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Abstract

Position controlling with less overshoot and control effort is a fundamental issue in the design and application of micro-
actuators such as micro-positioner. Also, tracking a considered path is very crucial for some particular applications of
micro-actuators such as surgeon robots. Herein, a proportional-integral—derivative controller is designed using a feed-
back linearization technique for path tracking control of a cantilever electromechanical micro-positioner. The micro-
positioner is simulated based on a |-degree-of-freedom lumped-parameter model. Three different paths are considered,
and the capability of the designed controller on the path tracking with lower error and control effort is investigated. The
obtained results demonstrate the efficiency of the designed proportional-integral-derivative controller not only for

reducing the tracking error but also for decreasing the control effort.
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Introduction

These days, many scientists, as well as researchers, have
devoted themselves to the quest of micro/nano-electro-
mechanical system (MEMS/NEMS) technologies
because of its astonishing potential in the field of fun-
damental research, as well as application in industrial
engineering. Micro-positioner is an MEMS device that
can utilize for positioning, orienting, and applying a
force in various branches of science and engineering.'
Micro-positioners have been used widely in the differ-
ent miniature structures, including but not limited to
scanning tunneling microscopy, atomic force micro-
scopy, and ultrahigh-density probe storage systems.” *
There are several actuation techniques in the micro-
positioners, such as electrostatic, electromagnetic, elec-
tro-thermal, and piezoelectric. Among these methods,
electrostatic actuation is the most popular mechanism
due to its simplicity, small actuation voltage, and as it
requires limited mechanical components.” Electrostatic
actuation usually relies on parallel plate capacitors.
This actuation technique does not manufacture from
special material such as piezoelectric or exited by

external fields like electromagnetic. The sole require-
ment is the voltage difference, which is available in all
electronic circuits. It is worth to note that the operating
range of the micro-positioner is limited by the pull-in
phenomenon. By applying a voltage difference between
moveable and fixed electrodes, the electrical force
moves the moveable part toward the fixed plane. At a
critical voltage known as “pull-in voltage,” the electri-
cal force overcomes the mechanical restoring force,
which results in additional deflection of the moveable
electrode. This leads to an increase in electrical poten-
tial in a positive feedback loop. Previous researchers
have studied the pull-in instability threshold and inves-
tigate the impact of the various physical phenomena on
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the pull-in voltage and pull-in deflection of nano-actua-
tors.>”?

Control techniques might be employed to avoid the
undesired outcomes of pull-in instability and improve
the performance of a micro-positioner. An electrostatic
MEMS can be controlled by a voltage'®'® or charge
source."* The voltage control not only has a well-
known dynamic but also its complexity is less than
charge control. Various linear and nonlinear control
approaches have been presented by the previous
researcher for MEMS.'® Tzes et al.'” used a 1-degree-
of-freedom (1-DOF) model to simulate the behavior of
a capacitor micro-actuator. They neglect the fringing
field effect and design a multi-parameter H., controller
to control the displacement of micro-actuator. Vagia
et al.,'® from 2006 to 2013, developed numerous con-
trollers for controlling the deflection of electromechani-
cal micro-actuators, including, intelligent robust
controller, robust proportional-integral-derivative
(PID),'” and robust adaptive.'® A linear parameter-
varying methodology is employed for controlling an
electrostatic micro-actuator in Shirazi et al.'*> Recently,
some researchers focus on the suppression of vibration
and position control of the MEMS to increase their
performances. Some of the most remarkable research
works in the mentioned fields are sliding mode con-
trol,'*?° fuzzy control,>"** robust control,”®> PID'” con-
troller, and so on. However, all of these researchers
focus on the position control of the MEMS, and the
path tracking control of MEMS has not been compre-
hensively addressed. While for some applications such
as positioning, switching, and force applying, the posi-
tion control is dominant, for some special application
such as biological purposes, the path tracking control
should be considered.

In the present work, the feedback linearization tech-
nique is incorporated with the PID method to design a
vibration suppression controller for an electromechani-
cal micro-positioner. The micro-positioner is modeled
as an Euler-Bernoulli cantilever beam. A 1-DOF
lumped-parameter model is employed for simplifying
the voltage deflection relation of micro-positioner. The
proposed controller is not only suitable for stabilizing
the electromechanical micro-positioner vibrations but
also is capable of path tracking control.

In the rest of this article, the fundamentals of the
proposed model and derivation of the governing equa-
tions of micro-positioner are presented in section
“Modeling.” In section “Micro-positioner controller
design,” the nonlinear controller is developed based on
the feedback linearization. In section “Results and dis-
cussion,” the controller is applied to micro-positioner,
its ability for tracking three different paths are investi-
gated, and both tracking error and control effort are
discussed. Finally, in section “Conclusion,” the conclu-
sions are drawn.

Figure I. The schematic representation of a typical micro-
positioner.

Modeling

Figure 1 shows the schematic view of a typical micro-
positioner constructed from a moveable electrode sus-
pended over a fixed plate. The movable part of the
positioner is a cantilever beam with the length of L, the
width of b, and the thickness of 4. The initial gap
between the movable arm and fixed ground is g.
Applying the voltage difference between the moveable
and fixed electrodes results in an electrical field, which
leads to the bending of the movable electrode. This
deflection of beam tip can be used for positioning,
transmitting objects in arbitrary paths, or applying
force to another system.

The nonlinear governing equations of cantilever
micro-positioner can be explained as

Fw atw

pAW+EIW:FE+FD (1)
where p is the mass density, A is the micro-positioner
cross-sectional area, E is the Young modulus, 7 is the
cross-sectional moment of inertia, Fg is the electrical
force, and Fp is the damping force.

Considering the electrical field of a parallel plate
capacitor, the governing equation can be obtained as

ebLV?

Fr=2""0

(2)
where ¢ is the dielectric constant. By applying a voltage
difference between the moveable electrode and ground,
the electrical field results in beam deflection. Therefore,
the initial gap between the moveable part and a fixed
plate reduced for g to g — w. Accordingly, the electrical
force acts to a deflected actuator is modified as

ebL1?
Fp= 2 (3)
2(g—w)

The damping force is related to the damping coeffi-
cient (C) and the speed

ow
Fp= —C— 4
b ot (4)
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It is worth to note that the resource for damping in
NEMS/MEMS includes thermoplastic damping, sur-
face phonon scattering, and viscous damping (squeezed
film damping, slide film damping, and drag force).

Using a single DOF lumped-parameter model is a
useful method to simplify MEMS/NEMS analysis.>**
To this end, the micro-actuator shown in Figure 1 is
approximated by a rigid plate suspended by spring over
a fixed ground, as shown in Figure 2. In this method,
the micro-positioner deflection is assumed to be con-
stant along the length. In the lumped-parameter model,
defining the efficient mass and the efficient spring con-
stant is very crucial. These parameters can be investi-
gated using the experiential approaches, the numerical
solution, or the analytical method. For a cantilever
Euler—Bernoulli beam, the effective spring constant in
the lumped-parameter model is given as*®

8EI
k=75 (5)
Finally, the 1-DOF model of micro-positioner is
given by
hLV?
miv + O + Kw = ——— (6)
2(g—w)

The micro-positioner operating range depends on
the applied direct current (DC) voltage. At equilibrium
point w;, the positioner speed and acceleration are zero
(i.e.; = w; = 0); hence, equation (1) yields

bLVy?
Kw, = LV‘)z (7a)
2(g —wy)
_ |2Kwi(g — wi)? :
Vo L (7b)

This means for manipulating the micro-positioner to
the distance w; from its free-standing position, the nom-
inal voltage V, should be applied to the system.

Micro-positioner controller design

The controller design aims to track the desired path
and to stabilize vibrations of the system caused by the
initial velocity or displacement of the micro-beam.

Restriction of the path planning

To prevent mechanical damage and create significant
tensions, it is necessary to make the input applied to the
sensor carefully designed. The constraints considered
for eligible inputs are listed as follows:

e The stable range of the beam motion should be
considered. This stable range is limited by the pull-
in phenomena. The pull-in voltage can be obtained
by setting dVy/ow; = 0. Using equation (7b), the
pull-in deflection is obtained as wp; = g/3.

S~ ot 1
Moveable plate IW”
Electrical force @ g

| Fixed Ground

Figure 2. |-DOF lumped-parameter model.

MEMS Wrea/

desired

Figure 3. The system control block diagram.

Therefore, the stable actuation ranges of micro-
positioner due to its inherent instability are
0=sw=<g/3.

e The motion of the beam during the desired path
should have a minimum jerk or higher degrees of
acceleration. The jerk can undesirably affect the
controller efficiency and stabilization of the system.
Moreover, by minimizing the jerk, the vibrations of
micro-positioners are reduced.

Feedback linearization

Feedback linearization is an efficient method of non-
linear control design, which has engaged a great deal of
research interest in recent years. The main idea of the
mentioned technique is to transform the dynamics of a
nonlinear system into a (partly or wholly) linear one. In
the next step, a linear control approach can be applied
to the system. The ultimate goal of feedback lineariza-
tion in this article is to figure out a relationship between
the outputs and the control inputs. This is obtained by
determining a feedback law and a change of coordi-
nates that transform a nonlinear system into a linear
and controllable one. The control block diagram of the
system is illustrated in Figure 3.

First, for the linearization of the system using the
nonlinear motion equation of the system, the following
relation is presented

V= (g -y sy Q

By combining equations (6) and (8), the following
linear equation is obtained
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2
mw+ Cw+ Kw =

©)

ebL 2
P [ag —

The system state space can also be displayed as
follows

X Asys X B s

~ = —N ~ =
wi _ [0 1 wi (U
R R

(10)
w o =1 0][’? + 0 u
~ =W =~
Y Cos Dy
where
bL 2 2
£
w= &gy 1

Concerning the above equation, the transfer func-
tion from u, to Y is determined. With the help of the
Laplace transform, from equation (10), one obtains

Y(s) 1

= 12
ms?+ Cs+ K (12)

Since m, K, and C are positive, the system does not
have any polarities on the right of the coordinate axis.
So, the system is always stable for 0 < w < g/3.

Now, for this stable linear system, a PID controller
is designed as follows

2,285.371
PID(s) = 7.1701 + 122833716

S
507, 148.5812 (13)

+0.0001 1+ 507,148.5812

N

Uncertainty in the feedback path

In equation (8), the control signal is introduced, and
the stability of the system is investigated, but this
method relies on the accurate detection of the actuator.
One of the most important problems with electronic
and mechanical systems is their uncertainties. There are
different types of uncertainties in these systems. For
example, incorrect position detection, inherent geo-
metric, disturbances, noise signals, inertial, calculation
error, and some nonlinearities could not be easily cir-
cumvented in practice.

Therefore, given the above explanation, it is neces-
sary to assume equation (8) as follows

5 2
V=1(g- W)\/ﬁ“f

W= W, WwEw

(14)

By combining equations (6) and (13), the following
results will be obtained

eA

mw + Cw + Kw = —
2(g—w)

2
(6~ vm/éuf]
(15)

The state-space model of the system is shown below

X A Sys X B, Sys

~ = ——N —
wi _ [0 1 Wi 0 1
Vi —K_cl |y L+a|™

w o =1 0][‘? + 0 u
~ | =~

Y Cos Days

(16)

Since the values of K, C, and m are positive, then the
matrix Agys has no eigenvalue on the right-hand axis,
which is called the Hurwitz matrix.

According to Lyapunov’s theorems, for any given
positive Q matrix, there exists a positive matrix P that
applies to the following relation

-Q (17)

If the Lyapunov function is assumed as follows, we
have

Al + AP =

SyS

V=X"PX + v'Tv (18)

where I' is the positive matrix. The derivation of the

above equation results in

V=X'PX + X"PX + #'T'wv + v'Tw (19)

According to the above equation, I' is the definite
positive matrix, so »'I'v = »"T'. Consequently, using
equation (16), we have

V= -X"QX + 2" (m "B'PX + I'v) (20)
Given equation (20), suppose the following equation
(1)

The derivative of the Lyapunov function will always
be negative

v=—T"'m "BPX

v=-X0Qx (22)

As a result, based on Lyapunov’s second theorem,
the system will always be stable. Therefore, it can be
claimed that the controller introduced in this article is
always capable of controlling the system and will not
be unstable.

Results and discussion

In the previous part, the linear system is achieved. In
this section, the designed controller is tested on a typi-
cal micro-positioner to prove the control strategy. The
geometrical and mechanical properties of the micro-
positioner are presented in Table 1. A system with
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Table |. The geometrical and mechanical properties of the
micr'o-positioner'.I7

Parameter Description Value

M Mass 7.0496x 107 '0kg
K Stiffness of the spring 0.816 N/m

C Damping coefficient |.4X107° kg

B Moveable arm width 400 pm

L Moveable arm length 400 pm

G Initial gap 4 pm

similar geometrical and material properties is investi-
gated by Vagia et al.'” They design a PID controller
for controlling the position of a micro-actuator. In this
article, we try to design a new controlling system for
path tracking of a micro-actuator. A block diagram of
the controlling system is shown in Figure 3. The goal
of the controller is to move the micro-positioner from
the initial position to the desired one by satisfying the
following condition:

1. The system should track the considered path.
2. The system should have a minimum of overshoot.
3. The control effort should be lower.

To test the path tracking of the designed controller,
three arbitrary paths are considered.

Efficient controller selection

To choose a controller, consider the features and appli-
cations of the system to understand what type of con-
troller fits for the system is needed. In general, there are
no better controllers, so researchers are always looking
for the most suitable compensators and filters to con-
trol systems. The term “most appropriate” is sometimes
used to mean high precision for tracking, and some-
times to define the minimum energy to control the sys-
tem (control effort). Therefore, a controller should be
selected according to the conditions of the system.

The authors, by carefully studying the work of other
researchers, found weaknesses in the performance of
the methods presented by others. For example,
researchers have considered the input path to the sys-
tem arbitrary, while the nature of the system does not
allow for the use of any path such as jerk in path track-
ing. So, it is necessary to design the path tracking,
which does not damage the system (MEMS). In this
article, in addition to the stability margins of closed-
loop systems and track input paths accurately, the con-
trol effort of the system for tracking paths is
considered.

Path tracking

The ultimate aim of a path-tracking controller of a
micro-positioner is to minimize the distance between

the actuator (micro-positioner) motion and the defined
path (or reference point) and limit the control effort of
the system to smooth motions as well as maintaining
the stability of the system. All of the paths designed in
this article are designed to avoid mechanical damage to
the actuator, and also all constraint motions of micro-
positioner to be considered. They are as follows:

Path A: this path will simulate the micro-positioner
movement to the desired position. This path simulates
the movement of a tiny object to the desired position
during a smooth path.

Path B: this path will simulate the micro-positioner
movement to the desired position and stop for a
moment and then return to the start point. This path
simulates the gripping of a microparticle with a con-
trollable applied force.

Path C: this path will simulate the micro-positioner
movement to the desired position and stop for a
moment and then return to the start point as periodic
motion.

A comparison between the desired paths and tracked
paths is presented in Figure 4. This figure demonstrates
that the controller can successfully follow the desired
paths.

The associated tracking error is illustrated in Figure
5. This figure demonstrated that the maximum error of
the designed controller in tracking the input paths is less
than 0.02 nm, which is less the 0.01% of the maximum
desired position.

Figure 6 depicts the control effort of the system for
the three mentioned paths, under the PID controller.
According to these simulations, the PID controller
demonstrates excellent tracking ability and control
effort. Also, results in comparison of Vagia et al.'” con-
troller approaches indicate the effectiveness of the
designed PID controller in this article not only for
lower tracking error but also for less control effort.

Conclusion

In this article, the feedback linearization technique is
cooperated with a PID controller to control the posi-
tion of micro-actuator as well as to suppress its vibra-
tion. The micro-positioner is modeled as an Euler—
Bernoulli cantilever beam. The governing equation of
micro-positioner is obtained using the [-DOF
lumped-parameter model. To investigate the path
tracking capability of the designed controller, three
different paths from the starting position to the final
point are considered. Investigating the error and con-
trol effort of the proposed controller demonstrated
that the designed PID controller is effective for track-
ing an arbitrary path for reducing both tracking error
and control effort.
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Figure 6. Control effort of the system: (a) Path A, (b) Path B,
and (c) Path C.
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