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Abstract: In this work, it has been shown the effect of a piezoelectric material on postponing the
flutter phenomenon and even removing it completely on a regular wing. First, the system response of
a smart wing with only plunge DOF and pitch DOF are presented. Using an efficient piezopatch can
effectively decay the oscillations of the smart wing in a very short time. In addition, implementing
one piezopatch in the plunge DOF of a regular wing with three DOF can postpone the flutter speed
by 81.41%, which is a considerable increase in the flutter speed. We then present the effect of adding
one more piezopatch to a smart wing in the pitch DOF to further postpone the flutter phenomenon.
The flutter speed in a smart wing can be postponed by 115.96%, which is a very considerable value.
Finally, adding one more piezopatch on a smart wing in the control DOF can completely remove the
flutter phenomenon from the wing, which represents a great achievement in the dynamic aeroelectic
behavior of a wing.

Keywords: piezoelectric material; flutter; smart wing

1. Introduction

Aeroelastic analysis of a modern wing with high flexibility is crucial. The ability
to control the aeroelastic instability due to high flexibility is very important to achieve
the desired aerodynamic performance in a wing design [1,2]. One important aeroelastic
analysis is flutter resulting from the merging of two or more vibration modes during flight.
The flutter phenomenon can reduce the flight envelope or require a redesign of the wing.
Appearing flutter can compromise the long-term durability of the wing structure and
the flight performance, operational safety, and energy efficiency of the aircraft. Hence,
preventing flutter is crucial for the modern airplane [3-7].

Smart materials have been used in wing structures for many years. Although there are
different smart materials, piezoelectric materials have received the most attention. Consid-
ering the direct and inverse effects of piezoelectric materials, they can perform as sensors
and/or actuators on a wing. In fact, they can be used as actuators and dampers to manage
the aeroelastic behaviour of the wing. One effective way to avoid redesign the wing is to
use piezoelectric materials to significantly delay the flutter [8]. Piezoelectric actuators have
been used in active aeroelastic control of an adaptive wing [9]. They have also been imple-
mented in honeycomb material for a flapping wing [10]. In addition, optimal piezoelectric
material has been used to control a plate subjected to time-dependent boundary moments
and forcing function by vibration damping [11]. Moreover, piezoelectric patches have
been studied on passive flutter control of damaged composite laminates by employing the
finite element method [12]. Recently, piezoelectric layers have been used on thick porous
plates to study the aeroelastic flutter [13]. Furthermore, aeroelastic optimization has been
investigated for materials with piezoelectric actuators and sensors [14]. Adding a shunt
circuit to a piezoelectric material can create a piezopatch to effectively modify the wing’s
aeroelastic behaviour. Previously, there were practical limits in the low frequency range like
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the one typically existing in aeroelastic phenomena due to the large required inductance in
passive aeroelastic control. However, it is now possible to have a small inductor integrated
into a piezopatch dedicated to aeroelastic control [15]. Since standard inductors usually
have too much internal resistance for resonant shunt application, they are not a practical
component to integrate into a piezopatch. Implementing closed magnetic circuits with
high-permeability materials allows the design of large-inductance inductors with high
quality factors.

The use of shunted piezopatch permits damping augmentation in the wing structure
without causing any instability. In addition, they need little to no power and are simple to
apply. Their necessary hardware includes the piezoelectrics and a simple electric circuit
including a capacitor, inductor, and resistor. The shunted piezopatch can control aeroelastic
vibration of the wing by consuming the energy created from wing vibrations. In fact, it can
reduce the vibrations of specific modes and frequencies.

In this paper, the effect of piezoelectric material on increasing the flutter speed is
investigated in detail by considering a simple aeroelastic system. The system is a 2D
wing with a piezoelectric patch which has plunge, pitch, and control rotation degrees of
freedom (DOF) as well as unsteady aerodynamic forces. The objective of this work is
to represent the role of piezoelectric patches, which can substantially influence a simple
aeropizoelastic system.

In Section 2, the equations of motion of a smart wing with only plunge DOF are
represented, and we explain how to solve those equations to obtain the plunge velocity,
displacement, electrical current, and electric charge. Then, the fixed points of the system
and its stability around those points are investigated to show the system response. Example
1 indicates the effective decay in the oscillation of a smart wing in comparison to a regular
wing. In addition, a smart wing with only pitch DOF is presented to obtain its equations of
motion in free vibrations. By solving the system of equations, the angular velocity, pitch
angle, electrical current, and electric charge can be obtained. The stability of the system
is then investigated around the fixed point. Example 2 indicates the system response of a
smart wing with only pitch DOF and how effectively the oscillation can be decayed in a
smart wing in comparison to that of a regular wing.

In Section 3, a two-dimensional smart wing with the plunge, pitch, and control DOF
and a piezopatch in the plunge DOF is represented to obtain the equations of motion under
unsteady aerodynamic loads. Solving the system of equations produces the plunge velocity,
displacement, electrical current, and electric charge as well as the pitching velocity, rotation,
electrical current, and electric charge. Later, by finding the flutter speed, we show how
adding one piezopatch can effectively postpone the flutter.

Section 4 represents a smart wing with the plunge, pitch, and control DOF and
piezopatches in the plunge and pitch DOF. We show that the flutter speed can be further
increased by having two piezopatches. Finally, in Section 5, a smart wing with three DOF
and three piezopatches in the plunge, pitch, and control DOF is presented to indicate how
it can remove the flutter.

2. Aeroelastic Analysis of Smart Wing

Before studying an aeroelastic smart wing, it is necessary to study the stability of
aeroelastic smart wings. The time response of the aeroelastic system is given by [16]

x(t) = f vielith; (1)
i=1

where v; is the smart wing spatial deformation, e"i’ is the smart wing temporal deformation,
and b; is the eigenvector. It is a good idea to investigate the character of the fixed point of
single DOF smart wing in the plunge and pitch motions separately.
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2.1. A Smart Wing with Only Plunge DOF

Consider a smart wing which has just the plunge DOF, as shown in Figure 1.

v

Figure 1. A smart wing with plunge DOF.

The equations of motion for a smart wing with plunge DOF in free vibrations are
as follows ) .
{ mh + Cph + Kyh — Bpgn, =0 @)

Lngy, + Rugqy, + c%hqh — Bph =0

where m is the mass of the smart wing, Cj, is the structural damping of the smart wing,
K}, is the structural stiffness, h(t) is the smart wing’s instantaneous displacement, f;, is
the plunge electromechanical coupling, Cp;, is the plunge capacitance of piezoelectric
material, Ly, is the plunge inductance of piezoelectric material, Ry, is the plunge resistance
of piezoelectric material, and gy, is the plunge electric charge. As mentioned before, the
plunge electromechanical coupling can be obtained as fj, = ¢;/Cpy,, where ¢y, is the plunge

coupling coefficient. Considering x; = h, Xp = g, X3 = h, and x4 = q;, Equation (2) can be
written as first-order differential equations

)jCl = —%xl — %x:}, + %X;l

Xy = —L—sz — ﬁ)&; + %xg (3)
X3 = X1

X4 =X

Defining g = [ m C, Ky Bn L, Cpp Ry ]Tandx: [x1 % x3 x ]T,
Equation (3) can be written as

G, Ky Bu
X1 — X3+ X

Ry, 1 Bu
x=f(xq)=| D27 LT LT 4)
X1
X2

where f represents linear functions, and x1, x3, x3, and x4 are the smart wing states and
denote the system’s velocity, displacement, electrical current, and electric charge responses,
respectively. The single DOF aeroelastic smart wing system has four eigenvalues that
describe the stability of the fixed point. The fixed points, or static solutions, of the system
are obtained from the solutions of

f(x,q) =0 ()

or, equivalently,
x=0 (6)
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By considering Equation (4), Equation (6) can be written as

x = A(q)x @)
where
S g _K B
m m m
0 Bn _Ry __1
A= Ly Ly CpnLn 8)
1 0 0 0
0 1 0 0
The solution of Equation (7) can be obtained [2]
n
x(t) = Y vieli'h; )
i=1

where v; is the ith eigenvector of A, A; is the ith eigenvalue of A, and b; is the ith element of
b = V- 1xo, where Vis the eigenvector of A and xj is the initial condition.

Example 1. A smart wing with plunge DOF in system response.

As the first example, a smart wing with only plunge DOF (Figure 1) has been con-
sidered. It has the following characteristics: m = 0.3872 Kg, C;, = 0.3237 Ns/m, K}, =
13,380 N/m, ¢, = 7.55 x 1073 C/m, Cpn = 268 nF, L, = 106 H, R;, = 4050 (), and the
initial conditions x1(0) = 0m/s, x2(0) =0 A, x3(0) = 0.1 m, and x4(0) = 0 C. The system
response is plotted in Figure 2. The solid line indicates the displacement of the smart wing
and the dashed line depicts the displacement of the regular wing. As shown in Figure 2,
the piezoelectric patch very effectively decays the vibrations. Both system responses are
oscillatory, but their amplitudes decay with time towards zero. This is known as a damped
response. However, the amplitude of the smart wing response decays much faster than the
one of the regular wing response. The smart wing oscillation decays in almost 0.6 s, while
the one of the regular wing takes around 12 s to decay.

0.1 T h
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Figure 2. Smart wing system response.

Furthermore, the phase plane plot for the velocity and displacement indicates that the
point (0,0) evokes the system trajectory, as shown in Figure 3. The smart wing trajectory
starts from the initial displacement and velocity at the far right and turns to the centre of
the phase plane where (0, 0) is the fixed point, xr = 0. In fact, the phase plane plot shows
that the fixed point attracts the smart wing trajectory.
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Figure 3. Phase plane for the velocity and displacement.

Likewise, the phase plane for the electrical current and charge begins at the initial
conditions for the electric charge and current, which are zeros, and it twists out counter-
clockwise until reaching the maximum values. The trajectory then turns towards the start
point (0,0), as depicted in Figure 4.

0.5

0.25|

-3 15 0 15 3
q (C) %103

Figure 4. Phase plane for the electrical current and charge.

2.2. A Smart Wing with Only Pitch DOF

As the second investigation for the fixed point, we considered a smart wing with only
pitch DOFE, as depicted in Figure 5.
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[#4
Figure 5. A smart wing with pitch DOF.
The smart wing equations of motion in free vibrations are given as follows:
Ina + Cyoe + Kyt — Baga =0 10)
Laq, + Raq, + C%,ﬂa — Ba (xf - xp>uc =0

where I, is the mass moment of inertia, « is the pitching acceleration, C, is the pitching
structural damping, a is the pitching velocity, K, is the pitching structural stiffness, « is the
pitching angle, B, is the pitch electromechanical coupling, g, is the pitch electric charge,
Ly is the pitch inductance of piezoelectric material, g, is the rate of the pitch electrical
current, R, is the pitch resistance of piezoelectric material, g, is the pitch electrical current,
Cpa is the pitch capacitance of piezoelectric material, x; is the elastic axis, and x, is the
piezoelectric axis, as depicted in Figure 5. Equation (10) can be written as first-order
differential equations by assuming x; = &, x; = ¢q,, ¥3 = &, and x4 = g,

1= —Sey _ Ka Bu
X1 = T, X1 T X3+ I, X4
ip= Ry - A x4+ B (xp—x, )x
27 L2 T Gl AT L \Mf T )3 (11)
X3 = X1
X4 = X2

Equation (11) can be rewritten by considering g = [Iy Ca Ky Ba La Cpu R,X]T and

T
x=[x x x3 x4 |, asfollows:

Ca K
—I—:xl — T:‘X3 + %‘x4
: —Rayy Ly + B —x)x3
X = f(x, q) = Ly Cpule Ly f p (12)
X1
X2

where f are linear functions and x, xp, x3, and x4. are the smart wing states and denote
the system’s pitching velocity, pitching angle, pitch electrical current, and pitch electric
charge responses, respectively. There are four eigenvalues for the single DOF aeroelastic
system that indicate the stability of the fixed point. One can obtain the fixed point, or static
solution, of the system by solving

f(x,q) =0 (13)

or, equivalently,
x=0 (14)

Using Equation (12), it is possible to write Equation (14) as

x = A(q)x (15)
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where
_C 0 _Ky Ba
Iy ; Iy T
« Ry 1
A=| O (xf - xp) I T Cpla (16)
1 0 0 0
0 1 0 0
The solution of Equation (15) can be given as [9]
n
x(t) = Z vieAitbi (17)
i=1

where v; is the ith eigenvector of A, A; is the ith eigenvalue of A, and b; is the ith element of
b = V~!xg, where V is eigenvector of A and xg is the initial condition.

Example 2. A smart wing with pitch DOF in system response.

In the second example, a smart wing with only pitch DOF has been given, as shown
in Figure 6. The smart wing characteristics are m = 0.3872 Kg, C;, = 0.1 Nms/rad,
Ky = 10380 N/m, ¢x = 9.55 x 1072 C/m, Cpy = 68 10F, Ly = 1 H, Ry = 5050 O, x,, = 0.3c,
x¢ = 0.4¢, and ¢ = 0.25 m. In addition, the initial conditions are given as x;(0) = 0 rad/s,
x2(0) = 0 A, x3(0) = 0.1 rad, and x4(0) = 0 C. The mass moment of inertia of the
smart wing by assuming the uniform thickness and mass distribution can be calculated as
Iy =m/3 (cz —3cxy + 3xJ2[). The system response of the smart wing is depicted in Figure 6.
The solid line represents the pitching angle of the smart wing and the dashed line shows
the pitching angle of the corresponding regular wing. It is clear that piezoelectric patch
decays effectively the pitching vibrations, as shown in Figure 6. The oscillation of the smart
wing decays almost 0.0198 s however, the vibration of the corresponding regular wing
takes 0.3 s to decay.

0.02 0.04

Figure 6. Smart wing system response.

In addition, the phase plane plot for the pitching velocity and angle has been shown
in Figure 7, where the point (0,0) evokes the system trajectory. The initial pitching angle
and velocity is the start point of the smart wing trajectory at the far right and the trajectory
is turning to the fixed point, xp = 0, where the center of the phase planeis (0,0).
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Figure 7. Phase plane for the pitching velocity and angle.

The initial conditions for the electric charge and current, which are zeros, is the start
point for the phase plane for the electrical current and charge. The trajectory twists out
counterclockwise until reaching its maximum values; after that it turns towards the start
point (0,0), as indicated in Figure 8.

0.4

0.2
= 0
~

0.2

04 ‘ ‘

1 0 1
q (C) %107

Figure 8. Phase plane for the electrical current and charge.

The effects of different x, values on the system response have been shown in Figure 9.
Low values of x, mean the piezoelectric patch located very close to the leading edge can
decay the pitching oscillation quicker than the high-values one.

In Section 3, we illustrate how a smart wing with three DOF, plunge (including a
piezopatch), pitch, and control, called a piezo-plunge-wing, can behave in comparison
to a regular wing in aeroelastic analysis, and how adding one piezopatch can effectively
postpone the flutter phenomenon on a smart wing.
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Figure 9. Smart wing system response with different x, values. (a) system response with x, = 0.2c,
(b) system response with x;, = 0.1c, (c) system response with x, = xy.

3. Two-Dimensional Unsteady Plunge-Pitch-Control Smart Wing

A linear 2D smart wing which has plunge, pitch, and control degrees of freedom
is shown in Figure 10. The model contains an airfoil with a piezoelectric patch in the
plunge DOF, called piezo-plunge-wing. The system has the plunge, pitch, and control DOF
indicated by h, «, and S, respectively. The DOF S represents the angle of the control surface
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around its hinge, located at distance x; from the leading edge, and Ky denotes the stiffness
of the control surface.

Figure 10. A smart wing with plunge, pitch, and control DOF and a piezopatch in plunge DOF.

The equations of motion can be obtained by using the Lagrange’s equations and the
Kirchhoff’s law as [16,17]

mh + Sgnit + SpB + Clt + Kyh — Bugy = —L
Sanh + Init + LB + Catt + Katt = My

Sph + Lygit + IgP + Cpp + Kgp = My,

th.h + Rh’?h + %ﬂqh —Byh =0

(18)

where m is the mass per unit length of the wing, S, is the static mass moment of the wing
around the pitch axis x r I, is the mass moment of inertia around the pitch axis x s S pis
the static mass moment of the control surface around the hinge axis x;, Ig is the control
surface moment of inertia around the hinge axis, I,z is the product of inertia of the wing
and control surface, L is the lift, M, is the pitching moment of the wing around the pitch
axis xg, My, is the pitching moment of the control surface around the hinge axis xy,, B
is the plunge electromechanical coupling, Cp, is the plunge capacitance of piezoelectric
material, Ly, is the plunge inductance of piezoelectric material, Ry, is the plunge resistance of
piezoelectric material, and gy, is the plunge electric charge. The electromechanical coupling,
B, depends on the plunge coupling coefficient, e, and the plunge capacitance, C,,, and
it can be calculated by g, = e,/ Cpy,. Considering unsteady aerodynamics, the lift and
moments can be written as follows [18,19]

L(t) = pbz(llmia + 7th — rthai — UT4/3 — le,B)

+27prU(<I>(O)w — Otwgfgt(’)w(to)dt())

(19)

M,s = —pbz(—aﬂbﬁ + nbz(% + 112)136 —(T7 + (cp, — ﬂ)Tl)bz.B)
—pbz(n(% — a) Uba + (Tl —Tg—(cp —a)Ty + %)Ubﬁ>
—pb?(Ty + Tyo)UB

+2pLIb27'c(a + %) (CID(O)w - (f %tgto)w(to)dto)

(20)

My, = —pb2<—T1bh +2T13b2“ — %TB)bZB)
—pbz((—ZTg — T1 + T4 ({Il — %))Ubﬂé - %UbTélTllB) (21)
pb2U2 > t 0P (t—ty)
- (Ts — T4Tao) p — pb"UTr, (q>(0)w —Jo 7w(t0)dt0)

T dty
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Substituting Equations (19) to (21) into Equation (18) gives a set of equations of motion
which is only time dependent and can be solved numerically by using the backward finite
difference scheme for numerical integration [19]. However, implementing the exponential
form of the Wagner function’s approximation, the equations of motion can be rewritten as
ordinary differential equations which can be solved analytically rather than numerically,
which is much more practical [20,21]. The Wagner function’s approximation is as follows

(D(t) — 1 _ 11;16—61Ut/b _ \Ijze—ezllt/b (22)

where ¥ = 0.165, ¥, = 0.335, ¢; = 0.0455, and &, = 0.3.
The full unsteady aeroelastic equations of motion can be written as

(A+ pB)ij + (C+ pUD)y + (E + pU?F)y + pU*Ww = pUgd(t)

: (23)
w— Wiy —UW,w =0

wherey=[h a B g ]T is the displacement and charge vector, w = [wy -+ wg O}T
is the aerodynamic states vector, ®(f) is Wagner’s function, A is the structural mass and
inductance matrix, B is the aerodynamic mass matrix, E is the structural stiffness and resis-
tance matrix, F is the aerodynamic stiffness matrix, W is the aerodynamic state influence
matrix, g is the initial condition excitation vector, and W; and W, are the aerodynamic
state equation matrices.

Equation (23) can be written in purely first order ordinary differential equations
form by

x = Qx+ q®(t) (24)
where
—~MY(C+pUD) —MY(E+pU’F) —pUM'W
Q= Iy 044 04x6 (25)
Op x4 14%} Uw,
um—1!
q= ( P8 ) (26)
10x1
) . T
where x = { h a B ‘7h ha B g, w -+ weg } is the 14 x 1 state vector, M =

A+ B, I14 is a 4 X 4 unit matrix, 044 is a 4 X 4 matrix of zeros, 0444 is a 4 X 6 matrix
of zeros, Ogx4 is @ 6 X 4 matrix of zeros, and 01px1 is a 10 x 1 vector of zeros. The initial
conditions are x(0) = xg. The initial condition g ®(¢) is an excitation whose effect decays
exponentially. In order to obtain steady-state solutions, the initial condition is ignored in
this paper; therefore, Equation (24) becomes

x = Qx (27)
Example 3. A smart wing with plunge, pitch, and control DOF and a piezopatch in plunge DOF.

As the third example, a smart wing with plunge, pitch, and control DOF (Figure 10)
was considered with the following parameters [16]: m = 13.5 Kg, S,;, = 0.3375 Kgm,
Sp = 0.1055 Kgm, C;; = 2.1318 Ns/m, Kj, = 2131.8346 N/m, I, = 0.0787 Kgm?, Lyp =
0.0136 Kgm?, C, = 0.1989 Nms/rad, K, = 198.9712 Nm/rad, Ig = 0.0044 Kgm?, Cp =
0.0173 Ns/m, Kg = 17.3489 N/m, e;, = 0.145 C/m, Cp, = 268 nF, L, = 103 H, and
R, =1274 Q).

After running the simulation, the flutter speed was 74.2973 m /s, which showed an
81.41% increase in the flutter speed of a regular wing with the same characteristics and
without the piezoelectric patch. Figure 11 depicts the variation of damping ratios of a
regular wing and smart wing with respect to the airflow velocity or airspeed. It can be
seen that having a piezoelectric patch on the wing can effectively increase the flutter speed.
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Furthermore, due to the piezoelectric effect, there was no flutter in the plunge mode;
however, flutter happens in the pitch mode, as shown in Figure 11.

—PILjnge —Plunge
0.4 [l—Pitch 0.4 [|—Pitch
Control Control
02 O Flutter point 02 O Flutter point
) o
=i\
e —
0r of e
-0.2 -0.2 ‘ ; . .
0 10 20 30 40 0 20 40 60 80
U (m/s) U (m/s)
(a) (b)

Figure 11. Damping ratio versus airspeed, (a) regular wing; (b) smart wing.

In addition, the real part of eigenvalues versus the freestream velocity is shown in
Figure 12. Again, Figure 12b indicates flutter appears in the pitch mode. There is an
effective increase in the flutter speed of the smart wing in comparison to the regular wing.

10 10 : :
—Plunge —Plunge
5! —Pitch 5| —Pitch
Control Control
0 O Flutter point 0 we/
e =
| £ 5l
-10 F -10° ¢
-15 : : ' : -15 : ' : :
0 10 20 30 40 0 20 40 60 80
U (m/s) U (m/s)
(a) (b)

Figure 12. Real part of eigenvalues versus airspeed, (a) regular wing; (b) smart wing.

Furthermore, the imaginary part of eigenvalues versus the freestream velocity is

depicted in Figure 13. Figure 13b shows that flutter appeared in the pitch mode and
there was an effective increase in the flutter speed of the smart wing in comparison to the
regular wing.

120
200}
100 —Plunge
80 ! —Plunge || 150 t —Pitch
> —Pitch = Control
Y 60 Control | % 100 ]
40 |
20 : 50 K
0 : : : : 0 ‘ ‘ : ‘
0 10 20 30 40 0 20 40 60 80
U (m/s) U (m/s)
(a) (b)

Figure 13. Imaginary part of eigenvalues versus airspeed, (a) regular wing; (b) smart wing.
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By using Equation (8), the matrix Q can be formed and its eigenvalues and eigen-
vectors can be calculated for two different airspeeds, U = 10 m/s and the flutter speed,
U = 742973 m/s. There are six complex eigenvalues which represent the structural state
dynamics of the smart wing. These complex eigenvalues are conjugates of those of the
regular wing. There are six real eigenvalues for the aerodynamics state dynamics. Further-
more, there are two real eigenvalues representing the piezoelectric state dynamics. In each
eigenvector, the first three elements give structural velocities, the next three correspond to
structural displacements, the next six elements represent aerodynamic state displacements,
and finally, the last two are for piezoelectric electric charge.

The smart wing eigenvalues for the three structural modes at U = 10 m/s are as
follows

A = —1.3460 + 42.7410i, Ay = —6.2904 +110.9803i, A3 = —5.4720 £ 205.9954i

and its corresponding eigenvectors which present the smart wing structural mode shapes
are

—0.0034 —0.0014 —0.0341
pr=< 03795 5, =< —02027 5, 3 =1 —0.0272
0.9249 0.9792 0.9986

where, in each mode shape, the first element presents plunge displacement, the second one
indicates pitch angle, and the last one gives control surface angle. Generally, in aeroelastic
systems, the degrees of freedom are coupled to each other and cannot occur independently.
Mostly, control surface and pitch displacements happen in mode two and three. Despite
the regular wing, mode one contains significant pitch angle. The smart wing deformation
in the three modes has been depicted in Figure 14. There is almost similarity in pitch and
control in modes two and three; however, there is significant pitch in mode one.

wy, =6.8 Hz w, =17.7 Hz
0.1 0.1
0.05 0.05
— [a\]
(] (]
3 3
S S
= -
-0.05
-0.1 -0.1
0 0.1 0.2 0 0.1 0.2
T T
(a) (b)
wy, =32.8 Hz
0.1
0.05}
(3]
< o0
o)
S ~
-0.05
01" . A
0 0.1 0.2

(c)

Figure 14. Smart wing mode shapes of linear unsteady plunge—pitch—control at U = 10 m/s.
(a) w, = 6.8 Hz, (b) w, = 17.7 Hz, (¢) w, = 32.8 Hz.
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In addition, the smart wing eigenvalues at airspeed U = 74.2973 m/s are
Ay = —21.2035 £ 13.2734i, A = 0.0000 £ 97.5068i, A3 = —6.0159 £ 204.6810i

and its corresponding mode shapes are

0.0494 0.0059 —0.0340
pr=1{ 08685 », gr=1< —0.1523 p, ¢3=74 —0.0090
—0.3664 0.9878 0.9986

In comparison to eigenvalues at airspeed U = 10 m/s, the real parts of A; are much
more negative, and the real part of A, is almost zero. In addition, at U = 74.2973 m/s,
the control components of mode shapes ¢, and ¢3 are very close together and there is a
significant pitch in mode one, as shown in Figure 15.

wp, =4.0 Hz wp =15.5 Hz
0.1 . . 0.1
0.05
— [a\]
(] [}
s} 3
S g
= 2
-0.05
-0.1 -0.1% - :
0 0.1 0.2 0 0.1 0.2
T T
(@) (b)
w, =32.6 Hz
0.1
0.05
[xe]
< 0
]
s N
-0.05
-0.1
0 0.1 0.2
T
(o)

Figure 15. Smart wing mode shapes of linear unsteady plunge—pitch—control at U = 74.2973 m/s.
(a) w, = 4.0 Hz, (b) w, = 15.5 Hz, (¢) w, = 32.6 Hz.

In Section 4, a smart wing with three DOF and two piezopatches in the plunge and
pitch DOF, called piezo-plunge-pitch-wing, is presented to illustrate its behavior in com-
parison to a regular wing in aeroelastic analysis and how implementing two piezopatches
can further postpone the flutter phenomenon on a smart wing.

4. A Smart Wing with Plunge, Pitch, and Control DOF and Piezopatches in Plunge and
Pitch DOF

A 2D smart wing with plunge, pitch, and control DOF which has two piezopatches, one
in the plunge DOF and the other in the pitch DOF, is considered, as indicated in Figure 16;
it can be called a piezo-plunge-pitch-wing. The system has the same characteristics of the
piezo-plunge-wing in Section 3.
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Figure 16. A smart wing with plunge, pitch, and control DOF and a piezopatch in the plunge and
pitch DOF.

The equations of motion of the smart wing can be obtained by using the Lagrange’s
equations and the Kirchhoff’s law as

mh + Spit + S/;,B + Chh + Kyh — Bygn = —L
Sanht + Init + LupP + Cadt + Kutt — Bulfu = Myf
Sph + Lupit + Igp + Cpp + KgB = My, (28)
l%éh4-thh+-é;ﬂh—-ﬁhh::0

Laq, + Raq, + CLW% — Ba (xf — xp)zx =0

where m, Sthr Sﬁ/ Ch, Kh, ,Bh/ Ahs L, Lx/ Ia‘g, C,X, K,X, fo, Iﬁr Cﬁr K’g, Mxhr Lh/ Rh/ Cphr Xf, and
xp are defined as in Equation (1), L, is the pitch inductance of piezoelectric material, Ry is
the pitch resistance of piezoelectric material, Cp, is the pitch capacitance of piezoelectric
material, B, is the pitch electromechanical coupling, and g, is the pitch electric charge. The
pitch electromechanical coupling, 8., depends on the pitch coupling coefficient, e,, and the
pitch capacitance, Cp,, and it can be calculated by B, = ey /Cpa-

Similar to Section 3, the full unsteady aeroelastic equations of motion can be written as

(A + pB)ij + (C+ pUD)y + (E + pU?F)y + pU*Ww = pUgd(t)
: (29)
w— Wiy —UWrw =0
wherey=[h a B gy qa ]T is the displacement and charge vector.
Equation (29) can be written in purely first order ordinary differential equations
form by

x = Qx+ qd(t) (30)
where
~M1(C+pUD) —-MY(E+pU’F) —pU’M'W
Q= Isxs 05x5 056 (31)
065 Wy Uuw,
um1
q= ( o8 ) (32)
11x1
. . T
where x = | h &« B ‘7h éIa h ao B g qu w1 --- w(,] is the 16 x 1 state

vector, M = A + pB, Isx5 is a 5 X 5 unit matrix, 05«5 is a 5 X 5 matrix of zeros, 05x¢ is a
5 x 6 matrix of zeros, 0gx5 is a 6 X 5 matrix of zeros, and 0111 is a 11 x 1 vector of zeros.
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The initial conditions are x(0) = xg. The initial condition g®(t) is an excitation whose
effect decays exponentially. In order to obtain steady-state solutions, the initial condition is
ignored in this paper therefore Equation (30) becomes

x = Qx (33)

Example 4. A smart wing with plunge, pitch, and control DOF and a piezopatch in plunge and
pitch DOF in aeroelastic analysis.

In the fourth example, an additional piezopatch was used to control vibrations in
pitch DOF in the smart wing in example three. Therefore, a smart wing with plunge,
pitch, and control DOF and two piezopatches, one in the plunge and the other in the
pitch DOEF, as shown in Figure 16, was considered with the following parameters. It
assumed the same characteristics as the smart wing existing in example three with the
pitch piezopatch parameters as the pitch coupling coefficient e, = 0.019 C/m, the pitch
capacitance of piezoelectric material Cp, = 1450 nF, the pitch inductance of piezoelectric
material L, = 103 H, and the pitch resistance of piezoelectric material R, = 2674 Q).

Simulation results indicated that adding an additional piezopatch in the pitch DOF
can remove the flutter phenomenon in the pitch mode, as depicted in Figure 17. Hence, by
having two piezopatches, one in the plunge and the other in the pitch DOF, it is possible to
avoid flutter in both DOF. However, there was flutter in the control DOF.

—Pluﬁge —Plunge
0.4 | pitch 0.4 |— pitch
Control Control
0.2 O Flutter point 0.2 O Flutter point
© (s
- —
0 O 0 (]
-0.2 -0.2
0 20 40 60 80 0 20 40 60 80 100
U (m/s) U (m/s)
(a) (b)

Figure 17. Smart wing damping ratio versus airspeed with (a) plunge piezopatch and (b) plunge and
pitch piezopatches.

Figure 17 shows that the smart wing with two piezopatches has flutter at 88.4353 m/s
in the control DOF, which indicates a 115.96% increase in the flutter speed of a regular wing
with the same characteristics without the piezopatch and a 19.03% increase in the flutter
speed of a smart wing with the same characteristics that has only one piezopatch in the
plunge DOF. Clearly, using two piezopatches can remove the flutter phenomenon in the
plunge and pitch modes, but flutter happens in the control mode, as shown in Figure 17b.

Furthermore, the real part of eigenvalues versus the freestream velocity has been
depicted in Figure 18. In Figure 18b, it can be seen that there is no flutter in the plunge and
pitch modes; however, flutter appears in the control mode. There is also a considerable
increase in the flutter speed of the smart wing with two piezopatches in comparison to that
of the smart wing with only one piezopatch.
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10 T : 10 ‘ :
—Plunge —Plunge
5 ——Pitch 51 —Pitch
Control Control
=z 0 w —~ 0 O Flutter point O
@x 5 | = -5t
-10 -10 \
-15 : : : -15 : : ' \ :
0 20 40 60 80 0 20 40 60 80 100
U (m/s) U (m/s)
(@) (b)

Figure 18. Real part of eigenvalues versus airspeed, (a) smart wing with plunge piezopatch; (b) smart
wing with plunge and pitch piezopatches.

In addition, the imaginary part of eigenvalues versus the freestream velocity is indi-
cated in Figure 19. Figure 19b shows that flutter appears in the control mode and there is an
effective increase in the flutter speed of the smart wing in comparison to the regular wing.

120
200
—Plunge 100
150 —Pitch || 80
— Control —
= =< 60 | —Plunge ||
& 100f & —Pitch
40 Control ||
50 1
ﬁ 20|
0 : 0° :
0 20 40 60 80 0 50 100
U (m/s) U (m/s)
(@) (b)

Figure 19. Imaginary part of eigenvalues versus airspeed, (a) smart wing with plunge piezopatch;
(b) smart wing with plunge and pitch piezopatches.

By using Equation (31), the matrix Q can be formed, and its eigenvalues and eigen-
vectors can be calculated for two different airspeeds, U = 10 m/s and the flutter speed,
U = 88.4353 m/s. There are six complex eigenvalues which represent the structural state
dynamics of the smart wing. These complex eigenvalues are conjugates of those of the
regular wing. There are six real eigenvalues for the aerodynamics state dynamics. Further-
more, there are four real eigenvalues representing the piezoelectric state dynamics. In each
eigenvector, the first three elements give structural velocities, the next three correspond to
structural displacements, the next six elements represent aerodynamic state displacements,
and finally, the last four are for piezoelectric electric charges.

The smart wing eigenvalues for the three structural modes at U = 10 m/s are as
follows

A = —1.7257 £ 40.8313i, Ay = —12.1919 +79.1737i, A3 = —6.7011 £ 112.7989:

and its corresponding eigenvectors which present the smart wing structural mode shapes

are
—0.0034 —0.0023 —0.0014

Q1 = 04304 ;, ¢po =< —0109 ,, ¢3 =< —0.2062
0.9021 0.9930 0.9785
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where, in each mode shape, the first element presents plunge displacement, the second
indicates pitch angle, and the last element provides control surface angle. Generally, in
aeroelastic systems, the degrees of freedom are coupled to each other and cannot occur
independently. Mostly, control surface and pitch displacements happen in mode two and
three. In contrast to the regular wing, mode one contains significant pitch angle. The
piezo-plunge-pitch-wing deformation in the three modes has been depicted in Figure 20. It
is clear that there is slight similarity in pitch and control in mode two and three; however,
there is significant pitch in mode one.

wy, =6.5 Hz w, =12.7 Hz
0.1 ‘ ‘ 0.1
0.05
— ™~
3 3
3 3 0 m
= =
-0.05
-0.1 -0.1
0 0.1 0.2 0 0.1 0.2
(a) (b)
wy, =18.0 Hz
0.1
0.05
™
@
=l
S
=
-0.05
-0.1
0 0.1 0.2

(c)

Figure 20. Smart wing mode shapes of linear unsteady plunge—pitch—control at U = 10 m/s.
(a) wy = 6.5Hz, (b) wy, = 12.7 Hz, (c) wy, = 18.0 Hz.

In addition, the smart wing eigenvalues at airspeed U = 88.4353 m/s are
Ay = —39.2529 £ 11.3444i, Ay = —11.7376 £ 80.3532i, A3 = 0.0000 £ 96.3908i

and its corresponding mode shapes are

—0.0362 —0.0145 0.0099
pr =14 —06363 3, g =14 00781 3, p3=1 —0.1432
0.7085 —0.9963 0.9890

In comparison to eigenvalues at airspeed U = 10 m/s, the real parts of A; and A, are
much closer, the real part of A; is much more negative, and the real part of A3 is almost
zero. In addition, at U = 88.4353 m /s, the control components of mode shapes ¢, and ¢3
are almost symmetrical, and there is a significant pitch in mode one, as shown in Figure 21.

Next section presents a smart wing with three DOF and three piezopatches in the
plunge, pitch, and control DOF, called a piezo-plunge-pitch-control-wing, to illustrate its
behaviour in comparison to a regular wing in aeroelastic analysis, and how using three
piezopatches can completely remove the flutter phenomenon on a smart wing.
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wy, =6.5 Hz wy, =12.9 Hz
0.1 0.1
0.05¢
— o
< <
3 g T
= =
-0.05+
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0 0.1 0.2 0 0.1 0.2
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wp, =15.3 Hz
0.1
0.05¢
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Figure 21. Smart wing mode shapes of linear unsteady plunge-pitch—control at U = 88.4353 m/s.
(a) wy, = 6.5 Hz, (b) w, =129 Hz, (¢) w, = 15.3 Hz.

5. A Smart Wing with Plunge, Pitch, and Control DOF and Piezopatches in the Plunge,
Pitch, and Control DOF

A 2D smart wing with plunge, pitch, and control DOF which has three piezopatches,
one in the plunge DOF, one in the pitch DOEF, and the other one in the control DOF, is
considered as indicated in Figure 22; it can be called a piezo-plunge-pitch-control-wing.
The system has the same characteristics of the smart wing in the previous section.

.

Figure 22. A smart wing with plunge, pitch, and control DOF and a piezopatch in the plunge, pitch,
and control DOF.
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The equations of motion of the smart wing can be obtained by using the Lagrange’s
equations and the Kirchhoff’s law as

mh + Sypit + sﬁB + Cyh + Kyh — Bugn = —L
Senht + Ind + Iaﬁ,B + Cott + Kot — Bugo = xf
sﬁh+1aﬁa+lﬁﬁ+cﬁ/s+1<ﬁﬁ Bpis = M
thh+thh+c,qrﬁhh—0
Lady + Ra, + c Qo — ﬁtx(xf - XP)"‘ =0
Lpiip + Rpdp + cqp — Bp(xp — x4)p =0

(34)

where m, Sochr 5‘3, Ch/ Kh/ .Bhr In, L, I,x, Iaﬂ/ C,x, K,x, fo, Iﬁr Cﬁ/ Kﬁ/ Mxh/ Lh/ th Cphr xf,
Xp, La, Ra, Cpa, and B, are defined as in Equation (28), Lg is the control inductance of
piezoelectric material, Ry is the control resistance of piezoelectric material, Cg is the
control capacitance of piezoelectric material, B4 is the control electromechanical coupling,
and g is the control electric charge. The control electromechanical coupling, B, depends
on the control coupling coefficient, e, and the control capacitance, C,g, and it can be
calculated by Bg = eg/Cpp.

Similar to Section 3, the full unsteady aeroelastic equations of motion can be written as

(A+pB)ij + (C+ pUD)y + (E + pU?F)y + pU*Ww = pUgd(t)
(35)
w— Wiy —UW,w =0

wherey=[h a B q, qa qp ]T is the displacement and charge vector.
Equation (35) can be written in purely first order ordinary differential equations

form by
x = Qx+ qd(t) (36)
where
-M'(C+pUD) —MY(E+pU’F) —pUM'W
Q= Ioxe6 066 066 (37)
O6x6 14%} Uw,
um!
a= ("o ®) 8)
12x1
. : T
wherex:[h & Boq, G, 4p b o« B o qu gp w1 - w6] isthe 18 x 1

state vector, M = A + pB, I« is a 6 X 6 unit matrix, Ogxe is a 6 x 6 matrix of zeros, 04 x¢
is a 6 X 6 matrix of zeros, and 0157 is a 12 x 1 vector of zeros. The initial conditions are
x(0) = xg. The initial condition g&®(#) is an excitation whose effect decays exponentially. In
order to obtain steady-state solutions, the initial condition is ignored in this paper; therefore,
Equation (36) becomes

x = Qx (39)

Example 5. A smart wing with plunge, pitch, and control DOF and a piezopatch in plunge, pitch,
and control DOF in aeroelastic analysis.

In the fifth example, an additional piezopatch was used to control vibrations in control
DOF in the smart wing in example four. Therefore, a smart wing with plunge, pitch, and
control DOF and three piezopatches, one in plunge, one in pitch, and the other in control
DOE, as shown in Figure 22, was considered with the following parameters. It assumed the
same characteristics for smart wing existing in example four with the control piezopatch
parameters as the control coupling coefficient e5 = 0.019 C/m, the control capacitance
of piezoelectric material C,3 = 26.8 nF, the control inductance of piezoelectric material
L p= 103 H, and the control resistance of piezoelectric material R/; = 1274 Q).
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Simulation results indicated that adding an additional piezopatch in the control DOF
can remove the flutter phenomenon in the control mode, as depicted in Figure 23. Hence,
by having three piezopatches, one in the plunge, one in the pitch, and the other in the
control DOF, it is possible to avoid flutter in all DOF, eradicating all flutter.

—Plunge | | —Plunge
0.4 | — pitch 0.47 —Pitch
Control Control
O Flutter point
0.2 0.2+
o v
—
0r O 0
-0.2 -0.2°¢ : : : . J
0 20 40 60 80 100 0 20 40 60 80 100
U (m/s) U (m/s)
(a) (b)

Figure 23. Smart wing damping ratio versus airspeed with (a) plunge and pitch piezopatches and
(b) plunge, pitch, and control piezopatches.

Figure 23b shows that the smart wing with three piezopatches has no flutter. Using
three piezopatches can remove the flutter phenomenon completely in the plunge, pitch,
and control modes, as shown in Figure 23b.

Furthermore, the real part of the eigenvalues versus the freestream velocity has been
depicted in Figure 24. In Figure 24b, it is clear that there is no flutter in the plunge, pitch, or
control modes.

10 ‘ 10
—Plunge

51 —Pitch | 5
Control

] O Flutter point o 0

B -5\ | e -5\

-15 : : 1 - -15! ‘ : -
0 20 40 60 80 100 0O 20 40 60 80 100
U (m/s) U (m/s)
(@) (b)

Figure 24. Real part of eigenvalues versus airspeed, (a) smart wing with plunge and pitch piezopatche;
(b) smart wing with plunge, pitch, and control piezopatches.

Moreover, the imaginary part of eigenvalues versus the freestream velocity has been
shown in Figure 25. Figure 25b indicates flutter does not appear in the smart wing.

By using Equation (37), the matrix Q can be formed and its eigenvalues and eigen-
vectors can be calculated for two different airspeeds, U = 10 m/s and the flutter speed,
U = 100 m/s. There are six complex eigenvalues which represent the structural state
dynamics of the smart wing. These complex eigenvalues are conjugates of those of the
regular wing. There are six real eigenvalues for the aerodynamics state dynamics. Further-
more, there are six real eigenvalues representing the piezoelectric state dynamics. In each
eigenvector, the first three elements give structural velocities, the next three correspond to
structural displacements, the next six elements represent aerodynamic state displacements,
and finally, the last six are for piezoelectric electric charges.



Designs 2022, 6, 29

22 of 25

120
200 ¢
100 ¢
—Plunge
80 150 —Pitch
= 60 - —Plunge || 3 Control
Ie7) —Pitch s 100
40 Control
50 F 1
20 K
0 : 0 ‘ :
0 50 100 0 50 100
U (m/s) U (m/s)
(a) (b)

Figure 25. Imaginary part of eigenvalues versus airspeed, (a) smart wing with plunge & pitch
piezopatches, (b) smart wing with plunge, pitch & control piezopatches.

The smart wing eigenvalues for the three structural modes at U = 10 m/s are as
follows

A = —2.3739 £46.5181i, A, = —12.1637 £+ 82.6875i, A3 = —5.4879 +204.1061i

and its corresponding eigenvectors which present the smart wing structural mode shapes
are

—0.0063 0.0125 0.0759
pr=2< 09905 y, pr={ —09106 v, p3 =1 —0.5052
0.1348 —0.3931 0.8565

where, in each mode shape, the first element presents plunge displacement, the second
indicates pitch angle, and the last element gives control surface angle. Generally, in
aeroelastic systems, the degrees of freedom are coupled to each other and cannot occur
independently. Mostly, control surface and pitch displacements happen in mode two and
three. In contrast to the regular wing, mode one contains significant pitch angle. The smart
wing deformation in the three modes has been depicted in Figure 26. It is clear that there is
almost symmetry in pitch in modes one and two; however, their values are significant.
In addition, the smart wing eigenvalues at airspeed U = 100 m/s are

A1 = —40.2408 £ 12.0910i, A, = —12.8883 + 81.8056i, A3 = —5.5620 4 204.1067i

and its corresponding mode shapes are

0.1040 0.0374 0.0691
pr=24 09651 3, g ={ 08767 p, g3 =1{ —0.4220
—0.1518 0.4604 0.9014

In comparison to eigenvalues at airspeed U = 10 m/s, the real parts of A; and A, are
much closer, the real part of A1 is much more negative, and A, and A3 are close to those
for U = 10 m/s. In addition, at U = 100 m/s, the plunge component of mode shape ¢; is
much higher than that of U = 10 m/s. Furthermore, there are significant pitches in modes
one and two, as shown in Figure 27.
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(c)
Figure 26. Smart wing mode shapes of linear unsteady plunge-pitch—control at U = 10 m/s.
(@) wy =74 Hz, (b) wy, =133 Hz, (c) wy, = 32.5 Hz.
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Figure 27. Smart wing mode shapes of linear unsteady plunge—pitch—control at U = 100 m/s.
(a) wy, = 6.7Hz, (b) w, = 13.2 Hz, (c) w, = 32.5 Hz.

6. Limitation of the Model

In this study, in order to simplify the problem, the structure was modelled by consider-
ing linearity in the structural behaviour. However, there is nonlinearity in the aerodynamic
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part. Therefore, although there is no nonlinearity in the structure, the whole model is
nonlinear.

7. Conclusions

In this paper, we showed how the flutter phenomenon can be postponed and even
completely removed on a wing by using piezoelectric patches. The main contribution or
finding that we’ve provided in this paper is a practical way to suppress flutter on a wing
by implementing a passive aeroelastic control including piezoelectric patches and shunt
circuits in which the size of required inductance is small. In Section 2, system response
of a smart wing with only plunge DOF and pitch DOF has been presented. It is clear that
using an efficient piezopatch can effectively decay the oscillations of the smart wing in
a very short time. The smart wing vibration with only plunge DOF decayed in almost
0.6 s; however, the regular wing without a piezoelectric patch took around 12 s to decay. In
addition, the oscillation of the smart wing with only pitch DOF decayed in almost 0.0198 s;
however, the vibration of the corresponding regular wing took 0.3 s to decay. As illustrated
in Section 3, implementing one piezopatch in the plunge DOF of a regular wing with three
DOF can postpone the flutter speed by 81.41%, which is a considerable increase in the
flutter speed. In addition, we show how the flutter phenomenon can shift from the plunge
mode in a regular wing to the pitch mode in a smart wing. We also present the effect of
adding one more piezopatch to a smart wing in the pitch DOF to further postpone the
flutter phenomenon. The flutter speed in a smart wing can be postponed by 115.96%, which
is a very considerable value. Furthermore, the flutter phenomenon disappears from the
pitch mode; however, it remains in the control mode. Finally, adding one more piezopatch
on a smart wing in the control DOF can completely remove the flutter phenomenon from
the wing, which represents a great achievement in dynamic aeroelectic behavior of a wing.
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