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Piezoelectric sensors and actuators have been widely used in many fields. In this study, the
reliability of a piezoelectric actuator to alleviate the flutter of a flexible rectangular cantilever
beam under wind load is investigated. Firstly, a dynamic calculation model of the cantilever
beam underload is derived. Secondly, the derived dynamic calculation model of the cantilever
beam is extended with a piezoelectric actuator. Thirdly, two types of wind load on the beam are
considered. Finally, the reliability of using one and two actuators to alleviate the flutter of the
beam under different wind loads is simulated. The proposed calculation model has practical
engineering significance and feasibility for the reliability design and maintenance of unmanned
aerial vehicle (UAV) wings and wind power devices.

1. Introduction

The flexible rectangle cantilever beam (FRCB), owing to its lightweight, large span, and
large deformation, is widely used in unmanned aerial vehicles (UAVs) and wind power,
micromachinery, and many other applications. However, the FRCB can easily flutter under load
because of its low strength and stiffness, thus affecting the overall stability and operation
efficiency of equipment.() In recent years, piezoelectric actuators, which are made of
piezoelectric materials, have often been used in the wings of UAVs to alleviate, for example, the
flutter and drive micromachines, which showed good effects.?-3) A smart piezoelectric cantilever
beam is often used to fabricate self-powered vibration sensors. The equation of the output
voltage of a smart piezoelectric cantilever beam under vibration has been established and its
output voltage analyzed.® A highly flexible multifunctional wing with embedded piezoelectric
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materials for adaptive vibration control was studied,®) and the active control algorithms for the
gust alleviation of the piezoelectric device functions were obtained. The optimal design method
of a flexible mechanism and the driving signal of a stick-slip piezoelectric actuator were studied.
A stick-slip piezoelectric actuator prototype with an optimized flexible mechanism was
manufactured. It was shown that the mechanism of an optimized flexible piezoelectric actuator
could be provided by two factors, the force and the rectified driving signal. Moreover, the
operating velocity of the piezoelectric actuator could be enhanced by 20.56 and 29.48% at 100
and 1000 Hz, respectively.©

To solve the problem of elastic vibration of a flexible spinning missile, a method of applying
a piezoelectric stack actuator to the control of elastic vibration was proposed.(”) The flexible
spinning missile was simplified to a nonuniform free—free Timoshenko beam model, considering
the gyro effect and thrust, the piezoelectric stack actuator was applied to the control of the
elastic vibration of the missile, and the dynamic model of the flexible spinning missile with the
piezoelectric stack actuator was established on the basis of the finite element method.®® The
fabrication and characterization of flexible cantilevers based on aluminum nitride (AIN) as a
piezoelectric active layer and polyimide as an elastic substrate were studied.®) By using the
residual compressive stress of polyimide multilayer material, a flexible cantilever beam with a
piezoelectric layer was successfully fabricated by a double-mask process.

The mechanical response of the realized flexible cantilevers has been investigated by
piezoresponse measurements, and the experimentally obtained first resonance frequency was
around 15 kHz. Reliability is an important index because it is used as a measure of whether a
smart structure can fulfill a given function at a given time. The computation and evaluation of
reliability are essential in scientific and engineering analyses. For all smart structures, reliability
should be considered and studied.(!!) On the basis of the finite element method, a simple
roughness model consisting of semicircles of constant radius along the surface of an RF-MEMS
switch is employed. This model can be used to compute the reliability of the shifts
in electromechanical characteristics of RFE-MEMS switches due to surface roughness.(1?)

A method of evaluating the reliability of the electromechanical actuators on aircraft was
developed, the algorithm of which is based on the reconstruction of the residual torque in
mechanical transmissions.!1?) It is shown that friction magnet and permanent magnet are the
most suitable permanent magnet motors with good torque density, reliability, and high speed.
Furthermore, on the basis of the characteristics of permanent magnets, the integration of the
torque limiter within the actuator motor was investigated. Such integration can lead to
improved reliability as well as higher power density.(!*) An electrical model of an induction
machine is coupled with a lumped parameter model of a two-stage gear system to build an
integrated model of these systems. The mechanical and electrical outputs of the piezoelectric
cantilever beam under the inverse piezoelectric condition were studied. The limit state equation
for the mechanical and electrical reliabilities of the piezoelectric cantilever beam under the
inverse piezoelectric effect has been derived, and it has been shown that the proposed model is
robust and practical with validation by an engineering problem.(!>) The reliability of the
cantilever beam with interval parameters was calculated by using the first-order second-moment
method.'®) Antoniadis et al. proposed a novel dynamical adaptive enhanced simulation method
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coupled with support vector regression. The method is shown to be highly applicable to solving
engineering problems with complex nonlinear performance functions.!”) Reliability provides
information on the relative importance of model input quantities and the information support
optimization as well as model checking.

To ensure the reliability and safety of smart piezoelectric structures during the service
period, it is necessary to calculate, analyze, and evaluate the reliability of flexible smart
piezoelectric structures. Studies about the reliability of flexible smart piezoelectric structures
are limited. Over ten years, our team has been studying piezoelectric sensors and actuators,
during which, the reliability of the piezoelectric sensors and actuators was computed, and the
output force of the actuators was analyzed. On the basis of the above literature, in this study, the
reliability of a flexible piezoelectric smart rectangle cantilever beam (FPSRCB) is investigated
under complex wind loads. Firstly, the dynamic calculation model of the flexible rectangle
cantilever beam under load is derived. Secondly, the dynamic calculation model of the FPSRCB
is proposed. Thirdly, the calculation based on two wind load styles on the cantilever beam is
considered. Finally, the reliabilities of the FPSRCBs with one and two actuators under different
wind loads are simulated. The reliability calculation method used in this study has practical
engineering significance and feasible applications to the reliability design and maintenance of
UAYV wings, wind turbine devices, micromachines, and others.

2. Kinetic Analysis of FRCB

If it is equipped without the piezoelectric actuator, the FRCB can be assumed as a Euler—
Bernoulli beam as shown in Figs. 1(a) and 1(b). Figure 1(a) shows a photograph of the FRCB,
which is a part of the front wing of a UAV, and Fig. 1(b) is a schematic of the FRCB.

When the FRCB is subjected to multiple loads, two types of deformation occur: bending and
twisting. The equation of motion of the FRCB with these two types of deformation is

where Ej, is the kinetic energy associated with the bending moment of the beam as it bends
downward and £, is the kinetic energy associated with torsion when the FRCB is twisted.

It is assumed that the FRCB conforms to the bending moment and torsion generation
conditions of the Euler—Bernoulli beam. The kinetic energy associated with the bending
movement can be described as

@ (b)

Fig. 1.  (a) Photograph and (b) schematic of FRCB, a UAV component.
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where p is the density of the material of the FRCB, Q is the spatial domain integrated and
encompasses the elastic structure, and w is the bending moment deformation. The kinetic energy
associated with the torsion movement can be described as

2
E, = J‘p(x2+zz)(aaﬂ+aaﬂ+aaé) dQ, 3)
Q

ox di oy di oz di

where a is the torsion angle.
3. Mechanical and Electrical Analyses of FPSRCB

The flowchart of the FPSRCB using excitation power to alleviate the flutter of the FRCB is
shown in Fig. 2.

The FPSRCB contains embedded piezoelectric actuators and sensors as shown in Fig. 3. The
FPSRCB showed flutter because of the airflow and wind load during its service period. The
feedback information on the amplitude and frequency of the flutter is sent to the control center
by the piezoelectric sensors. The voltage used to stimulate the piezoelectric actuators is released
by the control center according to the feedback information. The piezoelectric actuators are
deformed repeatedly, the FPSRCB is vibrated because of the piezoelectric actuators, and the
amplitude of the flutter will be alleviated.

The FPSRCB can be assumed as a mechanic-electric coupling system, and its dynamic
equation is(®

2
H:ljagdg—ljDEdQJrljUa 21 4o, )
2Q 2Q ZQ oy

where o is the mechanical stress, D is the electrical displacement, = is the electric field, / is the
shear modulus, J, is the torsion constant of the cross section, and ¢ is the mechanical strain
associated with bending described as

. . ; Piezoelectric
e o g Fleveledic »| Control Center »Excitation Power > Actuator
the FPSRCB Sensor is excited

F 3

Fig. 2. Flowchart of FPSRCB using excitation power to alleviate the flutter of FRCB.
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Piezoelectric Sensor

Piezoelectric Actuators

Fig. 3. FPSRCB.

E=—IW,,. ®)
Once the constitutive relations of linear piezoelectric actuators are defined by
E

o=c g—ex, (6)

D=es+&°E, (7)

where cF is the elasticity modulus at a constant electric field, e is the piezoelectric constant, and
&7 is the dielectric constant at constant stress, Egs. (5)—(7) can be substituted into Eq. (4) to give

2
H_Eic (z-w,,) dQ+£!;e_zw’yde—Eg[§ c dQ+5£IJa (5 Q. @®)

4. Applied Loads

The FPSRCB is subjected to aerodynamic and wind loads during the service period. The
aerodynamic and wind loads are calculated using the following equations:(1?

1

L, =5 PVSCL 9)
D, =%paV£SCD, (10)

where p,, is the density of air, V,, is the velocity of the incoming flow, S is the area of the FRCB,
C; is the lift coefficient, and Cp, is the drag coefficient. C; and Cj, are constants. In Ref. 6,



1746 Sensors and Materials, Vol. 35, No. 5 (2023)

S=0.5m?, p=0.414 kg/m3, V, = 100 m/s, and C; and Cp can be computed to be 0.2 and 0.03,
respectively, using the simulation result.(®)
Equations (9) and (10) can be respectively simplified as

L,=0.1p,V2bl, (11
D, =0.015p,V>bl, (12)

where b and / are the width and length of the FPSRCB, respectively. The joint forces of L, and
D, are denoted as F,.
The wind load is©

F, = Ié q,¢,C; % cos (2mf,, 1) dy, (13)

where g, is the dynamic pressure, ¢, is the width of the FPSRCB, 4,, is the maximum amplitude
of the wind, and f;, is the frequency of the wind.
Equation (13) can be simplified according to the computation method for the dynamic
pressure and lift coefficient.?)
p2

14 = 1600

F, = %ﬁw -b-cos(2nf.,t) (15)

The bending of the FPSRCB can be computed as

3
1v(y,z)::££1%§;£%2£—, (16)
Y

where Ey and [ are Young’s elastic modulus and the moment of inertia of the FRSRCB,
respectively.
The angle of torsion of the FPSRCB can be computed as

Fw+Fa ‘12

17
2Ey1 {7

a(x,y,z)=

ow/Ox, OwlOy, Ow/0z, Oa/Ox, Oa/dy, Oo/Oz and their second-order partial derivatives can be
obtained by solving Egs. (15) and (16).
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5. Reliability Analysis of FPSRCB

The limit state equation for the reliability computation of the FPSRCB, according to Egs. (1)
and (4), is obtained as

G=I1-E. (18)

In the above equation, by calculating G, the ratio of the number of G > 0 to the number of
operations of G is determined to be the reliability of the FPSRCB.
Equation (18) can be simplified as follows by using Egs. (2), (3), (9), and (16).

2G = j FZ2(AE) +2eEz(AE) + 1, (4LE) dQ+EE’S,
Q

, (19)
—p[ 47 [2232 +(C+D)? +22A§(C+D)2] dQ
Q

> 2
F F
where 4 =—— 4=t p-Pw a o P dy O dv )y OF, d= OF &=
3EyI 2Ey1 oy Oy oy dt oy dt Oz dt 0z dt
2 2
oy

The parameters of the FPSRCB are shown in Table 1 with their coefficient of variation of
0.005.©)

In Table 1, Zp, hp, and bp are the length, thickness, and width of the piezoelectric actuator,
respectively. Two piezoelectric actuators are pasted on the FPSRCB along the length of the
cantilever beam. The material of the FRCB is aluminum 2024-T3, the material of the
piezoelectric actuator is lead zirconate titanate, and the material of the piezoelectric sensor is
polyvinylidene fluoride.

The deflection of the FRCB is obtained by using Eq. (16).

w(y,2) =5.91x107*V2 +2.8x107*V,, cos(2nf, 1) (20)

Table 1

Parameters of the FPSRCB and their mean values.

Parameter Value Parameter Value

L 350 x 10 m Vol 5m/s

H 1%x103m Vo 7.5 m/s

B 40 %107 m ool 1 Hz

E 73.1 GPa o2 2 Hz

I 2x10"? m* A 459 %107 m
P) 2780 kg/m? hy 0.25%x 10> m
e 12 N/Vm by 20.6 x 10° m
& 5.92 x 107° CV/m? &t 67 GPa

S
D)

0.414 kg/m> Py 770 kg/m?
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Its changes in 10 s are shown in Fig. 4.
The torsional angle of the FRCB is obtained by using Eq. (17).

a(x, y,2)=138x107V? +6.54x107*V,, cos(2nf, 1) 1)

Its changes in 10 s are shown in Fig. 5.

It can be seen from Figs. 4 and 5 that the deflection and torsional angle of the FRCB change
repeatedly under aerodynamic and gust loads, causing the FRCB to flutter rapidly, under the
following conditions: a wind speed of V., and a wind frequency of £, in Table 1;©® to one
piezoelectric actuator, a voltage of 0—220 V is applied, reducing 20% of the maximum vibration
amplitude of the FPSRCB; and to two piezoelectric actuators, a voltage of 0-220 V is applied,
reducing 43% of the maximum vibration amplitude, where the maximum vibration amplitude is
normalized to 1 mm.

15 T T T T T T T

05F

deflection mm

N5

15 1 1 L 1 1 L 1 1 1
0

time s

Fig. 4.  (Color online) Variation in the deflection of the FRCB.

torsional angle rad
=
1

time s

Fig. 5. (Color online) Variation in the torsional angle of the FRCB.
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Table 2

Reliability of the FPSRCB.

Parameter Actuator 1 Actuator 2
Vi (m/s) 7.5 7.5

fiw (H) 2 2
Times 10° 10°
Reliability 0.9999 0.9998

On the basis of the data in Table 1 and the parameters in Ref. 5, Eq. (18) is applied 10° times
in the simulation, which is based on the design standards in Ref. 3 by using Matlab software
according to the Monte Carlo method. In structural reliability analysis, the Monte Carlo method
is used to accurately compute the failure probability. The parameters in Table 1 are generated
from 103 data by using the random numbers method when the coefficient of variation is 0.005.
Each parameter is taken as one data at random intervals at a time, and the data of 18 parameters
are used at a time in the computation. 10° data are obtained in total. Then, a value greater than 0
is the reliability compared with the total number of samples. The random data will be substituted
into Egs. (19) and (20) to produce 10° random data. Equation (19) is applied a total of 10° times in
the simulation.

The value of w in £}, and E, is assigned to 1 mm in Ref. 6, one actuator can be used to reduce
the vibration by 20%, and two actuators can be used to reduce the vibration by 43%. For
conservatism, the value of w in II is assigned to 0.8 mm when using one actuator and 0.57 mm
when using two actuators in this study. The first actuator is 15 mm from the base of the beam,
whereas the second actuator is 10 mm from the first. The two actuators are of the same size,
right in the middle of the beam width. With the computations conducted 103 times in simulations,
the results are shown in Table 2.

It can be seen from Table 2 that when one actuator is used to reduce the vibration amplitude
of the FPSRCB, the reliability is 0.9999, and when two actuators are used to reduce the
amplitude, the reliability is 0.9998. This result shows that the design of the FPSRCB is feasible.
It can be seen from Table 2 that the reliability of the FPSRCB of two actuators is lower than that
in the presence of one actuator, because the two actuators are in parallel and the actuator is at
risk of breakdown under excitation voltage. It has been shown that the simulation results of the
proposed method are compatible with the results in Ref. 18, indicating the feasibility of the
proposed method. The proposed method has also been verified using the results of the wind
tunnel experiment reported in Ref. 5.

6. Conclusions

In this study, the problem of reliability associated with the flutter of the FPSRCB under
complex wing loads could be effectively alleviated by using piezoelectric actuators. The external
loads of the FPSRCB detected by the piezoelectric sensors were computed, and the dynamic
motion and deformation mode of the FPSRCB were analyzed. According to the given parameters,
the reliability of the FPSRCB, in which the flutter is reduced by using one and two actuators, is
simulated, and the results are consistent with those in the literature. The reliability calculation
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model for the FPSRCB presented in this paper has practical engineering significance and
feasible applications to the reliability design and maintenance of UAV wings, wind turbine
devices, micromachines, and others.
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