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OPTIMIZATION PROCEDURE TO CONTROL THE COUPLING
OF VIBRATION MODES IN FLEXIBLE SPACE STRUCTURES

[ )
Joanne L, Walsh
NASA Langley Research Center
Hampton, Virginia

Abstract

As spacecraft structural concepts increase in
size and flexibility, the vibration frequencies
become more closely-spaced. The identification
and control of such closely-spaced frequencies
present a significant challenge. To validate
system {dentification and control methods prior
to actual flight, simpler space structures will
be flown. To challenge the above technologies it
will be necessary to design these structures with
closely-spaced or coupled vidbration modes. Thus
there exists a need to develop a systematic
method to design a structure which has closely-
spaced vibration frequencies. This paper
describes an optimization procedure which is used
to design a large flexible structure to have
closely~-spaced vibration frequencies. The
procedure uses a general-purpose finite-element
analysis program for the vibration and
sensitivity analyses and a general-purpose
optimization program. Results are presented from
two studies. The first study uses a detailed
model of a large flexible structure to design a
structure with one pair of closely-spaced
frequencies, The second study uses a simple
equivalent beam model of a large flexible
structure to obtain a design with two pairs of
closely~spaced frequencies.

Nomenclature
A boom cross-sectional area
rB second bending frequency, COFS-I
rD first natural frequency of diagonal, COFS-I
rT first torsion frequency, COFS~I
r1 first natural frequency, COFS-I
r1 1th frequency
F objective function
F(V) objective function
g set of constraints
31 ith constraint
(11} identity matrix
Iyy boom moment of inertia, COFS-II
Izz boom moment of inertia, COFS-II
[K] stiffness matrix
L1 mast length, COFS-II
L2 boom length, COFS-II

] tip mass, COFS-II
(M] mass matrix

® Aerospace Engineer, Interdlsciplinary
Research Office,Member AIAA, AHS

NDV number of design variables

RI inner radius of diagonal, COFS-I

R° outer radius of diagonal, COFS~I

Rs "strong" longeron inner radius, COFS-~I
Rw "weak" longeron inner radius, COFS~I
v set of design variables

Vk kth design variable

. derivative with respect to V

avk k

€ frequency spacing tolerance

{G}J Jth eigenvector

w§ Jth eigenvalue

Introduction

As spacecraft structural concepts increase in
size and flexibility, the vibration frequencies
become more closely-spaced. Since the
identification and control of such closely-spaced
frequencies present a significant challenge, a
need exists to develop and validate analytical
methods to design and assess the performance of
such structures. A NASA Langley research program
13 underway to investigate the control of large
flexible space structures. This program denoted

COFS (Control of Flexible §trucr.ures)1 T involves
both ground and flight tests. One aspect of the
COFS program is to determine the dynamic
characteristics and control requirements of a
candidate structure., The structure {s to be
designed to have closely~-coupled vibration modes.
This {s contrary to the normal process in which
the designer tries to control rigid body motions
and avoid control/structures interactions.
However, the COFS program requires a structure
which has closely-spaced frequencies in order to
challenge control law and system identification
methodology. The close~spacing of frequencies
does not necessarily mean mode coupling, but it
is felt if the frequencies are closely-spaced
there is a better chance of mode coupling. This
paper describes an optimization procedure to
systematically design a large flexible structure
to have closely-spaced vibration frequencies.
The procedure uses the general-purpose finite-
element analysis program EAL (Engineering

Analysis Language Syatem)8 and the general~

purpose optimization program CONHINg.

Results will be presented for the COFS~I

conl’l.gn..u'ati.on1 -5 and a candidate COFS-II



conriguration6. The first study uses a detailed
model of the COFS~I configuration to obtain a
design which has one pair of closely-spaced
frequencies. The second study uses a simple
model of the COFS-II configuration to develop the
methodology for systematically obtaining two
pairs of closely-spaced frequencies.

Optimization Procedure

Formulation - General

The use of formal mathematical programming to
obtain an optimum design requires the
specification of an objective function F{(V) (the
quantity to minimized), a set of inequality
constraints g (requirements which must be
satisfied), and a set of design variables V (the
quantities which are changed to reach an optimum
design). The optimization problem can be stated
as follows:

Find the set of variables V such that
F(V) + Minimum

subject to
g<o0
Specific forms of F, g, and V will be given in
later sections of the paper.

A flowchart of the optimization procedure is
shown in figure 1, Each design cycle consists of
eigenvalue analysis, sensitivity derivative
calculation, and the optimization and the
approximate analysis block. Each will be
discussed briefly in the following sections.

Analysis

The matrix equation for a free vibration
ejigenvalue problem {s

2
({x] uJ[M])[e}J =0 (1)

where {e}J and wi are the eigenvector and the

eigenvalue of the Jth mode, respectively, [K] is
the stiffness matrix, and [M] is the mass matrix.
Normalizing the modes with respect to the mass
matrix results in the following equation

T
{e)J[H](O)J = [1] (2)

where [I] is the identity matrix.

Differentiating equation 1 with respect to
the kth design variable, Vk' results in the
following equation

B
-2 P B | _ k]
(K] = wjCMD) Tl Ty Mol T (o},
2 9[M
+ o a‘uvk (e}, (3)

Premultiplying equation 3 by [G}} and using
equations 1 and 2 gives the following expression
for the derivative of the jth eigenvalue with

respect to the kth design variable

2
dw
. T (K] _ 2 3[M]
3Vk (G}J ( avk wy 3Vk ) {G}J (4)

Eigenvalue and Sensitivity Analysis
Implementation

The eigenvalue analysis is performed using

the Engineering Analysis Language (EAL) System8
which is a general purpose commercial finite-
element analysis program. The EAL system
contains individual processors that communicate
through a data base containing data sets. The
data sets typically contain data descriding the
finite-element model of the structure (such as
geometry) as well as response information that is
accumulated during the execution of the
processors. The processors can be executed in
any appropriate sequence, and a sequence of
processor executions is denoted as a "runstream".
The EAL system also uses a set of flexible
FORTRAN-like statements called executive control
system (ECS) commands. These commands allow
branching, testing data, looping, and calling
runstreams (similar to calling FORTRAN
subroutines). The EAL processors, with the
appropriate ECS commands organized as runstreams
are used to calculate the eigenvalues and
eigenvectors (eqns. 1 and 2), and derivatives of
eigenvalues (eqn. 4).

Optimization Algorithm

The basic optimization algorithm to be used in
this study is a combination of the general-

purpose optimization program CONMIN9 and

piecewise linear approximate analyses for
computing the objective function and constraints.
Since the optimization process requires many
evaluations of the objective function and
constraints before an optimum design is obtained,
the process can be very expensive {f full
analyses are made for each function evaluation.

However, as Hiura10 points out, the optimization
process primarily uses analysis results to move
in the direction of the optimum design;
therefore, a full analysis needs to be made only
occasionally during the design process and always
at the end to check the final design. Thus,
various approximation techniques can be used
during the optimization to reduce costs. In the
present work, the objective function and
constraints are approximated using a piecewise

linear analysis that consists of linear Taylor

series expansions for the objective function and
the constraints based on the values for the
design variables from CONMIN and the eigenvalues
and sensitivity derivatives from EAL. Details of
this algorithm are contained in reference 11,

CONMIN. - CONMIN is a general-purpose
optimization program that performs constrained




minimization using a usable~feasible directions
search algorithm. In the search for new design
variable values, CONMIN requires derivatives of
the objective function and constraints. The user
has the option of either letting CONMIN determine
the derivative by finite differences or supplying
derivatives to CONMIN. The latter method will be
used herein.

Piecewise linear aggroxlmatlon. - In the
approximate analysis method, previously

calculated derivatives of the objective function
and constraint functions with respect to the
design variables are used for linear
extrapolation of these functions. The assumption
of linearity is valid over a suitably small
change in the design variable values and will not
{ntroduce a large error into the analysis
provided the changes are small. This approximate
analysis will be referred to as a "piecewise
linear approximation.”

Specifically, the objective function F, the
constraints g, and their respective derivatives
are calculated for the design variables V using a
full analysis. The linear Taylor series
approximations for the new objective function and
the constraint values are as follows:

NDV F

FeF + | &= (v -V_ ) (5)
[ K=l 3Vk K 0,k

and

NDV

2
g=g * | v -v ) (6)
o k=1 3Vk K 0,k

where NDV is the number of design variables, F is
the extrapolated value of the objective function,
g 1s the extrapolated value of the constraint,

and Vk is the design variable value obtained from

CONMIN. The symbols Fo' go. and vo,k

values for the objective function, constraints,
and design variables, respectively, from the full
analysis.

are the

Errors which may be introduced by use of the
piecewise linear approach are controlled by
imposing "move limits" on each design variable
during a design cycle. A move limit which is
specified as a fractional change, §, of each
design variable value (for this work, 6=0.1) 1s
imposed as an upper and lower design variable
bound on each cycle. These move limits must not
exceed the absolute design variable values.

Agglicationa

The optimization procedure has been applied
in two studies. The first study addresses a two-
dimensional vibration problem using a detailed
model of the COFS-I design in which one pair of
frequencies is to be closelymspaced. The second
study is a more general three-dimensional
vibration problem and uses an equivalent beam
model of a COFS-II conceptual design in which two
pairs of frequencies are to de closely-spaced.

COFS~1 MODEL

The COFS~I flight mast shown fully deployed
from the Space Shuttle in figure 2 is
approximately 60 meters long and consists of 54
bays of single-laced latticed beams with unequal
area longerons (two "weak" longerons and one
"strong" longeron). The "strong" longeron is
located on the centerline of the Shuttle. The
longerons have different cross~sectional areas to
promote the coupling between modes. Further
details of the COFS-I flight mast can be found in
references 4, 5, and 12.

The mast was originally designed using
parametric studies to have one pair of closely-
spaced frequencies (the first torsion and the
second bending frequencies). It was subsequently
determined that there were some deficiencies with
the original design. In particular, the diagonal
members of the original COFS~I design might
buckle during deployment. There was also a
concern that individual member frequencies might
interact with global frequencies of the mast. An
in-house redesign team was formed to address
these concerns. As part of this effort, an
optimization procedure based on the previous
section was formulated and applied using a
detailed model of the original COFS~I
configuration to determine if it was possible to
meet additional requirements and maintain the
close-spacing of the frequencies. This study
will not address the buckling problem per se but
will consider the individual member frequency
concern, However, it is felt that addressing the
individual member frequencies will also help the
buckling concern.

A finite-element model of the entire COFS~I
mast and Shuttle consisting of 360 joints is used
in this study. The Shuttle is modeled as a stick
model with very stiff beam elements., The
battens, longerons, and diagonals of the mast are
modeled by tubes which have bending, torsional,
and axial stiffnesses. The model includes lumped
masses to represent hinges, deployer retractor
assembly, sensor and actuator platforms, etc.
Further details of the finite-element model can
be found in reference 12. A typical two-bay
segment of the mast is shown in figure 3.

COFS-I Design Variables

In order to have minimal i{mpact on the
original design, a limited number of quantities
are allowed to vary. The number of bays, all
lengths of individual members (battens,
longerons, and diagonals), and all physical
properties of the battens are held constant. The
outer radil of the longerons are also held
constant to permit the mast to fold into a
canister in the Shuttle without redesigning the
hinges. The f{nner radii (RS and RH) of the

longerons and the inner and outer radii of the
diagonals (RI and Ro' respectively) are allowed

to vary in order to meet the design requirements
discussed above., The four design variables are
shown in figure 3. The upper and lower design
variable values are given in table 1 and are
based on manufacturing limitations.




COFS-1 Optimization Formulation

The COFS-I optimization formulation can be
stated as follows: minimize the total mass while
meeting the following design requirements. The
first requirement i{s that the first natural

frequency (f1) of the mast be greater than 0,18

Hz. This requirement assures that the
frequencies of the mast do not couple with those
of the Shuttle control system. The second
requirement {s to preserve the close-spacing of
the first torsion and second bending frequencies
denoted by fT and rB, respectively. The third

requirement i{s that the first natural frequency
(fD) of the diagonal be greater than 15 Hz. The

diagonal frequency is calculated from a simple
formula based on assumptions of simply-supported
ends with the mass of the hinge concentrated at

the center of the diagona113 This requirement is
a stiffness constraint to ensure that individual
member frequencies of the diagonals are outside
the mast frequency range in which frequencies are
to be closely-spaced (to preclude interaction of
member frequency upon the global frequency).
Although individual member frequencies of the
longerons and battens are also of concern, it {s
felt that the diagonals because of their length
and their large hinge masses are more likely to
have individual member frequencies inaide the
mast frequency range. The fourth requirement i{s
that the inner radius Rw of the weak longeron be
at least 0.254 mm larger than the inner radius Rs
of the strong longeron. The fifth requirement is
a minimum gage requirement on the wall thickness
(RO-RI) of the diagonal members (the minimum wall

thickness must be greater than 0.56 mm). For
convenience, the constraints involving
frequencies are represented in terms of

elgenvalues uf, where for example w1-2ﬂf1, etc.
Thus the COFS-I optimization formulation can be
stated as follows:

Find the values for Rw, RS' Ro, and RI such that

F = total mass + minimum
while meeting the following constraints
2
4

g =1 - ——=s 50

[2%(0.18) 2

82 = - ¢ § 0

(1)

e | - com——m—————
83 s 0

(2n(15) 12

8y * 0.000254 =~ (Rw - RS) § 0

g = 0.0005 - (R - R) s 0

where €=0.01 and the radii are in meters.

COFS-I Optimization Results

The initial and final values for the design
variables and objective function (includes mass
of the Shuttle) are given in table 2. The
initial values are the nominal COFS~I design
values, Plots showing convergence of the COFS~I
design as a function of design cycle are shown in
figure 4, The optimization procedure begins with
four satisfled design requirements (two of which
are active). As shown in figure H4a, initially
the frequencies fB and rT are closely-spaced and

the Shuttle requirement on the first natural
frequency r1 of the mast is active (f1-0.188 Hz).

It can be seen from figure 4b that the
requirement on the weak and strong longerons (Rw-

Rs) and the diagonal wall thickness (Ro-RI) are

satisfied with the latter requirement being
active. However, from figure 4c, it is seen that
initially the diagonal frequency (rD-11.5 Hz) is

lower than the required value of 15 Hz. As
stated earlier, the diagonal frequency
requirement was not considered in the original
design. As the optimization process proceeds,
the values of the design variables are changed
systematically until the diagonal frequency
requirement is satisfied (fig. 4c). The two
frequencies (rB and fT. fig. 4a) are not as close

as they were initifally since the diagonal
frequency works against this requirement.
Specifically, when the dilagonal frequency rD is

increased by an increase in stiffness, the first

torsion frequency rT is also increased.

The "dips" in the diagonal frequency and the
frequency pairs at cycles 9, 13, and 20 are
partly due to the optimizer which attempts to
satisfy all constraints even at the expense of
increasing the objective function and partly due
to the linearization of the problem. The
optimizer concentrates on satisfying the diagonal
frequency constraint until cycle 8. Then the
optimizer tries to satisfy the frequency spacing
requirement. The optimizer chooses values for
the four radil which closely-space the
frequencies (see cycle 9, fig. Y4a), but those
choices lower the diagonal frequency (see cycle
9, fig. 4c). Now the optimizer tries to satisfy
this diagonal frequency constraint which as
mentioned previously works against the frequency
spacing requirement (see rig. 4, cycles 10-12).
This same process occurs again at cycles 13 and
20. The spacing of the two frequencies (fB and

rT) cannot be made closer than 0.18 Hz (fig. 4a).

The "dips" are also due to the linearization of
the problem., During the optimization process,
mode switching occurs at cycles 9, 13, and 20.

As the optimizer chooses values for the radii to
satisfy the constraints, these values can cause
the modes to switch. For example, if at the
beginning of the cycle, the second bending mode
is associated with t1° and the first torsion mode

is associated with r11, changes in the radil can
cause the second bending mode to be associated




with fg and the torsion mode with f11.

the optimizer is choosing values for the design
variables based on based on derivative
information at the start of the cycle (i.e. which
mode is torsion and which mode is second
bending). This is rectified when a full analysis
is performed. The design process i{s also being
limited by the minimum gage requirements =~
namely, RI and Rw are at their upper and lower

bounds (rfig. 5), respectively. The inner radius,
Rw. is within 0.25 mm of minimum gage (limited by

However,

the fourth design requirement fig. ub).

A plot of the mass (objective function which
includes mass of the Shuttle) as a function of
design cycle is shown in figure 6. The
optimization procedure obtains a design for the
mast which better satisfies the design
requirements at the expense of an additional 40
kg of mass. This {ncrease in mass from the
original design is mainly due to the diagonal
frequency requirement.

From the study, it i{s concluded that no
feasible design exists which can be obtained by
simply varying longeron radii and diagonal tube
thickness within the prescribed limits.
Therefore, there is a need for more design
freedom in the optimization procedure in order to
achieve a fully satisfactory design.

COFS-II Model

While the first study {s basically a two-
dimensional vibration problem and used a detalled
model, the second study {s aimed at a three~
dimensional vibration problem and involves
preliminary concepts. A conceptual design of a
candidate COFS~II configuration such as the one
shown in figure 7 i{s used. The configuration
consists of a mast, a boom, and a structure
attached to the tip (such as an antenna). The
properties of the mast are fixed except for the
length L1. In the beam segment from the top of

the mast to the tip of the boom, none of the
properties are fixed. At this stage a detailed
model is not justified, so the simple model shown
in rigure 8 i{s used in this study. The model
which is based on the geometry derived from
reference 14 is modeled as an equivalent beam
with 17 joints. Table 3 contains the properties
of the COFS-II model. Earlier parametric studies
using this model indicate the most suitable
frequency pairs for close-spacing are: the third
frequency r3 with the fourth frequency ru and the

fifth frequency f_ with the sixth frequency t6.

S
The third mode i{s characterized by bending and
twisting of the mast and rigid body movement of
the boom. The fourth mode is characterized by
first in-plane bending of the mast and first in-
plane bending of the boom, The fifth mode is
characterized as second in-plane bending of the
mast and second in-plane bending of the boom.
The sixth mode is characterized by second out-of-
plane bending coupled with torsion of the mast
and first out-of-plane bending of the boom.

[9/]

O Gis it 40 s s
OE POOR QUALITY

COFS~-II Design Variables

The six design variables are shown in figure
8: the mast length (L1)’ the boom length (Lz).

the boom cross-sectional area (A), the two boom
area moments of inertia (Iyy and Izi)' and since

the attachment at the tip of the beam has not yet
been defined, it {s modeled as a concentrate mass
(m). The upper and lower design variable values
are given in table 4, Since the mast is to be
deployable to an essentially arbitrary length in
increments of two-bay lengths and must fold
inside a canister on the Shuttle, the mast length
L1 is allowed to vary between 40 and 60 meters

and the boom length L.2 between 1 and 25 meters.

The tip mass representative of an attachment such
as an antenna {s allowed to vary between 10 and
30 kg. The range of values for A, Iyy, and Izz

are chosen to prevent mode switching (i.e. want
to ensure r3 is paired with f, and f_ is paired

4 5
with f6).

COFS-II Optimization Formulation

The objective function {s the total mass of
the structure. The design requirements are that
two pairs of adjacent frequencies are closely-
spaced - {.e,, f3 and fu are within a specified
arbitrarily small < while rs and r6 are within a

specified arbitrarily small ¢ These latter

2
conditions are modeled as constraints in the

optimization. (Again, for convenience wy i3 used

Thus the COFS-II

optimization problem is formulated as follows:

for fi in the constraints).

A, I, I

P vy 22" and m

“ind the values for L1. L
such that

F = total mass -+ minimum

while satisfying the following requirements

2 2
w = w
S - SO 1 s 0
&, 2 &
Yy
and (8)
Ua -wz
6 5
g 3T - & 80
Yg

where 51-52-0.01 and “1'2"1'

COFS-II Optimization Results

The initial and final values for the design
variables and the objective function (mass) are
given in table 5. Plots of vibration frequency
as a function of design cycle are shown in figure
9. The first pair of frequencies (f3 and fu) are




.

closely-spaced after 5 design cycles. After
about 16 design cycles, both pairs of frequencies
are closely-spaced. The reason the optimization
procedure is able to closely-space the first pair
of frequencies (r3 and ru) 30 Quickly but

requires 11 more cycles to closely~space the
second pair of frequencies (t‘5 and fs) can be

determined from examining sensitivity derivative
(gradient) information. Table 6 contains the
values for the derivatives of the mass {(objective
function), the constraint on (f3~tu) frequency

spacing, and the constraint on the (f5-f6)

brrequency spacing with respect to each design
variable Vk (denoted by BF/aVk. 631/3Vk, and

332/avk, respectively) for design cycles 0, 6, 7,

16, and 18. The magnitude and sign of the
derivative are {mportant. A negative value means
that an i{ncrease in the design variable value
will cause a decrease in the objective function
(or constraint). A positive value means that an
increase in the design variable value will cause
an {ncrease in the objective function (or
constraint). The magnitude of the derivative
also indicates to the optimizer which design
variable it is more effective to change. For
example, in table 6 (design cycle 0) the
derivatives of the objective function and
constraints can be interpreted as follows. A
decrease in mast length L1 will cause a decrease

in the mass, a decrease in the (f -fu) frequency

3
spacing, and a slight increase in the (rs-f6)

frequency spacing. Similarly, an increase in the

boom length L2 will cause an increase in the

mass, a decrease in the (f -ru) frequency

3
spacing, and a slight {ncrease in the (f5~r6)

frequency spacing. From the magnitude of the

derivatives of the (r3-ru) frequency spacing

compared to the magnitude of the derivatives of
the (rs—r6) frequency spacing, the optimizer will

choose design variable values which closely~space

the r3 and ru frequencies and only slightly

affect the (rs-rs) frequency spacing (as shown in

fig. 9). After 5 cycles the first pair of
frequencies (r3 and ru) are closely-spaced. The

design variable values at the end of cycle 5 are
given in table 5. The optimizer decreases the
mast length L, to its lower bound (L1-M0 m),

increases the boom length Lz to approximately 22
meters, increases the area, decreases Iyy and
I__, and only slightly changes the tip mass m.

zz

With the first pair of frequencies (r3 and

ru) closely~spaced (cycle 5, fig. 9), the

sensitivity derivatives have changed to the
values shown in tables 6b-e. Now the magnitude
of the derivative of the (rs-ré) frequency

spacing with respect to IZz (indicated by
332/3Izz) is larger compared to the magnitude of

the derivative of the (r3~ru) frequency spacing

{indicated by 931/31227. Thus the optimizer

chooses values for the design variables which
will closely-space the second pair of frequencies
(fs and fé) while at the same time preserving the

close-spacing of the first pair of frequencies
(r‘3 and fu). After 16 cycles both pairs of

frequencies are closely-spaced. The final values
for the design variables are given in table 5.
The optimizer increases the boom length L2 to its

upper bound, increases both the cross-sectional
area A and Iyy of the boom. The design variable

most effective in closely-spacing the second
frequency pair (fs and f6) is Izz' The tip mass

decreases slightly. The results are consistent
with parametric studies of the design variables
done at the initial and cycle 5 design values.

A plot of the mass as a function of design
cycle is shown in figure 10, The optimization
procedure obtains a design for a conceptual COFS~-
I configuration which closely-spaces two pairs of
adjacent frequencies and provides some reduction
in total mass (approximately 11 kg).

Concludiné Remarks

Optimization procedures have been developed
to systematically provide closely-spaced
vibration frequencies for large flexible
spacecraft. The optimization procedures combine
a general-purpose finite-element program for
eigenvalue and sensitivity analyses with formal
mathematical programming techniques. The formal
mathematical programming technique combines a
general-purpose optimization program and
approximate analyses. Analytical derivatives of
the eigenvalues are used. The procedure is
formulated with minimum mass as the objective
function and the frequency spacing as
constraints, Results are presented for two
studies. The first study ugses a detailed model
of a large flexible spacecraft. The structure is
to be designed so that it will have one pair of
closely~-spaced frequencies while satisfying
additional requirements on local member
frequencies and manufacturing tolerances. No
feasible design solution existed which satisfies
all the design requirements for the choices of
design variables and the upper and lower design
variable values used. Therefore, there is a need
for more design freedom in the optimization
procedure in order to achieve a full satisfactory
design. The second study uses a simple model of
a large flexible structure to obtain a design
with more than one pair of closely-spaced
frequencies. Application of the procedure
produced a design which had two pairs of closely-
spaced frequencies,
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Table 1 - Upper and lower design variable values
for COFS~I flight mast

Upper (mm) Lower {mm)
Rs 9.4 3.175
Rw 9.4 3.175
RI 9.4 3.175
Ro 1.0 3.175

Table 2 ~ Initial and final design values for
COFS-I flight mast

Initial Final

RS (mm) . 5.20 3.176
R, (am) 7.35 3.433
RI (mm) 8.95 9.399
R° (mm) 9.55 10.320
Mass (kg) 93726 93765

Table 3 - COFS-I1 properties

Mast Boom

E (GN/m°) 137.9 72,14
A (%) 1.305E-3 p.v."

J (") 1.385E~5 1.25E~6

G (GN/m%) 68.94 36.2

o (kg/m) 2758.7 - 2760
[ ]

I,y (m*) 1.552E-4 D.V.
I (@) 1.821E-4 b.v.”

2z

[ )
D.V. denotes a design variable varied to
obtain optimum design.

Table 4 ~ Upper and lower design variable values
for COFS-II model

Upper Lower
L1 (m) 60.0 40.0
L2 (m) 25.0 1.0
A (@) 2.0E-4 2.0E-6

y

Iyy (mu) 5.0E~5 1.0E-5
Izz (m) 5.0E~5 1.0E-S
m (kg) 30.0 10.0




Table 5 - Initial, intermediate, and final
design values for COFS~II model

Initial Zycle 5 Final
L, m 45.0 40.0 40.0
L, (m) 18.0 21.9 25.0
A (@) 9.U26E~5  1,244E-4 1,806E-U4
I, (@) 3.713E-5  3.078E-5  3.673E-5
I, (@) 3.713E-5  3.314E-5 1.919E-5
m  (kg) 18.0 18,4 17.3
Mass (kg) 184,7 170.5 173.7

Table 6 ~ Sensitivity information for COFS~-II

Table 6 - concluded

d) Cycle 16

model
a) Cycle O
Design oF 351 352
Variable avk avk avk
L1 3.6 0.23 -0.006
L, 0.26 ©-0.52 0.008
A u680. -98.8 =20.1
0. 013. -2883,
Iyy 7013 3
Izz 0. ~48,2 38.5
m 1. -0.16 .007
b) Cycle 6
Design oF .38_1 ?53
Variable avk BVk avk
L1 3.6 0.047 -0.003
L, 0.34 ~0,72 0.002
A 60872, ~221.8 -137.4
1 0. 18704, -2172.
Yy
Izz 0. -124. 4 446.1
m 1. -0.03 .005
c) Cycle 7
Design 3F_ Egl 353
Variable avk avk avk
L1 3.6 -0.057 -0.0006
L2 0.36 0.07 -0.003
A 63916, 284.4 -385.5
Iyy 0. ~20803. #2036,
Izz 0. 174.2 1319.5
m 1. 0.03 .005

Design 3F_ ) %,
Variable aVk avk avk
L1 3.6 0.049 0.062
I..2 0.55 ~0.061 ~0.099
A 69000, ~292.2 ~2886.
I 0. 16776. =2943,
yy A
Izz 0. -540. 33315,
m 1. -0.03 . 001
e) Cycle 18
Design o ol o
Variable avl 3V1 3V1
L1 3.6 -0,048 0.063
L2 0.50 0.06 =0.101
A 69000. 298, =331,
Iyy 0. -17248, -2908.
b 0. 591. 36702,
2z
m 1. 0.03 .002
Upaate oou1:€nlon
[MJ‘_— v,,“,‘,’.,‘.,'{‘.s 1 oooroximate
onolysis
y |
Calculgte
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design Jement
varicoles il Sl B R
Yes
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Fig. ' Optimization procedure flowchart,
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= 0.1842
= lowest frequency of mast
= second bending frequency of most

[ ] ff = first torsion frequency of mgst

Frequency
(H2)

Destgn cycle

4a) First natural, second bending, and first
torsion frequencies,
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Fig. 2 COFS-1 flight mast.
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Fig. 3 Finite-element model of typical 2-bay 12
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Fig. 4 Convergence of COFS~I flight mast
design as a function of design cycle.
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