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1. Introduction

Abstract. One of the methods of force/moment exertion on micro beams is utilizing
piezoelectric actuators. In this paper, considering the effects of the piezoelectric actuator
on asymptotic stability achievement, the boundary control problem for the vibration of a
clamped-free micro-cantilever Timoshenko beam is addressed. To achieve this purpose, the
dynamic equations of the beam actuated by a piezoelectric layer laminated on one side of
the beam are extracted. The control law was implemented so that vibrations of the beam
could be decayed. This control law was achieved based on feedback of time derivatives of
boundary states of the beam. The obtained control was applied in the form of piezoelectric
voltage. To illustrate the impact of the proposed controller on the micro beam, the finite-
element method and Timoshenko beam element were used, and then simulation operation
was performed. The simulation shows that not only does this control voltage reduce the
vibration of the beam, but also the mathematical proofs proposed in this article are precise
and implementable.

(© 2018 Sharif University of Technology. All rights reserved.

trostatic and piezoelectric actuators can be mentioned.
Electrostatic actuators have so many applications such

Nowadays, micro systems are one of the most useful
tools in science and technology that are given special
importance and status. The main function of these
systems is based on the deformation of a beam at micro
scale. Therefore, studying dynamic characteristics,
behavior and control of the micro beams is of great
significance.  For example, using micro beams in
Atomic Force Microscopy (AFM) [1], micro switches,
mass sensors, micro-accelerometers, micro mirrors, de-
termining a suitable position for construction at micro
scale, Grating Light Valves (GLV) [2], can be noted.
For deforming micro beams, a suitable actuator
is required. Among the most common actuators, elec-
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as Grating Light Valves (GLV) [2]. Another common
category of actuators is piezoelectric actuators which
are used for micro beams excitation. These actuators
are made of piezoelectric materials. One of the most
important properties of piezoelectric materials is their
deformations caused by applying electric potential
field. This property is used in piezoelectric actuators.
In this method, a piezoelectric layer is attached to the
micro beam. Since there is a constraint between this
layer and the micro beam, increasing the length of the
piezoelectric layer, due to applied voltage, will cause
bending and deformation on the beam [3]. This method
of stimulation is the basis of atomic force microscopy
and is considered as the most effective tool in surface
topography nowadays. The main application of this
tool is the study of surface properties and manipulation
of materials in nanoscale, surface modeling, assembling
nanoparticles, and their communication [4-6].
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Many studies on modeling micro beams and their
associated applications have been performed; Grating
Light Valves modeling is one example in which the
micro beam works by an electrostatic excitation [7],
and micro pump modeling is another instance where
the micro beam is used as a displacement creator
operator [8].

Many studies have been done in the field of micro
systems analysis which include the study of the ideal
micro beam model behavior [9,10] and that of vibration
analysis of beams [11,12].

In addition to the issues raised in the modeling
and analysis of micro beams, there have been com-
prehensive studies on control of beams. Based on
the application where the micro beam is used, the
target for the control of micro beam may change. For
example, if the beam is used as a micro switch, the
target would be the position control of the end of
beam [13]. Moreover, atomic force microscopy can be
considered as another example. Since the set of atomic
force microscopy works in their resonant mode, the
control objective is vibration control of the beam in
their resonant mode [14]. Another important objective
of control that is considerably significant in the control
of micro beams is controlling the shape and position
of the beam. For example, this issue has particular
importance in the static atomic force microscopy [15].

Conventional control algorithms are usually suit-
able for controlling systems that have Ordinary Dif-
ferential Equations (ODE). Such algorithms are not
appropriate for continuum systems, such as beams and
membranes. For this purpose, governing equations
should be converted to ordinary differential equations
in the vibrational modes, and then they would be
controlled [3,16]. In contrast, in boundary control
algorithm, the system is considered as a Partial Differ-
ential Equation (PDE) where the controller is applied
onto the boundary of the system and can change
the response by changing the boundary conditions of
the system [17-19]. In this method, the boundary
parameters are changed in such a way that the desirable
behavior of the system is achieved eventually [20-
25]. This method may have a variety of applications
in industry since the system is actuated only by
its boundary and the controller is used only by the
measured data from the boundary. For example, this
method has been used to control the flexible marine
riser [26-28] and flexible articulated wings on a Robotic
Aircraft [29].

In this paper, boundary control of a clamped-
free micro-cantilever Timoshenko beam with the aim
of vibration suppression is considered. The actuator is
a piezoelectric layer attached to the beam. Considering
the effects of piezoelectric actuator, a boundary control
is obtained which guarantees the asymptotic stability
of the system. In this case, it is assumed that the

piezoelectric layer is ideally attached to the beam.
In the second section, the dynamic equations of the
system are derived. In the third section, a linear
control law based on the theory of boundary control
is constructed to suppress the system vibration. In
the fourth section, Finite-Element Method (FEM) is
utilized for modeling the system. Simulation results
before and after applying the control law are presented
in the fifth section. Finally, conclusion is given in the
last section.

2. Model dynamics

A clamped-free micro-cantilever Timoshenko beam is
presented as the inspected beam to which a piezoelec-
tric layer is ideally attached. h® is the beam thickness,
hP is the piezoelectric thickness, L is the length of
beam, and b is the width of beam, as shown in Figure 1.

Kinetic energy, 7', and strain energy, U, of beams
are achieved by Egs. (1) and (2):

1L
T=3J (Av® + Cay?) da, (1)
0
1/ v, )
U:ig 833hp’LL kiogzu — Day
— B(v, — a)2> dz. (2)

Partial differential equations of Timoshenko beam with
a piezoelectric layer and boundary conditions obtained
from the Hamilton principle with a little modification
are given in [16]. A modification is made to the
equations, that is, no external force has been entered
into the system. The resulting equations are as follows:

Avip — B (Ve — ) =0

{Catt —Day, — B, —a)=0 3)
a(0)=0
v(0)=0

v (1) —a(l)=0

where 2 and t indicate the independent spatial and time
variables, respectively, v(z,t) represents the lateral

h?
SN

-

L

Figure 1. A schematic view of the beam with
piezoelectric actuator and some geometric parameters [16].
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Figure 2. The coordinate system and variables of
micro-cantilever Timoshenko beam [21].

deflection, and «(x,t) denotes the rotation of line
elements along the centerline due to pure bending.
The parameters and variables of Timoshenko beam are
shown in Figure 2. Furthermore:

A = pPhPUP + pPhbbP

B=4 (k’pc§5hpbp + k’bCQShbbb)

C = pPI? + phI (5)
D=c e+t 1

— P |Hp
kl = elgzmb

In Egs. (3) and (4), subscripts z and ¢ indicate deriva-
tives with respect to position and time. Moreover, in
Eq. (5), superscripts p and b indicate that the desired
parameter is related to the piezoelectric layer or beam;
2P denotes the distance between the middle line of
the piezoelectric layer and neutral axis of the beam,;
I® and IP denote the second moment of area of beam
and piezoelectric layer; p® and p? denote the density
of beam and piezoelectric layer, c11, ¢s5, and eq3 are
piezoelectric coefficients, and k' is the shape factor. For
the rectangular cross-section, the value of shape factor
will be obtained as follows [30]:

,10(14v)
T 1241107

where v is the Poisson ratio.

u(t) is the piezoelectric voltage in boundary con-
dition (Eq. (4)) while, herein, it is the controlling force.
The voltage appears only in the boundary condition,
since it is assumed that the electrodes are attached
perfectly and consistently onto the piezoelectric layer.

The main goal is designing a boundary controller
for Timoshenko beam with the piezoelectric layer
whose equations have been obtained in this section.
In the next section, the boundary controller will be
designed.

(6)

3. Controller design

The purpose of designing a vibration suppression con-
troller is to stabilize vibrations of the system caused
by initial velocity or displacement of the micro beam.
Some conventional methods are available to design
a controller for a system whose governing equation
is partial differential equation; one of these methods
is to convert these equations into several ordinary
differential ones. In this case, practically, the main
model changes, some information derived from the
system may be lost, and the system is investigated only
in a few specific modes. In contrast, in the method
used in this paper, the controller is designed without
changing the equations of the system by considering the
Lyapunov theory and using boundary control method.

3.1. Boundary control

Knowing well-posedness of the closed-loop system has
great importance in this investigation, especially when
a boundary control is used for eliminating the system
vibration. Therefore, in this case, well-posedness of the
controlled clamped-free micro-cantilever Timoshenko
model should be investigated. To this end, semigroup
technique and operator theory should be used. After
that, the asymptotic stability of the closed-loop system
will be proved by utilizing the Lyapunov stability
method and LaSalle’s invariant set theorem.

For boundary controller design and well-
posedness analysis of the controlled system, the PDEs
model of Eq. (3) should be obtained in the state-space
representation as follows:

Xt = [A]4><4X. (7)
In Eq. (7):
v
I
x= "] (3)
Qt
0 1 0 O
a, 0 ao, O
b, 0 a, O
and in Eq. (9):
_ B &*
v = Z@zza
B
Ao = ~ A9z
b 55° (10)
v = Cox
p. =D B
a = Cazz  C

In Eq. (7), matrix A is defined as the PDE’s operator
of the problem. To achieve our control target, a
proper functional space and its corresponding inner
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product should be defined due to the kinetic and strain
energies of the system represented in Eqs. (1) and (2).
The appropriate functional space for our problem in
occupying region 2 is chosen as follows:

V = H2(Q) x L*(Q) x H2(Q) x L*(Q),

where LP(Q) is a Lebesgue space (space of functions
with the property of [fQ|f|pdu]1l’ < o0); HF(Q)
is a Hilbert space that addresses Sobolev space,
W*2(Q), of functions W*3(Q) = H¥(Q){f : D*f €
L?(Q),for all 0 < a < k}, where D®.f is the ath-order
weak derivative of function f [31]. The corresponding
inner product introduced in Hilbert space V has the
following form:

1
(Y, 2) ZQé(Aazbz + Casbs + Daz.bs,

+ B (alx - ag) (blw — bg)) dQ, (11)

where Y = (0/17 a9, as, 0/4)7 Z = (b17 bg, bg, 1)4)7 and a;, b,‘
for ¢+ = 1,2,...,4 are scalar-valued functions defined on
Q, where aj,bj € H2(Q), 7 =13 aj7bj € LQ(Q),
j =2,4. Eq. (11) can be used to define the mechanical
energy of closed-loop system. The target of this
investigation is to show that System (3), with boundary
conditions of Eq. (4), which appeared in the following
equation under boundary feedbacks, is well-posed and
has an asymptotic decay rate:

u (t) = kyoy (L) . (12)

In Eq. (12), k, is the controller gain and has a positive
value. This controller is applied to piezoelectric layer
as voltage to reduce vibrations of Timoshenko micro
beam.

The state space representation of the system in
Egs. (3) and (4), under boundary controllers shown in
Eq. (12), is summarized as follows:

Iy:2=0—-v=v,=a=a, =0
T :2=L — a, (L)=—%u(t),v, (L)=a(L) (13)

Considering operator A and boundary conditions of
the system in Eq. (13), the domain of operator A is
determined as: D(A) = Hp () x H*(Q) x Hp () x
H?(Q) and:

Hléo(Q>:{f:f€H4(Q)7f|Fo:fz|Fo}‘ (14)

To illustrate well-posedness of the controlled system
expressed in Eq. (13), first, it should be demonstrated
that operator A is a dissipative operator.

Theorem 3.1. Linear operator A, whose domain is
defined in Eq. (14), is dissipative.

Proof. From the definition of the inner product in
Eq. (11), we have:

1L
(X, X)), =3 / {Ath + Cay? + Do,
0

+ B(vy — a)z} dz = E(t). (15)

The following result is achieved after applying the
time derivative to the above-mentioned positive defi-
nite function which can be considered as a Lyapunov
function:

d L
$<X7X>V :2<AXY7 AX)V = g|:AVttVt + COétOétt

+ Doy + B (ve —a) (Var — at)} dx.
(16)

By replacing vy and ay from Eq. (3), we have:

1L
(X, AX), =3 / {Byt (Vaw — Q)
0
+ ay (DozM + By, — Ba) + +Dagoy:

+ Br,v, — Bryoy —Bocuzt—l—Bozoct} dx.
(17)

With arranging Eq. (17), we have:

1L
<X7 AX>V :ﬁ Of |:B [(VtVa:z + UzVa:t) + (—Oéxl/t - (l%Vzt)]

+ D (g, + aram)] dx. (18)

Performing some integration by parts, the following
results are achieved:

1
(X, AX) = 3 [Bviv, — Bria + Da,ay] |£, (19)

(X, AX), :% But (L) v, (L) — By (0) v, (0)
— By (Lya (L) 4+ By (0) a (0)
+ Doy (LY ay (L) — Dag (0) ag (0) .

(20)

By applying the boundary conditions of Eq. (4), we
have:

(X, AX), = — ko (L) u (). (21)

Finally, by applying boundary control laws of Eq. (12),
the following result can be obtained:
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C&AX%:—%hhaf@y (22)

According to Eq. (22), it is concluded that (X, AX)y <
0 for the closed-loop system of Eq. (13). Thus, from
the definition of the dissipative operators [32], the proof
will be completed.[d

Theorem 3.2. The operator (7] — A)~! exists and
is continuous for any v > 0.

Proof. We consider the following equation:
(11— A4)X = Xp. (23)

For demonstrating the existence of the operator (vI —
A)~L it is sufficient to show that there is only one
solution to Eq. (23). By applying the result of
Theorem 3.1 illustrated in Eq. (22), we have:

(v - A)X7X>v = <’VX7AX>V - <AX7X>V
=X, X)y, + %klkuatz (L)

> (X, X)y =7 IIX]7 (24)

With the above result, it is concluded that the bilinear
form a with the definition of a(u,v) = {(yI — A)u,v) is
coercive on the Hilbert space, V. Now, using the Lax-
Milgram theorem, one can easily prove that Eq. (23)
has a unique weak solution, and so the operator (vI —
A)7L exists [33,34].

It is shown that the operator (yI — A)~! is
bounded and, as given in [31], it will be continuous.
Thus, in order to complete the proof, it is sufficient
to show that the operator (yI — A)~! is bounded. As
shown, Inequality (24) is attained from the dissipativity
of operator A. Now, one can conclude that:

YIXIT < (3] = A) X, X)y, = (X0, X)

< I Xolly 1X1y = 1 Xolly Z Y1 Xy (25)

So, ||X||v is bounded when || Xo||v is bounded and the
proof is completed.[

Theorem 3.3. The set of Eq. (13), with the initial
condition X (¢ = 0) € D(A), is well-posed.

Proof. Since the closure of function space, D(A), is
HY(Q) x H3(Q) x HY(Q) x H?(Q) C V, it is clear
that D(A) is dense in V. It is evidential that range
of (7T — A), R(vI — A) = V is dense in V. Also,
according to Theorem 3.2, (yI — A) has a continuous
inverse (yI — A)~! for any v > 0. Therefore, according
to the definition of resolving the set of an operator [32],
~ is in the resolving set of operator A.

As shown in Theorem 3.1, it is demonstrated that
operator A is a dissipative operator. Therefore, based
on the Lumer-Phillips theorem [34], the system pre-
sented in Eq. (13), containing the boundary controllers
of Eq. (12), with any initial condition X (¢ = 0) €
D(A), is well-posed.O]

The asymptotic stability of the closed-loop system
is achieved using LaSalle’s invariant set theorem, which
is based on the Lyapunov method. For this target, first,
it is required to show that the operator (y/ — A)7! is
compact for any v > 0 [35].

Theorem 3.4. The operator (yI — A)~! is compact
for any v > 0.

Proof. It should be proved that the operator (vI —
A)~! is bounded for any v > 0 [32]. This subject is
shown in the proof of Theorem 3.2. Also, it is obvious
that:

(v —A)'V e D(4) = D (A4). (26)

Since the closure of (vI — A) 7V is H4(Q) x H?(Q) x
H*(Q) x H%(Q) and this space is compactly embedded
in H2(Q) x L*(Q) x H?(Q) x L*(Q) [32], according to
Rellich-Kondrachov compact embedding theorem [32],
the compactness of the above-mentioned resolving set
is obtained and the proof will be completed.(I

Now, the proof of the asymptotic stability of
the closed-loop system using LaSalle’s invariant set
theorem would be performed.

Theorem 3.5. The states of the closed-loop system
of Eq. (13) with the boundary feedback control laws of
Eq. (12) will tend asymptotically toward zero.

Proof. We introduce the following Lyapunov func-
tional candidate, which is the mechanical energy of the
closed-loop system, E(t) = (X, X)y > 0. As shown in
the proof of Theorem 3.1, time derivative of the above
functional is derived as:

E(t) = —kikya? (L), (27)

where the superimposed dot indicates differentiation
with respect to time ¢. One can easily see from
Eq. (27) that E(t) < 0. Accordingly, function E(t)
admits the requirements of a Lyapunov function. At
this step, because of the compactness of resolving
(vI—A)~! proved in Theorem 3.4, the LaSalle invariant
set theorem [35] gives the asymptotic decay rate of the
controlled states, and the proof will be completed.[

In this section, stability of the Timoshenko beam
with piezoelectric layer has been proved. Mathematical
proof is sufficient for showing the asymptotic stability
of the proposed controlled system. However, numerical
simulation has been presented to show the accuracy
and applicability of the proposed method.
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4. Finite-element model

This section discusses the issue of modeling the beam
by considering the Timoshenko beam element. It is
assumed that the element has two nodes, and each node
has the following variables:

[v a].

v and «a have the following polynomial forms:

vV =cC1 + Ccox (28)
O = C3 + C4X

Eq. (28) can be written in a matrix form as in Eq. (29):

C1
vl {1 = 0 0 |eca| _ I
M_[o 0 1 x} c3 =9C=gh"q
Cq
—1
1 0 0 0 ”
o0 1 0 o|
=901 L. 0 o0 v | =N (29)
0 0 1 L. Qo
For obtaining constant parameters ¢;, ¢ = 1,....4,h

matrix in two points x = 0, L, is defined. In addition,
L. indicates the length of the beam element.

In Eq. (29), N is the shape function and will be
defined as in Eq. (30):

H 0 Hy 0

0 H, 0 H| (30)

N:ghlz[

H; i=1,2, is defined as in Eq. (31):

Hi=1-1 (31)
HQZL

L.
By using kinetic and strain energy of Systems (1) and
(2), and variational method [36], the mass, stiffness,
and force matrices will be obtained as in Eqgs. (32)-(34),
respectively:

e

L
K., = [(B,"DB; + B," BB,)dxz, (32)
0
L.
M, = [(D1"AD, + D,'CD,)dz, (33)
0
L. 1]
F, = ({ —51@1UBIT dz. (34)

As a result, D; and B;, i = 1,2, are:

Blz[o %]N
BQ:[% _1]N
(35)
D1:{1 O}N
DQZ[O 1]N

By replacing and integrating matrices, Eqgs. (36)-(38)
will be obtained as follows:

[ B B _B B ]
L. 2 L. 2
B D BL. B BL. D
2 .t 35 T3 T T IL
Ke = I (36)
_B _B B _B
L. 2 L. 2
B BL, D B D BL,.
| 2 6~ 1. —2 1.t 75
AL, 0 AL, 0
3 CL. 6 CL.
0 3 6
M. = AL, 0 AL, 0 |- (37)
6 CL. 3 CL.
0 6 0 3]
_ 0 3
kU
2
F. = (38)
0
kU
L 2 J

Here, we assume that ten nodes for our system and
matrices M, K, and F' will be obtained by assembling
the matrices given by Egs. (36)-(38). Time evolution
of the system will be obtained by numerical integration
of Eq. (39) as follows:

[M] {4} + [K]{q} = {F}. (39)

5. Simulation

In this section, the simulation operation with regard
to System (1) has been performed with boundary
condition in Eq. (2). A proper control gain obtained
from trial and error which has a suitable settling
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Table 1. Material properties of silicon dioxide for beam and PZT for actuator.

Material
SiO- PZT
Density (p) (kg/m?®) 2200 7700
Poisson coefficient (v) 0.17 0.31
Young modulus of elasticity (E) (GPa) 73 71
Piezoelectric constants (10-12 C/N) - ds1 =175
dsz = 400
dss = 580
Relative permittivity 3.9 1700

time and transient response is considered as k, = 0.2.
It should be mentioned that by increasing the value
of controller gain, vibrations of the beam decrease

governing equation of the system will become non-
dimensionalized:

b

) . . 5 b _ 5.
rapidly; however, it causes numerical problems due T=F p= ZT €13 = Zﬁ
- . . . O
to stlffness of equatpns and severe slopes in Veloc.1ty L=1L pr= %b & = pblcziéwl
and displacement variables, which affect the simulation bbb pp_I" & _ o (41)
. . . =7 =17 C2= rrsoT
results. Indeed, k, = 0.2 is the most suitable gain, = L - e ° Lu;j’llg
which can be utilized in our simulations without any hP = P=1 u= Pl L3w?2
. . . L. . . ~ b ~
numerical difficulty. A silicon dioxide micro cantilever =100 & = S =ty
L v pPL2w?

with a PZT layer laminated on one of its side is
considered as a case study. The physical characteristics
of the beam and piezoelectric layer can be found in
Table 1 [2,16,37]. According to Table 1:

3
€13 = ngich- = -3.621 C/m2 (40)
1

The geometry of the piezoelectric layer and beam is
given in Table 2 [16].
Using the following definitions of parameters, the

Table 2. Geometrical dimensions of beam and
piezoelectric layer (all in pm).

Considering that there are ten nodes in the beam and
utilizing the information available in Tables 1 and 2, 40
ordinary differential equations should be numerically
solved at the same time. At first, it is assumed that no
force enters to the system, and in Eq. (39), F' matrix
is set to zero. The micro beam behavior is shown
in Figure 3. Then, it is assumed that the system
is closed loop, and there is controlling force on the
beam obtained from the piezo-electric actuator. The
behavior is shown in Figure 4. The control signal is
used as the piezoelectric voltage shown in Figure 5.

As it is clear, after applying the control action,
vibrations of the system are suppressed and the system
becomes asymptotically stable.

Beam length (L) 90
Beam thickness (k) 10
Beam width (b°) 30 6. Conclusion

Piezoelectric thickness (h?) 10
Piezoelectric width (b7) 30

In this paper, the governing partial differential equa-
tions and corresponding boundary conditions of micro-

1.0.. 1.5+

1.0 4.
0.5 0.5
=
N 0.0 0.0

X/L 40 . ed BIME

(2)

m150

50
N ormaliZ®

x5 4 tme

(b)

Figure 3. Open-loop response of the micro beam: (a) Lateral deflection v(z,t) and (b) rotation of line elements along the

centerline a(z,t).
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50
N O(ma\\z

ed 1€

()

150
100

ed 1IME

' 50
X/L .
/ 400 Normal?

(b)

Figure 4. Closed-loop response of the micro beam: (a) Lateral deflection v(z,t) and (b) rotation of line elements along

the centerline a(z,t).

Control voltage

0.025

0.020F

0.015}F

0.010

0.005

u(t)

0.000

-0.005

-0.010F

-0.015 1 .
0 50 100 150

Normalized time

Figure 5. Control voltage u(t) = kyo(L).

cantilever Timoshenko beams were obtained. Trans-
verse vibration of the micro beam was stabilized by
designing proper boundary control laws. This control
law was achieved from the feedback of time deriva-
tives of boundary states of the beam. The obtained
control was applied in the form of voltage of the
piezoelectric actuator. Boundary stabilization was
investigated using the Lyapunov stability method and
LaSalle’s invariant set theorem. To demonstrate the
performance of the designed controllers via numerical
simulation, the finite-element method was used to
simulate the open-loop and closed-loop systems. In the
FEM, the Timoshenko beam element was used. At the
end, computer simulation results verified the achieved
theoretical results of this work.
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