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Abstract: The genetic/gradient-based hybrid algorithm is introduced and used in the design studies of aeroelastic
optimization of large aircraft wings to attain skin distribution, stiffness distribution and design sensitivity. The
program of genetic algorithm is developed by the authors while the gradient-based algorithm borrows from the
modified method for feasible direction in MSC/NASTRAN software. In the hybrid algorithm, the genetic algo-
rithm is used to perform global search to avoid to fall into local optima, and then the excellent individuals of every
generation optimized by the genetic algorithm are further fine-tuned by the modified method for feasible direction to
attain the local optima and hence to get global optima. Moreover, the application effects of hybrid genetic algo-
rithm in aeroelastic multidisciplinary design optimization of large aircraft wing are discussed, which satisfy multiple
constraints of strength, displacement, aileron efficiency, and flutter speed. The application results show that the
genetic/gradient-based hybrid algorithm is available for aeroelastic optimization of large aircraft wings in initial de-
sign phase as well as detailed design phase, and the optimization results are very consistent. Therefore, the design

modifications can be decreased using the genetic/gradient-based hybrid algorithm.
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Nomenclature b Eigenvalue in p -k method
B Dampling matrix (0] Aerodynamic influence coefficient matrix
b Reference half chord length ; Dynamic pressure
GFACT Scalar normalization factor u Displacement vector
g Inequality constraint \4 Flow speed
K Stiffness matrix v Design variable vector
k Reduced frequency
M Mass matrix 0 Local atmosphere density, or material
Ny Number of design variables density
Neon Number of constraints Y g value of flutter mode
Maisp Number of nodes ¢ Displacement limit superscripts and sub-
Moot Number of flutter roots scripts
n, Number of user-specified velocities a Displacement vector set of a-set, i.e. a-
Applied load vector nalysis set, in which single point constrain and
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multipoint constrain have been omitted, and Guy-

an reduction has been performed

h Modal analysis set, h-set

I Imaginary part

i Design variable identification

Jj Constraint identification

R Real part

x Displacement vector set of z-set, i. e.

" . . "
aerodynamic extra point set

other symbols

) ower  Lower bound
O wpee  Upper bound
O Flexible case

O, Rigid case
INTRODUCTION

It has been well-known that the high-aspect-
ratio swept wing is an important aerodynamic
configuration because it has better aerodynamic
performance available for civil airplane and mili-
tary transport. Meanwhile, this aerodynamic
configuration has been widely used by several air-
planes such as Boeing 737, Airbus 320, C-17,
C-5, 1L-76 and so on. The advanced aeroelastic
optimization technology, as well as structure and
aerodynamic optimization technology, has been
developed sufficiently for the development of
these aircraft'™,

As a technology to improve the aeroelastic
characteristics of aircraft, aeroelastic optimization
technology takes advantage of the reasonable dis-
tribution of structural strength and stiffness to
attain beneficial deformation increasing overall
performance. In the past decades, a large amount
of theoretical and experimental work was carried
out in this field to meet the modern requirements
for high performance together with a lightweight
structure.

Since the 1980s, a lot of large programs have
been developed to tackle the optimization problem
of weight minimization with aeroelastic con-
straints. Amongst them, TSOM!, FASTOP™!,
ADOPS, MSC/NASTRAN'!, and ASTROSM

have found wide recognition and application.

Most recently, MSC/NASTRAN and ASTROS

have become the international criteria of advanced

optimization  with  aeroelastic  con-

[8]

design
straints

The optimization algorithms used in all the
above mentioned programs are gradient-based.
Though strong in local search and quick to con-
verge, the gradient-based algorithm often falls in-
to local optima, and, moreover, the initial values
of design variables have great effects on the opti-
mization results, e. g. different initial values of
design variables can lead to different optimization
results, which proves, therefore, to be the inher-
ent demerit of the gradient-based optimization al-
gorithm. To solve these problems, more sophis-
ticated approaches are required, such as genetic
algorithm and simulated annealing algorithm, of
which the former is wider used.

Genetic algorithm is an efficient global search
that mimics the process of natural selection™™. As
a well-known evolutionary computation tech-
nique, the genetic algorithm, unlike conventional
algorithms, begins with a pool of points, usually
known as individuals, followed by making itera-
tive adaptations from the previous generation to
the next on the base of the genetic operators and
the fitness function. Since introduced by Holland-
in"!, genetic algorithm has been used by many
researchers as a tool for search and optimization,
and it has been receiving serious consideration in

[1-13) How-

aircraft multidisciplinary optimization
ever, it is time-consuming and not well suited for
localized optimization.

In the past, the genetic algorithm was not
adequately developed and widely applied to air-
craft structure optimization because of the limited
speed of computers, and the research work was
mainly focused on the simple structures with a
small amount of design variables and constraints.
Recently, as a result of the rapid growth in
speed, data transfer and storage capabilities in
modern computers, it has become possible to use
them in dealing with the optimization of compli-
cated models with a large amount of design varia-
bles and constraints.

In order to increase search speed of the ge-
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netic algorithm, in the past years, various meth-
ods of hybridization were suggested to overcome
the above shortcomings*\. The role of the local
search in the context of the genetic algorithm has
been highly valued and many successful applica-
tions have shown strongly in favor of such a hy-
brid approach™™. Because it incorporates the
merits of the genetic algorithms and the local al-
gorithms, the hybrid algorithm often outper-
forms either of them operated alone.

Being a common form of the hybrid genetic
algorithms, the combination of the genetic algo-

51 known as

rithm and the gradient-based one
genetic/gradient-based hybrid algorithm, is an ef-
fective measure to achieve the global optimum
thanks to combining the merits of the two ele-
ments. It can remarkably increase the conver-

ht'*) and overcome the demer-

gence speed of searc
its of either. In the hybrid algorithm, the genetic
algorithm is used to perform a global search to
avoid local optima and to make the search direc-
tion point to an excellent zone at the initial stage
or after some generations. The gradient-based al-
gorithm is further used to fine-tune the excellent
individuals of every generation optimized by the
genetic algorithm to achieve the local optima and
to further the global optima.

In comparison with general structural opti-
mization, aeroelastic optimization has the charac-
teristics of complicated research object, high cal-
culation cost, multiple disciplines, a lot of design
variables and complex constraints, etc. especially
in the process of aeroelastic optimization for the
composite structure. At present, genetic/gradi-
ent-based hybrid algorithms have been used in
aeroelastic optimization of some aircraft structure
with large amount of design variables and con-
straints. However, the comprehensive applica-
tion examples of genetic/gradient-based hybrid
algorithms have hardly been seen in the field of
aeroelastic optimization for large aircraft.

In this paper, a genetic/gradient-based hy-
brid algorithm is introduced for aeroelastic opti-
mization of large airplane wings in initial design

stage as well as in detailed design stage. In the al-

gorithm, the program of the genetic element is
developed by the authors while that of the gradi-
ent-based one borrows from the modified method
for feasible direction in MSC/NASTRAN soft-
ware. The consistence of optimization results of
different models is also discussed, while sensitivi-
ties of constrains with respect to all kinds of de-

sign variables are analyzed.

1 FORMULATIONS OF DESIGN
STUDIES

1.1 Multidisciplinary optimizaton

In the paper, the design studies prove to be a
standard problem in finding values of design vari-

ables v which

Minimize
F(v) (D

Subject to
g,») <0 j=1,""nm (2)

(0 s 0 < ) gger P =Ly (3)
where F(v) is an objective function meaning the
weight of the structure here. Eq. (2) is used to
define the inequality constraints. Eq. (3) is used
to specify upper and lower bounds (side con-

straints) on each of the design variables.
1.2 Equation for static aeroelastic response

The basic equation of static aeroelastic re-
sponse analysist®!"

(K. —qQ.)u, +Muut, =qQ.u, +P, (4

When correlative derivation and calculation

is generally stated as follows

are performed by Eq. (4), elastic stability deriva-
tives, elastic control derivatives and correspond-
ing trim can be obtained directly. The same goes
for deformation, stress and strain of structure.

The detailed solution procedure can be seen in

Refs. [7, 17].
1.3 Equations for flutter and divergence

The p-k method is more suitable for optimi-
zation analysis, for the results acquired are closer
to the experiments. The flutter stability analysis
is based on the p-k# method™ with an equation of

the following form

() v om
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Eq. (5) can also be used to calculate diver-
gence speed when the frequency decreases to ze-

rot™,

1.4 Constraints

In the paper, flutter constraints and three
static aeroelastic response constraints have been
considered. The static aeroelastic response con-
straints include those of aileron effectiveness, de-
formation and strengtht",

(1) Aileron effectiveness constraints

The aileron effectiveness is represented as'"™

=1.0—
(s;\ile ) lower

(6)

where 9C,,, /95, is the rolling moment due to ai-
leron deflection, and e,. the aileron effectiveness,
respectively.
(2)Deformation and strength constraints
The upper and lower limit of the deformation

constraints are represented by

n

disp
Au,
g =S Al g N
=1 ( EJ )upper
Mdisp
g =1.0— > A 8)

=1 (gj)lowcr
where A; are user-specified weight factors on
structural deformation. With appropriate weight

Mdisp

factors of structural deformation, ZAj,u, can be
=1

used to define torsional deformation of structure,
e. g. twist of wing tip, and stress or strain of ele-
ments.

(3)Flutter constraints

While optimizing with flutter constraints,
flutter speed cannot be calculated directly; rath-
er, it must be obtained from the V-g figure.
Therefore, flutter constraint is generally formula-
ted to satisfy the requirtements for the g values of

flutter mode at a series of user-specified velocities

_ Vi — ViR
& ="Gract 0

L=1,2," 000 €))
where GFACT is a ratio factor which converts the

j:1927...7nv7

damping values into a range, preferably from 0.1

to 0.5, consistent with other constraints in the

design task.

2 OPTIMIZATION ALGORITHM

2.1 Modified method for feasible direction algo-
rithm

The basic modified feasible direction optimi-
zation algorithm'®', with some variation, as-
sumes the following form

vl =y + D’ ao
where v and v" are the design variable vectors in
two consecutive cycles of iteration, ¢ is the cycle
identification, ¢ the scalar parameter, and D the
feasible search direction.

The procedure begins with an initial design
vector v, i.e. t=0. At the same time as ¢ is in-
creased in a manner of =1+ 1, the objective
functions F (v"') and the constraints g; (v ')
(j=1,,k+p) are evaluated. A set of critical or
active constraints J is identified, and the gradi-
ents of the objective function V F(¥'"') and those
of the constraints ¥V g; (v ') for all j in J are cal-
culated. The active constraints are the most vio-
lated ones and those within a prescribed tolerance
of them. A search direction D' is to be determined
through analyzing, and 7' is to be found through a
one-dimensional search. Eq. (10) is then used to

determine o',

The preceding procedure is un-
ceasingly repeated with the ever-renewing design
variables until the design satisfies the optimal
conditions or some other termination criteria.
The essential parts of the optimization algorithm
consist of ;

(1) Finding a feasible search direction D';

(2) Finding the scalar parameter 7' that will
minimize F (v ' + ¢ D') so as to meet the con-
straints;

(3) Testing for convergence to the optimum
and terminating the procedure when convergence

is achieved.

2.2 Genetic algorithm and genetic/sensitivity-

based hybrid algorithm

Fig. 1 illustrates the flow chart of the genet-
ic/gradient-based hybrid algorithm used in the pa-



No. 2 Tang Changhong, et al. Application of Hybrid Genetic Algorithm in Aeroelastic-+- 113

Determine optimization parameter

(1) Determine size of population
(2) Select methods of selection,
crossover and mutation
(3) Define crossover probability

and mutation probability, etc.

Generate initial population P(7)

Calculate objective functions
and analyze constraints to
attain fitness

Evaluate individuals

Perform sensitivity-based

(1) Fitness scaling

! M Y erform sensitivity-
algorithm on e)scel'le.nt individuals based algorithm P()
and reevaluate individuals
Y
Meet terminal conditions End

N P(t1)

N

(2) Niche technique
(3) Basic genetic operators,
reproduction, crossover, and

Generate new population P(#+1)

mutation

Fig. 1 Genetic/gradient-based hybrid algorithm

per. It is one of the genetic algorithms if the gra-
dient-based algorithm is not used. But in the hy-
brid algorithm, the genetic algorithm is used to
perform global search to avoid local optima,
while the modified method for feasible directions
algorithm is further used to fine-tune the excel-
lent individuals of every generation optimized by
genetic algorithm to achieve the local optima.

Software named GA-NASTRAN is developed
based on the commercial software MSC/NAS-
TAN. GA-NASTRAN is programmed in FOR-
TRANO90 language. The hybrid algorithm men-
tioned above is carried out by one main program
and seven main modules, which have the func-
tions of data input/output, reading information of
external individuals, developing the population of
the initial generation and the individuals of a new
generation, solving the aeroelastic analysis and
satisfaction analysis by calling for NASTRAN,
and judging the computation convergence.

When an aeroelastic optimization is promo-
ted, firstly, all the data including the model files
for NASTRAN analysis and parameters for ge-
netic algorithm, design variables and constrains
which determine the genetic strategy should be

prepared. The genetic algorithm begins with a

population of individuals created at random.
Aeroelastic characteristics of each individual in
the population thereof are analyzed by NAS-
TRAN, and fitness of each individual is also eval-
uated. Several individuals which have better qual-
ity have been selected and further optimized by
the gradient algorithm involved in MSC/NAS-
TRAN. The population is then operated by fit-
ness scaling, niche technique and three main op-
erators (reproduction, crossover, and mutation)
to create a better population, which is further
evaluated and tested for termination. If the termi-
nation criteria are not met, the population is once
again operated and evaluated in the way described
above. The procedure will not be ended until the

termination criteria are met'"?,

3 DESCRIPTION OF STUDY CASE

3.1 Calculation models

A subsonic large airplane wing with normal
aerodynamic configuration, which has a high-as-
pect-ratio metal wing, is analyzed.

In initial design stage, the wing can be mod-
eled as a beam-frame finite elementmodel
(FEM), and the optimization design procedure

can be used to get the appropriate stiffness distri-
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bution. The structural FEM is established as
Fig. 2. The stiffness characteristic of the wing is
represented by an elastic beam with different
stiffness distribution from root to tip, while the
mass characteristic with a set of lumped mass ele-

ments.

Fig.2 Beam-frame FEM

In detailed design stage, the wing structure
can be modeled as three-dimensional FEM, and it
is much similar to the reality. Then the optimiza-
tion design procedure can be used to attain the ap-
propriate thickness distribution all over the wing
skin. As shown in Fig. 3, the wing FEM is estab-
lished with shell-rod elements to meet mechanics
characteristics of each component.

The aerodynamics is calculated with the sub-

sonic doublet lattice method, as shown in Fig. 4.

/I/k’q\\

Fig. 3 Three-dimensional FEM

Fig. 4 Aerodynamic model

3.2 Design optimization

The beam-frame FEM in initial design stage
and the three-dimensional FEM in detailed stage

are both studied using the aeroelastic optimiza-
tion, and was attained the optimized wing stiff-
ness distribution. The effects of design parame-
ters on the constraints are also studied by the sen-
sitivity analysis.

(1) Object function

The optimization in the paper is a weight
minimization design. For the beam-frame wing
model, the minimized summation of vertical ben-
ding stiffness and torsion stiffness at the wing
root will be used instead of structure weight.

(2)Constrains

For the beam-frame wing model, vertical
displacement at the wing tip should be less than
the specified ratio of half span when the airplane
goes through pull-up maneuver of the longitudinal
maximum overload, and the torsion angle at wing
tip should also be less than specified value during
the cruise case, as well as the other performance
meeting requirements. For the three-dimensional
wing model, the aileron effectiveness should re-
main high enough under the serious pull-up ma-
neuver mentioned above, and the flutter velocity
under sea level condition and overall structural
strength should be fit for the design requirement
at the same time.

(3)Design variables

For beam-frame wing model, the scale coef-
ficient of the initial stiffness of each wing segment
is selected. For the three-dimensional wing mod-
el, the upper skin thickness, lower skin thickness

and spar cap area are selected as the design varia-

bles.

4 RESULTS OF STUDY CASE

The spanwise vertical bending and torsional
stiffness distribution of beam-frame wing model,
and the size of three-dimensional wing structure
are all decided using the aeroelastic optimization.
Meanwhile, the three-dimensional wing structure
is converted to get the equivalent spanwise ben-
ding and torsional stiffness distribution. The
effects of design parameters on the performance

are also studied by sensitivity analysis.
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4.1 Comparison of object functions

The unitized object functions of the beam-
frame and three-dimensional wing model attained
by the hybrid algorithm and two conventional
methods, one is the gradient algorithm and the
other is the genetic algorithm, are compared in
Table 1. The data shows that compared with the
conventional methods, genetic/gradient-based hy-
brid algorithm can have better optimize result for
both types of analysis model.

Table 1 Object functions obtained by different optimization

algorithms
Beam-frame Three-dimensional
Algorithm
model model
Initialization 1. 00 1. 00
Gradient
0. 88 0.75
algorithm
Genetic
0. 84 0. 86
algorithm
Hybrid
0. 82 0.71
algorithm

4.2 Comparison of stiffness distribution

The nondimensional vertical bending and tor-
sional stiffness for the beam-frame and three-di-
mensional wing models are compared in Figs. 5—

6, and the stiffness of a reference wing with the

5. - Reference wing
" —— Beam-frame FEM
& 4l —— Three-dimensional FEM
:
w 3 L
=1
.g
g 2
=)
E
5
> 0f

0 20 40 60 80 100
Span station /%

Fig.5 Comparison of vertical bending stiffness

4 —=— Reference wing
—— Beam-frame FEM
2 3 —o— Three-dimensional FEM
2 3t
g
@ ool
g
S
g 1r
&
0 L

0 20 40 60 80 100
Span station /%

Fig. 6 Comparison of torsional stiffness

similar structure is also illustrated. The result in-
dicates that the stiffness distribution obtained by
these two methods is close to each other, and
both of them are similar with the reference wing,
which means that genetic/gradient-based hybrid
algorithm is applicable in stiffness design of large

airplane wing.
4.3 Design sensitivity

In the genetic/gradient-based hybrid algo-
rithm, the sensitivity algorithm can improve the
local search efficiency, and the sensitivity infor-
mation can also be the guide of design optimiza-
tion. As limited to the length, this paper here
only lists the nondimensional sensitivity of ben-
ding deformation at wing tip and g value in flutter
analysis with respect to the bending and torsional
stiffness of each wing segment, which is repre-
sented as importance index in Fig. 7.

Fig. 7 shows the effect of the stiffness at each
wing segment on the wing tip deformation. The
larger importance index is, the more significant
effect appears. The result shows that the wing-tip
deformation is mostly effected by the vertical
bending stiffness of inner and middle wing parts,

while the effect of torsional stiffness is much

smaller.
1.0 —m— Scale coefficience of vertical bending stiffness
0.8F —*— Scale coefficience of torsional stiffness
0.6
-°§ 04r
g 02r
3
S 0.000-0-9.4-0900.¢ 0% 000.0°%0¢¢° 00— —3
=1 o
g -0.2 "
£ .
= -04 f
-0.6 \ -
-0.8}F —.-.‘-/.\/ -l—f.
_1‘0 1 - 1 1 1 1
0 20 40 60 80 100

Spanwise station / %

Fig. 7 Effect of wing stiffness at different segments on

wing-tip deformation

Fig. 8 shows the effect of the stiffness of each
wing segment on g value of flutter mode near
critical flutter speed in the v-g chart of the flutter
analysis, where the g value goes through the 0
damping level from minus to positive. It can

make sure that the design is fit for the flutter
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constraint to reduce the g value until it is below
0. The result shows that the g value of flutter
mode is positive relevant with the vertical bending
stiffness, while negative relevant to the torsional
stiffness. The torsional stiffness at middle and
outer wing parts has great effect on the g value
level. Therefore, torsional stiffness there should

be increased in order to restrain the g value level.
1.0 [ —=— Scale coefficience of vertical bending stiffness

0.8 | —®— Scale coefficience of torsional stiffness
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Fig. 8 Effect of stiffness of beam-frame wing on g val-

ue of flutter mode

4.4 Comparison of skin thickness

The genetic/sensitivity-based hybrid algo-
rithm is applied to the wing structure optimiza-
tion meeting the aeroelastic and the strength con-
straints. The optimized results of upper skin are
shown in Fig. 9 in comparison with the one of ini-
tial wing subject to strength constrains.

The results show that the main difference of
skin thickness is located at middle segment due to
aeroelastic constraint, and the wing skin at the
middle segment subject to aeroelastic constraint
and strength constraint are thicker than the one
only meeting strength constraints. The trend is
consistent with the abovementioned sensitivities
analysis results. In addition, the thickness distri-
bution of the lower skin is similar to the one illus-

trated in Fig. 9.

S CONCLUSIONS

The application of the genetic/gradient-based
hybrid algorithm in the aeroelastic optimization of
large airplane wing is introduced. With the com-

parison of stiffness distribution of both beam-

10r —=— Tinitial distribution
9 —e— Optimized distribution
8 -
E 7|
g ot
2 st
g
o L
g 4
3|
2 .
1 L 1 1 1 1 1
0 20 40 60 80 100
‘Wingroot Wingtip

Spanwise station / %

Fig. 9 Comparison of torsional stiffness

frame wing model and three-dimensional wing
model, the sensitivity analysis of structural varia-
bles, and the comparison of thickness distribution
of initial and optimized three-dimensional wing
models, the following conclusions are attained.

(1) The genetic/gradient-based hybrid algo-
rithm is available in aeroelastic optimization of
large airplane. It can be used in design optimiza-
tion of wing stiffness at the stage of initial de-
sign, as well as in size design optimization at the
stage of detailed design. The stiffness distribution
obtained in both cases is consistent.

(2) In the genetic/gradient-based hybrid al-
gorithm, the sensitivity information can be the
guide of design optimization, as well as improve
the local search efficiency.

As limited to the length, the paper here only
lists some macroscopic and initial analysis re-
sults. More optimization results and interaction
roles can be obtained using the genetic/gradient-
based hybrid algorithm, which can provide valua-

ble advices for engineering.
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