimized with the de� ned constraints, the � nal design is found to be independent of the initial
choice for the structural and control design variables. Because of the problem dependence of the � nal designs,
weighting factors and optimization constraints must be chosen to accurately re� ect physical mission costs and
design limits for the particular mission being considered.

Nomenclature
A = rigid hub
A = matrix containing time invariant inertia force

terms in dynamic equations of motion
Ai = actual area of dB after structural design

variables (SDVs) applied
A0 = nominal area of d B
A¤ = mass center of A
a = performance index mass weight
a1; a2; a3 = Cartesian unit vectors � xed in A at A¤

B = � exible appendage
B = matrix containing time varying inertia force

terms in dynamic equations of motion
B¤ = mass center of d B
b1; b2; b3 = Cartesian unit vectors � xed in d B at B¤
NCE ;E CA;ACB = transformationmatrices relating unit vectors

� xed in frames N; E ; A; B
c = column containing time varying inertia force

terms in dynamic equations of motion
D = matrix describing kinematic equations of

motion
d B = differential beam element of B
E = rotating reference frame
er ; eµ ; eÁ = cylindrical polar unit vectors � xed in E
F = magnitude of force acting on tip of B
f = column of control force components acting on

A and B
fc = column of control force terms in dynamic

equations of motion
fg = column of gravitational force terms in dynamic

equations of motion
G1; G2; G3; G4 = feedback control gains
gi = optimization constraint functions
J = performance index
J3 = mass moment of inertia about the a3 axis of A
L = length of B
M = mass
MA = mass of A
MB = mass of � exible appendage
N = Newtonian reference frame
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Ns = number of sections along B for which SDVs
can vary

n1; n2; n3 = Cartesian unit vectors � xed in N
O = Earth
O¤ = mass center of O
Q = performance index weighting matrix for strain

energy and kinetic energy terms
q = column of modal amplitudes and rigid-body

generalized coordinates
q j = modal amplitude for mode j
q f l = column of modal amplitudes
qr b = column of rigid-body generalized coordinates
R = orbital radius O¤ A¤

R = performance index weighting matrix for
control input terms

S = performance index weighting matrix for error
terms

T = magnitude of torque acting on A
T f l = feedback control torque
Trb = reference torque time history
t = time variable
t f = maneuver completion time
u = column of modal velocities
x = length coordinate along B
x = combined column of generalized coordinates

and generalized speeds
xref = combined column of reference trajectories for

generalized coordinates and generalized
speeds

° = column of design variables
± = vector displacement of B¤ as B � exes
±1; ±2; ±3 = components of ± in frame A
E "A = column of Euler parameters relating frame E

to A
"1; "2; "3; "4 = Euler parameters
2 = attitude angle of A
2ref = reference attitude time history
µ1; µ2; µ3 = space-three 1–2–3 rotations from frame A in

hub to frame B in beam
º = number of modes in � nite element analysis

(FEA)
» = column of SDVs
»i = structural design variables
¾i = scaling parameters for design variable gradient

descent optimization
8 = orbital position angle of A in simpli� ed case
Á = spherical polar coordinate
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Â = column of control design variables
9i j .x/ = FEA mode shapes of B

I. Introduction

S PACECRAFT will increasingly require subsystems designed
by processes developed in different disciplines. Awareness of

this has led to examination of the interdependence of subsystems
designed by these disciplines. The result has been the discovery of
the synergisticnature of design processes from different disciplines
and an increasing awareness that integration at the design stage
improves the overall system.1

Integration of control system design and structural design is one
area where this synergism has been observed and examined. Much
of this attention has focused on future spacecraft, which are ex-
pected to be larger and lighter than present spacecraft.The resultant
increase in � exibility makes it necessary to include active control
systems to damp motions,which would impede satisfactorymission
performance.

The goal of the structural design is to choose the materials and a
con� guration that will minimize its mass based on a knowledge of
mission requirementsand the loads associatedwith launch and test-
ing. A dynamic model of this structureforms the basis of the control
design,which aims to choose controlgains and locationsfor sensors
and actuators so that the mission requirementsare achievedwith the
minimum expenditure of energy. These two objectives, minimum
mass and minimum control effort, require a design compromise be-
cause less mass does not necessarily imply lower control effort, nor
does more mass necessarily imply greater control effort.2

The integrated approach to satellite system design aims to utilize
knowledge and understanding from both the structural and con-
trol design disciplines to enhance the design process and improve
the mission performance of the satellite. It will choose values for
structural and control design variables to minimize a mission per-
formance index containing both structural and control objectives.
Control/structure integrated design (CSID) has received extensive
coveragesince the earlypart of the 1980s.Some of this literaturehas
been directed toward examining, verifying, and demonstrating the
synergism in the method,3 both analytically4 and with experimental
validation.5

Structural and control designerseach have different performance
objectives they seek to minimize. Combining these objectives to
form a CSID performance index can be accomplished in a number
of ways. First, a scalar index may be optimized with constraints
placed on other parameters. This scalar index may be the design
mass6 with constraints on other parameters7 (which may be the
control design variables), or it may be a control objective,8 also
with constraints on other parameters.9 Other scalar indices have
been measures of robustness10 and line of sight error.11 It is, how-
ever, most commonly de� ned to be a weighted sum of the various
objectives.12;13 A weightedsum performanceindex is chosen for the
analysisdescribedhere. The � nal design of the system is dependent
on the weighting factors chosen.14 Alternatively, the different ob-
jectives may be used in a vector performance index, which requires
a multiobjective optimization approach.15

Optimization processes typically advance iteratively. In CSID, at
each iteration, the structural design variables (SDVs) and the con-
trol design variables (CDVs) may be updated either sequentially14

or simultaneously. In the sequential approach, the SDVs are con-
sidered to be independent, with the CDVs dependent on them as a
consequence of the way the control design is incorporated. In the
simultaneous approach, both the SDVs and the CDVs are indepen-
dent design variables. Methods relying on linear quadratic regula-
tor (LQR) control design, which uses state feedback control, use
a sequential update,10;16 because matrices dependent on the SDVs
are required in the Riccati equation, which when solved produces
the control design variables.Methods implementinga simultaneous
update of the SDVs and CDVs generally require the use of a direct
output feedback control system.13;15 Onoda and Watanabe12 found
that using an optimization based on a simultaneous update attains
an optimal design with less iterations than optimizations based on
a sequential update optimization. Consequently, the present work
uses an output feedback vibration control system to facilitate the

use of a simultaneous update. This is an important computational
consideration because CSID requires a time-consuming nonlinear
optimization.14 At each iteration, a gradient descent17 method is
used to calculate the changes in design variables that will improve
the performance.

CSID has been applied to various � exible structures, from
trusses8;10 and beams6;13 to slewing structures11 that may consist
of a hub and attached appendages.9;15 It has also been applied to the
design of other systems, including wing aeroservoelastic design18

and helicopter design.1 Lust and Schmit3 found that the improve-
ment in performance is dependent on the problem. The objective
of this paper is to describe the extension of CSID to a satellite for
which the nonlinear orbital dynamics are fully modeled so that its
performance during an on-orbit maneuver can be investigated.The
satellite will be modeled by a � exible appendageattached to a rigid
hub. The SDVs will change the mass distributionof the � exible ap-
pendage and the CDVs will be the gains in the appendagevibration
controller. Attention is given to the effects of including different
objectives in the performance index before choosing those used to
obtain the � nal result. The optimization procedure is based on sim-
ulations of the satellite’s performanceduring an attitude maneuver.
These simulations require equationsof motion for the system under
consideration.

II. System Description
The systemto be considered(shownin Fig. 1) consistsof a � exible

appendage B attached to a rigid hub A, which is in orbit around a
central body O . The translationalmotion of the mass center A¤ of
A in an inertial reference frame N is de� ned with respect to a set of
spherical polar axes .er ; eµ ; eÁ /, which de� ne a reference frame E .
The position vector from the mass center O¤ of the central body O ,
which is � xed in N , to A¤ is given by Rer , and the orientation of E
is de� ned by the two angles µ and Á. A set of Cartesian coordinates
.n1; n2; n3/ are � xed at O¤ in N and the transformationmatrixN CE

de� nes the relationship between ei and n j , where the subscripts i
and j denote r; µ; Á and 1, 2, 3, respectively. The set of principal
axes .a1; a2; a3/ remain � xed in the rigid hub A with their origin
at A¤. The attitude motion of A with respect to E is then described
by a set of Euler parameters ."1; "2; "3; "4/, denoted by the column
matrix E "A . These Euler parametersde� ne a second transformation
matrix E CA relating ei to a j .

To describe the elastic motion of the appendage B shown in
Fig. 2, consider the centroid B¤ of a differential section d B located
a distance x along the undeformed centroidal axis from the attach-
ment point of B to A. The displacementof B¤ from its undeformed

Fig. 1 Satellite con� guration.

Fig. 2 Elastic deformation.
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location is given by the vector ± D ±1a1 C±2a2 C±3a3. When under-
going this displacement, the section d B also rotates so that a set of
axes .b1; b2; b3/ � xed in d B with origin at B¤ and initially parallel
to ai is given by a space-three1–2–3 rotation from ai as de� ned by
the angles .µ1; µ2; µ3/ and the transformationmatrix ACB .

A � nite element analysis (FEA) of the structure is used to obtain
natural frequencies and mode shapes 9i j .x/ to describe the vari-
ation of three de� ections and three rotations along the length of
the appendage. It has been chosen to model the appendage, which
would physicallybe a truss structure,by a piecewise-constantseries
of beam elements whose properties are chosen to re� ect those of a
truss structure. With the FEA truncated at º modes, this yields

±i .x/ D
º

j D 1

9i; j .x/q j i D 1; 2; 3 (1)

µi .x/ D
º

j D 1

9i C 3; j .x/q j i D 1; 2; 3 (2)

Nonlinear equations of motion for this system are obtained by
applying Kane’s equations19;20 to the system in conjunction with a
FEA of the appendage, as described in Kane et al.21 and Ryan.22

The resulting equations of motion have the form of a dynamical
equation,

[A.»/ C B.»; q f l/] Pu D c.»; u; q f l / C fg.»; q/ C fc.»; q f l ; f / (3)

and a kinematic equation,

Pq D D.»; q/u (4)

The column matrices »; q; u, and f are the appendageSDVs, gener-
alized coordinates, generalized speeds, and control forces/torques,
respectively.The SDVs are de� ned to be the ratio of cross-sectional
areas to a reference sectional area A0. The column q f l is the subset
of qT D [qT

f l j qT
rb] containing the amplitudes of the � exible modes

of the appendage, with the rigid-body coordinates comprising the
remaining subset. The matrices A and B and the column c contain
terms describingthe inertia and stiffness associatedwith the motion
of the system. A is constant for each given structural con� guration,
whereas B is a small time varying matrix, due to its dependence
on q f l . The columns fg and fc describe the gravitational forces and
control forces/torques, respectively, which act on the system. It is
assumed that no other external disturbanceforces act on the system.
Both c and fg contain nonlinear terms.

The matrix D, containsa unit partition for the modal coordinates,
a partition relating the conversion of angular velocities to rates of
change of Euler parameters23 and a rotationmatrix partitionrelating
velocities in one reference frame to rates of change of coordinates
measured in another. These last two partitions are nonlinearly de-
pendent on the Euler parameters.

III. Reduced-Order Analysis
For the purpose of this analysis, the system is considered to be

constrainedso that the hub is free to translate and rotate in the er –eµ

plane of its orbit only, as shown in Fig. 3. The a3 axis is chosen to
coincide with the major principal inertia axis of the spacecraft and
is initially aligned to eÁ , so that planar motion of the spacecraftwill
be maintained throughout the maneuver.

The positionof the satellite is de� ned by Rer , where er is oriented
at an angle 8 to n1 . As this analysis is concerned with a single
axis maneuver, the attitude of the rigid body A is de� ned by the
angle 2 between er and a1 in preference to Euler parameters. The
elastic deformation of B is constrained to the same plane, so that
the resultant � exural motion is de� ned by the displacement ±2.x/
and the rotation µ3.x/, which gives two components to each mode
resulting from the FEA.

The methods in Refs. 19–22 are followed for the derivation of
the equations of motion in this reduced order model. Equations (3)
and (4) once again represent the general nonlinear form of these
equations. The matrices and columns described by these equations

Fig. 3 Satellite constrained motion.

are then of order .3 C º/ £ .3 C º/ and .3 C º/ £ 1, respectively. In
this con� guration, the FEA was truncated at º D 3.

A. SDVs
The hub is characterized by its mass MA and inertia J3 about

the a3 axis. The attached beam has constant material properties
and piecewise-constant cross-sectional properties along its length
L . The SDVs »i are given by

»i D Ai=A0 i D 1; : : : ; Ns (5)

where Ns denotes the number of sections along the length of the
beam, Ai is the area of the i th section, and A0 is a reference cross-
sectionalarea. In this analysis, Ns D 10 and each section is modeled
by 2 beam elements in the FEA. The natural frequencies and mode
shapes 9i j .x/ obtained from the FEA are dependenton theseSDVs.

B. CDVs
Attitude and vibration control of the spacecraft is achieved by a

torque acting on the hub, T a3 , and a force acting at the appendage
tip, Fb2 . A direct output feedback approach has been used so that
the equations of motion can remain in their nonlinear form and a
simultaneous design variable update may be maintained in the op-
timization. If a state feedback approach were used in conjunction
with an LQR design method, the equations would need to be lin-
earized, in addition to having to use a sequential design variable
update method in the optimization.

An open-loop, rigid-body large-angle slew24 is the reference tra-
jectory to be followed by using a feedback tracking control law.
This reference slew is driven by a bang-bang torque Trb , which is
calculated by assuming the appendage has no � exibility. The tra-
jectory of the � exible body differs from this reference trajectory
due to interaction of the attitude motion with the elastic motion of
the appendage. These differences are fed back to give a correction
torque,

T f l D G1.2 ¡ 2ref/ C G2. P2 ¡ P2ref/ (6)

which is added to Trb to give the total hub torque T D Trb C T f l .
To minimize the elastic vibrationof the appendage,the controller

feeds back the tip displacement and velocity to give the tip force

F D G3±2.L/ C G4
P±2.L/ (7)

The column of control gains,Â D [G1 G2 G3 G4]T represents the
CDVs. A column °, with °T D [»T j ÂT ], represents all 14 DVs.

IV. Optimization Algorithm
Consider a performance index, which is a weighted sum of the

beam strain energy, beam kinetic energy, control energy exerted, an
attitude trajectory error, and the mass. It is of the form

J D aM C 1
2

t f

0

xT Qx C f T R f C .x ¡ xref/
T S.x ¡ xref/ dt (8)

where xT D [qT j uT ], Q; R, and S are weighting matrices, and a is
a scalar weight for the mass M .
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A. Performance Index Weights
This index can be chosen to place more emphasis on launch cost

by heavily weighting the satellite mass, as may be used for a space-
craft whose mission does not require a long orbital life. Alterna-
tively, controllerenergy may be emphasizedfor a mission expecting
a long orbital life with limited fuel capacity.Or again, attitude errors
may be weighted strongly for missions requiring repeated accurate
retargeting.

Each componentof the performance index has different physical
units, which makes the choice of weighting factors conceptually
dif� cult.13 Even if they could be converted to consistent units, say,
dollars, the choice of weights would still be somewhat arbitrary.For
example, capital expenditure may be emphasized over recurring
expenditure, for a short-term mission, and vice versa for a mission
expected to last many years.

For the initial eight cases, the performanceindex weightingswere
chosen with the weight a in Eq. (8) on the beam mass equal to zero.
Optimizationconstraintsare placedon the mass or variablesdirectly
affecting the mass. Consequently, when the mass is not part of the
performance index, a direct comparison of the performance with
and without the constraints is possible.

The remaining weights were chosen to yield roughly equal mag-
nitude contributions to the performance index from the structural
strain and kinetic energy Q, control energy R, and the error S. The
evaluation of Eq. (8) is then performed numerically, by means of a
trapezoidal integration in time, which uses the states at the initial
and � nal states in a given time step.

B. Problem Statement
The optimization problem then becomes

min
°

J (9)

subject to the equality or inequality constraints

gi .° /
D0

·0
i D 1; 2; 3 (10)

where gi are constraint functions chosen to represent appropriate
physical design constraints. The inequality is used to place limits
on »i and the equality is used to � x the mass. The CDVs remain un-
constrained. Optimization procedures based on four different SDV
constraint sets (shown in Table 1) were examined for each initial
con� guration. These constraint sets are subsequentlyreferred to by
the labels shown in Table 1, where the � rst letter in the label denotes
whether the SDVs are constrained or unconstrainedand the second
letter similarly denotes whether the beam mass MB is constrained
or unconstrained.

C. Design Variable Updating
Sensitivities of the performance index J to changes in the SDVs

and CDVs are used to calculate a search direction in a gradient
descentapproachto the optimal integrateddesign.At each iteration,
the optimization is advanced by descending the gradient, so that at
iteration n, the design variable °i is given by

° n C 1
i D ° n

i ¡ 1°i £
³

@ J

@°i

´

i

@ J

@°i
£ ¾i j

i D 1; : : : ; 14 (11)

Table 1 SDV constraint sets

Label SDVs MB

CUa g1 D »min ¡ » · 0 Unconstrained
g2 D » ¡ »max · 0

UCb Unconstrained g1 D MB ¡ MB0 D 0
CCc g1 D »min ¡ » · 0 g3 D MB ¡ MB0 D 0

g2 D » ¡ »max · 0
UUd Unconstrained Unconstrained

aConstrained individual SDVs, unconstrained mass.
bUnconstrained individual SDVs, constrained mass.
cConstrained individual SDVs, constrained mass.
dUnconstrained individual SDVs, unconstrained mass.

where the ¾i are scaling parameters to ensure the constraintsare met
at each iteration.

V. Numerical Analysis
A. Initial Conditions

The systemparametersthatdo not changeduring the optimization
are the hub mass MA D 120 kg, the hub inertia J3 D 130 kg m2,
the beam length L D 20 m, and the nominal beam section area
A0 D 7:143 £ 10¡5 m2 .

Two different initial beam con� gurations with initial beam mass
MB0 were used to test for convergence to the same � nal condition.
The SDVs are given in Table 2. The SDVs in the tailored con� g-
uration are chosen to re� ect the area distribution found by Onoda
and Watanabe12 to be optimal for a spinning free-free beam un-
der LQG control and a white noise disturbance distributed along
the appendage. Because of the problem dependence of the optima,
this does not guarantee that these are optimal SDVs for the satellite
considered here.

Satellite orbital parameters are initially chosen to represent the
satellite in a low Earth orbit with the appendage aligned at 2 D
45 deg to the line joining the center of the Earth to the mass center
of the central rigid body as shown in Fig. 3. The system has a
stable attitude with the appendage pointing radially outward from
the Earth (i.e., 2 D 0 deg). The uncontrolledmotion of the satellite
will exhibit a gravity gradient oscillation, which will decay to this
stable attitude, whereas the controlledmaneuver endeavors to bring
the satellite to this stable orientation as rapidly as possible.

B. Results and Discussion
The casesanalyzeduseddifferentinitialstructuralcon� gurations,

performance index weights and optimizationconstraintsas detailed
in Table 3.

Figure 4 shows the iteration history of the performance index J
for the � rst two cases. For these cases, the only difference is the
initial SDVs, and each converges to the same optimal performance.
The resultant beam structure is illustrated in Fig. 5. The � nal struc-
tures for cases 1 and 2 are almost identical, as the numerical values

Table 2 Initial beam con� gurations

SDVs Uniform Tailored

»1 1.00 1.15
»2 1.00 1.25
»3 1.00 1.25
»4 1.00 1.15
»5 1.00 1.00
»6 1.00 1.00
»7 1.00 1.00
»8 1.00 0.95
»9 1.00 0.78
»10 1.00 0.52
MB0 4.00 kg 4.02 kg
G1 1.50 1.50
G2 15.0 15.0
G3 0.035 0.035
G4 0.35 0.35

Table 3 Case de� nitions

Constraint Initial Performance
Case labela SDVs index

1 CU Uniform No mass
2 CU Tailored No mass
3 UC Uniform No mass
4 UC Tailored No mass
5 CC Uniform No mass
6 CC Tailored No mass
7 UU Uniform No mass
8 UU Tailored No mass
9 CU Case 5 Mass only

10 CU Uniform Full
11 CU Case 5 Full

aSee Table 1 footnote.
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Table 4 Optimal design variables
and performance index

Case 1 Case 2

»1 1.500 1.500
»2 1.500 1.500
»3 1.500 1.500
»4 0.967 0.981
»5 1.071 1.075
»6 1.143 1.141
»7 1.188 1.190
»8 1.180 1.176
»9 1.017 1.016
»10 0.563 0.563
MB 4.652 4.657
J0 111.73 208.25
J f 36.74 36.75
G1 0.510 0.510
G2 24.9 24.9
G3 0.0548 0.0548
G4 0.548 0.548

Fig. 4 Performance index: cases 1 and 2.

Fig. 5 Beam SDVs.

in Table 4 show. Table 4 also shows the resulting CDVs to be iden-
tical and the convergence of the initial performance indices J0 to
identical � nal values J f . These results indicate that the optimal so-
lution is independent of initial SDVs. The problem dependence of
the solutions is illustratedby the fact that the tailored SDVs re� ect-
ing Onoda and Watanabe’s results12 are no longer optimal for this
problem.

The observed behavior of the satellite changes as a result of its
redesign.The improvementsin tip displacementpeak amplitudeand
settling time are shown in Fig. 6.

Table 5 shows the optimal structuresand controls that resulted for
the next six cases analyzed.The iterationhistory of the performance
index in each of these cases is shown in Fig. 7. The mass con-
straint operating in cases 3–6 requires the scaling factors in the
optimizationto reduce the changes in DVs at each iteration. Hence,
these four cases proceed very slowly toward their � nal state and
when this analysis terminated had not yet attained it. Each of these
four cases appear to be proceeding to the same � nal condition but
with worse performance than for cases 1, 2, 7, and 8, where mass

Table 5 Optimal design variables for cases 3–8

Case 3 4 5 6 7 8

»1 1.244 1.105 1.244 1.105 3.172 2.760
»2 1.110 1.252 1.110 1.252 3.579 3.165
»3 1.019 1.251 1.019 1.251 3.191 2.748
»4 0.792 1.151 0.792 1.151 2.178 1.623
»5 0.993 1.004 0.993 1.004 1.092 1.314
»6 1.010 1.004 1.010 1.004 0.995 1.399
»7 1.018 1.005 1.018 1.005 1.080 1.282
»8 1.011 0.958 1.011 0.958 1.148 1.283
»9 0.978 0.790 0.978 0.790 1.033 1.131
»10 0.826 0.529 0.826 0.529 0.554 0.583
MB 4.000 4.020 4.000 4.020 7.209 6.915
J0 111.73 208.25 111.73 208.25 111.73 208.25
J f 56.80 71.42 56.80 71.42 12.47 17.89
G1 0.51 0.51 0.51 0.51 0.51 0.99
G2 24.9 24.9 24.9 24.9 24.9 24.9
G3 0.0548 0.0548 0.0548 0.0548 0.0548 0.0548
G4 0.548 0.548 0.548 0.548 0.44 0.488

Fig. 6 Tip de� ection: case 1.

Fig. 7 Performance index: cases 3–8.

remained unconstrained.The mass constraint is thus overly restric-
tive of both the � nal performance and optimization procedure.The
greatest performance improvements occurred when both the mass
and the structural parameters were unconstrained in cases 7 and
8. Because of the absence of constraints and, consequently, larger
parameter changes at each iteration, these optimization procedures
also proceededmore rapidly than those with constraints.These two
cases show a dependence on initial SDVs, with each of the � nal
SDVs, CDVs, and performance index differing.

In these cases when no constraint was placed on mass during
the optimization, the mass increased.Even though the mass did not
contributeto theperformanceindexdirectly,it didprovideadditional
inertia,which increasedtheeffectof thegravitygradienttorqueupon
the maneuver.Thus, extramass indirectlyimprovedperformanceby
reducing the control effort required to drive the maneuver.

Each of cases 3–8 yielded similar magnitude improvements in tip
displacement amplitude and settling time to those shown in Fig. 6
for case 1. The additional mass, which results in cases 7 and 8,
yields only a marginally smaller tip displacement. This re� ects a
high weight placed on tip displacement in the performance index,
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Fig. 8 Satellite attitude: case 1.

Fig. 9 Attitude tracking error: case 1.

Fig. 10 Tip de� ection: case 9.

and so the control gains approached the same values to achieve
maximum vibration damping.

On the other hand, although the satellite smoothly performs the
desired maneuver (see Fig. 8), the optimal design results in a larger
attitude trajectory error during the maneuver and at its completion.
This is shown for case 1 in Fig. 9 and re� ects a low weight put
on the attitude error contribution to J . The attitude error does not
approach zero at the end of the maneuver because the reference
trajectory was based on a � xed bang-bang torque calculated for
an unmodi� ed structure. Thus, as the mass properties of the beam
changed, this reference torque no longer produced a complete 45-
deg reference rotation on the rigid body created by assuming no
� exibility in the beam. Consequently,the � nal � exible body usually
did not attain the exact � nal orientation.This is becauseonly the tip
force and gravity gradient force remained to slowly complete the
maneuver when the reference torque was switched off.

Table 6 shows the initial design variables and � nal results for
cases9–11. The performanceindex for case 9 was the productof the
mass MB and weighting factor a only. With the mass unconstrained
this merely drove each of the structural parameters to their lower
limit, which is an undesirable structural design, and consequently
produced an increase in the tip vibration and tip de� ection settling
time as shown in Fig. 10.

Table 6 Optimal design variables for cases 9–11

Case 9 10 11

J Mass only Full Full
Label CUa CU CU
Initial »i Case 5 Uniform Case 5
»1 0.5 1.500 1.500
»2 0.5 1.500 1.500
»3 0.5 1.500 1.500
»4 0.5 0.795 0.812
»5 0.5 0.886 0.818
»6 0.5 1.049 0.994
»7 0.5 1.179 1.138
»8 0.5 1.210 1.169
»9 0.5 1.067 1.036
»10 0.5 0.598 0.590
MB 2.00 4.516 4.425
J0 160.00 112.13 72.61
J f 80.00 53.15 51.79
G1 0.603 0.56 0.39
G2 34.2 29.4 30.9
G3 0.0734 0.0638 0.0608
G4 0.567 0.638 0.668

aSee Table 1 footnote.

Fig. 11 Tip de� ection: case 10.

Fig. 12 Satellite attitude: case 11.

For the � nal two cases,a constraintsetwith constrainedindividual
SDVs and unconstrained mass was used to ensure convergence to
the optimum in a reasonable number of iterations, while removing
the dependence on initial SDVs that would arise for a constraint
set with unconstrained individual SDVs and unconstrained mass.
The � nal tip de� ections for case 10 are shown in Fig. 11. Figure 12
shows the maneuver performed by the satellite, and Fig. 13 again
shows an increase in the attitude tracking error, which results from
the change in inertia properties as the structure changes.

To examine the effect of including or excluding the mass in the
performance index, cases 10 and 11 may be compared to cases
1 and 5, respectively. Sharper changes in area pro� le occur when
the mass is included leading to a lower unconstrained mass for
case 10 over case 1. The resulting DVs from case 5 were used
as the initial DVs for case 11, and Fig. 14 shows a marginal im-
provement in amplitude and settling time. Given the independence
of SDVs on the results, the results of cases 10 and 11 indicate
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Fig. 13 Attitude tracking error: case 11.

Fig. 14 Tip de� ection: case 11.

that the resulting designs are also independent of initial control
gains.

VI. Conclusions
The use of CSID for a satellite undergoing maneuvers for which

the nonlinear orbital dynamics are fully modeled has been demon-
strated. The � nal designs were shown to differ from those where
orbital dynamics are unmodeled. It was found that for constrained
optimizations the � nal design and performance is independent of
both the initial SDVs and CDVs. A dependenceon initial SDVs did
occur when the optimization was unconstrained.Optimization pro-
cedures based on different constraint sets illustrate the importance
of choosing constraints that accurately re� ect physical limitations
of the design, while not overly constraining and thus slowing down
the design procedure.

The use of different performance indices shows the importance
of de� ning the weights used in the index to match mission re-
quirements and enabled their effects on the � nal con� guration to
be examined. For example, where mass was weighted strongly, the
design mass decreased, but resulted in a longer settling time for
the appendagevibrations. Including mass in the performance index
also resulted in sharp changes in the area pro� le. In such designs,
fatigue considerations require low-vibration amplitudes and set-
tling times. When tip displacement is stronglyweighted, the control
gains become more important than the beam mass in reducing the
vibration.
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