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ABSTRACT

Hysteresis Modeling and Experimental Verifications of Piezoelectric Ceramics
Based Actuators

Mohammad Farhan Al Janaideh

There is an increasing usage of piezoceramic actuators in micropostioning
applications, because they offer many desirable properties, such as fast response, high
stiffness, and no backlash. Since piezoceramic materials are ferroelectric, they are
fundamentally nonlinear in their response to an applied electric field, exhibiting a
hysteresis effect between the electric field and the displacement. This usually causes
undesirable inaccuracy or oscillations and even instability, which may severely limit the
performance of the piezoceramic actuator system. One way to compensate hysteresis is to
set up a model that adequately describes the hysteresis and use it in a control loop.

Focusing on a piezoelectric actuator from Physik Instrument Company, this thesis
concentrates on modeling of hysteresis by using both the Preisach model and Prandtl-
Ishlinskii model. The experiment on the hysteresis behavior of the piezoelectric actuator
is carried out. Based on the measured data, a detailed discussion on the parameters
identification for the two models is given and two models for the given piezoelectric
actuator are therefore obtained. The validity of the two models is verified by comparing
the actual and the model response of the piezoelectric actuator. The validity of the models
is tested by comparing the actual and predicted response of the stacked piezoceramic

actuator to input voltages.
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Chapter 1

Introduction

In 1880, Jacques and Pierre Curie discovered that pressure applied to a
quartz crystal creates an electrical charge in the crystal [1]. They called this
phenomenon the piezo effect. Later they also verified that an electrical field applied
to the crystal would lead to a deflection of the material. This effect is referred to as
the inverse Piezo effect. After the discovery, it took several decades to utilize the
piezoelectric phenomenon.

1.1 Dynamic Behavior

Piezoactuator offers the fastest response time available (microsecond time
constants). Acceleration rates of more than 10,000g can be obtained. Rise times on
the order of microseconds and accelerations of more than 10,000g are possible [22].
This feature makes piezoceramic actuator suitable for rapid switching applications,
precision positioning and micropostioning applications. Injector nozzle valves,
hydraulic valves, electrical relays, adaptive optics and optical switches are a few
examples of fast switching applications [1].

1.2 Benefits and Advantages

Piezoceramic actuators are increasingly used in high precision and high

speed position control applications because of the following advantages [22, 1]:
e Unlimited Resolution: piezoelectric actuator can produce extremely fine
position changes down to the sub-nanometer range. The smallest changes in

operating voltage are converted into smooth movements.



e No magnetic fields: piezoelectric effect is related to electric fields.
Piezoelectric actuators do not produce magnetic fields nor are they affected
by them.

o Large force generation: piezoelectric can generate forces of several 10,000
N. Units move loads up to several tons of position over a range of more than
100 pm with sub-nanometer resolution.

e Rapid response: piezoactuator offers the fastest response time available
(microsecond time constants). Acceleration rates of more than 10,000 g's
can be obtained.

e Low Power Consumption: in a piezoelectric electrical energy is converted
directly into motion, absorbing electrical energy during movement only.
Static operation, even holding heavy loads, consumes virtually no energy.

e Complete absence of wear and tear: piezoceramic actuator displacement is

based on solid-state phenomena and exhibits no wear and tear.

1.3 Applications of Piezoceramic Actuator

Piezoactuator became available around 20 years ago and have changed the
world of precision positioning and micropostioning [1]. These applications include
micromachining [2, 3, 22, 27], microrobotic applications [7], force control of a
flexible robotic finger [4], positioning in hard disk drives [5], antenna shape control
[6], micropump—fabrication of a micropump [7], precision turning of shafts on
conventional CNC [8], and position tracking control of an optical pick-up device

[9].



Main applications of piezoactuator in mechanical engineering are as follows [22, 1]:

Microelectronics:

e Wafer and mask positioning.
e (Critical dimensions measurement.
e Inspection systems.

e Vibration cancellation.

Precision mechanics and mechanical engineering:

e Vibration cancellation.

e Structural deformation.

e Out-of-roundness grinding, drillihg, turning.
e Tool adjustment. |

e Wear correction.

e Needle valve actuation.

e Micro pumps.

e Linear drives.

e Piezo hammers.

® Knife edge control in extrusion tools.

1.4 Hysteresis in Piezoceramic Actuator

Because piezoceramic materials are ferroelectric [34], they are
fundamentally nonlinear in their response to an input voltage, exhibiting a

hysteresis effect between the displacement and the input voltage (Figure 1.1).



Without modeling hysteresis in the controller design, the hysteresis in piezoceramic
actuator will act as a phase lag (Figure 1.2), which has the potential to cause

undesirable accuracy or oscillations and even leading to insatiability.

Displacement (um)

0 20 40 60 80 100
Input volt

Figure 1.1: Hysteresis of piezoelectric material is rate-dependent. The plots show
the response of a TS18-H5-104 (Piezo Systems, Inc.) piezoelectric actuator at two

different driving frequencies [19].

Figure 1.2: Measured piezoelectric stack actuator displacement response for 1 Hz
exponential decreasing sinusoidal voltage input [20].
Ferrocearmic are polycrystalline materials that contain many individually
oriented ferroelectric grains and analogous to ferromagnetic materials within each

grain there are clusters of aligned spontaneously electric dipoles called domains,



separated by imaginary domain walls [1, 15]. Initially, such ceramics are not
piezoelectric even if the individual grains are; application of the small electric field
will cause some electric dipoles to grow and others to shrink, so that there is no net
change in strain. However, upon application of sufficiently large electric fields,
some of the electric dipoles will switch directions, as a result, the domain walls will
move, and there is now a net piezoelectric effect, this process is called poling.
Hysteresis begins due to material defects and internal friction that can be considered
as inertial forces that cause the dipoles to exhibit a preference for their current
orientation [1, 15, 22].

Predication of hysteresis effect of piezoceramic actuator can facilitate the
design of controllers to correct the disturbing of hysteresis. Moreover, a model

based controller can be effectively realized to reduce the hysteresis effect.

1.5 Open and Closed-Loop Operation of the Piezoceramic Actuator

Piezoelectric actuators can be operated in open- and closed-loop modes. In
ope;n-loop mode, displacement roughly corresponds to the drive voltage. This mode
is ideal when the absolute position accuracy is not critical, or when the position is
controlled by data provided by an external sensor. Open-loop piezoceramic actuator
exhibit hysteresis and creep behavior, just like other open-loop positioning systems.
Closed-loop piezoceramic actuators are ideal for applications requiring high
linearity, long-term position stability, repeatability and accuracy. Closed-loop
piezoelectric actuators are equipped with position measuring systems providing

sub-nanometer resolution or bandwidth up to 10 kHz [22].



1.6 Scope of the Problem

Because of the advantages of their nanometer displacement resolution, fast
response, high stiffness, and no backlash, piezoceramic actuators have been used in
micropostioning application. Piezoceramic materials are ferroelectric, they are
fundamentally nonlinear in their response to an input voltage, exhibiting a
hysteresis effect between the displacement and the input voltage (Figure 1.3). It was
shown that the error at 800 Hz can be as large as 38.6% of the maximum piezo
expansion [10].

Without modeling and incorporating hysteresis in the controller design, the
hysteresis effect has the potential to cause undesirable accuracy or oscillations and

even instability [32].

Displacement (um)

Input Volt

Figure 1.3: Measured hysteresis loop in piezoceramic actuator at 100 Hz sinusoidal
voltage input.
During the last ten years there has been a steady growth in the study of

various models for hysteresis in piezoelectric actuator. There are several hysteresis



models including those proposed by Preisach, Ishlinskii,

karsanoel’skii-Pokrovskii [23].

1.7 Contribution of the Research

The principle contributions of this research are as follows;

Parameter identification for the Prandtl-Ishlinskii
model for characterizing the hysteresis in

piezoceramic actuator.

Development of a density function for a Prandtl-

Ishlinskii model.

Demonstrate that the hysteresis in piezoceramic
actuator can be described smoothly, without

complications in modeling.

Duhem,

and

We should mention that this work can be thought of as an initial step towards the

controller design for removing the hysteresis effects, which will be pursed in the

future during my PhD study. -

1.7 Research objective

The goals of this research are three folds:

(1) To describe the hysteresis behavior of piezoelectric actuators, by preferring

perform the experiment on hysteresis behavior of a piezoactuator, and to

compare the experimental measurements with the nominal input-output

linear trajectory.



(2) To test and explore the validity of the Prandtl-Ishlinskii model by
comparing the predicted response of the stacked piezoceramic actuator to
input voltages.

(3) To perform a comparison between the Preisach model and Prandtl-Ishlinskii

model.

In this thesis MATLAB 6.5, MATHEMATICA 4.0, and EXCEL are used in
the numerical implementation. Nonlinear regression is used for Prandtl-Ishlinskii
model using MATHEMATICA 4.0. Least square method in MATLAB and

MATHEMATICA are used for Preisach model.

The particular objectives of this research can be summarized as fowllows:

e To describe the problems in piezoceramic actuator due to hysteresis;

e To bﬁeﬂy describe the mathematical models used to model hysteresis in
piezoceramic actuator ;

e To identify the advantages and disadvantages of the Preisach model in
hysteresis modeling in piezoelectric actuators;

e To estimate the advantages and disadvantages of the Prandtl-Ishlinskii in
hysteresis modeling in piezoelectric actuators ;

e To describe the experimental setup and the experimental design to measure
the displacement of the piezoelectric actuator;

e To describe the tools which are used to measure the signals and the

displacement of the piezoactuator.



1.8 Overview

The thesis emphasized the hysteresis modeling in piezoceramic actuator
through several chapters. In Chapter 2 two mathematical models were presented to
generate hysteresis in piezoceramic actuators and complete reviews of previous
research in this field are given. Also, numerical implementation and parameters
identifications for the two models are presented. Chapter 3 describes the
experimental setup and the experimental designs to measure the displacement of the
piezoelectric actuator and describe the tools which are used to measure the signals
and the displacement of the piezoactuator. In Chapter 4 the hysteresis and
nonlinearity in . piezoceramic actuator is brought under spotlight. Chapter 5 is
modeling hysteresis using Preisach model and Prandtl-Ishlinskii model. Chapter 6

contains conclusion and future recommendations on this important topic.



Chapter 2

Mathematical Models of Hysteresis in Piezoceramic
Actuators

During the last ten years there has been a steady growth in the study of
various models for hysteresis in piezoelectric actuator. There are several hysteresis
models including those proposed by Preisach, Ishlinskii, Duhem, and

karsanoel’skii-Pokrovskii [23]. The purpose of this chapter is to present

mathematical models of hysteresis in piezoceramic.

2.1 Piezoceramic Actuator System

A block representation for the piezoceramic actuator is shown in Figure 2.1.

The input u(z) (Figure 2.2) is supplied to the piezoceramic actuator as a voltage.

The piezoceramic actuator represented as W reacts to the input voltage by

generating a displacement w(z) (Figure 2.3). Hysteresis in piezoactuator is shown

in Figure 2.4 which is a function of the input voltage and the output displacement.

W) — W W)

Figure 2.1: Piezoceramic actuator system
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Displacement (um)

Input voltage

] 5 10 15 2 25 30 35 40
Time (Second)

Figure 2.2: u(¢) -Input voltage

L 1 1 l/

15 20 25 30 35 4
Time (Second)

Figure 2.3: w(t) - Piezoceramic displacement
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Displacement (um)

¢ L L L
[ 5 10 15 20 25 30 as

Input voltage

Figure 2.4: Hysteresis in piezoceramic actuator

Piezoelectric actuator is considered to have the property of scalar

hysteresis if it exhibits the following properties for a single dimension of actuation

[26]:

1. In Figure 2.4, the input voltage and output piezoceramic actuator response

is bounded.

2. The input voltage and output piezoceramic actuator response is

independent of the rate of the input.

3. On intervals, where input voltages are strictly increasing or strictly

decreasing, the piezoceramic response also increase or decrease.

12



2.2 Review

Over the last ten years, there have been a number of mathematical models
proposed for the hysteresis in piezoelectric actuator. Jung et al. [12] introduced
deterministic hysteresis path models. These models can only describe the major
loop of hysteresis. Ge and Joaneh [13, 14] generalized and adapted the Preisach
model to describe the hysteresis in piezoelectric actuator; the accuracy was 3%
within the working range of (0-15)um. Hughes and Wen [15] discussed and
verified the applicability of the classic Preisach model to piezoceramic material and
shape memory alloys. The basic properties of the Preisach model were reviewed in
[16, 28, 30]. Preisach model is capable of describing the input-output behavior of
piezoceramic actuator. However, it is very difficult to construct its inverse function

analytically [23], due to complexity of the Preisach model.

Stepanenko and Su adapted Dubem model to model hysteresis in
piezoelectric actuator and used it in control [17]. Kuhlen and Janocha [18] used
Prandtl-Ishlinskii operator to model the hysteresis in smart materials. Gallinaitis
[26] used a Preisach type Karsanoel’skii-Pokrovskii (KP) operator to model and
control piezoceramic actuator but Karsanoel’skii-Pokrovskii (KP) operator cannot
accurately describe minor loops [21].

Chot, Lim and Choiused used Maxwell slip model to control the hysteresis
in piezoceramic actuator. Ang et al [19] developed a model to describe the rate
dependent hysteresis in piezoceramic actuator by using Prandtl-Ishlinskii operator
[19]. Tzan et al [20] described a novel method to describe hysteresis of

piezoceramic actuator. Song and Li [21] extended the Preisach model using the

13



neural network to model rate dependent hysteresis in piezoceramic actuator. Adding

neural networks to the modeling will complicate the mathematical model.
2.3 Preisach Model:

The Preisach model is one of the most widely used models that had been
proposed by physicist Preisach in 1935 [24]. It has been used to model a variety of
magnetic materials [25, 31]. The Preisach model of hysteresis has received
considerable attention for many years, because it encompasses the basic feature of
the hysteresis phenomena in theoretically simple and mathematically elegant way.
Preisach model is capable of describing the input-output behavior of piezoceramic

actuator with scalar hysteresis.

Classical Preisach model is developed for magnetic materials to describe the
hysteresis [33, 31]. Nonlinearity of piezoceramic actuators differs from that of
magnetic materials so there are modifications to use the Preisach model for
piezoactuator [14, 13]. Ge and Joaneh [13,14] modified the Preisach model to

describe the hysteresis in piezoelectric actuator . These modifications are:

e The Preisach operator ¥ 4[ul(¢) , which is used in the model, should

be modified to either 0 or +1 instead of -1 or +1,since the

piezoceramic actuator consists of polarized ceramic materials ,

which is applied in the direction of the polarization.
e A fixed piezoceramic polarization is produced because of the

mechanical bias (the preload applied to piezoceramic actuators).
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2.3.1 Preisach Model Description

The piezoceramic expansion response y(t) to the excitation voltage u(f) can

be written as [11]:

YO =Wl = [[ (@, By, u®)0)dodp @.1)

azf

where y(t) is the piezoceramic expansion , u(f) is the input voltage, u(a,f)
is Preisach function andy,,[.] (Figure 2.5) is the hysteresis operator having the

output +1 or 0 with switching values « and S that correspond to “up” and
“down”. Geometrically this switching to the ‘up’ position leads to subdivision of

the limiting triangle T into two areas which are S*and S° (Figure 2.6).
g g

Y8

+1 ST
0 P *

—_—

u

Figure 2.5: Hysteresis operator
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Figure 2.6: « - diagram

o T

Ueniox

S° Interfoce Link

+

S

Umin > ‘3

Figure 2.7: o — f diagram

Each operator can be represented by rectangular loop on the input voltage u (¢).

The function u(e, ) is a weighting function and is called the Preisach function.
The product of the Preisach function u(e, f) and the operator is integrated over the

triangle T (2.2), which corresponds to u,, >« > f>u_, , as shown in Figure 2.7.

y(0) = [[ (@ By flu®N)dedB - [[ (e, B plu®))t)dad B 2.2)

The regions S*(¢) and S°(r) represent the hysteresis operator that is down

and up, respectively. The interface S(¢) (Figure 2.7) is a staircase line which is

16



determined by the previous reversal input voltage. Sincey,, =1, if (&, )€ S* and
Vs =0, if (a,F)e S°, the piezoceramic actuator expansion based on modified

Preisach model is shown in 2.3:

y(0) = |[ 1@, BYY oyl (0))t)ddB (2.3)

Assume that the input u(f) at time t is O and all the hysteresis operator are

at the down position (Figure 2.8). So, there is no expansion in piezoceramic

actuator.

Figure 2.8: « — f diagram for initial state

As the input voltage increases from O to u, (Figure 2.9), all the hysteresis

operators, whose up switching & value is less than the input u,, are turned to ‘up’

position (Figure 2.10) and the piezoceramic expansion is described as:

y(®) = [[ @, B)Y oplu®))t)dodB 2.5)
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Input Volt

Ul pF—-~-

Time
Figure 2.9: Input voltage
a T1
s /
ety )
S”
0 ¥ >

Figure 2.10: a — f diagram for ascending input voltage

When the input is decreased from u, to u, (Figure 2.11) all the hysteresis
operators with down switching # larger than the current input voltage uzb are

turned to the ‘down’ position and thus will reduce S* area (Figure 2.12). As the

result the piezoceramic expansion will be:

() = [[ e, By plu®))dadB 2.6)
s+

In (2.7), X(&,B) is the amount of contraction of the piezoceramic when the input

increases from O to u; and then decreases to u, .
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X@B) =xp = Xy @)

where
Xy = [ 1w, By u®Ododp 2.8)
T1
and

Xop = [[ 1@, BYY o lu®)t)dedB 2.9)
T2

where x; (2.8) is the expansion form O to u;, and the second term X4 ( 2.9)

comes form decreasing the input voltage form u, to u,.

inputVolt

uz

Time

Figure 2.11: Input voltage

ap Te
SO
=th
S-.f
3]
ﬁ =X12 B

Figure 2.12: & — £ diagram for descending input voltage
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When the input increases again and reached u,(Figure 2.13), a new horizontal

segment of the interface link will be created (Figure 2.14).

Input Volt

T R ——

[ 5c T SR AR, W

uz

Time

Figure 2.13: Input voltage

Ta

Figure 2.14: « —  diagram for ascending input voltage

The piezoceramic actuator response y(t) based on Preisach plane (Figure 2.15)

when #(¢) > 0 is described in (2.16):
)= [[ e pracdf = [[ (e, Pricdp+ [ wa, fraadp + [[ wa, HdadB (2.16)
then

Y@ =[X(a,B,) - X (o, B+ [X (2, B) — X (@, B )1+ [X (u(®) ,B)]  (2.17)
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So in general

YO =5 (X (@0 Bey) - X (@ 8]+ X @), B,) 2.18)
k=1
o T
N /
}
=t gsz 153

z i

0 S B

Figure 2.15: & — f diagram for input voltage

The piezoceramic actuator response y(f) based on Preisach plane (Figure 2.16)

when u(t) < 0 is described in (2.20) [13, 14]:

o= || wer, praadp = || e, pracdf+ [[ wa, frdcdB + || ue, Brdadp (2.20)

then

y@©) =[X(a, B,) = X (e, B+ [X (@, ) — X (@, By)]+ [X (u(®) u(®)]  (2.21)

So in general

y@) = 2 [X (e, Bi-) — X (o, b1+ X (@, B,.) — X (@, u(®))] (2.22)
k=1
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Figure 2.16: ¢ — # diagram for input voltage
Preisach model is completely characterized by two properties [31]:

(1) Wiping-out property: The wiping out property refers to the constraint output
that the output be affected only by the current input and the alternating series of

pervious domain input exterma, the effect of all other inputs being wiped out.

(2) Congruent minor-loop property: The congruent minor-loop property requires
that all equivalent minor loops be congruent. Two minor loops are said to be
equivalent if they are generated by an input varying monotonically between the

same two exterma.

2.3.2 Numerical Implementation

In (2.23) and (2.24) a numerical form of the Preisach model that can be

formed to calculate the piezoelectric displacement [31].

-1

u() <0,x(t) = Z [X(. B) — X (o, B+ [X (@, B,.)) — X (@, ,u())]  (2.23)

k=1

=

n-1

w(t)>0,x() =Y [X(,By) —X(e, f)] + X u(®),B,,)] (2.24)

k=1
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The numerical implementation procedure for the Preisach model to describe
hysteresis in piezoceramic actuator was described in [31]. The procedure is:
e The input voltages history and the current input voltage are specified.
e Particular square cells for u(¢) <0 or triangle cells #(¢) >0 for the input
voltages are determined (Figure 2.17).

e The Preisach function when a = f is:
fs=a,+ta.a+a,p (2.25)
and the Preisach function when « # £ is:
fos =b, +h.a+b,f+b.ap (2.26)

The constants in the two equations are estimated on the measured displacement at

the squares and triangles as shown in Figure 2.17.

o T

o 7

Umin ﬁ

Figure 2.17: Division of the voltage limiting triangle into a finite number of squares

and triangles.

Preisach model is capable of describing the input-output behavior of
piezoceramic actuator. However, it is very difficult to construct its inverse function

analytically [23], due to complexity of the Preisach model.
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2.4 Prandtl-Ishlinskii Model

In 1928 L. Prandtl proposed to model the elastic-plastic behavior using the

relation [40] in (2.27),
w(t) = [ p(E, V(t)dr, (2.27)
0

where p(r) is a density function and E _[v](?) is elastic-plastic element. In (2.27)
, the input-output relation w(¢) is obtained from the strain v through a weighted
superposition of basic elastic-plastic elements. The operator defined in (2.28) is
called Prandtl operator, and the denotation is
w = P[v], (2.28)
this operator is referred to Ishlinskii operator [23].
Prandtl-Ishlinskii model is based on the play and stop hysteresis operators.
This model has some very unique properties that are invertible and inversion has the
same structure and satisfies the wipe-out property [37]. The stop and play operator

are rate independent and Prandtl-Ishlinskii model is also rate independent.
2.4.1 Play and Stop Operators

One of the basic hysteresis nonlinearity is given by the stress-strain relation
in a one-dimensional elastic plastic element, which is shown in Figure 2.18. As long
as the modulus of the stress w is smaller than the yield stress r, the strain behavior
v is related to w through the hook’s law. Once the stress has reached the yield
value, it remains constant under a further increase of the strain; however, the elastic

behavior is instantly recovered when the strain is lowered again.
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2.4.1.1 Stop Operator

The input-output relation can be expressed by an elastic-plastic, or stop

operator (Figure 2.18), w(t) = E_[v](¢), with the threshold . Analytically, suppose
C_10,2.] is the space of piecewise monotone continuous functions for any input

w(t) = E [v](¢) is the space of piecewise monotone continuous functions, for any

inputv(z)€ C,[0,2,],

Figure 2.18: Stop operator

The stop operator, E_, for any r =20, can be given by the definition
E,[v](0) =, (v(0)) (2.29)
E [v]@#) = e, (v(t) - v(t) + E,[v](1)) (2.30)
fort, <t<t,, andO<i<N-1.
with e, (v) = min(r,max(-r,v)) 2.31)
where 0=1,<¢ <....<t, =t; is a partition of [0,z;] such that the function v is

monotone on each of the sub-intervals[z,,z,,,], the argument of the operator is

written in square brackets to indicate the functional dependence, since it maps a

function to a function. The stop operator however is mainly characterized by its
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threshold parameter » which determines the height of the hysteresis in the region

w—v plane.
2.4.1.2 Play Operator

Play operator is another basic hysteresis nonlinearity operator. The one-
dimensional play operator (Figure 2.19) can be considered as a piston with plunger

of length 2r (Figure 2.20). The output w(¢) is the position of the center of the
piston, and the input is the plunger positionv(¢) . The input-output is given in (2.21).
F[v](0) = £,(v(0),0) (2.32)
F.[vl@®) = f,(v(@), f,[vI¢t)),For t, <t <t,, andO<i <N -1,
with
f,v,w) =max(v —r,min(v + r,w)) (2.33)
where 0=1¢, <1, <....<t, =t is a partition of [0,z;] such that the function v is

monotone on each of the sub-intervals [z,,z,,,].

wW

J

—_r -+ r

Figure 2.19: Play operator

2r

Figure 2.20: Physical model for the play operator
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From the definitions in (2.20) and (2.22), it was proved [37] that the operator F,[v]
is the complement of the E_[v], they are related through the equation

F[v](®) + E,[v](t) = v(r) (2.34)
for any piecewise monotone input function v and r =0.

2.4.3 Numerical Implementation.

The piezoceramic actuator response based on Prandtl-ishlinskii model is:
R
¥ = [ p(IE,vI(0)dr (2.36)
0

p(r) is adensity function used in [36]:

p(r) = ae™ P’ (2.37)

Because E [v](#) is continuous function then:

y(r>=Ip(r)E,[v](r)dr 238)
o
y(@) = Z::p(r)E,[v}(t)(r,- 1) (2.39)
then
y(6) = i(p(r)&[v](t)r,. — PPEDIO) (2.40)
y<i>=$<y<i)~y(i—1» 241)
Example:

If we have a piezoceramic actuator which subjected to a sinusoidal input

voltage of the form (Figure 2.22):
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v(t) = (20 + 20sin(0.2.7% + 9)).e *%" (2.42)
and the stop operator is E [v](z) (Figure 2.21) and r is:
r=0.133+040517v (2.43)
with density function p(r) (Figure 2.24) is:
p(r) = 6.5.700005¢=4" (2.44)

then, modeling the response of the piezoceramic actuator (Figure 2.23) using the

Prandtl-Ishlinskii model (Figure 2.24 ) is :

y(® =3 (p(NE,VI@®)r; - p(r)E, V1)) (2.45)

o L ' s i L 1
[ 5 10 1= n 25 30 35

v, Input voltage

Figure 2.21 Stop operator
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Figure 2.22 Sinusoidal input voltage at 0.1 Hz
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Figure 2.23 Piezoceramic actuator displacement 0.1 Hz
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Prandtl-Ishlinskii Model
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Figure 2.24: Prandtl-Ishlinskii model
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Figure 2.25: Simulated hysteresis loop at 0.1 Hz
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Chapter 3

Experimental Results

3.1Experimental Setup:

The experimental set up that is shown in Figures 3.1.a and 3.1.b is used to record
the input voltage and the displacement response of an unloaded piezoceramic
actuator made by PI (Physik Instuemente) company. Piezo stack actuator (P-
753.31C) used in experiment is extremely fast and compact device, providing a

positioning and scanning range of up to 22 um with very fast settling .

Figure 3.1.a: Experimental setup
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Interface/Display
Module (E-616)

P-763.31C
Capactive Sensor

; : Piezoeleldtric
lwuator |

|
Module Capctive LVPZT
Sensor {E-509.C1) (E-509)
Oscilloscope F unction Genertor
(S-46248) (331208)

Figure 3.1.b: Experimental set up

Piezoceramic actuator (Model P-753.31C from Physik Instrumenete
company) (Figure 3.3) has nominal displacement of 0-38 um for input voltages of 0
to 100 V. A function generator (33210A) (Figure 3.2) was used to produce positive
voltages with amplitudes in the range O to +7 and O to +4 volts at different
frequencies. LVPZT (E-505) (Figure 3.4) - amplifier module (single channel
amplifier for low voltages piezoceramic) with average current of 300 mA was used
to operate the piezo in the range from O to 100 volts. Output voltages can be
controlled by the 10-turn manual potentiometers located at the front panel. DC
offset potentiometer is active at the same time. Internally it produces an offset

voltage from O to 10 volts to the input signal.
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5 Agitent

1 a0onooo

Figure 3.2: Function Generator (33210A)

Figure 3.3: Piezo stack actuator and capacitive sensor (P-753.31C)

A capacitive sensor was used to measure the displacement of the stack
resulting from the varying input. The capacitive sensor provide excellent resolution
(better than 0.1 nm), long-term and temperature stability. The capacitance of plate

capacitor depends on the distance between both plates called probe and target.
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Figure 3.4: LVPZT amplifier module E-505

Figure 3.5: Microprocessor-controlled interface and display module (E-516)

A microprocessor-controlled interface and display module with integrated
20-bit D/A converters is shown in Figures 3.5 and 3.6 . Figure 3.7 shows
experimental voltage-to-displacement curve in piezoceramic actuator at 100 Hz

sinusoidal input voltage.
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Figure 3.6: (from left to right-Capacitive Module E-515.C1, LVPZT Amplifier

, Microprocessor-Controlled Interface and Display Module E-516)
Figure 3.7: Hysteresis loop
35
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3.2 Experimental Results

The hysteresis behavior of piezoelectric actuators including the residual
displacement will be presented using the experimental results at different

frequencies.

The hysteresis loop for piezoceramic actuator is defined at first quadrant
because the input voltage is applied in the direction of polarization which causes an
expansion [13]. The hysteresis loop in the piezoceramic actuator is asymmetric loop

because of the mechanical bias that applied to the piezoactuator.

As the frequency of the input voltage increases the width of the hysteresis
curve increases, the residual displacement increases, and the expansion of the
piezoceramic decreases. It cannot reach more than 50% of the maximum

piezoactuator expansion at 1 kHz.
The nominal input-output linear trajectory in (3.1) for 100 Hz:

y(t) = 1.6 +0.26u(?) (3.1)

where y(t) is the piezoceramic displacement of the piezoceramic actuator (P-

753.31C) and u(¢) input voltage. For 10 Hz the linear input-output is:
y(£) =1.1+0.28u(r) (3.2)
For 1 Hz the linear input-output is:

y(t) =0.81+0.29%(r) (3.3)
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For 0.1Hz the linear input-output is:

y(t) =0.58 +0.30u(z) (3.4

Using the experimental results, nonlinearity in piezoceramic actuator at 70

sinusoidal voltages at different frequencies is shown in Table 3.1.

Table 3.1: Nonlinearity in piezoceramic actuator at 70 sinusoidal voltages at

different frequencies

Frequency 0.1Hz 1Hz 10Hz 100Hz
Maximum nonlinearity 7.16% 7.45% 9.53% 18.44%
Average nonlinearity 2.91% 3.04% 3.54% 9.77%

We conclude that as the frequency of the input voltage increases the width
of the hysteresis curve increases, the residual displacement increases, and the

expansion of the piezoceramic decreases.

In Figure 3.8, piezoceramic displacement at 70 sinusoidal voltages at
different frequencies are shown and nonlinearities in piezoceramic actuator are
presented in Figure 3.9. When the input voltage (sinusoidal) is 70 volt at 10 Hz the
maximum nonlinearity is 9.53% and residual displacement is 0.4899 um. Similarly
when the frequency 100 Hz the maximum nonlinearity is 18.44% and the residual

displacement is 1.1164 um.
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Figure 3.8: Hysteresis of piezoceramic actuator at different frequencies
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Chapter 4

Hysteresis Modeling in Piezoceramic Actuator using

Prandtl-Ishlinskii Model and Preisach Model

Modeling hysteresis in piezoceramic actuator will be presented using

Prandtl-Ishlinskii Model and Preisach model. Parameters identification using

experimental results will be presented.

4.1 Parameters Identification for Prandtl-Ishlinskii Model

The piezoceramic actuator response based on Prandtl-Ishlinskii is described

in (4.1).

y(®) = [ p(r)E,1(e)dr
0
As mentioned in Section 2.4:

dr=r({@)—r@i-1)

¥(®) =Y p(NE, 1) r@)—r(i-1))

p(r) = e’

Prandtl-Ishlinskii operator ( E ):
E = min(r,max(-r,v))
with

r=av+b

@.1)

4.2)

4.3)

4.4

4.5)

(5.6)

In Table 4.1, the parametersa, [, a, b, and § were identified using the

experimental data and nonlinear regression in MATHEMATICA 4.0.
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Table 4.1: Identified parameters of the Prandtl-IshlinSkii model.

Frequency | Input a B a b Density o
volt function

0.1 Hz 0-40 |5.79 |0.000081 4.38 0.133 | p(n=ae? ™ |4

10Hz 0-70 | 5.65 | 0.000001 4.60 0.163 | p(n=ae? ™ |7

100Hz 0-70 | 5.16 | 0.000009 2.87 0411 | p(=ae?® |9.1

(1) Prandtl-Ishlinskii model for 40 sinusoidal input voltages at 0.10 Hz:

Measured and predicted piezoceramic displacement for 40 sinusoidal input

voltages at 10 Hz is presented in Figure 4.1. The parametersa, 8, a, b, and 6

were identified using the experimental data and nonlinear regression in

MATHEMATICA 4.0 (Table 4.1).

14 4

Displacement{um)
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(=]

-

———Measured Displacement(um)
= ——-Predicted Displacement({um)

/

0

2 4 6 8 10
Time.(Second)

Figure 4.1: Measured and predicted displacement in piezoceramic actuator at 0.1 Hz

sinusoidal voltage input (Prandtl-Ishlinskii model).

40




Measured and predicted hysteresis loop for 40 sinusoidal input voltages at 10 Hz

using Prandtl-ishlinskii model is presented in Figure 4.1.

12 T T T 1

10+

Displacement (um)

—— Measured Displacement
-—— Predicted Displacement ||

1 (

0 10 20 30 40 50

Input Volt

Figure 4.2: Measured and predicted hysteresis loop in piezoceramic actuator at 0.10
Hz sinusoidal voltage input (Prandtl-Ishlinskii Model)
Predicted error of piezoceramic displacement using Prandtl-ishlinskii model is

shown in Figure 4.3. The average error is 0.841% whereas the maximum error is

4.730%.
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-03]
-0.44
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Time(Second)

Figure 4.3: Predicted error of displacement in piezoceramic actuator at 0.10 Hz

sinusoidal voltage input (Prandtl-Ishlinskii model).
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(2) Prandtl-Ishlinskii model for 70 sinusoidal input volatge 10 Hz:
Measured and predicted piezoceramic displacement response for 70
sinusoidal input voltages at 10 Hz is presented in Figure 4.4. The parameters, £,

a, b,and § were identified using the experimental data and nonlinear regression

in MATHEMATICA 4.0 (Table 4.1).

23 7

Displacement(um)

o 0.05 0.1 015 0.2

Time(Second)

Figure 4.4: Measured and predicted displacement in piezoceramic actuator at 10 Hz
sinusoidal voltage input (Prandtl-Ishlinskii model).
Measured and predicted hysteresis loop for 70 sinusoidal input voltages at 10 Hz

using Prandtl-ishlinskii model is presented in Figure 4.5.
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Figure 4.5: Measured and predicted hysteresis loop in piezoceramic actuator at 10
Hz sinusoidal voltage input (Prandtl-Ishlinskit Model).
Predicted error of piezoceramic displacement using Prandtl-ishlinskii model is
shown in Figure 4.6. The average error is 1.302% whereas the maximum error is

4.406%.
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Figure 4.6: Predicted error of displacement in piezoceramic actuator at 10 Hz

sinusoidal voltage input (Prandtl-Ishlinskii model).
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(3) Prandtl-Ishlinskii model for 70 sinusoidal input voltages at 100 Hz:
Measured and predicted piezoceramic displacement for 70 sinusoidal input
voltages at 100 Hz using Prandtl-Ishlinskii model is presented in Figure 4.8. The
parametersa, f, a, b, and § were identified using the experimental data and

nonlinear regression in MATHEMATICA 4.0 (Table 4.1).

~—"Maasumd Displacemant
—— Prediected Diepmcoment

Displacement (um)

L L L L 1 ' t
0 0.005 0.0t 0.015 0.02 0.026 0.03 0.036 0.04

Time (Second)
Figure 4.7: Measured and predicted displacement in piezoceramic actuator at 100
Hz sinusoidal voltage input (Prandtl-Ishlinskii model).
Measured and predicted hysteresis loop for 70 sinusoidal input voltages at 10 Hz

using Prandtl-ishlinskii model is presented in Figure 4.9.
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Figure 4.8: Measured and predicted hysteresis loop in piezoceramic actuator at 100
Hz sinusoidal voltage input (Prandtl-Ishlinskii Model).

Predicted error of piezoceramic displacement using Prandtl-ishlinskii model is

shown in Figure 4.9. The average error is 10.26% whereas the maximum error is

21.6%.
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Figure 4.9 Predicted error of displacement in piezoceramic actuator at 100 Hz

sinusoidal voltage input (Prandtl-Ishlinskii model).
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4.2 Parameters Identification for Preisach Model

In (4.7) and (4.8) give a numerical form of the Preisach model that can be formed to

calculate the piezoelectric response [31].

1

[X(, Bi) — X (&, B+ [X (@, B, ) — X (e,,u(@)]  (47)

3

ut)<0,x(t)=

k=

-

n-1

u(t) >0,x(t) = ), [X(&, Biy) — X, B + X ((®),B,.) ] (4.8)

k=

—

In order to implement the two equations a series of functions f, and f; for the
specific piezoceramic actuator that being used need to be experimentally

determined for all the points [31, 13, 14].

The Preisach function when o = g is:

fs=a,ta.c+a,p (4.10)
and the Preisach function, when « # £ is:

fop =b,+h.a+b, f+b.ap (4.11)

The constants in (4.10) and (4.11) were identified via the experimental results using
the least square method in MATLAB 6.5 and MATHEMATICA 4.0 .
(1) Preisach model for 70 sinusoidal input at 10 Hz:

Measured and predicted piezoceramic displacement for 40 sinusoidal input
voltages at 0.10 Hz using Preisach model is presented in Figure 4.8. The constants
for the Preisach model in (4.7-4.14) were identified via the experimental results

using the least square method in MATLAB 6.5 and MATHEMATICA 4.0.
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Figure 4.10: Measured and predicted displacement in piezoceramic actuator at 0.1

Hz sinusoidal voltage input (Preisach model).

a) Foru>0:
Jo1o =—0.08410+0.12595.cx + 0.12595.8 4.7
Sio-00 =—0.35910+0.14185.0 + 0.14185.5 4.8)
Sro-30 =—0.72440+ 0.15115. + 0.15115.8 4.9)
Sr0-40 =—0.46520 + 0.15002.cx + 0.15002.8 (4.10)
b) For i <0:

Fio-so =0.00145514 + 0.00014726.c + 0.05820544.8 + 0.00589042..8  (4.11)
Fiozo =0.00071830 +0.00016889.cx + 0.02873216.8 + 0.00675578..8  (4.12)
Fn1o = 0.00030484 + 0.00018962.x + 0.01219315.3 + 0.00758485.c.8  (4.13)

fro-0 =0.02001000 —- 0.00037489.cx + 0.00850468.5 + 0.00850468.c..5  (4.14)
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Measured and predicted hysteresis loop for 40 sinusoidal input voltages at 0.10 Hz

using Preisach model is presented in Figures 4.9 and 4.10.
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Figure 4.11: Predicted hysteresis loop in piezoceramic actuator at 0.10 Hz

sinusoidal voltage input (Preisach Model)
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Figure 4.12 Measured and predicted hysteresis loop 1n piezoceramic actuator at 0.10

Hz sinusoidal voltage input (Preisach Model).
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Predicted error of piezoceramic displacement using Preisach model is shown in

Figure 4.11. The average error is 0.864% whereas the maximum error is 4.712%.

g b

8

Time (Second)

Figure 4.13: Predicted error of displacement in piezoceramic actuator 0.10 Hz
sinusoidal input voltage (Preisach Model)
(2) Preisach model for 70 sinusoidal input at 10 Hz:
Measured and predicted piezoceramic displacement for 70 sinusoidal input
voltages at 10 Hz using Preisach model is presented in Figure 4.15. The constants
for the Preisach model in (4.15-4.28) were identified via the experimental results

using the least square method in MATLAB 6.5 and MATHEMATICA 4.0.
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Figure 4.14: Measured and predicted displacement in piezoceramic actuator at 10

Hz sinusoidal voltage input (Preisach model).
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a)For u>0:

Footo =0.7599 +0.1128.c¢ +0.1128.8 4.15)
fioo =0.2681+0.1379.c +0.1379.8 (4.16)
Fanz =0.1229+0.1411. +0.1411.8 4.17)
Frooso = —0.6658+0.1529.2+0.1529.8 (4.18)
Faauso =—0.9984 +0.1507.cx + 0.1507.8 (4.19)
Fioeo =0.0066+0.1471.0 +0.1471.8 (4.20)
Firm =—1.1665+0.1506.c2 + 0.1506.3 4.21)

b)For u<0:
fro-e0 =0.00148696 + 0.63997799.cx + 0.1040869. 8 — 0.00638949.cx. 8 (4.22)
feo-s0 =0.00148696 + 0.63997799.cx + 0.1040869. 8 — 0.00638949.cx. 8 (4.23)
Sso-40 =0.00090754 + 0.00004963.c + 0.06352769.5 —0.00347407.cc.f  (4.24)
fio-30 =0.000453521+4.4916100.cx + 0.03174619.8 - 0.00427159.c.f8  (4.25)
Fro-20 =0.000451726 +.000060229.c + 0.03162079.8 - 0.00427159.c¢.f  (4.26)
fao-10 = 0.000451726 +.0000610229.cx + 0.03162079.4 — 0.00427159.cc.  (4.27)

fio-o = 0.00020891 +.0000740558.cx + 0.01462339.5 —-0.00518391.c0. 8 (4.28)

Measured and predicted hysteresis loop for 70 sinusoidal input voltages at 10 Hz

using Preisach model is presented in Figure 4.16.
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Figure 4.15: Measured and predicted hysteresis loop in piezoceramic actuator at 10
Hz sinusoidal voltage input (Preisach model).
Predicted error of piezoceramic displacement using Preisach model is shown in

Figure 4.17. The average error is 0.3782% whereas the maximum error is 1.843%.
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Figure 4.16: Predicted error of displacement in piezoceramic actuator at 10 Hz
sinusoidal voltage input (Preisach Model).
(3) Preisach model for 70 sinusoidal input at 100 Hz:
Measured and predicted piezoceramic displacement for 70 sinusoidal input

voltages at 100 Hz using Preisach model is presented in Figure 4.18. The constants
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for the Preisach model in (4.29-4.45) were identified via the experimental results

using the least square method in MATLAB 6.5 and MATHEMATICA 4.0.
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Figure 4.17 Measured and predicted displacement in piezoceramic actuator at 100

Hz sinusoidal voltage input (Preisach model).

a)Foru>0:
fo10 =1.1388 +0.0410.cx + 0.0410.8
fio—20 =—0.0213+0.1053. +0.1053.8
foo—3o =—0.4615+0.1178.cc +0.1178.8
fi0-40 =—1.6700+0.1361.cx+0.1361.8
fio_so =—2.2186+0.1434.cr +0.1434.8
Sso-60 = —4.6638+0.1677.x +0.1677.5
S0 =—9.8851+0.2099.¢ + 0.2099.5
b) For 1 <0:

(4.29)

(4.30)

4.31)
4.32)
(4.33)
(4.34)

(4.35)

Fro-75 = 0.00506099 —.0000137822.¢¢ +0.35426901. ~ 0.000964756.2.5 (4.36)
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Fors-es = 0.00445621 - 0.000005143.c2 +0.31193410.8 — 0.00035948.c2.8  (5.37)
Furs. e =0.002081731 - 0.00003114.cx +0.145721005.8 - 0.00218004.c.5  (4.38)
s =0.00194023 — 0.0000336083.cx +0.13581599.4 — 0.002352589.c..8  (4.39)
Fuoso =0.00145558 — 0.0000433148.x +0.10189099.5 — 0.003032031..8  (4.40)
Fuoso =0.00127771—0.0000474491 ¢ + 0.08943895.8 - 0.003321473.0.8  (4.41)
Fuoo =0.000817715 - 0.0000627277.cx + 0.05723995.8 — 0.00439094.00.8 (4.42)
Fo1o = 0.06693863 +0.6627056771.cx + 0.04631519.8 - 0.004415833.c0.8  (4.43)
Fuss =1.013929088 + 0.9476639.cx +0.0195378524.8 — 0.0072809088.c2.5 (4.44)

fas-0 =0.000285383 + 0.000164049.cx + 0.019976811.5 - 0.01148337.c.f  (4.45)

Measured and predicted hysteresis loop for 70 sinusoidal input voltages at 10 Hz

using Preisach model is presented in Figure 4.18.
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Figure 4.18: Measured and predicted hysteresis loop in piezoceramic actuator at

100 Hz sinusoidal voltage input (Preisach model).
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Predicted error of piezoceramic displacement is shown in Figure 4.19. The average

error is 2.981% whereas the maximum error is 0.591%.
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Figure 4.19: Predicted error of displacement in piezoceramic actuator at 100 Hz

sinusoidal voltage input (Preisach model).

5.3 Comparison between Preisach model and Prandtl-Ishlinskii

model

Prandtl-Ishlinskii model has some very unique properties that is invertible
and the inversion has the same structure [36, 18]. But for the Preisach model it is
not possible to drive a function for the inverse analytically [26]. In Table 4.2,
comparison between the Preisach model and Prandtl-Ishlinskii model is presented.
When the input voltage (sinusoidal) is 70 volt, at 10 Hz the maximum predicted
error using Preisach model is 1.84% whereas the maximum predicted error using

Prandtl-Ishlinskii model is 4.41%.

Prandtl-Ishlinskii model may suitable to describe the displacement in
piezoactuator while Preisach model is more accurate but the displacement signal

arising a lot of complications in simulation and being time consuming.
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Table 5.2: Error of predicted (Prandtl-Ishlinskii and Preisach) displacement in

piezoceramic actuator at different frequencies.

Frequency | Inputvolt | Maximum | Average Maximum | Average
error[PI] error [PI] error [P] error [P]
0.1Hz [0-40] 4.92% 0.89% 4.71% 0.86%
10Hz [0-70] 4.40% | 1.30% 1.84% 0.38%
100Hz [0-70] 21.60% 10.26% 2.61% 0.57%
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

In this work, hysteresis in piezoceramic actuator was studied. As the
frequency of the input voltage increases, the width of the hysteresis curve increases
and the residual displacement also increases. When the input voltage (sinusoidal) is
70 volt at 10 Hz the maximum nonlinearity is 9.53% and residual displacement is
0.4899 um. Similarly when the frequency 100 Hz the maximum nonlinearity is
18.44% and the residual displacement is 1.1164 um, which clear shows the effects

of hysteresis need to be considered.

Preisach model and Prandtl-Ishlinskii model for hysteresis in the piezoceramic
actuator have been implemented. Experimental data shows that when the input
voltage (sinusoidal) is 70 volt, at 10 Hz the maximum predicted error using
Preisach model is 1.84% whereas the maximum predicted error using Prandtl-
Ishlinskii model is 4.41%. Prandtl-Ishlinskii model may suitable to describe the
displacement in piezoactuator while Preisach model is more accurate but the
displacement signal arising a lot of complications in simulation and being time

consuming .
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5.2 Future Work:

To make the research more appreciated three recommendations can be
made:
(1) Identify dynamic parameter for the Prandtl-Ishlinskii operator. Subsequently
new approach will be developed to describe rate dependent case.
(2) Develop a control framework for piezoceramic actuator to reduce hysteresis
effects with ensure stability of the system.
(3) Design compensator to generate an inverse feedforward controller for the

piezoceramic actuator by using the inversion property in Prandtl-Ishlinskii model.
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