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ARTICLE INFO ABSTRACT

Keywords:

The present study is devoted to investigate the comprehensive study of vibration control of multi-layer sandwich
micro beam made of piezoelectric materials. The analysis considers the influences of all parameters, such as
strain gradient theories and surface effects. To assess the efficacy of control measures for the multi-layer sand-
wich composite piezoelectric micro-beam and to obtain the corresponding mechanical properties, the Hamil-
tonian approach and the generalized differential quadrature (GDQ) method were employed in the discretized
solution. The governing partial differential equation (PDE) of motion is converted into a set of ordinary differ-
ential equations (ODE) employing the GDQ method. Additionally, the researchers design different controllers to
investigate the tracking performance and vibration suppression of the system. The results indicate that the
electrical voltage of the piezoelectric layer plays a key role in designing a controller for multi-layer sandwich
composite piezoelectric micro-beams. The findings of this study suggest that the Linear Quadratic Integral (LQI)
control scheme is much more effective in terms of vibration control and tracking characteristics, as well as

Active vibration control

Multi-layer sandwich composite piezoelectric
micro beam

Higher-order theories

GDQM

Vibration suppression

feedback damping factors, within the allowable voltage of the piezoelectric actuator.

1. Introduction

Nowadays, nano and microstructures integrated with “Smart” ma-
terials play an outstanding role in the engineering area. Many micro and
nano systems cannot be properly evaluated without analyzing their
structure. In addition to studies dealing with nanosystem designations,
there are many studies investigating the vibrational behavior of micro
and nanosystems [1-5]. With the emergence of recent breakthroughs in
the field of micro/nano-fabrication, there has been a significant surge in
interest surrounding micro- or nano-sized structures and their potential
applications in the development of micro/nano-electromechanical sys-
tems (MEMS/NEMS) [4,6-8]. Notably, carbon nanotubes, micro actua-
tors, microfilms, nanowires, atomic force microscope,
nano-wire-fabricated nano-tweezers and nano-switches have garnered
considerable attention as highly promising miniature systems that hold
great potential within the realms of bio-engineering, medicine, elec-
tronics, nanoscale fabrications, sensing, mass-detecting, and other
related fields [1,9-13]. Nano and microtechnology, promises new

possibilities for developing stiffer, lighter, and smarter structures [14,
15]. It also, can be improved the properties of piezoelectric materials
[16-18]. The author considers sandwich structures integrated with
smart piezoelectric material and exposed to multiple fields loads to be a
new and attractive analysis of fine structures. These structures can be
used as actuators and sensors and for micro-technical issues. A
comprehensive literature search can be guaranteed the necessity of the
present research [2,19,20]. In addition, Korayam et al. analyzed
nonlinear frequency behavior, in separate research [21]. Khaniki and
Hashemi studied the dynamic behavior of a multi-layered viscoelastic
nanobeam system embedded in a viscoelastic medium with a moving
nanoparticle [22]. The researchers utilized the Winkler elastic founda-
tion beam technique in order to effectively represent the interlayer
coupling and small-scale effects, while simultaneously incorporating the
modified couple stress theory. Through the implementation of Hamil-
ton’s principle, the equations of motion were simulated and subse-
quently solved to determine the solution process. Hashemi et al. [23]
investigated the dynamic behavior of multi-layered viscoelastic
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nanobeams resting on a viscoelastic medium with a moving nano-
particle. They used Eringens nonlocal theory is used to model the
small-scale effects. Their study examines the effects of various factors
such as the nonlocal parameter, stiffness and damping parameter of the
medium, internal damping parameter, and the number of layers on the
trajectory of the nanoparticle passing through.

Arshid et al. [24] investigated vibrational behavior of a functionally
graded graphene nanoplatelets-reinforced porous nanocomposite (FG
GNPs-RPN) annular microplate with piezoelectric coverings. They
concluded that incorporating GNPs into the system results in a notable
increase in frequencies, with an enhancement of approximately
20-28%. Conversely, elevating the porosity levels to a maximum of
seventy percent yields a reduction in frequencies, with a decrease of
about 8-15%. Soleimani-Javid et al. [24] presented the free vibrational
behaviors of functionally graded saturated porous micro cylindrical
shells with two nanocomposite skis. Arshid et al. [25] developed
vibrational behavior of the three-layered sandwich microplate con-
taining functionally graded (FG) porous materials as core and piezo-
electric nanocomposite materials as face sheets subjected to electric field
resting on Pasternak foundation.

Kabir et al. [26] employed piezoelectric micro-electromechanical
systems (MEMS) acoustic emission sensors design to discover elastic
waves. Wang et al. [27] developed the vibration properties of multilayer
plates by taking the influence of surface energy into account. In their
study, a nonlinear model was used to investigate the consequences of
large amplitude oscillations. Also, a high-amplitude free-oscillating
electrically driven nanobeam was presented by Wang et al. [28].

Chaudhari and Lal investigated the nonlinear free vibration behavior
of elastically supported carbon nanotube reinforced composite beam
subjected to thermal loading. They employed higher order shear
deformation theory with von-Karman nonlinear kinematics model the
through Hamilton principle to establish the integral form of the equation
of motion of the beam [29-31]. Zheng et al. used Reddy’s third-order
shear deformation theory and nonlocal elasticity theory, to present a
nonlinear bending model of the nonlocal three-layer magneto--
electro-elastic laminated nanobeam resting on elastic foundation. Their
results discussed the effects of foundation parameters, nonlocal
parameter, external electric voltage and external magnetic potential on
bending behaviors model [32].

It will become even more complicated matters by using the experi-
mental strategies for assessing the mechanical behavior of MEMS and
NEMS are normally very time-ingesting and costly. Hence, numerical
simulations, primarily based entirely on the mathematical theory of
continuum elasticity, have been significantly completed to manage
MEMS / NEMS and analyze mechanical behavior [21,33,34]. In addition
to many studies for calculating the mechanical properties of these MEMS
/ NEMS systems, there are other studies focused primarily on deter-
mining stability, vibration, and volume expansion conditions [35,36].
Meanwhile, many researchers are suggesting various methods to solve
engineering problems. However, without paying too much attention to
the MEMS/NEMS control, the results are scattered, insufficient to
determine a unique set of material parameters [37,38]. The free and
forced vibrations of a three-dimensional nonplanar nanobeam with
initial geometric imperfection using nonlocal strain gradient theory,
presented by Wu et al. [39]. They employed Hamilton’s principle and
GDQM to derive and discretize the equations, respectively. A robust
optimization approach for controlling and suppressing nonlinear beam
oscillations has been extended by Moradi et al. [40]. They used Ham-
ilton’s principle to derive a non-linear differential equation for beam
motion and utilized fuzzy controller circuits to reduce forced vibration.
Numerical simulation to explain the effect of adaptive boundary control
was Nojoumian et al. [41]. They studied vibration control and reim-
bursement of the system parametric uncertainties for a micro cantilever
beam based on strain gradient theory (SGT). Quang et al. [42] to
investigate the active vibration control of functionally graded material
(FGM) plates integrated with piezoelectric layers. Moreover,
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Ghorbanpour Arani et al. [43] proposed vibration control subjected the
multi-physical loads based on higher-order shear deformation theory for
essentially backed boundary conditions. In their work, the utilization of
generalized differential quadrature method (GDQM) has been effec-
tively detailed for vibration control investigations of the magnetostric-
tive plate. Akhavan Alavi et al. [44] focused on numerical study of active
control for functionally graded nanocomposite micro Reddy beam. A
LOR controller was utilized to calculate beam demonstration with
optimal tuning parameters. Vatankhah and Asemani conducted an
assessment of the efficacy of output feedback control in relation to the
piezoelectric actuation of a non-classical micro beam. This evaluation
was achieved through the utilization of a Takagi-Sugeno fuzzy system.
[45]. They employed SGT to drive the governing partial differential
equation. A quadratic remarks controller to reduce the vibration of
micro-scale systems primarily based on multi-moment matching criteria
became designed through Vakilzadeh et al. [46]. The finite element
method (FEM) was applied to model the micro-cantilever beam.

In addition, the simulation effects of making utilize of the proposed
adaptation had been taken into thought as an objective of Khaje khabaz
et al. [47]. They analyzed optimal control of a micro-beam included
with piezoelectric layers with considering the modified couple stress
theory (MCST). Their utilized linear quadratic regulator (LQR)
controller to reduce the vibration amplitude of model [48].

Wang et al. investigated the kriging-based decoupled non-
probability reliability-based design optimization scheme for piezoelec-
tric PID control systems. They presented a new adaptive learning
strategy which involves two stages of enrichment to improve the accu-
racy of the surrogate model in the region of interest [49].

The researchers have focused on the use of micro and nanostructures
including the mechanical and size-dependent behavior of smart mate-
rials using higher-order elasticity theories. On the alternative hand,
because of the problems in growing and fixing equations of movement to
are expecting the correct conduct of complicated micro and nano-
structures, little interest has been paid to vibration control. According to
an analysis of earlier studies, many academics have thought about using
post-processing techniques like Galerkin and GDQM to discretize the
partial equation of motion. However, the majority of research in this
sector focuses on simulation modeling approaches for problems because
it is difficult to conduct practical tests at the micro and nano scales.
Furthermore, to the authors’ best knowledge there is far little attention
has been paid to the vibration control simulations based on multi-layer
sandwich composite piezoelectric micro beam using higher-order elas-
ticity theory and surface energy. In addition, the main purpose of this
study is to improve the concept of optimum design of the controller, and
compare the controller parameters, which to the best knowledge of the
authors, few analyses have examined the influence of the effective pa-
rameters of the design based on mathematical simulation. Therefore, the
best technique was determined by computing metrics like LQI and LQR.

The novelty of this article is the fact that vibration control by using
different methods and the comparison of the dynamic response based on
different higher-order theories and surface effects has been considered
simultaneously. Moreover, deriving and solving the governing equation
of multi-layer sandwich composite piezoelectric micro beam using
higher-order elasticity theory and surface effects is presented for the first
time. In addition, no reference has been made so far in the literature on
the vibration control approach of this model.

The present study is focused on the comprehensive vibration evalu-
ation and control of multilayer composite piezoelectric microbeams
using the SGT and surface effects. Hamilton’s approach and GDQ
method have been used to derive and solve the governing equations of
motion. The various controller such as LQR and linear quadratic integral
(LQI) control are investigated. The results control can be used for MEMS
and NEMS to prevent resonance phenomena.
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2. Methodology

In the present study, the front panel of the multilayer microbeam is
made of a silicon material with a PZT4 piezoelectric layer acting as a
distributed sensor and actuator [50,51]. In the event of mechanical or
thermal vibration of the structure, the deformation of the model can be
obtained by measuring the charge induced in the sensor layer. This can
be controlled by a control algorithm that uses the strain or tension of the
application [52,53]. The displacement fields of the structure are
Euler-Bernoulli beam which can be defined as below:

Ui(x,y,2) = *ZW
Us(x,y,2) =0
U3(X7Y7 Z) = W(Xﬁ t) (1)

where U and w are the displacement components along different di-
rections and transverse displacement, respectively.

2.1. constitutive equations of model

The potential strain energy without surface effect is extracted as [54,
55]:

v :/ (0116U+Pz}’,+ff,lk)ﬂ,,k + myxi; — D;E;)av (2)
Where oy, €, 7;, My r]uk , E; and x; denote Cauchy stress tensor, strain

tensor, dilation gradient tensor, deviatoric part of couple stress tensor,
the symmetric rotation gradient tensor, the electric field and the
deviatoric stretch gradient tensor, respectively [56,57]. In addition, p;
and rlg.i)are higher order stresses. The strain-displacement relations of
the structure are considered:

2
en=—-2 37‘;) (3)

The stress-strain relations of the bulk and piezoelectric layers can be
derived as:

aZ
b = Ezﬁ 4
6};1 = C{)lé‘“ — €3]E§ (5)
In which Cf;, e; and E (i,j = 1,2,3) denote the piezoelectric elastic

moduli, piezoelectric coefficients and Young’s modulus, respectively.
The constitutive relation of the piezoelectric are calculated by [58]:

Ds = e31€11 + enE} (6)

In which D; and ¢; (i,j = 1,2, 3) are electrical displacement and the
dielectric permittivity constant, respectively. The electric potential for
top and bottom layers of piezoelectric materials are defined as [59]:

2zVo

@(ll)(X,Z.,l) = —COS(ﬂz)(/) (x l‘) +T e

Y (x,z,1) = —cos(Bz)p™ (x, 1) (€))

p =x/h® and V, is the external voltage, which is subjected to the
actuator layer. It is worth mentioning that the piezoelectric layers sen-
sors and actuators are indicated by the superscript letter’s s", "a". In
addition, “B” and “P” symbols show the bulk and plezoelectrlc layer
related equations [60]:

@ _ 00 2V,

0= g e o N
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o _ 00V

3 T T = psin(B2)p" (x, 1)
4

In addition, according to the SGT which is introduced in Appendix A,
the three-size dependent material length scales are obtained as:

1w
—y = —— 1
X2 = X2 3 e (10$)
Fw
=eny=—Zos 11
71 =€ o an
e ’w
V3 = €3 = o2
W _ ) 4 d'w
Nz =Nz = M3y = *B ﬁ 12)
1y 2 63W
N = 598
1) 71 dZW
=3 a2
1w
r1223 = nzsz = nszz =15 02
’w
1
r]122 = nm = r]221 = nm = nm = rlgl)3 = gzﬁ
The higher-order stresses defined as [60]:
00w
myy =y, = ﬂlzﬁ 13)
Fw
myy =my, = *ﬂlgﬁ
Fw
B _ 2
pr= - 2uhZ oo 14
62
p= =2l
Fw
_ 2
py = —2uliZ pe (15)
62
B() _ _B() _ _B() 8 0w
Ty =Tz = T = *E/‘ 02
4 Pw
1
7?1(1) =~z 12 o
B 2 p0w
333 5#‘ )
2 dw
1 1
712;2(;) = Tfs(z) = Tgéz) = _lllf F
2 Pw
e A ae)
2, 0w
o =) = = ) = = 4 = 2z 2
P _ PO _ PO) _ 2 20w

T3 =Ty = T3p = 15 16x2
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2 0w

P(1)

733(3 5”1%0)@

PU) _ (1) _ _P(1) 8 0w

1 =Tz =G = *Bﬂ o2
4 ’w

2.2. Fundamental relation of surface layers

The potential strain energy in the structure without surface effect is
extracted as follows [61]:

I
5/0 %(Tx:fffj‘i'fniun,i) 18)
0A

in which 7* is residual stress and the residual surface stresses are
expressed in Appendix B described as:

B = p® B (19)
o) _ ow(x)

2 20
=2 20
T,i(lm =)y PP e.;(lm Es 21
s(P) ow(x) 22
T3 ox (22)
€] = €n (23)

The comprehensive measure of potential energy within the model
can be explicated:

HTomI strain  energy

— UBqu + UAz'zualor + USensor (24)

Where strain energy included as surface layer and stress components
using SGT UBulk — U(B) + US(B)’ UActuator — U(A) + UgA)andUSemor — U(S) +
Uus.

In addition, Kinetic energy of the system can be evaluated [62]:

1 [* ow\’ Pw\’
(B) _ = 8 (Y ) (2"
T 2/0 {10 (m) L1 (am) dx (25)
1 (" ow Pw\’
(P) _ (DN il
T 2/0 {I" (az) +h (0x6t> dx

in which,

1= [ ppar®
A(B)

Iy = / ppdA®) 1Y) = / ppZ2dA")
AP) AP)

pp and p, are the densities of the model. The total Kinetic energy can
be simplified as:

= /  ppZ2dA®) (26)
AB)

HTmal strain  energy

— TBulk + T/\L‘mamr + TSen.ynr (27)

Where Kinetic energy included as surface layer and stress components
based on SGT TPuk — () 4 () pActuator — T(4) LT and TSensor =
TE + 1.

By utilizing Hamilton’s principle and the variation method, it is
possible to derive the governing equations of motion.:
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_ HTvml kinetic  energy )dl‘ =0 (28)

5]
S / (HTum[ strain  energy

1

The final equations of motion can be obtained by arranging the
variables yields as follows [60]:

3
ho + hl@ @
" h I 2 2
ow 7bE +§C“ b

12 3 3
(2 ()
S 2 2 5 s a a
+2c§-3b - 3 +HOIBAY 4 p@RA@
(b)le(b) +2ﬂ(b)le(b)
(a) 2 4 (a) RA 8 ®RA 8 @pA@ 4 8 RA
+2u A +2ub l 9 4 5/4 l 15/4 A 15” l
n? Byow g hg
Es(a)_ 2 =20 s a) E:(a)i E: l
+ b+ ( Y + 24) + 2 b+ )b
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3. Solution Methodology

This section explores procedure to vibration and control of micro
sandwich multilayer beam model based on SGT and surface theory. The
boundary cantilever micro-beam conditions of the structure and higher
order are expressed as [20,63]:

w(0) =0 (30)

0x3

N B N A A4 (V)
(W +p D+ ) (1O 1O 1) (2542 ) =

= (U +pl ) (1 + 19 + 1) (212 —12> 0(31)
(E(b) + E(d) + E(S) ) (I(b) + I(d) + I(“)) + (”(}’) +”(ﬂ) +”(l‘) ) (A(b)
+A@ 4+ AW)
- (213
8 2 2
gt )

Iw(L 4,\ Pw(L
;;(3 )4 (u® + p@ + ) (1® + 1@ +1<~*>)<21§+ng> (;;(5 ) _o

(E(b) + E@ 4 EW) ) ([(b) iy O O) )
+(ﬂ(b) +H(U) +ﬂ(3) ) (A(b) _;’_A(“) _;’_A(f) )

(213, %12 + 12>

2 4
dw(L) (W D 4 ) (10 1@ 4 10)) (21(2) +ﬂl§> IwlL) _

ox?

5 ox*

This study uses DQM to study the control and dynamic behavior of
structures. In this numerical solution, the corresponding differential
equation of construction is transformed into a series of linear algebraic
equations using weighting factors [3,64-66]. The weighted linear sum
of the function values in this coordinate direction is used as the grid
points’ derivative of the function. The development of the partial de-
rivatives of a function and the Lagrange interpolation basis functions can
be achieved [67,68]:

N
=Y CVf(x)i=1,2,..,N (32)
i=1
N N
T wi—x/ I] (w—x) G#))
W k=1 ki k=1 ki
c) = (33)
N 1
(i=1J)
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K=1
3 - (1) 4(2) - (2) 4 (1)
1
A'] :ZA Akj :ZA AkJ
K=1 K=1
@ N N
4
A =S APAD =3 a0
K=1 k=1
5 S (1) 4 @) S (1)
1)
A= ZAik Ay = ZAlk Ay
K=1 K=1
(6) N () 4 € N (5)
6 1 5 5
AP =D AYAY = A
k=1 K=1
where Cu 7( ) and (r) indicate the weighting coefficients, number of

grid points and the order of derivation, respectively. The selection of
grid points and weighting coefficients played a pivotal role in ensuring
the precision of the outcomes [69,70]. The grid factors are taken into
consideration through Chebyshev-Gauss-Lobatto relation as [71,72]:

il

i=1,2,..N (34)

The discretized equations can be expressed as:
ow : (A] +A2 +A3 +A12 +A13 +A14 +A15 +A16 +A17
N
+Ais + A + Az + B + By + B; + B + B}, + By, + Bs) ZAEE)WA'
1

N

+ (A21 +Ap + A +Axy + A +Ax) ZAEE)Wk

N
(A B+ B+ B) Y AP
1

+ (AS + Bfl + st + Bfﬁ

N
) DAL
1

u O w
Z:A,k wk<atz)+(A7)<ﬁ> =0
) ) N
8 (As + B+ B +B3) > AP wi + (Ag) (¢“) =0
1

N
8 = (A + Bl + B, +B3,) > AP wi+ (An) (9) =0 (35)
1

The coefficient of the above-discretized equations is explained in
Appendix C.

The discretized Eq. (35) and the related boundary conditions can be
presented into matrices using stiffness matrices [K] and mass matrices
[M] and Rayleigh damping matrix [C], respectively [18,73-75]:

(m{x } +1a{%} +K1(x}) = {F)
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Cl=a M+a [K]
M™ 0 0 W crCe oY W
0 0 04y o+ |Co0" o0 %% D,
0 0 0]|oy ctor  CcPofa Pt by
K™ K0 K" w
+| K% K%0%@ 0 D)
K20w 0 KP0%6) Dy
P
=19 fuw
0

(36)

The relevant equations for a cantilever sandwich micro piezoelectric
beam by using strain gradient theory and surface energy are expressed in
a compact matrix, where a;,@; and [K**], [K**]( = [K**]") and [K*?]
are Rayleigh coefficients and mechanical stiffness matrix, electrical

mechanical coupling stiffness matrix and piezoelectric permittivity
matrix respectively [50,76,77].

[M"’W]{W} + [ = [Pk KT [ {w
={P} - [K"*]{Pw} 7

{20} = [ K220 K" {w}

In this study design of LQR and LQI controller with the help of
MATLAB software have been completed. With assuming full state
feedback as Eq. (38), the control law is stated by [48,78-80]:

{2} = [A{z} + [Bl{®w } (38)
bl = [Col{a)
X=[z z|

o 0
A= - g }

[ 0

o= | e
=T o
BI= | " (r) }

[A], [B] and [B] are the system, control and disturbance matrices and
[Co] is output matrix, respectively. To control the deflection behavior
and vibration oscillation of the system, a linear quadratic regulator
(LQR) optimal control and linear quadratic integral (LQI) controller are
utilized [81,82]. Feedback control systems are outlined to acquire
indicated necessities for transient response, steadiness limits, or pole
positions in a closed control circle. The criterion function of LQR control
is [8,83]:

o 1
_} K _}systemv_}

_e=ry

q INTEGRATOR

Fig. 1. The LQI control scheme.
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J= / " (Y101} + VY RV e 39)

{Va} = = [G{z} = — R [B]" [P){z} (40)

where [Q] and [R] are a symmetric matrix for the control performance
and control cost. The R = rI and [Q] is presented as:

_ Wm0
e 0 WM “n

where [G,] is the control gain matrix and [P] is the positive definite
Riccati matrix of the truncated system[5]. It good to mention that the
LQR controller aims to minimize a cost function that represents the
trade-off between control effort and system performance[34]. The Ric-
cati matrix defined as:

[A]"[P] + [P][A]" — [P (B[R] [P] + [Co]"[Q][Co] = 0 (42)

The Riccati equation provides a connection between the state and
input matrices of the system and the optimal control law. Once the
Riccati matrix P is computed, the optimal control law can be derived by
solving for the control input u as:

LQI control systems are widely used such as dynamic positioning of
floating maritime platforms, electromechanical suspension control,
depth and course control of unmanned underwater vehicles, attitude /
position control of unmanned aerial vehicles [84]. The LQI scheme is
given in Fig. 1.

Plant applied to step state and output disturbances for LQI is
considered as [85]:

z= A1) +B,(1)V,
Vi =CZ+D,V, 43)

Where y' = S7'UTQY%y, As(t) = A(t), Bs(t) = B()R™V?V,, C;=
S 'UTQY? and Dy = 0.
Define the integration of tracking errors under the step reference [52,
86,87].
t
et = [=5(0)ar (44)

0

e(t) =r—d,—Cx(1)

Table 1
Materials and geometric properties of SGT microbeams integrated with piezo-
electric layers.

Parameters Bulk Piezoelectric
layer
Thickness H (um) 3 3
Length L (um) 450 450
Width b (um) 50 50
Young’s modulus E (GPa) 210 64
Mass density p(kg/m®) 2331 7500
Poisson’s ratio v 0.24 0.27
piezoelectric coefficients e31(C/m?) - -10
Dielectric permittivity €33 1.0275 x 1078
constant (C?/m?N)
Higher order parameters I(um) 17.6 17.6
Surface piezoelectric €, (C/m?) - 3x10°8
coefficients
Lame coefficients of surface /15(C/m2) 4.488 -4.488
layer
Lame coefficients of surface ,us(C/mz) 2.774 -2.774
layer
residual stress = (N/m) 0.605 0.605
Density of surface layer p,(kg/m?) 317 x1077 317 x1077
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With considering the above equations as a result, the system is
expanded [85].

x| [ A Of[x(r) B, d,
{é(z)} = Lc: o} [e(z) o M0+ 2
To solve the LQI design problem, we define an extended state vector
containing the integral of the meaningful output over time y}

(45)

t

= /ysdl

0
Z

o

1 r
minJ, = / {x’Qx+ (Vi) +v;

fo

dt

(46)

4. Results and discussion

In this section, the impact of controller simulation on SGT micro-
beam, in conjunction with a piezoelectric layer, is presented. The
vibrational behavior and suppression of SGT microbeams, which are
embedded in piezoelectric layers, are analyzed using LQR and LQI
controllers. For this task, the controller was numerically tested and
tracked using a MATLAB software application. The material and
geometrical properties are given in Table 1 [47,50].

4.1. Validation

Before investigation the controller design simulation for micro
sandwich beam model based on higher order theory, the equation of
motion should be verified; therefore, this section compares the results
obtained with other work by Kong. et al. [88] considering some quali-
fications. In addition, the results of MCST model are presented in a
previous study by the Khaje Khabaz et al. [50]. In Fig. 2, comparison of
the vibrational behavior of present simulation is displayed. Based on the
comparison with the analytical solution presented in reference [88] a
remarkable level of concurrence has been achieved between the current
findings and the aforementioned analytical results. This figure depicts
the accuracy of the GDQM for the first two vibrational modes of the
cantilever micro-beam integrated with piezoelectric layers, according to
the classical continuum theory. It is discernible that the precision of the
vibrational modes intensifies with an increase in the number of grid
points. Furthermore, the vibration mode shapes of the model are
demonstrated to be in favorable agreement with the associated

55X 10° Mode 1
.54& —=- Ref. Kong et al. (CT)
\ ~&-present work (CT)
451 —=—Ref. Kong et al. (MCST)]|
N o4t "\ ——present work (MCST)
SO B -=-Ref. Kong et al. (SGT)
5 3SR -A-present work (SGT)
& 3h\1}
= y
o Y
225\
T 2 \
2
S 154,
1
0.5

(=]

50 100 15
Thickness (/1,m)
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Table 2

Comparison of RMS based on different theories.
SGT MCST CT Parameters Initial condition
1.0106e-5 1.0113e-5 1.1490e-5 RMS 0.05 xL
2.423e-5 2.446e-5 2.757e-5 RMS 0.12 xL.

boundary conditions. This result is consistent with previous observation,
where the higher order theories were found to elevate the natural fre-
quency. Incorporation of these theories lead to an augmented assess-
ment of the system’s stiffness.

4.2. LQR controller design

Table 2 presents a comparative analysis of the numerical dynamic
response outcomes of the root mean square amplitude (RMS) of a micro
beam integrated with piezoelectric layers utilizing different higher order
theories. The comparative results were obtained by implementing initial
tip displacements of magnitudes 5% and 12% of the beam length. The
results compared with previous study presented by Khaje Khabaz et al.
[50] and as it clear by employing the SGT, leads to reduction, in the
maximum amplitude deflections parameter of the microbeam with
comparing by other theories. The aforementioned outcome can be
substantiated by the augmentation of the micro-beam stiffness matrix in
the SGT model.

To evaluate the efficiency of the proposed LQR controller, various
weighting matrices R are used. Fig. 3 shows the effect of various velocity
feedback gains on the tip deflection of SGT micro sandwich beam model.
The results are obtained by subjecting 1 N impulse at the tip of the
model and then the controller tuned. It can be found that with the aid of
using growing weighting matrix R, the end deflection of the reaction
system is decreased. It can be obtained that with considering the lower
weighting R matric, the dynamic deflection of generation of an active
damp structure is higher. From this data, one may deduce that an in-
crease in micro-beam length results in a decrease in natural frequency
sensitivity.

Fig. 4 illustrates the impact of utilizing the optimal control voltage
on the stabilization duration of the SGT micro sandwich beam model.
Using feedback gain results in transient suppression and model ampli-
tude suppression. As illustrated, with increasing the weighting matrix R
the settling time of model and control voltage of actuator will be
decreased. Comparison results of present study and the last study given
by Khaje khabaz et al. [50] show that maximum control voltage related
to SGT model has higher magnitude. Also, better call for control enters
voltage and the voltage control cause lowering the dynamic reaction

35 «10° ' Mode 2 ‘
3.25 %‘ —a- Ref. Kong et al. (CT)
3t 4 ~&-present work (CT)
275+t ! —=—Ref. Kong et al. (CST) ||
2514 —2—present work (CST)
2.251 Y -8 -Ref. Kong et al. (SGT)H
2R\ -4A-present work (SGT)

150

50

. 100 200
Thickness (um)

Fig. 2. Comparison of the vibrational behavior of present simulation and Kong et al. [88].
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Fig. 6. Effect of CT, MCST and SGT theories on the variation of maximum voltage versus stabilization time.

velocities. To achieve rapid attenuation of vibration within a limited
time frame, it is advisable to reduce the weighting matrices R.
Conversely, increasing the weighting matrix R will result in a heightened
feedback voltage signal on account of the peak value of the model
displacement.

Fig. 5 displays the time-history responses of the energy control
voltages in various conditions of r parameter of LQR actuator. From this
figure, can be found that decreasing the r values of actuator can improve
the vibration control effect apparently and increase the control voltage
of system. However, due to the energy limitation and the structural
condition, the energy of actuator cannot be increased infinitely. The
results lead to the conclusion that the material length scale parameters
hold considerable impact on the dynamic frequency and response of the
model in small scale. This occurrence can be attributed to the increase in
stiffness matrix of strain gradient and surface effects, which leads to a
growth in the model’s bending rigidity. Consequently, the amplitudes

in comparison to that of the MCST and CT models. In other words, an
increase in the stiffness of the model corresponds to a heightened
requirement for voltage, while simultaneously reducing the stabilization
time. It ought to be noted that, by taking into account the structural
damping coefficient, the maximum control voltage increases when uti-
lizing the SGT. As is evident, the total stiffness of the model becomes
larger than that of its classical model. Therefore, the augmentation of
model stiffness should contribute to an enhanced frequency and greater
stability. Moreover, the velocities of dynamic response and settling time
are significantly reduced in the model based on MCST. This increase in
the maximum control voltage is attributed to the augmentation of the
stiffness matrix, which is due to the increase in the length scale
parameter effect. Furthermore, it can be inferred that the effect of the
length scale parameter is also amplified. It is noteworthy to mention that

shift towards lower magnitudes and a significant increase in frequency is Table 3
observed, in comparison to the MCST and classical theories. Various values of R, Q and I parameter of SGT micro sandwich beam model.

For the purpose of conducting a comparative analysis, this study R 0 I
investigates the impact of maximum voltage on the settling time with 3
respect to the CT, MCST, and SGT excitation theories as depicted in :52‘12 1 ?i 183 2
Fig. 6. The maximum vibration damping associated with the SGT micro Sys.3 0.1 10 6
sandwich beam model is also presented in this figure. These observed Sys.4 5 10 6
phenomena can be rationalized by the higher stiffness of the SGT model Sys-5 10 10 6
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Fig. 7. Effect of the LQI tuning on the tip deflection of the SGT micro sandwich model.
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the dynamic response of the system and the settling time are signifi-
cantly reduced in the SGT model.

4.3. LQI controller Design

The present study demonstrates the variation of the control voltage
in response to different weighting matrices R for a micro-beam equipped
with piezoelectric actuator and sensor layers, situated on the top and
bottom surfaces, respectively. This behavior is analyzed using the SGT
under transient excitation. Controlled responses of the LQI tuning on the
tip deflection of the SGT micro sandwich model shown in Fig. 7. As it can
be concluded, the LQI tuning has a significant effect on the dynamic
response of the micro-beam. In this case, LQI indicates a bit higher
settling time in evaluation to LQR. It can be visible that with a lower in r
ratio of the controller, the shape turns softer and the dynamic deflection
of the device increases. In addition, with tuning the LQI to middle
thickness ratio of the sandwich shape, the dynamic amplitude may be
decreased. Additionally, it is observed that the input voltage is a func-
tion of the piezoelectric actuator layer. Our investigation shows that the
LQI control approach is an effective method for controlling the vibra-
tion, as the optimal gain is obtained by minimizing the cost function.

Table 3 was used to evaluate the effect of the R, Q, and I parameter
values on the SGT micro sandwich model. Fig. 8 shows the results of
various adjustments to the LQI for the step and pulse diagrams of
different cases of sandwich micro beam model. It is evident that an in-
crease in the cost and quality factor matrixes leads to an elevation in the
natural frequencies of the structure. This phenomenon can be attributed
to the enhancement of mechanical properties of the piezoelectric ma-
terial through the incorporation of microbeam, consequently augment-
ing the stiffness of the structure. In addition, Fig. 9 shows the effect of
various adjustments of the LQI controller on the Bode plot of the SGT
micro sandwich beam model. As can be seen from the improved per-
formance and cost matrix, the mechanical properties of the piezoelectric
material are improved, the rigidity of the structure is increased, and the
natural frequency of the structure is increased.

Fig. 10 illustrates the effect of the LQI controller on the dynamic
deflection of a micro sandwich beam with a CT, MCST, SGT piezoelectric
actuator and sensor layer. All the results presented consider the LQR
controller parameters R= 1 and Q=5 x 10°. As can be seen, considering
the controller, the dynamic deflection of the CT micro-beam model is
higher than when size-dependent theories such as MCST and SGT are
used. In other words, using SGT reduces the dynamic displacement of
the micro- sandwich beam model by about 29%. This is due to the in-
crease in the stiffness matrix of increasing the periodic scale parameters
related to the higher order theory. In addition, the SGT model requires

Structures 60 (2024) 105880

significant reductions in dynamic reaction speed and settling time.

The amplitude of the excitation deflection is changed in the LQI
controller to obtain different oscillatory displacements at the model with
negative amplitude. The corresponding processes and results of the vi-
bration suppression of LQI controller model by using on higher-order
elasticity and surface theories are presented in Fig. 11. It can be ob-
tained as the length scale material weight of the SGT decreases to the
model the maximum of dynamic amplitude factor occurs in lower values
of the deflection. It also can be concluded that the comparing control
voltage in present study which predicted by the strain gradient elastic
beam theory, is more than those of MCST and CT model that given by
Khaje khabaz et al. [50]. Therefore, the LQI controller can effectively
suppress the vibration and minimize tracking errors and controller effort
of micro sandwich model.

Furthermore, as the length ratio is augmented, it results in note-
worthy attenuation in dynamic systems and vibration suppression. This
decline is associated with the stiffness matrix of the model. The impact
of material length scale parameters I;can be attributed to SGT.The
aforementioned figure demonstrates that when the strain gradient the-
ory is taken into account, the stiffness of the model is enhanced and the
amplitudes are displaced towards smaller magnitudes.

5. Conclusion

The current investigation was focused on the modeling and dynamic
regulation of a multi-layer sandwich composite piezoelectric micro
beam utilizing the higher-order elasticity theory and surface energy. In
addition, present study demonstrates that the cantilever microbeam
model has a stabilizing effect based on the comparison of results. Within
this inquiry, the ensuing noteworthy observations were garnered from
the research:

e From this work, we can conclude that the dynamic deflection of the
micro-beam model in CT is higher than when using size-dependent
theories such as MCST and SGT, taking the controller into account.
In other words, using SGT reduces the dynamic deflection of the
micro-beam integrated with the piezo layer by about 29%.
Utilizing the LQR and LQI method, dynamic vibration control can be
strikingly effective in vibration decrease. In addition, LQL can
satisfactorily satisfy the tracking issue
e The dynamic deflection for LQI simulation is lower and faster than
LQR model.
e The dynamic response speed and settling time of the SGT model are
greatly reduced by increasing the stiffness matrix.
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Fig. 11. LQI tuning time response of the micro sandwich beam model for CT, MCST and SGT theories.
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e The comparing of control voltage shows that this parameters in
sandwich sensor and actuator piezoelectric micro system based on
strain gradient elastic beam theory, is more than those of model of

MCST and CT.

By considering SGT model the settling time of the system increase

because the stiffness of model increase. Also, by increasing the
stiffness, the settling time of the system decrease. Subsequently the
maximum voltage increases in SGT, therefore the vibration of the
structure is damped faster. It is important to note that the maximum
control voltage increases when the structural damping coefficient is
taken into consideration and the SGT is employed. This increase in
the maximum control voltage can be attributed to the effect of the
length scale parameter, which increases the stiffness matrix.

Appendix A

The relation of SGT can be defined as:
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Appendix B

The surface Gurtin-Murdoch continuum theory can be expressed [89] as:
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e Both the SGT and MCST incorporate material length scale parame-

ters associated with symmetric rotation gradients subjected to clas-
sical stiffness. Consequently, the total stiffness of the model becomes
larger than that of its classical counterpart, resulting in improved
frequency and enhanced stability. Moreover, the model based on
SGT exhibits significantly reduced dynamic response velocities and
settling time.
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