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Composite Sandwich Structure Optimization with
Application to Satellite Components
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Advanced design concepts and rigorous optimization methods are essential to address the conflicting and strin-
gent design requirements of aerospace structures. The focus here is on the use of discrete optimization methods,
specifically the genetic search method, for tailoring composite sandwich components of satellites. Failure modes
induced by local instabilities associated with such composite sandwich constructions have been developed and used
as design constraints in the optimization problem. A linear least-squares approximation is used in conjunction with
the genetic search procedure to minimize the computational effort. Results of this study indicate that, for large-scale
design optimization problems, the number of function evaluations required by this implementation is high and that
more robust and alternate approximation concepts are necessary to minimize the overall computational effort.

Nomenclature

C, G = wrinkling engineering constants

E, = Young’s modulus of core

E., E, = Young’s modulus skin (x and y directions in global
coordinate system)

F(X) = design optimization objective function

F, = adhesive bonding strength

F, = flatwise sandwich strength

Fox, Fyy = compressive strength allowables (x and y
directions in global coordinate system)

Fexy = in-plane shear strength allowable

Fy, Fy = tensile strength allowables (x and y directions in
global coordinate system)

f(N) = least-squares function approximation

Gex, Gey = core shear modulus (x and y directions in global
coordinate system)

g;(X) = jth design constraint

gib = lower bound on design constraint

Mms = margin of safety design constraint

Zub = upper bound on design constraint

Lo = frequency constraint

S = population size

Si1, S22, S12 = in-plane ply stresses in fiber and matrix directions
(material coordinate system)

S13, Sx = interlaminar shear stresses (material coordinate
system)

s = honeycomb-core cell size

L = honeycomb-core thickness (height of core)

ty = composite faceskin thickness

by = honeycomb-core wall thickness

w = structural weight

w = surface waviness

X = vector of design variables

X; = ith design variable
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B,y = penalty parameters for augmented objective
function

My lhy = Poisson’s ratio (x and y directions in global
coordinate system)

Oallow = minimum allowable stress

Omax = maximum stress

¢ = augmented objective function or fitness function

1. Introduction

HE need to reduce weight, cost, and design cycle time while im-

proving product performance and reliability are primary drivers
in the design of satellites. The use of advanced design concepts and
rigorous optimization methods, therefore, becomes essential to se-
riously address the conflicting and stringent design requirements
and thereby improve the overall quality and reliability of satellite
structural designs.

Composite materials and honeycomb sandwich structures that can
allow for significant weight savings and provide for high stiffness-
to-weight ratios are seeing an increased rate of infusion into satel-
lite structures. Such materials and constructions are now being used
for primary and secondary structures and for structures intrinsic to
subsystems such as solar arrays and reflectors. Great care must be
exercised in the design optimization of these structures and compo-
nents, however, because of the several failure modes possible with
sandwich constructions when it is subject to a wide range of loading
conditions.!

Some of the earlier works in design optimization of composite
sandwich structures, specifically sandwich panels, are reported in
Refs. 2 and 3. In Ref. 2, analytical procedures are developed to
provide a means of selecting unique stacking sequences for com-
posite faceskins of sandwich panels, subject to various in-plane
loads to produce minimum weight panels. Numerical optimization
techniques® are used in Refs. 3 and 4 for truss-core sandwich struc-
tural designs and stiffened composite panel components. Sandwich
constructions, compared to stiffened skin constructions, provide
for inherent stability against buckling and eliminate the need for
stringers.

This paper focuses on the use of discrete optimization methods,
specifically the genetic search method, for tailoring composite sand-
wich structures and components of satellites, subjected to transient,
acoustic pressure and on-orbit thermal soak loading conditions. Ge-
netic algorithms (GAs) are emerging as a viable tool for dealing
with the problem of discrete design variables and provide the de-
signer with multiple optima as against a single optimum solution.®
The use of GAs as an approach to solving nonconvex engineering
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Fig.1 SAT-OPT system architecture.

and composite structural design problems is reported in Refs. 7-9.
In Ref. 10, the laminate stacking sequence design problem is solved
subject to buckling and strength constraints. In Refs. 11 and 12, the
same approach is applied to the design of unstiffened composite
panels and stiffened composite panels.

Despite the successful use of genetic search algorithms in the
ply lay-up optimization of composites, a major drawback of this
search technique is that it often requires a high number of func-
tion evaluations and therefore requires a prohibitively high amount
of computational time for large-scale, finite element-based struc-
tural optimization problems. This drawback is offset to some extent
by the fact that GAs provide the designer with multiple local opti-
mal solutions. Approximation concepts have been commonly used
with gradient-based structural optimization procedures to minimize
the number of complete finite element analyses and thereby reduce
the computational time.'® The work reported in Refs. 14 and 15 ad-
dresses the issue of reducing the computational cost of genetic search
through the use of certain local least-squares approximations.

In this paper, three satellite component design problems are op-
timized for laminate lay-up and honeycomb-core parameters using
the present implementation of GAs. Both mechanical and thermal
design requirements are considered. A linear least-squares approx-
imation with respect to design variables or a distance measure is
used for the design objective and constraint functions to minimize
the computational time. A new operator, switching, is introduced in
conjunction with stacking sequence optimization. The optimization
methodology, sandwich structure local instability relations, and re-
sults from the design examples are detailed in the following sections.

II. Satellite Structural Optimization
(SAT-OPT) Methodology

A design optimization system for satellite structures, SAT-OPT, is
currently being developed at General Electric Corporate R&D Cen-
ter. SAT-OPT uses rigorous optimization techniques for the design
of satellite subsystems and components with the primary objective
of improving the overall quality of designs and reducing the en-
gineering design cycle time required to produce optimal designs.!®
SAT-OPT leverages the design model capabilities that currently exist
within MSC/NASTRAN (Solution Sequence 200) and exploits the
notion of approximate analysis, along with semianalytical design
sensitivity calculations, to achieve substantial computational effi-
ciency. Numerical optimization techniques®!” are used for sizing
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Fig.2 Genetic search algorithm-based ply lay-up optimization.

the primary and secondary structures (payload panels), as well as
the components and subsystems, such as solar arrays and reflectors.
Transient flight loads used to size the secondary structures, solar
arrays, and reflectors are estimated using a transient base excitation
method." A fixed-interface Craig-Bampton model representation
of the satellite is used with this base excitation analysis. Response
accelerations obtained from transient integration are used to de-
velop actual design loads for secondary structures and subsystems.
A flowchart of the satellite structural design optimization method-
ology is shown in Fig. 1.!6 The details of the GA implementation in
SAT-OPT, shown in Fig. 2, are provided in Sec. V.E.

A. Composite Ply Strength and Sandwich Local Instability Margins
of Safety

A composite structure is typically a layered construction com-
posed of a number of plies, each having an initial thickness and ori-
entation angle. In satellite structural constructions, there typically
will be several thin plies (facesheets) bonded to a thick honeycomb
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core (see Fig. 3). The facesheets take the membrane and bending
loads while the core resists the shear loads. Based on the type of
design load conditions, a composite sandwich structure needs to
be designed to meet several different strength and local buckling
requirements,' such as:

1) Facesheets must be sufficiently thick to withstand the tensile,
compressive, and shear stresses under design load conditions.

2) Core must be designed with sufficient thickness and shear mod-
ulus to withstand the shear stresses due to loads and prevent overall
buckling, excessive deflection, or shear failure of the facesheet.

3) Core cell size and density must be such that the facesheets
should not buckle into the core.

4) Compressive strength of the core and flatwise tensile strength
of the facesheet must be adequate to prevent wrinkling and crimping
of the facesheet.

For composite sandwich structure optimization, the listed ply and
sandwich strength and local buckling requirements are imposed as
constraints on the different margins of safety (MS) in the form

ams(X) = gn < MS < g

allo L
MS = Tallow ~-10
(Factor of safety)omax

The Tsai—-Wu criterion! is used for ply failure margin of safety, and
three local buckling criteria, including intercell compression buck-
ling, facesheet wrinkling, and shear crimping, are used for sandwich
structure buckling margin of safety.

Intercell Compression Buckling

Intercell compression buckling is a local instability failure of the
composite facesheets under compressive loads. Thin facesheets can
fail locally from buckling under in-plane compression or when in-
sufficient support is provided by the core because of large cell sizes.
The empirical equations used for calculating intercell compression
buckling strength allowable are functions of facesheet thickness and
core cell size and can be evaluated using

_ 2E(t;/5)
Fo= =" @
2E 2
Foy = —{f—”lﬁ%)— 3)
0.5 2
Fﬂy — 2(ExEy) (tf/s) (4)

- Hxlhy

Facesheet Wrinkling

Wrinkling is a phenomenon in which a facesheet buckles inward
or outward, depending on whether there is core compression failure
or adhesive bonding failure. Empirical equations for compressive
strength used for the facesheet wrinkling strength evaluation are

given as
0.5
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Shear Crimping

Shear crimping is a form of local instability caused by small
buckling wavelengths of the facesheets leading to the formation of
a crimp. The core fails in shear because of low core shear modulus
at the crimp. Empirical equations used for calculating the shear
crimping strength allowable are given by

ch(tc + 2tf)

Fop=
* 25

®)

ch (tc + 2t f )
F, =2t ©)
2t f
Interlaminar Stress
The core interlaminar shear stress is a constant and must be con-
tinuous at the facesheet/core interface. Interlaminar shear-stress dis-
tribution is independent of core properties. The maximum interlam-
inar shear stress occurs in the core, including the core/facesheet
interface, and is an important aspect of interlaminar shear failure of
sandwich structures. Empirical equations used for calculating the
interlaminar strength ratio R are given by

_ max(|Sis|, |S23l)
F,

R (10)

Tsai—Wu Ply Failure Criterion

The well-known tensor polynomial theory of strength for
anisotropic materials proposed by Tsai and Wu," specialized to
the case of an orthotropic lamina in a general state of plane stress,
provides the strength ratio R, which is obtained as the positive square
root of the quadratic:

AR*+BR—-1=0 an

where A and B are given in terms of in-plane stresses and stress
allowables as

2
A= S + 5 + S_'%Y_ — ___&‘_‘.S:Y___ 12)
th F"'x FtyF"y sz)’ (th ch FtyFL'y)%

B = 8§;[(1/ Fi) — (1/F:)] + S,[(1/ Fyy) — (1/ Fy)] - (13)

In this implementation, a MSC/NASTRAN analysis is performed
by specifying the ply lay-up through PCOMP data cards and ply
level material properties through MAT8 material cards. The ply
stresses obtained from NASTRAN analyses are used to compute the
laminate stresses. Classical lamination theory is used for computing
the laminate level elastic properties from ply material properties.
The ply and laminate stresses, in turn, are used to compute the ply
and sandwich strength and local buckling margins of safety.

III. Composite Sandwich Structure
Optimization Problem
The composite sandwich structure optimization problem can be
stated as a nonlinear programming problem in the following form:
Find the vector of design variables X that

Minimizes:
F(X) (Objective function) (14)
subject to:
g;(X) =0, Jj = 1 (Number of inequality constraints) (15)

xi’ <x <x}, i = 1 (Number of design variables) (16)
For the composite sandwich structure optimization considered here,
the design objective function is to minimize either the structural
weight or the thermal distortion while satisfying the constraints im-
posed by Egs. (15) and (16). The constraints include local insta-
bilities (sandwich local buckling modes), stress requirements (ply
level as well as laminate level), and frequency requirements imposed
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to avoid dynamic coupling between two subsystem/component fre-
quencies. Design variables used for optimization of composite sand-
wich structures include individual ply thickness, ply orientations,
and honeycomb-core thickness. In addition, the tailoring of lami-
nate stacking sequence can be achieved by identifying the location of
a ply (having a particular thickness and orientation) in the laminate.

A. -Augmented Function

The nonlinear optimization problem is posed to the GA as a
minimization problem using the augmented function approach and
penalty parameters. When any constraint is violated, a penalty is
imposed and the augmented function of a design is calculated as

b= W —Bgot)—y > ;)
,Z:l ’ an

Yo 8u(x:) < gu(x), gi(xi) > g5 (x)

where the penalty parameters 8 and y are chosen as 10° and 10°,
respectively. The number of violated constraints is denoted by »..
When the constraints are satisfied, the augmented function is eval-
uated as

o=—W+eg,(x)+e ZMOd[gk(xi)]
P (18)

Vo go(®) = g, (i), gr(xi) < g (x:)

where the total number of satisfied constraints is denoted as rn,.
The penalty parameter ¢ is a small number (e.g., 0.0001) that allows
designs having the same weight but differing margins of safety in the
population of designs an incentive to survive for future generations.

IV. GA and Representative Designs

The key to solving an optimization problem efficiently using GAs
lies in the representation of the problem in terms of design variables.
The design variables in the actual optimization problem are encoded
in terms of alleles, which are interpreted by the GA. This encod-
ing can vary depending on the problem being solved. The genetic
algorithm is initiated by an initial population of designs created by
seeding the initial population with random or appropriately chosen
designs. Whether the designs are feasible or infeasible, they serve
as initial starting points in the design space. The fitness value is
assigned to every design based on its augmented function and the
relative performance of each design in the ranked population (i.e.,
position of the design based on the evaluated augmented function
with respect to the augmented function of the other designs in the
population).

A. Selection Procedure

Two independent selection procedures are considered. The first
procedure is a completely random selection in which the parent de-
signs are selected on the basis of their hierarchy (evaluated as a
function of the rank of the design based on the augmented function
describing the fitness of the design). The second procedure ensures
that the elitist design (best design) of the previous generation con-
tributes to the next generation by reproducing with a random mate.
The rest of the child designs are created by selecting random parents.

The selection process is biased so that high-performance designs
have a higher probability of transmitting their features to the next
generation. This is implemented by allocating shares of the roulette
wheel to individuals in proportion to their fitness. The fitness as-
signed to the ith best design of a population of S designs is then
equal to 2(i — 1.0)/2S(2S — 1.0). This procedure is called here the
elitist selection so that the sum of all fitnesses is equal to 1. The
roulette wheel is simulated by the segment [0, 1], and a spin of the
wheel is simulated by generating a random number between 0 and
1, which identifies the selected individual design.

B. GA Operators
The most creative step in the evolutionary process is creation of
appropriate genetic operators for the particular problem addressed.

Past experience has indicated that algorithm efficiency for search-
ing appropriate designs directly depends on the choice of operators
applied to a particular problem. The genetic operators considered in
the present work are the two-point crossover, mutation, permutation,
and switching.

Two-point crossover. The crossover operator used in the present
work is the traditional two-point crossover operator.® Two random
points are identified for each of the selected parent designs, and
the design information between the two identified points in each
of the selected parents is exchanged to create new child designs.
Crossover operation is applied with a probability chosen a priori,
PCROSS, chosen herein as unity. ,

Mutation. This operator introduces small changes in the designs
produced by crossover. The new design is randomly picked and
endures mutation. Mutation is a stochastic operator, applied with a
low probability (as compared to crossover), PMUTE, and it acts as a
device that randomly introduces new genetic material into a design.
It protects against complete loss of genetic material by changing a
random allele in a string.

Switching and permutation. These operations are used with the
composite laminate stacking sequence enumeration problem for
generating new designs. The primary benefit of switching and per-
mutation is the ability to produce new designs while maintaining
constant the total number of occurrences of each variable in the
design string. Operations like crossover and mutation change the
number of occurrences of a certain allele in a laminate, and this
may not always be permissible. In the stacking sequence enumer-
ation problem, the crossover and mutation probabilities are put to
zero (i.e., effectively, there is no crossover or mutation active) while
the permutation and switching operations are applied with a finite
probability.

Permutation. The permutation operation finds alternate designs
using a single design in the population. Two random points are
picked, and a new laminate is formed by shuffling the alleles between
the two randomly chosen points.

Switching. The switch operator is applied with a probability of
PSWITCH. Randomly chosen sections of the stacking sequence
are exchanged to produce new designs. The switch operator aids in
exploring the design space. Parameters such as starting locations for
the first and second substrings and the length of the substring are
determined in a random manner.

C. Combined Pool

The parents and children (after reproduction) form a combined set
of designs (of size twice the actual population sizes) that is referred
to herein as a combined pool. Upon calculation of the augmented
function for the individual children designs, the parent and children
designs are ranked based on their augmented function. The best of
the combined pool set is selected to act as parents for the next gen-
eration. As part of selecting sets of new parents, it is possible to get
duplicate designs that have the same augmented function values. In
addition, there is a distinct possibility that individual designs (having
the same augmented function) may or may not differ in terms of de-
sign variables in the string (since weight is affected by the discrete
thicknesses rather than the ply orientations). To account for both
possibilities and ensure that distinct strings are in the final parent
population of designs, a duplication check is carried out. A design
coefficient (DC) is evaluated as a function of the design variable
value and its string location index for each design is as follows:

ny

DC;=) xixk V¥
k=1

ji=1,...,8 (19)

If the augmented function values of individual designs are identi-
cal, then the DC values for the designs are checked to ensure that the
strings are different. The complete population of S designs is then
filled using the best, selected, distinct individuals from the combined
pool. If duplicate designs are present, then the designs are mutated
to ensure that they will be different from previously occurring de-
signs. The selected individuals will then be considered as parents for
the next generation. The standard deviation for the combined pool
population gives an indication of how the population tends either to
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disperse or to concentrate in a small region of the design space. The
scatter in the design fitness is measured by the standard deviation
of the augmented objective function (SDAF) of the members of the
population at any given generation and can be evaluated as

[s2ia-(2le) ]

SS-1

SDAF =

(20

The rate of convergence of the entire population as a whole is given
by the slope of the SDAF curve when plotted as a function of the
number of generations.

D. Least-Squares-Based Approximation Procedure for
Genetic Search Algorithm

In this paper, a linear least-squares approximation technique is
used with the GA to minimize the computational effort required
for solving discrete ply lay-up and stacking sequence optimization
problems. A cache, similar to the binary tree structure of Ref. 14,
is used to store and retrieve the analysis data. The least-squares
approximation for the design objective and constraint functions is
used if a predefined number of design alternatives exist in the cache
data structure within a specified distance from the design point to
be approximated. These neighboring points, which are used for the
approximation, are checked for linear independence or, in other
words, they should be spatially differentiable. Since the linear ap-
proximation is in terms of either the design variables or a distance
measure, the procedure investigated here is general and applicable
to all analysis model responses.

To evaluate the design objective and constraint functions corre-
sponding to a design vector, the cache date structure is first searched.
If the analysis solution for the design vector of interest is available in
the cache, the objective and constraint function values are retrieved.
Otherwise, the cache is searched for neighboring designs of the
design point of interest in the design variable space. In this work,
a neighbor design is defined as a design point within 15 or 25%
distance from the design point to be approximated. The Euclidean
norm is used for computing the distances from cache points to design
point. If sufficient neighbor design points are available and if they
are linearly independent, then these linearly independent neighbor
points are used with the following least-squares approximation to
approximate the design point.

The function approximation is defined in the following form:

ndv

fO.0) =a+ay +ayr+- +ngoYndy = a()+Zak}’k 2n
k=1

where y = {y1, ¥2,..., Ynav} @re the translated design variables,
such that the design point to be approximated is the center point.
The translation is of the form y = X — X, where X, is the design
point to be approximated. To calculate the coefficient vector, a =

{ao, a1, az, .. ., Guay), the least-squares procedure to minimize the
error function & is used.
Minimize:
NNA
® = Ui~ fOnaF @2)
k=1

where NNA is the number of neighbor points used for approxi-
mation. The coefficient vector {a} obtained from the least-squares
solution using singular value decomposition is then used to approx-
imate the function for the point of interest.

Alternatively, the least-squares approximation can also be per-
formed in terms of a distance measure. In this case, the function
approximation is defined as

fld,a)=ay+ard 23)

where d is the Euclidean distance from the center of the subspace
formed by the neighbor points selected for the least-squares approx-
imation to the design point to be approximated.

E. Implementation Details

In the context of SAT-OPT (Fig. 1), no sensitivity analysis is
performed in this GA-based composite ply lay-up optimization pro-
cedure (Fig. 2).

For the implementation of GAs, each individual in the population
representing a design alternative is represented by a finite string of
numbers or digits. In the case of discrete ply angle optimization, the
string corresponding to the laminate (90, /£45,/90,/0,/%45,/0,),
is given by

90 90 +45 —45 +45 —-45 90

90 0 0 +45 —45 445 —-45 0 O

In the case of stacking sequence optimization, the string of digits
corresponding to the same laminate is encoded as

322312 21

where the digits 1, 2, and 3 represent three stacks of 0,, +45, and
90,, respectively.

The design strings for the initial population are generated us-
ing a combination of prior or appropriately chosen designs. First,
the initial population is evaluated to obtain the fitness values corre-
sponding to each string. The constraints are taken into account as
quadratic penalty terms in the augmented objective function. Based
on the problem type and operator probabilities, genetic operators
are applied to the design strings in the initial population to create
the next generation of design strings.

The selection of design strings for successive generations is based
on a combined population consisting of design strings before and
after genetic operations. The top S strings are selected from this
combined 2.5 population without duplication. Crossover and muta-
tion operators are used with discrete optimization problems, whereas
switching and permutation operations are used with the stacking se-
quence problems. The generation evolution process is repeated until
no improvement in the best design is obtained for five successive
generations.

V. Design Examples

The optimization methodology developed as part of SAT-OPT
was used to design different composite sandwich structures. De-
sign examples, including a satellite reflector, a satellite solar array
substrate, and a composite panel, are presented here.

A. Satellite Reflector

The dual-surface parabolic reflector structure, shown in Fig. 4,
is to be designed for minimum thermally induced surface distor-
tions so as to improve the reflector pointing accuracy. The reflector
consists of a front and rear dish, intercostal rings, and a backing
structure. The rear dish and backing structure are made of compos-
ite facesheets and nonmetallic honeycomb core, and the intercostal
rings and front reflector dish are made of composite facesheets and
nonmetallic honeycomb core. The NASTRAN finite element model
consists of over 1900 triangular and quadrilateral plate elements and
a total of 6570 degrees of freedom. NASTRAN PCOMP cards were
used to model the faminates because this permits each facesheet
to have its own coefficient of thermal expansion (CTE), thus pro-
viding a capability to model any CTE mismatch between the top
and bottom facesheets of the sandwich construction. The design
load conditions include quasistatic transient loads, acoustic pres-
sure loads, and on-orbit thermal cases, including worst-case hot and
worst-case cold conditions. Thermal analyses are performed to de-
termine the maximum and minimum temperature predictions and
gradients corresponding to these cases and to provide inputs for
NASTRAN thermal distortion and stress analyses.

The design optimization problem is formulated to minimize the
thermally induced surface distortions at the center of the front re-
flector dish in the deployed configuration. Design constraints are
imposed on structural weight, reflector frequency in stowed con-
figurations, and local buckling failure margins of safety, ply, and
sandwich strength. The design variable string for the GA includes
seven variables that consist of composite sandwich facesheet and
honeycomb core thickness corresponding to the front reflector dish
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Table 1 Satellite reflector thermal distortion optimization (responses
normalized with respect to allowables)

Design variable string and Baseline Optimized
normalized responses design design

@f o a8 ef el ef o) (10,10, 1.0, 1.0, (1.375, 1.0, 1.0,

1.0, 1.0, 1.0) 0.6875, 1.0, 1.0, 1.0)

Max thermal distortion 1.0 0.90
@ center of front dish, in.

Structural weight, 1b 1.0 1.06

Fundamental frequency, Hz 1.025 1.0

Ply failure >0.01 >0.01
margins of safety

Sandwich local buckling >0.01 >0.01

margins of safety

Fig. 4 Satellite reflector structure.

(tf, 1F), rearreflector dish (%), intercostal ring (t}, t1), and backing
structure (7, 12).

The optimization solution resulted in a 10% reduction in the ther-
mal distortions at the nodes at the center of the front dish, and the
normalized values of the design objective and constraint responses
are provided in Table 1.

B. Satellite Solar Array Substrate

The composite solar array substrate with doublers, shown in
Fig. 5, is designed for weight, frequency, ply, and sandwich strength
and for local buckling failure requirements. The substrate is made of
composite faceskins and doublers and aluminum honeycomb core.
The local use of doublers in heavily loaded portions of the substrate
improves its quality by avoiding the use of heavier faceskins over
the entire substrate. The NASTRAN finite element model of the
substrate consists of 1056 quadrilateral plate elements and 6718 de-
grees of freedom. NASTRAN PCOMP and MATS cards are used
to model the laminate lay-up and ply level material properties. The
substrate is subjected to a quasistatic acoustic pressure load and
on-orbit thermal soak loading conditions.

The substrate is made up of the following lay-up:

Substrate: (8, /0.0 /601) and #; = facesheet thickness
Doubler: (91 /92/ —92/93/1 - 93/0core).v
and f, = 13 = doubler ply thicknesses

The design optimization problem is to minimize the structural
weight with constraints on the fundamental frequency, ply strength,
and sandwich local buckling failure margins of safety to be posi-
tive. The design variables are the composite sandwich skin lay-up
parameters, including ply thickness and ply orientation angles cor-
responding to the substrate and doubler regions.

The genetic algorithm was executed for a total of 20 generations.
The designs obtained without approximations, with design variable
approximations, and with distance approximations are compared in
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Fig. 6 Solar array substrate, SDAF curve.

Table 2. The actual values for ply thickness and orientation vari-
ables are normalized with respect to the maximum thickness and
orientation angle of the baseline lay-up. In addition, the rate of con-
vergence of the entire population as a whole is shown in Fig. 6,
in the form of an SDAF vs generation curve. The spike seen in
Fig. 6 depends on the SDAF value calculated based on the genera-
tion (current) and fitness of the individual members of the popula-
tion in the generation. The effect of random operators contributes
to the spike and, hence, it is a random event and not a physical
event.

C. Composite Panel in Biaxial Compression

A simply supported, graphite-epoxy panel under biaxial com-
pression loads of AN, and AN,, shown in Fig. 7, is considered. The
panel geometry and loading are identical to those used in Ref. 10.
The laminate is made up of N plies with orientations limited to
+45- and 90-deg plies. The total percentage of a particular orien-
tation (i.e., number of 0-, 90-, or 45-deg plies has to remain the
same) must remain constant. In this work, the panel was modeled
using 20 noded, three-dimensional, solid finite elements. The lam-
inated panel is modeled using multiple layers in each element and
integrating each layer individually into the stiffness matrix.

The orthotropic material properties used in the graphite-epoxy
plate model are Ex = 19.2E + 6 psi, Ey = 1.56E + 6 psi,
Ez = 1.56E + 6 psi, Gxy = Gxz = 0.82E + 6 psi, Gyz =
0.49E + 6, vy, = 0.24, vy, = 0.49, v, = 0.24, 1, = 0.005 in.!!
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Table 2 Solar array substrate lay-up optimization with mutation probability of 0.5

Ply and sandwich failure margins of safety

Intracell Core
buckling shear

No. of
analyses in 20
generations

Design variables  Frequency  Tsai-Wu Wrinkling

Case 1 No approximations (normalized values)
11=1.00
01=00
12=042 1.017
13=042
62=0.11
83 =-0.11

Case 2 Distance approximations (normalized values)
t1=1.00
61=0.0
12 =0.625 1.015
t3=0.21
62 =0.11
63 =-0.11

Case 3 Design variable approximations (normalized values)
t1=1.00
61=1.0
12=042 1.017
13=042
62=0.11
63 =—0.11

Solar array weight: same for all three cases

0.0833 0.3228 13.51 4.96 116

0.2483

0.3367 17.85 5.34 49

0.0467 0.2446 8.44 1.97 62

Table 3 Composite panel stacking sequence optimization

Design variable-based Distance-based

Data No approximation approximation approximation
Design string (+453/9012 /45, /90,); (£453/9012/£452/902)5 (£453/9010/£45/904 /1:45)
Critical buckling 9093.05 9093.05 9092.64

load factor
Number of 172 67 57

detailed analyses
(10 generations)

AN,
A Y v v vy
ANy - % -
> 45 -
T =
)
RN NN

[
i L

Fig.7 . Composite panel geometry and applied loading.

The design problem objective is to maximize the critical buck-
ling load by varying the laminate stacking sequence. A load ratio
of N,/N, = 0.5 is considered. For the GA, a total of 10 genera-
tions, with a population size of 20 in each generation, is used. The
initial population is generated randomly, using £45- and 90-deg
plies.

The optimum stacking sequence for buckling critical design is
obtained as (222333 33322 3), which corresponds to a
(4+455/90,,/ £ 45,/90,), laminate. The buckling load factor cor-
responding to this design is 9093.5. The buckling critical design
obtained here is different from the one reported in Ref. 11, which
uses plate theory for the buckling solution. The optimal stacking se-
quence of Ref. 11 for critical buckling was (90;/4:454/90,, /£45);,
with a critical buckling load factor of 9999.3. With the three-
dimensional solid element formulation (using reduced integration
order of 2), the buckling load factor for Ref. 11 design corre-
sponds to 9077.8. The differences in the buckling solution are pri-
marily attributed to the differences in the energy of the system

9100

9050

9000

(Buckling Load Factor)

8950 A Distance approximation

Average Population Performance

4 Design variable approximation
x No approximation

8300

o] 40 80 120 160

Number of function evaluations

Fig.8 Convergence characteristics for composite panel.

modeled using three-dimensional solid elements and plate theory.
Also, with the plate theory, as a result of balance symmetric as-
sumptions, the terms D4 and D4 are not included in the stiffness
contribution.

The genetic algorithm for this problem was run for a total of 10
generations. The designs obtained without approximations, with de-
sign varjable approximations, and with distance approximations are
compared in Table 3. The design variable approximation converges
to the no approximation solution, whereas the distance approxi-
mation does not find the best lay-up. Although the design variable
approximation is more accurate compared to the distance approxi-
mation, the requirements to approximate a design point in terms of
design variables are much more rigorous to satisfy than the distance-
based, least-squares approximation. Some performance aspects of
the approximation procedure are shown in Figs. 8 and 9.
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Fig.9 Approximation guality for composite panel.

VI. Summary

Of significant importance is the need to come up with lightweight,
higher-quality, and more reliable satellite designs while reducing the
overall design cycle time. Optimization technology in general and
genetic algorithms in particular can be extremely useful for discrete
tailoring of composite sandwich construction of satellite structures,
providing for weight-efficient satellite designs. In addition, GAs
provide for multiple local optimal designs, allowing the designer to
pick an acceptable solution for fabrication and testing.

The sizing of composite sandwich structures is a very complex
design task, considering the several modes of failure possible with
such constructions. In this paper, failure modes induced by local
instabilities associated with sandwich construction have been de-
veloped and used as design constraints in the optimization problem.

A linear least-squares approximation procedure is outlined to
minimize the computational effort required for solving discrete com-
posite ply lay-up optimization problems using GAs. Two forms
of approximations, one with respect to the design variables and
the other with respect to a distance measure, are investigated.
Laminate lay-up parameters (facesheet thickness and orientation),
honeycomb-core parameters, and laminate stacking sequence op-
timization problems are considered. Significant reductions in the
number of detailed finite element analyses can be obtained by the
use of a least-squares approximation based on either distance or de-
sign variables. In addition, the computational time required for this
approximation is insignificant compared to a detailed finite element
analysis. The quality of the approximation is sufficiently accurate to
guide the selection of the design strings for successive generations.

For large-scale design optimization problems, the number of func-
tion evaluations required by this implementation of GAs is still
considered to be high and more robust, and alternate approxima-
tion concepts are necessary to minimize the overall computational
effort.
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