
Smart Materials and Structures

Aeroelastic tailoring using piezoelectric actuation
and hybrid optimization
To cite this article: Aditi Chattopadhyay et al 1999 Smart Mater. Struct. 8 83

 

View the article online for updates and enhancements.

Related content
A coupled controls/structures optimization
procedure for the design of rotating
composite box beams with piezoelectric
actuators
A Chattopadhyay and C E Seeley

-

Design of a smart flap using polymeric C-
block actuators and a hybrid optimization
technique
Aditi Chattopadhyay, Charles E Seeley
and Lori Mitchell

-

The development of an optimization
procedure for the design of intelligent
structures
C E Seeley and A Chattopadhyay

-

Recent citations
Optimization of Locations and Fiber
Orientations of Piezocomposite Actuators
on Flexible Wings for Aeroelastic Control
Wenya Zhou et al

-

Integrated design of laminated composite
structures with piezocomposite actuators
for active shape control
Xiaoming Wang et al

-

A review on the design of laminated
composite structures: constant and
variable stiffness design and topology
optimization
Yingjie Xu et al

-

This content was downloaded from IP address 149.169.50.13 on 11/07/2019 at 19:51

https://doi.org/10.1088/0964-1726/8/1/009
http://iopscience.iop.org/article/10.1088/0964-1726/4/3/003
http://iopscience.iop.org/article/10.1088/0964-1726/4/3/003
http://iopscience.iop.org/article/10.1088/0964-1726/4/3/003
http://iopscience.iop.org/article/10.1088/0964-1726/4/3/003
http://iopscience.iop.org/article/10.1088/0964-1726/6/2/002
http://iopscience.iop.org/article/10.1088/0964-1726/6/2/002
http://iopscience.iop.org/article/10.1088/0964-1726/6/2/002
http://iopscience.iop.org/article/10.1088/0964-1726/2/3/001
http://iopscience.iop.org/article/10.1088/0964-1726/2/3/001
http://iopscience.iop.org/article/10.1088/0964-1726/2/3/001
http://dx.doi.org/10.1061/(ASCE)AS.1943-5525.0001049
http://dx.doi.org/10.1061/(ASCE)AS.1943-5525.0001049
http://dx.doi.org/10.1061/(ASCE)AS.1943-5525.0001049
http://dx.doi.org/10.1016/j.compstruct.2019.02.056
http://dx.doi.org/10.1016/j.compstruct.2019.02.056
http://dx.doi.org/10.1016/j.compstruct.2019.02.056
http://dx.doi.org/10.1007/s42114-018-0032-7
http://dx.doi.org/10.1007/s42114-018-0032-7
http://dx.doi.org/10.1007/s42114-018-0032-7
http://dx.doi.org/10.1007/s42114-018-0032-7


Smart Mater. Struct.8 (1999) 83–91. Printed in the UK PII: S0964-1726(99)99060-2

Aeroelastic tailoring using
piezoelectric actuation and hybrid
optimization

Aditi Chattopadhyay †, Charles E Seeley ‡ and Ratneshwar Jha §

Department of Mechanical and Aerospace Engineering, Arizona State University, Tempe,
AZ 85287-6106, USA

Received 12 February 1998, in final form 30 October 1998

Abstract. Active control of fixed wing aircraft using piezoelectric materials has the potential
to improve its aeroelastic response while reducing weight penalties. However, the design of
active aircraft wings is a complex optimization problem requiring the use of formal
optimization techniques. In this paper, a hybrid optimization procedure is applied to the
design of a scaled airplane wing model, represented by a flat composite plate, with
piezoelectric actuation to improve the aeroelastic response. Design objectives include
reduced static displacements, improved passenger comfort during gust and increased
damping. Constraints are imposed on the electric power consumption and ply stresses.
Design variables include composite stacking sequence, actuator/sensor locations and
controller gain. Numerical results indicate significant improvements in the design objectives
and physically meaningful optimal designs.

1. Introduction

The use of active control for improving the aeroelastic
response of fixed wing aircraft has recently been
demonstrated [1, 2]. Although several actuation concepts
are available [3], piezoelectric actuation is one of the
most promising. Heeg [4] demonstrated analytically and
experimentally that piezoelectric materials can increase the
flutter speed of a simple two degree of freedom wing model.
Song et al [5] showed that incorporation of piezoelectric
layers in a wing can improve both divergence instability
and aeroelastic lift distribution. Paigeet al [6] used
piezoelectric actuation to control panel flutter. However,
several critical issues still remain to be addressed. For
instance, detailed structural modeling issues associated with
piezoelectric actuation of composite structures must be
considered [7, 8]. Power consumption is also an important
issue [9]. The placement and the number of actuators
necessary for improved aeroelastic control require the use
of formal optimization techniques.

The design of an active wing using optimization
requires the careful coupling of the necessary disciplines
involved. The problem is very complex since it involves
several disciplines such as structural dynamics, controls and
aerodynamics. Several investigations have been reported
which address the issue of actuator placement using both
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deterministic [10, 11] and heuristic [12, 13] approaches.
Aeroelastic optimization using piezoelectric actuation for
active control and optimal control theory techniques have
also been addressed [14, 15]. The design of the wing itself
also plays an integral role in the efficiency of the active
control to improve the aeroelastic response. However, only
a limited number of optimization studies have been carried
out which address this important coupling [16]. To date,
however, no comprehensive optimization study has been
reported incorporating structural design, actuator placement
and aeroelastic response in a single closed loop procedure
utilizing the formal optimization technique.

In the current research, the aeroelastic response of an
active airplane wing, represented by a cantilevered composite
plate with piezoelectric sensing and actuation, is investigated.
The optimization problem is formulated with the objectives
of simultaneously minimizing the wing tip displacement and
twist due to static air load, minimizing the tip acceleration
due to gust and maximizing the closed loop damping ratio
of the first bending mode. Constraints are imposed on the
average power consumption and the stresses at the root of
the wing. Design variables include ply stacking sequence,
actuator/sensor placement and controller gain. Composite
tailoring is achieved by varying the stacking sequence which
must adhere to industry standard values. Therefore, these
design variables are discrete. The exact placement of the
sensors and actuators, which correspond to the finite element
boundaries, are also discrete. However, the gain for the
feedback control is a continuous design variable. Therefore,
the use of traditional optimization approaches is not practical
due to the presence of both discrete and continuous design
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Figure 1. Smart composite plate incorporating piezoelectric layers.

variables. The hybrid optimization technique, developed
by Seeley and Chattopadhyay [17], combines discrete and
continuous design variables, and is used in the present study.

2. Analysis

The analyses used in this study are accurate and
computationally efficient for use inside a closed loop
optimization procedure. The approaches used for each
discipline are briefly described next.

2.1. Structural modeling

The structural model is represented by a cantilevered
composite plate with surface bonded piezoelectric actuators
and sensors. The developed model utilizes a refined higher
order displacement field [18], which accurately captures the
transverse shear deformation through the thickness of the
laminate while satisfying stress free boundary conditions on
the free surfaces. The general higher order displacement
field which describes deformation in the composite laminate
is defined as follows

U (x, y, z) = u (x, y) + z

(
− ∂

∂x
w(x, y) + φx(x, y)

)
+z2u2 (x, y) + z3u3 (x, y)

V (x, y, z) = v (x, y) + z

(
− ∂

∂y
w(x, y) + φy(x, y)

)
(1)

+z2v2 (x, y) + z3v3 (x, y)

W (x, y, z) = w (x, y)
whereU , V andW are the total displacements (figure 1),
u, v andw denote the midplane displacements of a point
(x, y), the partial derivatives ofw represent the rotations of
normals to the midplane corresponding to the slope of the
laminate andφx andφy represent the additional rotations due
to shear deformation about they andx axes, respectively. The
quantitiesu2, u3, v2 andv3 represent higher order functions.
The thickness coordinate,z, is measured from the midplane
of the laminate. This displacement field has the advantage
of easily reducing to the well known classical theory if
the higher order terms are eliminated. This particular
form of the displacement field also has desirable properties
for finite element implementation. In the general form
presented above, the higher order displacement field does
not necessarily satisfy the requirement that the transverse
shear stresses vanish on the free surfaces of the laminate.
For orthotropic plates, these conditions are equivalent to the

requirement that the corresponding strains be zero on these
surfaces, which allows several of the higher order functions
to be identified in terms of the lower order functions to obtain
the refined displacement field as follows

U = u + z

(
−∂w
∂x

+ φx

)
− z3 4

3h2
φx

V = v + z

(
−∂w
∂y

+ φy

)
− z3 4

3h2
φy

W = w.

(2)

Assuming that displacements and rotations are small, a linear
strain–displacement relationship is used. For an orthotropic
composite plate with piezoelectric layers, the constitutive
equations can be written as follows

σ = Q̄
(
ε− dTE

)
(3)

whereQ̄ is the elastic stiffness matrix,d is the piezoelectric
strain coefficient matrix,σ andε are the stress and strain
vectors, respectively, andE is the electric field. The finite
element method is used to implement the developed theory
so that practical structures can be analysed. A variational
approach using Hamilton’s principle is used to derive the
equilibrium equations and boundary conditions for a plate
including piezoelectric actuation. Further details of the
implementation and the validation results can be found in
[19].

2.2. Aeroelastic analysis

The aeroelastic equations of motion for an active composite
wing, which is represented by a flat composite plate with
piezoelectric sensors and actuators, are as follows

Mẍ + Cẋ + Kx = F′pu + Q1 + Q2 (4)

v = Hvx (5)

i = Hcẋ (6)

whereM andK denote the global mass and stiffness matrices
respectively, which are formulated using the refined higher
order theory. The damping matrix is denotedC (classical
damping is assumed) and displacements are contained in
the vectorx. The piezoelectric control forces per unit volt
are contained inF′p and the actuator voltages are contained
in u. The unsteady aerodynamic forces are contained in
Q1, and the other aerodynamic forces, such as the static
airload, are contained inQ2. The matricesHv and Hc
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relate the voltages and currents of the piezoelectric sensors
(v and i) to the displacements and velocities, respectively.
These equations of motion have potentially many degrees of
freedom. Therefore, for practical purposes, modal truncation
is utilized and the equations of motion are represented in state
space form as follows

d

dt

[
q
q̇

]
= A

[
q
q̇

]
+ Bu + Ef (7)

y = C

[
q
q̇

]
(8)

whereA is the plant matrix,B is the control matrix,C is
the observer matrix andE is the disturbance matrix. The
quantityq contains the modal participation factors,f is the
disturbance force vector,u contains the control inputs andy
contains the sensor outputs. These quantities are defined as
follows

A =
[

0 I
−Λ −Z

]
(9)

B =
[

0
ΦT F′p

]
(10)

C = [ HvΦ HcΦ ] (11)

E =
[

0 0
I I

]
(12)

u = Ry (13)

f =
[

ΦTQ1

ΦTQ2

]
(14)

y = [ vT iT ] (15)

whereR is the gain matrix and

Λ = ΦT KΦ =


ω2

1
ω2

2
. . .

ω2
N

 (16)

Z = ΦTCΦ =


2ζ1ω1

2ζ2ω2
. . .

2ζNωN

 (17)

ωi are the natural frequencies,ζi are the damping ratios andΦ
consists of the open loop mode shapes. Closed loop complex
eigenvalues,λcli , are found by solving the following equation∣∣[A + BRC] − λcli I

∣∣ = 0. (18)

2.3. Static lift

The total static lift (Ls) is calculated as follows [20]

Ls = 1

2
ρU2S

dCL
dα

α (19)

whereρ is the density of air,U is the velocity,S is the surface
area of the wing,CL is the coefficient of lift andα is the angle
of attack. The lift distribution is assumed to be elliptic and
acting at the quarter chord location.

2.4. Load due to gust

The load due to gust is formulated assuming that the
gust is normal to the flight path and uniform in the
spanwise direction. The disturbed motion of the airplane,
consequently, has only the degree of freedom in the
vertical displacement (z direction), which is measured at the
airplane’s center of mass and is positive downward. The
equation of motion is as follows

mz̈ = −LG (20)

wherem is the mass of the airplane andLG is the total lift
due to gust. The lift due to gust is calculated as follows [21].

LG = ρU2S

2

dCL
dα

[
wG

U
+
ż

U

]
(21)

whereU is the forward flight velocity andwG is the gust
velocity. Substitution of equation (21) into equation (20)
yields the following ordinary differential equation

z̈ = −λ(wG + ż
)

(22)

where

λ = ρUS

2m

dCL
dα

. (23)

The 1-COSINE gust model is used for the gust velocity
distribution, which is more realistic than other deterministic
gust models such as the sharp edged gust [1]. It is formulated
as follows

wG = wGmax

2
(1− cos(�Gt)) 06 t 6 tG (24)

where

�G = 2π

tG
(25)

tG = xG

U
. (26)

Solving equation (22) using the above gust model yields the
expression for unsteady lift due to gust. The gust load is
assumed to act at the 1/4 chord location and to be distributed
uniformly along the span.

3. Optimization problem

The goal of this optimization investigation is to improve
the aeroelastic performance of an airplane wing with
piezoelectric sensing/actuation by simultaneously addressing
composite tailoring, actuator/sensor placement and control
design. The wing is represented by a cantilevered composite
plate as shown in figures 2(a) and (b). In the following
sections, the precise formulation of the objective functions,
constraints, and design variables is presented.

3.1. Objective functions

The present problem has four objective functions, namely
displacement, twist and acceleration at the wing tip and (the
negative of) the closed loop damping ratio of the first mode,
which are minimized during the optimization.
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Figure 2. Smart wing to improve aeroelastic response.

Excessive displacements at normal cruise conditions can
lead to undesirable aeroelastic interactions. Therefore, the
first set of objectives is to reduce both the static displacement
and the twist at the tip of the airplane wing due to the static
air load. The transverse displacements at points A and B
(figure 2), denotedzA andzB , respectively, are calculated by
solving the following static equation

Kx = Q2. (27)

The first objective function is simply the displacement at
point A

f1 = zA. (28)

The second objective function is the twist which is calculated
as follows

f2 = (zA − zB)
c

. (29)

In this case, only the static airload is included inQ2.
The stiffness matrixK is a function of the composite ply
orientations and the piezoelectric actuator/sensor location.
The hybrid optimization determines the most efficient
stacking sequence and the actuator/sensor location to
improve this objective.

The third objective is to reduce passenger discomfort
due to gust. This is best measured as the acceleration at
the passenger location. Since the fuselage is assumed to
be fixed, the acceleration at the tip provides a reasonable
approximation (point ‘A’, figure 2). The state space control
equation (equation (7)) is integrated over time during the gust
response withQ2 = 0 to determine the value of maximum
acceleration which is denotedz̈max

a . Due to the nature of the
gust velocity distribution,̈zmax

a does not necessarily occur at
the peak of the first oscillation. Therefore, these equations
are integrated for a fixed length of time approximately equal
to five times the fundamental frequency of the wing to ensure
that z̈max

a is found correctly. The third objective function is
then the value of̈zmax

a

f3 = z̈max
a . (30)

Piezoelectric sensing and actuation, depending on the
stacking sequence and actuator placement, can significantly
improve this objective.

The airplane wing may also be subjected to a dynamic
loading whose exact nature is unknown. It is well known
that the first bending mode often dominates the response of
disturbances which are likely to be encountered. Therefore,
the closed loop damping ratio of the first mode due to
feedback control has a significant effect on the rate of decay
in the resulting vibrational amplitudes. Maximizing this
damping ratio corresponds to increasing the rate of decay
and reducing overall vibrational amplitudes. The closed loop
damping ratio for the first mode is calculated as follows

ζ cl1 =
Re(λ1)√

Re(λ1)
2 + Im (λ1)

2
(31)

whereλ1 is found from equation (18). The fourth objective
function is then defined as follows

f4 = −ζ cl1 . (32)

3.2. Constraints

Several geometric constraints must be implemented to
ensure a physically meaningful design for the actuator/sensor
configuration. It is assumed that each actuator is rectangular
with centroid C (figure 2). Each actuator is located on the top
surface of the wing while its corresponding sensor is located
directly underneath on the bottom surface of the wing with
identical dimensionslna andwna (figure 2). The placement of
thenth actuator/sensor pair is defined in terms of its centroid
locationxnc andync which is shown in figure 2. The placement
of each actuator/sensor pair, which is referred to as each
actuator unit, must be within certain bounds. That is, each
actuator unit must be contained within the structure and its
dimensions must never exceed those of the host structure(

xnc −
wna

2

)
> 0 (33)

(
xnc +

wna

2

)
6 c (34)(

ync −
lna

2

)
> 0 (35)(

ync +
lna

2

)
6 s (n = 1, 2, ...,NACT) (36)

where NACT is the number of actuator/sensor pairs. If NACT
> 1, additional constraints must be imposed to ensure that the
actuator units do not overlap. That is, themth andnth regions
(<m, <n), which are defined by themth andnth actuator unit
boundaries, must be mutually exclusive

<m 6= <n

(m = 1, 2, . . . ,NACT, n = 1, 2, . . . ,NACT, m 6= n).
(37)

The size of actuator/sensor (lna andwna ) is considered fixed in
the current optimization, though it can be treated as a design
variable.
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Power requirements on any aircraft must be kept within
certain bounds. Therefore, a constraint is placed on the
average electric power,P , consumed by the actuators during
the gust response analysis

g1 = P

P̄
− 16 0 (38)

where P̄ is the maximum allowable average power. The
average power is found by integrating the absolute value of
the instantaneous power over time as follows

P =

tmax∫
0
P ′dt

tmax∫
0

dt

= C

tmax

tmax∫
0

V
dV

dt
dt (39)

where

P ′ = C dV

dt
V . (40)

Improvements in botḧzmax
a andζ cl1 are possible with increased

number of actuators. However, this leads to increased power
requirements.

Constraints are also imposed on the individual ply
stresses based on the Tsai–Wu failure criterion [22] to prevent
material failure. This criterion states that to avoid material
failure the following equation representing a failure surface
in the stress space must be satisfied

g2 = Fiσi+Fijσiσj−16 0 (i, j = 1, 2, . . . ,6) (41)

whereσi represents the stresses in the coordinate systems
defined by the material axes, the quantitiesFi andFij are
related to the tensile and compressive yield strengths of the
material and repeated indices imply summation.

3.3. Design variables

The discrete design variables that are used during
optimization include the composite stacking sequence and
the actuator unit locations

φdi = θi (i = 1, 2, . . . ,NPLY) (42)

φd2i+NPLY−1 = xic (43)

φd2i+NPLY = yic (i = 1, 2, . . . ,NACT) (44)

where NPLY is the number of plies andθi is the composite
lay-up angle for theith ply which is selected from a set of
industry standard values as follows

θi = (−45◦, 0◦, 45◦, 90◦ )

(i = 1, 2, . . . ,NPLY) .
(45)

The boundaries of the actuator units are assumed to
correspond to the boundaries of the elements used in the
finite element analysis. Therefore, the centroid locations,
xnc andync , are also discrete variables. The gain for all of
the actuators is assumed to be the same for simplicity and
therefore represents a single continuous design variable

φc1 = r. (46)

The gain matrixR has the following form which corresponds
to rate feedback and is used for the feedback control

R = [ 0
... diag(r)

]
. (47)

3.4. Multiobjective formulation

The optimization problem is associated with multiple
objective functions and constraints. Therefore, a
multiobjective formulation must be used. The one selected
for this research is based on the modified global criterion
approach [23]. In this approach, the individual objective
functions are combined into a single composite function (Fc)
as follows

Fc =
√√√√NOBJ∑

i=1

(
f̄i − fi
f̄i

)2

(48)

wherefi is the objective function vector and NOBJ is the
number of objective functions. The values of̄fi (i =
1, 2, . . ., NOBJ) are obtained from individual single objective
minimization (prior to multiobjective formulation). An
exterior penalty function method [24] is used to incorporate
the constraints as follows

F = Fc + ρ̄
NCON∑
j=1

max
(
0, gj

)2
(49)

where ρ̄ is the scalar penalty parameter,gj represents
constraints and NCON is the number of constraints.
Minimization of F corresponds to improving each of the
objective functions while satisfying the constraints.

3.5. Continuous/discrete optimization technique

The multiobjective aeroelastic optimization problem inves-
tigated for the current work contains both discrete (stack-
ing sequence, actuator locations) and continuous (controller
gain) design variables. The hybrid optimization approach
developed by Seeley and Chattopadhyay [17] is used to ad-
dress this problem. This approach combines the benefits of
both heuristic and deterministic optimization techniques to
address the issue of both continuous and discrete design vari-
ables present in the formulation. A simulated annealing ap-
proach is used for the discrete search [25]. This heuristic
approach occasionally accepts worse designs which allows
the algorithm to avoid getting trapped in local minima. A de-
terministic gradient based search is used for the continuous
search to improve efficiency. Sequential approximate opti-
mization is employed for the continuous search to reduce the
number of exact function evaluations. Though the current op-
timization problem has a single continuous design variable,
the procedure developed can efficiently solve larger problems
through sequential approximate optimization. The Broyden–
Fletcher–Goldberg–Shanno method is used to determine the
search direction and a golden section one-dimensional search
is used to determine the step size [24]. Gradients are calcu-
lated using a finite difference approach.

4. Optimization results

The results of the optimization procedure developed are
presented for a wing whose planform parameters are shown
in table 1. The free stream velocity is 150 m s−1 (Mach
0.45 at sea level) and the gust velocity is 15 m s−1. The
wing is constructed of a 24 ply Gr/Ep composite material
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Table 1. Wing data.

Wing Gust

c (cm) 10 wGmax(m s−1) 15
s (cm) 50 xG (m) 15
U (m s−1) 150
dCL
dα (◦−1) 0.11 Power

ρ (kg m−3) 1.225 P̄ (watt) 10−6

α (◦) 1.5
m (kg) 12

Table 2. Material properties.

Gr/Ep PZT
(carbon–epoxy (G-1195,
T300/N5208) 10 cm× 2 cm)

E1 (GPa) 181 63
E2 (GPa) 10.3 63
ν12 0.28 0.30
G12,G13 (GPa) 7.17 24.2
σLU (GPa) 1500 0.5
σTU (GPa) 40 0.5
σLTU (GPa) 68 0.2
G23 (GPa) 5 24.2
ρ (×103 kg m−3) 1.6 7.6
d31 (×10−12 m V−1) — −253
ply thickness (mm) 0.15 0.75
NPLY 24 2 (1 actuator, 1 sensor)

Table 3. Design variable results.

NACT θ̄ Gain

reference 1–4 [0◦/90◦/0◦/90◦] −1000.0
optimum 1 [0◦/0◦/0◦/− 45◦] −1040.2

2 [0◦/0◦/0◦/− 45◦] −978.8
3 [0◦/0◦/0◦/− 45◦] −984.6
4 [0◦/0◦/− 45◦/− 45◦] −1980.3

with properties presented in table 2. The stacking sequence
is balanced and consists of six sub-groups of plies as follows

θK =
[
θ̄/− θ̄/θ̄/− θ̄/θ̄/− θ̄] K = 1, 2, 3, 4, 5, 6

(50)
where each of the sub-groups

(
θ̄
)

consists of four plies which
are defined in terms of four discrete design variables as
follows

θ̄ = [φd1, φd2, φd3, φd4

]
. (51)

Therefore, a total of 24 plies are used. Each of the discrete
variables used to define the ply sub-groups are selected from
four possible industry standard ply orientations as follows

φdi = (−45◦, 0◦, 45◦, 90◦) i = 1, 2, 3, 4. (52)

The location of each actuator/sensor pair is defined by
two discrete variables. Therefore, the number of discrete
variables ranges from six to 12, depending on the number
of actuator units considered. The gain is represented by a
single continuous design variable. The actuators and sensors
are piezoceramic (PZT) with dimensions 10 cm× 2 cm
(table 2). The finite element structural model comprises 25
equally sized elements with a total of 252 degrees of freedom.
Structural damping is assumed to be 0.01 for the first five

Figure 3. Reference actuator/sensor pair locations.

Figure 4. Optimal actuator/sensor pair locations.

modes which are retained for the state-space equations of
motion. These equations are integrated for 0.5 seconds to
determine the maximum acceleration at the tip although the
average power is calculated only for 06 t 6 0.25 seconds.
Optimization results are obtained for wings with numbers of
actuators ranging from NACT= 1 to 4. Several optimization
runs, for each value of NACT, are performed to ensure the
validity of the optimum solution. All computations are
performed on a SUN Ultra 1 workstation and up to ten CPU
hours are used for each run. Since no available baseline
configuration is available for comparison, reference designs
are created with NACT= 1–4. The reference designs have
stacking sequence of̄θ = [0◦/90◦/0◦/90◦], actuator unit(s)
located in the middle of the wing (figure 3) and a gain of
−1000.
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Table 4. Objective function results.

Number of Reference/ Displacement Twist Acceleration Damping ratio
actuators optimum (cm) (rad) (cm s−2) (1st mode)

1 Ref 4.88 0.0420 78.7 0.0127
1 Opt 2.89 0.0176 36.4 0.0285
2 Ref 4.77 0.0379 76.6 0.0143
2 Opt 2.71 0.0192 32.4 0.0379
3 Ref 4.71 0.0354 75.5 0.0145
3 Opt 2.54 0.0168 29.5 0.0502
4 Ref 4.66 0.0339 58.7 0.0128
4 Opt 3.00 0.0096 27.2 0.0937

Figure 5. Normalized objective functions.

The reference and optimum values of the design
variables and the objective functions are presented in tables 3
and 4, respectively. The optimum locations of actuator
units are shown in figure 4. Figures 5(a)–(d) show
the objective functions normalized with respect to their
respective reference values (table 4). In all cases, the
objective functions are improved. The tip displacement,
twist and acceleration are significantly reduced from the
reference designs. The closed loop damping ratio of the
first mode, which is maximized during optimization, also
increases significantly over its reference value. This increase
is due to piezoelectric sensing and actuation. As expected,
the damping ratio is significantly increased by adding more
actuator units.

All constraints are satisfied in the optimum designs.
During optimization, if overlap occurs, no analysis is
performed and the penalty function is set to a large value.
This avoids the occurrence of overlap and has the additional
benefit of saving computational effort. The stresses at the
root of the wing are below their critical values ensuring that
material failure does not occur. The constraint on the average
power consumption is satisfied in the reference design, but is

consistently active in all of the optimal designs for NACT=
1–4 (figure 6).

Results for the design variables are presented in table 3
and figure 4. A stacking sequence ofθ̄ = [0◦/0◦/0◦/−45◦]
is found to be optimal for all cases except for NACT= 4
where θ̄ = [0◦/0◦/ − 45◦/ − 45◦] (table 3). In general,
the presence of 0◦ plies results in increased bending stiffness
and decreased torsional stiffness of the wing while±45◦ plies
result in decreased bending stiffness and increased torsional
stiffness. The multiobjective formulation, which includes
both tip displacement and twist as objectives, accounts for
the trade-offs between these two criteria during optimization.
In the optimal designs for NACT= 1–3, more 0◦ plies are
present than−45◦ plies resulting in a relatively stiff wing
in bending with small tip displacement but a relatively large
twist angle. The additional stiffness resulting from more
actuator units (NACT= 4) allows the small tip displacement
to be maintained while allowing more−45◦ plies to be used
to reduce the twist angle. This is why the tip displacement
changes only slightly when NACT is increased from 3 to
4 whereas the twist angle is significantly reduced. The
results for the actuator unit placement design variables are
most effectively demonstrated graphically. Therefore, these
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Figure 6. Power constraint.

results are presented in figures 4(a)–(d). In all cases, the
optimal locations are near the root of the wing. The leading
edge of the wing receives the majority of the aerodynamic
loading and is therefore most sensitive to vibration reduction
due to piezoelectric actuation. Therefore, this side of the
wing is preferable for actuator unit placement compared to
the trailing edge. If only one actuator unit is available, the
optimal location is at the root on the leading edge side. In
the cases of NACT= 2 and 3, an additional actuator unit
is located near the trailing edge at the root in the optimal
design to influence the twist as well as the bending of the
wing. This configuration results in the best possible trade-
off between the objective functions. However, when four
actuator units are used (NACT=4), the leading edge side
of the wing is the preferred location for all of the actuator
units to provide the most authority over the bending mode.
An actuator directly adjacent to the leading edge produces a
significant amount of local deformation due to the presence of
the free edge. Therefore, the best location is slightly inboard
of the leading edge so that more of the deformation due to
piezoelectric actuation results in global deformation of the
wing for vibration control.

Power consumption is a critical issue as indicated by the
presence of the active constraint in all of the cases presented
(NACT = 1–4) shown in figure 6. Efficient placement of
the actuator units is one way to reduce power consumption.
Another way is optimal selection of the gain which is also
incorporated into the optimization problem. The optimal
gains are presented in table 3 for each case (NACT= 1–4).
As more actuator units are added and the gain is increased,
more control authority is obtained. Low control authority
requires a small amount of power over a longer period of
time to reduce vibrational amplitudes. High control authority
reduces vibrational amplitudes by using more power over a
shorter duration. The determination of the optimal power
consumption which results in the best design while satisfying
the power constraint involves finding the best trade-off
between low and high control authority. For the cases of
NACT = 1–3, the available control authority is limited due
to the small number of actuator units. In these cases, the
optimal power consumption is achieved by using a low gain

Figure 7. Acceleration at tip due to gust.

which uses a smaller amount of power for a longer period
of time to reduce vibrational amplitudes. For the case of
NACT= 4, however, more control authority is available due
to the presence of more actuator units. The hybrid technique
finds that a larger control authority which uses a higher gain
and more power over a shorter duration to reduce vibrational
amplitudes is optimal in this case. The larger gain also results
in a higher damping ratio as observed in figures 5(c) and (d).
The acceleration at the tip is presented in figure 7 for NACT=
1–4 which are indicated in parentheses for both the reference
(ref.) and optimal (opt.) designs. Increasing the number
of actuator units clearly reduces the peak acceleration due
to gust. The control authority is significantly increased from
NACT= 3 to NACT= 4 to satisfy the power constraint. This
is indicated in figure 7 where it is observed that the nature of
the response in the latter case is significantly different.

5. Concluding remarks

The aeroelastic response of an active airplane wing,
represented by a cantilevered composite plate with
piezoelectric sensing and actuation, is investigated. The
optimization aims at simultaneously minimizing the wing tip
displacement and twist due to static air load, minimizing the
tip acceleration due to gust and maximizing the closed loop
damping ratio of the first bending mode. Constraints are
imposed on the average power consumption and the stresses
at the root of the wing. Design variables include ply stacking
sequence, actuator/sensor placement and controller gain. The
hybrid optimization technique, which combines discrete and
continuous design variables, is used along with the modified
global criterion approach for multiobjective formulation.
Numerical results indicate significant improvements in the
design objectives and physically meaningful optimal designs.
For the case with four actuator units, the tip displacement,
twist and acceleration are reduced by 36%, 72% and 54%,
respectively. The damping ratio for the first bending mode
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is increased by more than seven times. The optimal actuator
location is close to the wing root and leading edge.
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