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Abstract: The use of tow steered laminate composite plateghich the fibers follow pre-specified paths has shown to
be capable of improving the aeroelastic behavior of plate-structures using only discrete choices of fiber origaotat
(0/90/45/ — 45)°. Accounting for the potential benefits of this design sgwtand the inevitable presence of uncer-
tainties in actual manufacturing process, the study repaiitn this paper proposes a robust optimization methodology
to increase the aeroelastic stability margin, accountiogudncertainties affecting tow steering and fiber placenaamt
gles. The strategy is applied to an idealized model of a tav@r wing, consisting of a small symmetric composite plate
containing six plies, which has already been used in a nurabpreviously reported works, for various purposes. The
aeroelastic model used to evaluate flutter and divergenstlnility results from the combination of a structural mbde
based on the Rayleigh-Ritz approach and a quasi-steadylgeamic model based on the strip theory with the inclusion
of the term of unsteadiness in pitch velocity.Moreovergiterministic optimization is performedby using the aition

of differential evolution, and the robust optimization dones deterministic analysis with a Monte Carlo Simulatiorl
Latin-Hypercube Sampling.
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NOMENCLATURE

X-29 = Forward-sweep wing aircraft (11 to Qs6 = Engineering Constants for  a,, = wing lift curve slope

VAT = variable angle tow ortotropic Material e = eccentricity factor

AFP = automatic fiber placement x = out of plane curvatures W = work done by the aerodynamic lift
ATL = automatic tape laying M = out of plane momments and moment

CLT = Classical Lamination Theory D = Bending torsion stiffness terms A = Mass matrix

CTS = Continuous Tow Shearing TO= start tow steering angle E = Stiffness matrix

MCS = Monte Carlo Simulation T1=end tow steering angle B = Aerodynamic damping matrix
PCE = Polinomial Chaos Expansion U, to Us = Material Invariants C = Aerodynamic stiffness matrix
DOE = Design of Experiments (o to (12 = Lamination Parameters

C1=[0-45 45]s laminate s=semi-span

C2 =[-45 45 45]s laminate c=chord

fef 7= global mean objective function

INTRODUCTION

The extensive use of composite materials in aerospacdistesdecame a reality due to largely recognized benefits
such as high specific stiffness and strength as comparedditional metallic materials. Much effort has been devoted
recently to the optimization of composite structures agranincreasing, as much as possible, their performancéidn t
sense, the design strategy consisting in tailoring thes pfieifferent orientations is not a recent practice. As atenatf
fact, (Munk, 1949) reports the orientation of wood fibersltovafavorable deformation of propeller blades. In the 1880
a large amount of scientific works were produced followedHeydevelopment of the experimental forward-sweep wing
flight demonstrator aircraft, the X-29, whose maiden flightwred in 1984 and the divergence problem was solved in
part by arranging bending and torsion deformation coughnepmposite wing (Shirlet al., 1986).

Despite the existence of a number of academic studies tinditmothe potential of the use of composite aeroelastic
tailoring methods, the industry has not extensively exgadheir benefits in the design of commercial composite afircr
wings (Stodieclet al, 2014) yet. This is partially due to the difficult to certifgmposite laminates with stacking sequence
different from traditional discrete choices (0/90/45/48gvertheless, the emergence of new manufacturing proseds
as continuous tow shearing (CTS), which enables to minimiaeess-induced defects (Kiehal,, 2014) and improve the
structural benefits, makes these procedures attractivevtadevelopments. It is worth mentioning the use of automated
tape laying (ATL) in the production of the Boeing 787 and AZS¥0B commercial aircrafts, which provided increased
productivity (Lukaszewicet al.,, 2012).

Moreover, as a result of the improvement of the automated filacement (AFP) technique tow steering has been de-
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veloped to allow laminates to be constructed with variablgi@tow (VAT) plies in which the fibers are placed following
curvilinear paths, in such way that is possible to achiedtaal structural design improvements (Pareaal., 2003).
From the structural standpoint there is a considerable atrafwork that demonstrated both analytically and expenime
tally the benefits in terms of buckling and post-bucklingdebr of VAT plates (Lope®t al. (2008), QGirdalet al. (2008),
Kuo and Shiau (2009). Other studies are devoted to the idi@t(Akhavan and Ribeiro, 2011) and aeroelastic (Stddiec
et al. (2013), Stanforebt al. (2014)) behavior of VAT flat plates.

Following the trend observed in various disciplines, tHieignce of parameter uncertainties on the aeroelastidigfabi
of composite structures have been investigated usinguatechniques such as Monte Carlo Simulation (MCS), Polyno-
mial Chaos Expansion (PCE), surrogate modeling, stochesliocation (Scartlet al,, 2015). In this context, this paper
investigates an efficient robust optimization procedurettie design of tow-steered composite rectangular plates su
jected to uncertainty in the tow steering angles. The aastielanalysis is performed for a simple dynamic model of the
composite structure derived by using the Rayleigh-Ritzaagh, in combination with a quasi-steady aerodynamic mode
based on the strip theory. Moreover, the deterministicnogtition is performed by using the algorithm of differehtia
evolution, and the robust optimization combines deterstimanalysis with Monte Carlo Simulation and Latin-Hypédve
Sampling.

THEORETICAL MODEL

Fig. 1 depicts a top view of a VAT ply, in which the curves inalie the trajectories of the fibers. In the following
sections, the structural, aerodynamic and aeroelastietméar VAT laminated composite plates are derived.

<
< >

Figure 1: Fiber placement trajectory for a variable stifmplate

>

Structural Model

The structural dynamic model was obtained by using the icialsRayleigh-Ritz approach, which is based on the use
of the Lagrange Equations of motion in association with thiefving approximation for the transverse displacemeid fie
for the plate, which is compatible with the boundary comudisi of cantilever plates:

"Lm,aw nm,a,x

wiz,y,t) = Y Z Gmn (1) (g)m (% - 0-5)n @

Beingn,,,=1 to satisfy the criteria of chordwise rigidy to approximdehavior of a common wing, and, = 2,
no = 0 to satisfy the boundary conditions at the clamped edgeand = 8 evaluated from convergence analysis.

The Rayleigh-Ritz approach requires the formulation ofkinetic and strain energies, as follows.

Assuming the underlying hypotheses of the Kirchhoff thewaryich is adequate for thin plates, the kinetic energy is
expressed as:

T(t) = %//pwzd:vdy 2)

wherep is the surface density of the materialy/m?).

Under the same hypotheses, the strain energy is given by:

Ult) = % /0 ‘ /0 " STDSdudy 3)

where:
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S(z,y,t) = T2 02 Cowdy

(4)

and Q) is the the bending-torsion stiffned3)(matrix, which depends on the elastic constants and fibdeamithin
the ply. In the case of VAT plates, this matrix must be comg@wecounting for the fact that this angle varies over the
plate as shown in 1.

For the case considered herein, it can be shown that mayiis @iven by:

Dii(z,y) Diz(z,y) Dis(w,y)
D(z) = | Di2(x,y) Da2a(z,y) Das(z,y) 5)
Di6(x,y)  Das(z,y) Des(,y)
Being the steering, the first important definition, exprdgsg
9=9i+¥x+m (6)

whered; is the ply angle’0 the initial tow steering angle in the root, afid the final tow steering angle in the plate
tip.
Then, it is show the engineering constants for an ortotroyterial.

FE FE nuqo
Qu=-—"—, Qo = ———, Qo= — 22 Q6 = G12 (7)
1 —vi9101 1 —via1v01 1 —via101
Being sy :
Eavyo
= 8
Va1 E 8

The terms form matrix[) were expressed as function of material invariaiifs (0 U,), originally formulated by
(Jones, 1998).

3 +3 +2 +4 —
Ul — Qll Q22 < Q12 Q667 UQ _ Qll 5 Q22’ (9)
Us = Q11+ Q22 —82Q12 — 4@667 U, = Qi1+ Q2 +86Q12 — 4Qs¢6 (10)
And lamination parametergdto (;2) proposed by (Tsai, 1980).
<9 (1‘, y) 1 00829(377 y)
Co(z,y) | _ § / cosdd(z,y) 2
Culz,y) | 2/, | sin20(z,y) udu (1)
CGz2(z,y) sindf(z,y)
Whereu = 2z /h being z the distance from mid-plane. And finally, the mateisnts of matrixD is:
Dll(:r7y) 1 §9(I7y) Clo(xay) 0
Dia(z,y) 10 0 —Co(z,y) 1 Ur(z,y)
D= D22(x>y) _ E 1 _CQ(CCJ/) Clo(xay) 0 Ug(x,y) (12)
Dig(z,y) 121 0 Culzy)/2 Goalz,y) 0 Us(z,y)
Dog(,y) 0 Cu(@y)/2 —Golz,y) 0 Us(z,y)
Deg(,y) 0.5 0 Co(z,y)  —05

Aerodynamic Model

The assumed aerodynamic model is based in the combinatiquasi-steady aerodynamic forces from strip theory,
enhanced with the inclusion of an unsteady pitch velocimtg\/;,=-1.2) as suggested in (Hancock, 1995). According to
this model, the infinitesimal increments of the lift forcedanoment on a strip in the span-wise direction are given by:

1 .
dL = ipa”v?caw ($ + 9> dx (13)
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dM = % Pair V2P dx (14)

w Oc
€0y (V + 0) + M, <4V>

Being, V andp,;,- the airflow velocity and air density respectively. Moreqvey is the effective wing lift curve slope,
which is assumed to be a function of the position of the slop@the span according to:

ay = 27 [1 - (2)3} (15)

S

and the load eccentricity facteiis defined as the distance between the aerodynamic cersiemasd to be at one fouth
of the chord and the position of the shear axis that is assuoneel at half of the chord. Thus,

— 1
o — (yref yac) _t (16)
c 4

Stodiecket al. (2013) show the validation of the modified strip theory at Epeeds by comparison with the standard
Doublet Lattice implement in NASTRAR.

Therefore, the aerodynamic loads are introduced in thedRgHRitz scheme through the computation of the virtual
work, as follows:

SW = / (—dLéw + dM§6) da 17)
0

Aeroelastic Model

The aeroelastic model, resulting from the interaction leetwthe plate and the surrounding air flow, is obtained by
using Lagrange Equations, expressed in the following form:

oL d (0L
50+ i () @ 4o

where L = T — U is the Lagrangean functiory = [w 6] is the vector of generalized coordinates aQd=

[Qw Qo]" is the vector of generalized forces.

Associating equations 2, 3 and 17 to Eq.18, the aeroelastiatons of motion are obtainded as follows:

Ag+pVBg+ (pV>*C+E)q=0 (19)

or, in the state space form:

Lit=l acorcim —vam]ld) (20)

whereA is the mass matrig the stiffness matrix anB C account for the aerodynamic contributions to damping and
stiffness, respectively.

The aeroelastic stability analysis is performed by solvirgeigenvalue problem associated to the matrix equatipn 20
for increasing values of the flow spe&d By inspecting the complex eigenvalues expressed as:

A= —(pwn  jwpy/1 — (2 N=1,2..(Nmaz — 10)(Mmaz — Mo) (22)

wherew,, and(,, are the undamped natural frequencies and and modal dangstayd, respectively, two types of
aeroelastic instability can be found: the first is the casstafic instability namedlivergence It occurs when system
becomes non-oscillating.{, = 0) and the modal damping factor becomes negatjye< 0); the second is the case of
the dynamic instability known affutter. It emerges when dynamic system is oscillating ¢ 0) but the modal damping
factor becomes negative,( < 0)

The flutter and divergence air speeds are found solving EqTB& instability by definition occurs when any one of
damping ratiog,, becomes negative.

Fib. 2 shows typical evolutions of the natural frequencies damping factors of an aeroelastic system comprising for
three vibration modes. As can be seen, divergence is reatheder flow speed, as compared to flutter.
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Figure 2: Flutter and Divergence Instabilities

ROBUST OPTIMIZATION

Deb and Gupta (2006) define a robustness as the search toirgnimthe objective functioryf(x), in which the
robust solution{ € S, where S is a feasible search space) is obtained when thie pessents a small sensitivity to a
perturbation around the deterministic values of the degisariables.

There are different approaches devoted to determine rabligion. In this work, the concept of the mean effective
objective function proposed by Branke (1998), Tsutsui ahdsh (1997) and Jin and Sendhoff (2003) is used. Therefore,
the associated mathematical problem can be formulateddifierent forms as follows.

Deb and Gupta (2006) propose the following way to define ambiEfirobust solution to a single-objective optimization
problem.

For the minimization of an objective functigf(x), a robust solutiox* is of type | if it is the global minimum of the
mean effective functiorfe// (x) defined with respect to & neighborhood as follows

Minimize: f¢// (x) = Iﬂatx)\ /eﬁ ( )f(y)dy (22)
YEPs(x

subject to:x € S, (23)

Wheref;(x) is thed— neighborhood of solutios* and|Ss(x)| is the hypervolume of the neighborhood.
In this paper it is proposed the following alternative fotation to the optimization problem i:

N P —

Minimize:.J = %—'f (x}(x)f(x)l (24)
1

subject to:z € S, (25)

Wheref?(z) is the objective function evaluated for a perturbed set bfesof the design variables.

In order to evaluate the objective functions Eq. 22 and Eq.tt#&ldesign variables are sampled by using the Monte
Carlo simulation in combination with Latin-Hypercube sdimg. In this case, the robust optimization is performed
applying uncertainties on tow steering angles of the prepa®mposite plate model, as show in Fig 3.

The two optimization criteria defined are combined in a rolljective evolutionary optimization to construct a Paret
front of non-dominant optimal solutions.
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NUMERICAL SIMULATION

A composite wing, previous studied by Hollowell and Dugur{@ip84) is idealized as an un-swept rectangular flat
plate of chord 76.2mm and semi-span of 305mm fully clampet$ abot, as depicted in Fig 4. The plate has six stacked
plies of unidirectional graphite/epoxy, the mechanic grtips of which are shown in Tab. 1.

A similar model was also been used by Stanfetdal. (2014), using a the finite element mesh combined with a
aerodynamic doublet lattice mesh associated to a finitaesptiesh (FPS) used to transfer forces and displacements from
the structural module to the aerodynamic model and viceaver

It is assumed that the stacking is symmetric and that all lies pave the same entry tow steering an@lg) and exit
tow steering angléT} ) (see Eq. 6, which results in only two design variables.

0.5¢

76.2 mm

Flexural Axis

‘ c

s =304.8 mm |

Figure 4: Plate Geometry

Table 1: Material properties and plate dimensions

Property Value Property Value

By 98000 Mpa  Span, s 304.8 mm
Es 7900 Mpa Chord,c 76.2 mm
Gio 5600 Mpa  Densityy 1520 kg/nt
1412 0.28 Ply thickness, t 0.134 mm

Baseline Configurations

Two different symmetric, unsteered configurations, cozrg@d as the base, are analyzed. The first configuration (C1)
has the stacking sequence[6f — 45 45], and the second configuration (C2) has a different stackingesee of
[-45 45 45]s. Figure 5 presents the evolution of the natural frequeraresdamping factor associated to the first
three modes of the aeroelastic system, computed by solvengiienvalue problem associated to Eq. (20). It can be seen
that flutter instability occurs at flow velocities of 31,0 nfids C1 and 40,0 m/s for C2.
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Figure 5: results of aeroelastic analyses for the basetinBgurations C1 and C2

Deterministic Optimization

Deterministic optimization was performed aimed at detaing the optimal tow steering angles that maximize the
lowest flutter and divergence flow speeds. For this purpas&valutionary Algorithm was set with a population of 20
individuals and 20 generations.

It should be made clear that each non-steered stacking rseg|i® kept for the corresponding steered plate, in the
sense that the trajectories followed by the fibers of eachgalgording to Fig. 1 and Eq. (6), are rotated according to the
orientation of the ply, defined for the non-steered confitjona

Table 2 enables to compare the results of the determinigtimzation with those corresponding to the baseline non-
steered configurations. Figure 6 depicts the results of¢heetastic analyzes of the optimal configurations. It casdsn
that optimization provides 31% increase of the flutter speed for C1, whist this incread@9s for C2.

Table 2: Results Comparison

non-steered  Flutter Velocity Steered Flutter Velocity mmment
[0-454F, 31ml/s T0=-13.8%4/T1=62.8% 41m/s 3%
[-45 45 48,  40m/s T0=-12.0/T1=13.69 43.4m/s %
c1 c2
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Figure 6: Aeroelastic analysis for optimized configurasion

To evaluate the robustness of the optimal solutions, rangerturbations, of uniform zero-mean distribution in the
range[—2° + 2°] have been introduced in the tow angles. For each samplegtbelastic analysis has been performed,
as show in Fig. 7. Also indicated are the mean values andn@asaof the flutter speeds obtained for each configuration.
It can be seen that the flutter speeds are quite sensitive fattoduced perturbations.
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Figure 7: Aeroelastic response of the perturbed optimipedigurations

Robust Optimization

To perform robust optimization as previously, random pdtions of maximum amplitudes of-@°) were introduced
in the the tow angle. The robust optimization was carrietifaua six ply symmetric laminate to determine the optimum
robust configuration of tow steering angles. The optim@aprocedure combines a Differential Evolutionary aldorit
with a MC simulation coupled with the Latin-Hypercube saimpimethod. For all optimization runs the population was
set with 15 individuals and 15 generations.

As opposed to the previous computations, which were focosesingle-objective optimization, hereafter, one con-
siders a multi-objective optimization problem involvirgimultaneously, the maximization of mean flutter or diveicge
velocity (according to Eqg. (22)) and the minimization of traiation of flutter/divergence velocity due to the perasb
tions in the fiber placement angle is (Eq. 24).

The Pareto fronts obtained for the two configurations carsidl herein are shown in Fig. 8.

Pareto C2
X C2 optimum
0.04F ParetoC1 | 4
+ C1 optimum

T0=-2.004
T1=3553

0.025

T0=-26.03
T1=29.28

L L L L
0.005 0.01 0.015 0.02 0.025

Figure 8: Pareto Front for both configurations

From the ensemble of optimal solutions two have been chasenaluate the aeroelastic behavior and robustness
with respect to random variations in the tow angle. The tesuk shown in Fig. 9, where the improvements in terms of
both criteria can be clearly noticed. Table 3 provides caispa of the results obtained from deterministic and robust
optimizations, subjected to perturbations in tow steedngle. The improvement of robustness in both configurat®ns
evident.

Table 3: Comparison of the results of deterministic and sbbptimizations
Det. Result(C1) Det. Result(C2) Rob. Result(C1) Rob. RE3A)

TO/T1O -13.84/62.83 -12.0/13.69 -2.005/35.53 -26.03/29.28
Min. Flutter Speed 31.5m/s 42.5m/s 36.42m/s 39.84m/s
Max. Flutter Speed  41.2m/s 43.8m/s 37.86m/s 40.48m/s
Mean. Flutter Speed 37.98m/s 43.26m/s 37.34m/s 40.19m/s

Variation (fobj2) 0.0698 0.0062 0.008378 0.02488
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Figure 9: Aeroelastic response for the selected robustisoku

CONCLUSIONS

The deterministic and robust optimization of a simple cosifgoplate was performed on a six-ply symmetric tow
steered laminate aiming at increasing aeroelastic stahitargins, considering perturbations in the tow place @aofthe
plies.

The first single-objective optimization runs demonstrateat the deterministic optimization of the tow-steered-con
figurations was capable of increasing the flutter speed. Meryvthe optimal solutions have shown to be quite sensitive t
random perturbations in their neighborhood.

Further multi-objective optimization computations irm&gng a robustness-related criterion provided a set afrgt
solutions forming a Pareto front. Solutions extracted fritiis front demonstrated improved aeroelastic behavior and
robustness to perturbations.

Finally, it is important to point-out the importance of evaling the influence of uncertainties affecting the tow asgl|
of laminate composites and exploring design proceduremfoimizing such influence on their structural and aeroelas-
tic behaviors. This aspect is tightly related to the cha@&of ensuring the necessary reliability under constrants
imperfections introduced by the manufacturing process.
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