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ABSTRACT

With high resolution and large bandwidth, piezo-actuator is widely used in precision
position control system. However, there is nonlinear effect caused by hysteresis
phenomenon between input voltage and displacement of the piezo-actuator which
increases the difficulty for control, thus degrades the precision of control result. Besides,
dual actuators position difference limits the performance as well.

In this thesis, for the sake of enhancing the control performance, the nonlinearity

caused by hysteresis phenomenon is compensated, so the system now is a linear mechanic
system. Referring to the charge control structure proposed by L.S. Chen et al., it is shown
that the relationship between charge flowing through the piezo-actuator and its elongation
is linear. Therefore, by measuring the charge flowing through the piezo-actuator, the
voltage consumption caused by the hysteresis can be obtained and the hysteresis
compensator can be built to compensate the nonlinear effect and then, due to the system
can be regarded as a linear mechanic system after being compensated, a tracking
controller is designed for positioning. Besides, a cross-coupled controller is designed
referring to the hardware structure to fix asynchrony phenomenon under different
frequencies on produced by dual-actuators, improves the control results significantly in a
simple and rapid pattern.

Piezo-actuator’s modeling and analyses, system parameters identification, Preisach
model building, cross-coupled controller design method are introduced and discussed in
this thesis. For wvalidity, a series of experiments under several frequencies are
implemented in this thesis.

Keywords: piezo-actuator, hysteresis compensator, Preisach, synchronization
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Chapter 1 Introduction

The first chapter of this thesis will provide a brief overview on how current literature

have contributed in the field of hysteresis compensation.
1.1 Motivation

In nano-position applications, Piezo-actuator is normally used due to high resolution,
fast response and large force generation. However, the hysteresis phenomenon of the
piezo-actuator, which is regarded as an nonlinear voltage consumption, reduces the
effective input voltage and degrades the control performance. Therefore, methodologies
in proposing the elimination of the hysteresis phenomenon have been the focus of current
literature, from which another alternative proposition will be further discussed in this

thesis.
1.2 Literature Review

To eliminate hysteresis nonlinearity, many methods were proposed. In general, there
are two categories of hysteresis compensation: 1) inverse-hysteresis compensation and 2)
closed loop hysteresis reduction.

In terms of inverse-hysteresis compensation, the very beginning step is to formulate
corresponding inverse model. Then apply this model in a feed-forward
compensator.[ 1][2][3]. The key points of the inverse-hysteresis compensation method is
based on the accuracies and precision of the hysteresis model. To obtain a formulated
model that as close as possible to real case, complicated calculation is need as a cost. In
order to make a balance between model accuracy and calculation efficiency, the
polynomial Preisach model[4][5] based on the physical meaning of the hysteresis is
proposed. This Preisach model could be formulated as a polynomial equation and is

widely used to compensate the hysteresis phenomenon[5]. The model performs well in
1
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low-frequency but no longer has accurate under high-frequency .when applied under
high-frequency signal, there will be obvious tracking error. To solve this problem,
different approaches such as rate-dependent Presiach models have been discussed for
operations under high speed|[7][8][9], nevertheless, those models are not as practical as
the rate-independent ones since they usually require more complicate identification
procedure for formulating the model.

On the other hand, with respect to the closed-loop hysteresis reduction method,
researchers used the feedback controller to eliminate the hysteresis phenomenon[10].
Theoretically, this approach calculates the tracking error which is provided by previous
input signal, so it could not cancel all the hysteresis phenomenon but only constrain it,
but it prevents the complicated hysteresis model identification process.

The hysteresis observer proposed by J. G. Yi et al.[11] is a method that estimates the
hysteresis accurately under high frequency operation and is feasible in realization. The
hysteresis, in that theory, is treated as the disturbance[12][13]. The system inversion is
necessary in order to calculate the hysteresis, and the result is used to remove the
hysteresis phenomenon[14]. This method is similar to inverse-hysteresis compensation
but the hysteresis model is not required to be formulated.

The disadvantage of hysteresis observation method is that the grey-box system
identification, which is a complicated procedure, is required. Being the most difficult
method in system ID, the grey-box ID is the most time consuming method, so it is not
adequate for complex systems.

After all, to reduce the complexity of system ID, a modified control structure based
on electromechanical piezo model[15] is proposed by L.S. Chen et a/[16]. The effective
driving voltage of the piezo-actuator can be obtained by connecting an additional

capacitance to the circuit. The influence of hysteresis can then be decoupled from the

2
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system dynamics and the system description could be obtained by a simpler identification
method.

The synchronized control of piezo-actuated stage hasn’t been researched before,
However the methods of other actuated stage may also work in this stage. In general,
R.D.Lorenz et al[17] and Y.Koren[18] cateloged synchronized control method in three
approach: Synchronized master command approach, Master-slave approach and Cross-
coupled approach. What’s more, adaptive fuzzy control and robust cross-coupled control
are used in synchronized control[19][20]. However, those methods are not adopted due
to the disadvantages of inaccuracy and demand of control in both low and high

frequencies.
1.3 Contributions

The piezo-actuating system used in this thesis is based on the modified structure[ 16]
where the hysteresis phenomenon is served as an additional voltage consumption.

To compensate hysteresis phenomena of different frequencies signals a modified
Preisach hysteresis model in this thesis. The hysteresis model is used to linearize the
hysteresis by compensating the hysteresis differences. Furthermore, with the same
structure, the linearization for hysteresis under different frequencies is achievable.

What’s more, a novel method is proposed to provide synchronized control between
two axes piezo-actuators. This method is simple but performs well in the condition of not
influencing the overall control method.

After conducting a series of experiments, the results show that hysteresis
compensator ensures the low and high frequency performance but without the
requirement of system in version. Besides, the experimental results with and without

synchronized control are shown which indicate this novel synchronized control method
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performs well and could be used in any dual-axis system.
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Chapter 2 Hardware Introduction

In this chapter. The hardware used in this thesis is introduced, consists of three parts:

(1) Piezo-actuated stage (2) Laser measurement system and (3) Servo control system.
2.1 Piezo-actuated Stage

The experimental stage is made of 304 stainless steel on which the proposed control
method is validated. Since it is constructed by flexure hinge, both friction and clearance
are negligible, the influence of vibration, shock and dirt of the stage are limited. Moreover,
lubrication and seal are not necessary, Driven by two pairs of piezos (PSt 150/5x5/7 by
Piezomachanilk as shown in Table 2-1), the number of the degrees of freedom is three.

The traveling range of x and y axis are 16um , meanwhile the third freedom 6 goes with
a pitch/yaw radius of +100 prad .The movement of this degree is achieved by applying

different voltages in two piezos of one pair. To avoid the interference between the stage
and other mechanical elements, it is designed to be circular structure with diameter of

90mm and 5mm thickness. The schematic diagram of the piezo-stage is shown in Fig. 2-1.

u

Fig. 2-1 Flexure hinge stage and corresponding input channels
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Ceramic-cross section 5x5mm®
Length 18 mm

Maximum stroke 28/20um
Capacitance 1800nF
Resonance frequency 50kHz
Stiffness 60N/um
Blocking force 1600N
Maximum load force 2000N

Table 2-1 Detailed specifications of PSt 150/5x5/7 stack piezo actuator [21]

2.2 Displacement Measurement System

Measurement System is very important in this system because it is the information
source of the control method. The requirements of the measurement system including
high reliability, high resolution and would be better to be non-contact. So the laser
interferometer system, which can satisfied those requirements, is chosen for the
measurement of the stage displacement. Agilent 10705A, a heterodyne type single beam
interferometer with the ability of low frequency noise rejection, is selected as the

measurement equipment as the frequency of control reference is relatively low.

2.2.1 Overall Structure of Laser Interferometer System

The overall structure of the laser interferometer system is composed of two paths, as
shown in Fig. 2-2 Overall structure of laser interferometer system , called Path A and Path
B. The measurement point of Path A is the center of the measured object which mainly

indicates the displacement of the system. The measurement point of Path B is on one
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side’s edge of measured object from which we can calculate the status of third degree 6 .
The reason that we do not put all two path in the front side of measured object is the space

limitation which may cause the measurement instruments interfacing with each other.

Measurement
equipment || \]\
J/
Path B IS
Measurement
equipment
Path A 1

Fig. 2-2 Overall structure of laser interferometer system

2.2.2  One Path Structure of Laser Interferometer System

Take Path A as an example to explain the details of this Laser Interferometer system.
The Path A is composed of four parts: the laser head Agilent 5517C, the path system, the
receiver Agilent 10780C and the axis-board N1231A, as shown in Fig. 2-3. The
specification is listed in Table 2-2.

The measurement procedure starts from laser head, from which the laser beam fires
and the beam goes into path system. Depending on the displacement of measured object,
the path system modifies the laser frequency and changes the beam path to let the laser
beam reflect back to the receiver. A beam splitter, an interferometer and a plane mirror
included in the path system. Through this measurement process, the displacement
information can be converted in to the digital signal using the axis-board with the

Doppler-shift of the received signal compared with the original source.
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Axis-board
Receiver
, Path System
_| —\ L \
Laser Head J \9) »
Beam Splitter Interferometer Measurement Object

Fig. 2-3 Structure of one path laser interferometer system

Resolution 0.3 nm
Maximum linear velocity 696 mm/s
Reference frequency 2.4 MHz
Output Power 180 uW

1-axis Data collection time 2.5us

2-axis Data collection time 3.5us

3-axis Data collection time 4.5us

Table 2-2 Detailed specifications of laser interferometer system

2.2.3 Laser Path and the Operating Principle of Interferometer

A beam splitter, an interferometer and a plane mirror included in the path system,
which is shown in Fig. 2-2. Among all those equipment ,the main element of path system
is single beam interferometer. As shown in Fig. 2-4(b),a single beam interferometer
contains a quarter wave lens, an one phase reflecting mirror and two rectro-reflectors
The rectro-reflector reflects the beam back along the vector that is parallel to the incidence
ray. The one-phase reflecting lens reflects the laser with phase equal to 0 or .(cosine

phase) in Polar coordinate, but allow the laser with phase equal to 0.5, or 1.5, (sine
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phase)in Polar coordinate to pass through. As for the quarter wave lens, the phase of the
laser pass through will be shifted by 1/4 ..

Due to the insufficient space between the laser beam in and reflecting one, the
receiver is too big that cannot put in the path system without blocking the incoming laser
beam. To solve this problem, a 50% beam splitter (Fig. 2-4 (a)) allocated in front of the
interferometer. Although it disperses half the intensity of the laser which is passing
through, it changes the direction vertically so that receiver can be alternatively
implemented on the side of the beam splitter, and the remaining intensity of the laser is

still enough for working.

ZaN

4 Quarter wave lens
| (—arter wave ens

One-phase
NN reflecting mirror

| \/ I Rectro-reflector

Fig. 2-4 (a) Beam splitter (b) The structure of interferometer

Laser beam source Agilent 5517C provides two kinds of lasers with different
frequency simultaneously. As shown in Fig, the laser with a higher frequency ]% is a
sine wave used for reference laser. On the other hand, a cosine wave with the lower
frequency fA is called measurement laser. Then the two lasers overlap each other and

are fired to the interferometer together when they are passing the one-phase reflecting
mirror inside the interferometer, they will be divided in to two paths. The two optic paths

will be discussed separately.
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B
Laser >
— = +
S
fA

Fig. 2-5 Laser beam consists of two different lasers
On one hand, after reference signal passing through the beam splitter, it fails to go
through one-phase reflecting lens in interferometer, installs it is reflected toward rectro-
reflector, which reflected back to lens and then back to beam splitter again eventually to
receiver . During this process the signal passes beam splitter twice so the power of light
in receiver only contains 1/4 part of originally one. The corresponding optic path is shown

in Fig. 2-6

A
| AA\

N/

Fig. 2-6 Optic path of the reference laser

One the other hand, the measurement optic path is much more complex. In all there
are four states.

Firstly, after dispersed by beam splitter similar to reference signal, the beam can pass
though the interferometer and reaches the mirror but with a phase shifted by 1/4 -, as

shown in Fig. 2-7.

f _| £, +45°

N% U "

Fig. 2-7 First part of the path of the measurement laser
10
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Secondly, when the beam passes interferometer then reaches the plane mirror, a

Doppler frequency shift of fA caused. And then the beam passes though the quarter-

wave lens again with another 1/4, radian shift so becomes the cosine wave laser with

frequency f,, which is equal to f,Hf,.

Fig. 2-8 The second part of the measurement path
Thirdly, as reference signal but in the other direction, current signal cannot pass the
one-phase reflecting lens as shown in Fig. 2-9,twice reflections in mirror, one more

reflection on lens finally direction changes towards plane mirror again.

[\
AL forasen
]

Fig. 2-9 The third part of the measurement path

Fourthly, the same as second state, the laser gets another Doppler frequency shift of
fA when reaches plane mirror, so now the frequency fA3 is equal to fA‘szA , In the end,

the beam passes though the interferometer and beam splitter the same as state one and
finally reaches receiver. During measurement optic path, the signal goes though beam

splitter twice again the same as reference signal. The fourth state is as shown in Fig. 2-10.

11
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A3

f,, +45 +1,

f,, +45°

Fig. 2-10 The fourth part of the measurement path

The overall structure of one path of the beam with both the reference and

measurement laser is included is as shown in Fig. 2-11.The receiver takes two path’s

lasers and converts them to digital signal and transmitted to the axis-board. The Doppler

frequency shift 2f, caused by plane mirror is used

to calculate the plane mirror’s

displacement. Besides, if the plane mirror is static, the frequency shift 2fA will be equal

to zero and resulting measurement value zero as well..

Measurement Path

Retroreflector
10704A

A

To Receiver

+ fut2Af

fu

Quarter-Wave

_

Beam Splitter
10701A

fat2Af

Single Beam

Interferometer
10705A

From laser head

farAf

Retroreflector
10704A

Reference Path

Retroreflector
10704A

%

Retrareflector
10704A

To Receiver

+f~.§

fa

e
From laser head -
Beam Splitter S‘"g!e. Beam_
10701 A Interferometer
10705A

Plate
[ futAf fay
| P g >
| I £ 4208
Plane Mirror
Reflector

Quarter-Wave

/ Plate

Plane Mirror
Reflector

Fig. 2-11 Laser path schematic [33]
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2.3 Hardware and Software of Servo Control System

This section will introduce the hardware architecture and software —hardware

integration of Servo Control system, which is the stage applied control method on.

2.3.1 Hardware Architecture

The servo control system includes a PC, a data acquisition (DAQ) board, a laser
measurement system (consists of two measurement paths), a charge measurement unit
and an amplifier as shown in Fig. 2-12.

The PC uses CPU Intel Core™ 2 DUO E4500 and 2.0 G RAM. The control programs
are implemented in the Visual C++ environment and the execution time per loop depends
on the sampling rate of the DAQ board. National Instruments PCI-6229 is selected, with
four 16-bit analog output channels and thirty-two16-bit analog input channels, it also
provides the analog output from -10V to 10V with resolution of 305uV and has the
sampling rate up to 250kHz.The voltage amplifier E-663 (by Physik Instrumente) is an
amplifier type specifically designed for the piezo-actuator with the voltage gain of 10+0.1
and the voltage output range from -20 V to 120 V, the response curve of E-633 is shown
in Fig. 2-13. The numbers by the curves are the capacitance value of the driven actuator

(unit: pF ).Final part of the hardware is an external capacitor, chosen as 84uF by

connecting eight Mylar capacitors in parallel, as shown in Fig. 2-14.

PC generates the control signal to the DAQ board to produce the analog voltage, and
receives measurement data from DAQ board. In order to give the PC enough time to
calculate the control signal, the sampling rate of DAQ board is set to be 5 kHz, the
operating range of the piezo-actuator is from -10V to 110V, which is far beyond the
operating voltage of DAQ board, so an amplifier is chosen. After the amplifier driving
the piezo-actuator, the displacement of the stage is measured by the laser interferometer

13
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system introduced in Section 2.2. To get more information related with hysteresis
compensation which will be discussed in the later chapter, an external capacitor is series-
connected to the piezo-actuator so that it can be used by measuring the voltage drop across

this capacitor.

Laser
Laser Head Hgad
Agilent 5517C J .‘gglll;gt
Bending Mirror
 —
; o » Receiver |:| @
Aslls;)?fd T Beam Splitter
; gilent 107(
Agilent 10780C Agilent 10701A
N
DUO E4500 I—l
2GRAM T Interferometer [
re Agilent 10705A
DAQ-6229 | |
[ ]
Plane Mirror
Driving voltage Amplifier
E-663X2
NIBNC
210 Voltage measurement
L External capacitance
Flexure-hinge stage
e

Fig. 2-12 Hardware Architecture

14

doi:10.6342/NTU201702981



Amplitude/ V

Fig. 2-14 External capacitor for charge measurement.

2.3.2 Software-hardware integration

The Fig. 2-15 shows what happened during one loop period. The sampling time is 5
kHz so the time length is 20us . The loop of control process is triggered by the rising
edge of the sampling clock of the DAQ board. There are in total three stages included in
one loop: data reading, control signal calculating and input writing.

During the data reading stage, the syntax”’DAQmxReadAnalogF64” is processed
initially and the DAQ board starts to collect data saved in the buffer (i.e., voltage drop of
the capacitor) for later use. In this function, the DAQ board converts the analog output
(voltage) into digital signal so that the data get from buffer is newly measured. Except for
the data from DAQ board, the measurement data will be obtained as well from the

function called syntax “N1231AGetRawPosVel” that is executed next.

15

doi:10.6342/NTU201702981



Next stage is the control signal calculating stage, which means all processes related
with the calculation of control signal is done in this stage including error calculation,
controller realization and hysteresis compensation. When the calculation of the control
signal is brought to an end, the program will proceed to the last stage, input writing.

In final stage, the PC firstly writes the calculation results obtained from last stage.
In the later chapter we can see that to drive plant of one axis, there are two voltages data
needed. So the data can be different due to different control needs but they are driven to
plant together in this stage. After all functions performed, the program waits until the

current clock cycle finished by executing syntax "DAQmxWaitForNextSampleClock™.

Hardware Layer 1 Software Layer
DAQClock | Analog output | Analoginput Control Loop
Rising edge )
L - - —  Data Reading ——
Iy
Control signal [i-1]
Voltage
measure [i] DAQmxReadAnalogF64
Displacement N1231AGetRawPosVel
measure [i]
——|  Control calculating T =
e}
o
o Control Law
o
3>
o}
— Input Writing i [—
DAQmxWriteAnalogFé4
DAQmxWaitForNext
SampleClock
v
. R e — B

Fig. 2-15 Hardware-software integration
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Chapter 3 Hysteresis Description

Due to Hysteresis phenomenon, the relationship between the voltage after
compensation which also actually derived to stage and the voltage of operation voltage
is nonlinear. In this thesis, the hysteresis nonlinearity is formulated by the Preisach
model[4] which is commonly used now.

In this chapter, firstly Hysteresis operator is defined to describe Hysteresis
phenomenon, whose characters are shown in section 3.2, and then the Preisach model
including both physical and mathematical expression are introduced, and a simplified
polynomial Preisach model used is discussed in detail. The actual process of parameters’

identifications local at next chapter.

3.1 Hysteresis operator
Hysteresis operator is defined as the function of charge ¢ flowing through the
piezo-actuator. It is represented as
u,=H (q) (3.1

Since the hysteresis operator can be described as the function of charge ¢q ,

hysteresis voltage Y, is regarded as the energy consumption of the input voltage U
and the remaining voltage Uyemqin applied to the system is defined as

Uremain = U — H(Q) =U—Up (3.2)

3.2 Hysteresis phenomenon

In this section, different type of input signals are feed to system to show the different

Hysteresis phenomena.

17
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3.2.1 Hysteresis phenomena under signals of different frequencies.

The input signals are all sinusoid wave with magnitude of 2.5V, but the frequency

varies to 10, 30, 60, 100 and 200Hz. When the system is operated under those input

signals, the hysteresis between # and U, is as shown in Hysteresis operator

uremain

02
a

1 1 1 1
0a 1 18 2 25

Fig. 3-1 Hysteresis phenomena of signals under different frequencies
It can be concluded that the Hysteresis phenomenon is getting more obvious with

the increasing of frequency of input signal.

3.2.2 Hysteresis phenomena under signals of different velocities.

It is defined that the velocity of the signal is the voltage change per second. The input
signals are zigzag with maximum magnitude 2.5V as well and the velocities of those
signals are 10V/s, 50V/s, 100V/s, and 200V/s. The plot of the hysteresis phenomena under

different operation velocity is shown in Fig. 3-2.

18
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uremain

100
— 00
11000
k2000 | 7

Fig. 3-2 Hysteresis phenomena of zigzag signals under different velocities

3.3 Preisach Model of Hysteresis

3.3.1 Model Description

The Preisach model originated from a hypotheses related to the magnetization

phenomenon and is thought as a physical model of hysteresis. The hypothesis is that the

hysteresis phenomenon can be described as the construction of backlash operators j?aﬂ
[4].

The relationship between input and output of backlash operator j;aﬂ is shown in
Fig. 3-3, where U is the input voltage and (&, g ) are the switching thresholds of

ascending and descending operation. The operator output is either O or 1, depending on
the operating condition and the input voltage. When the input U is rising, the operator
is in the ascending operation and the output will remain as 0 unless U surpass the rising
threshold & . While in the descending operation, the operator output will remain as 1
before U is lower than the falling threshold g . The operating principle is shown in
Fig. 3-3-(b) and (c).

19
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(a) (b) (c)
Fig. 3-3 (a) Backlash operator, (b) Ascending operation, (c) Descending operation

The hysteresis phenomenon is modeled as a combination of infinity backlash
operators, and each backlash operator is weighted by a density function ,u(a, ﬁ) , as

depicted in (3.3). The corresponding mathematical expression [5][6] is defined as

P(u)= [[ u(a,B)7u[u(t)]dadp (3.3)

azf
where P(u) is the output of Preisach model, ,u(a', ,3) is the density function, and

7, 1is the backlash operator. This equation corresponds to the weighted integration of
ap

the area S~ in Fig. 3-5-(a).

> ]/(al”gl) ‘ﬂalﬂl

k7(“2::32) M, 5

']/(an’lgn) ;/'laﬁ

Fig. 3-4 Parallel connection of infinity weighted backlash operators
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As described in Equation (3.3), the operating process is shown in Fig. 3-5 . The
axis and g axis represent the ascending and descending operation respectively. The
operating point of this model is always on the 45 degree line( o = g ) during both

ascending and descending operation. During the inactive state, the operating point will

remain on the point ¢ = g=0.

>
»
»

«+—— Operation line «+—— Operation line

f

Operating point

Operating point

() (b)
Fig. 3-5 (a) Preisach integration area and operating point, (b) Preisach integration area

when piezo is in inactive state.

When the piezo stage is stimulated from inactive state ascending to ) under
driving voltage, the operating point will move along the operating line to the point

=0, and the integration area is the areain & axis, operating line and the line & = ¢,
as shown in Fig. 3-6. Similarly, when there is a decrease in driving voltage from & to
ﬂl, the position of the operating point will also decrease as well. The integration area
now is a quadrilateral bounded with & axis, operating line and the line @ =&} plus

u=/3 axis. This is illustrated in Fig. 3-7.
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»

- Operating point
«—— Operation line -

O<u<eq Operating point

.

u=0 >
Operating point

Fig. 3-6 Integration area variation from =0 to U=Q

a, - . . [ %
Operating point —
S* S* “— Operating point
«—Operating point
u=aq, B <u<a, u=p,

Fig. 3-7 Integration area variation from U=0 to u:ﬁ
Similar to the previous operation, if the operating voltage is raised to o again and

then lowered to g, as shown in Fig. 3-8, the change of integration area now adds another

quadrilateral bounded with & axis, operating line and the line &=, plus B =43,

axis as it is shown in Fig. 3-9. This process is called hysteresis congruency, which saying
that the area variations are identical during two process goes through the same amount of
voltage change. Since the area differences are the same, the hysteresis phenomena are

equivalent.
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Fig. 3-8 Continued operation, U risesto &, and then descends to ,@

N

a

Y

«—Operation line
@] Operating point %
St s AS, ) .
Operating point
)
- - > 4 ; >3

Operating point 5

Fig. 3-9 Direct operation, U risesto &, and then descends to ,@ directly

In the condition that the operating voltage exceeds either the local maximum or the
local minimum of the previous operating process, the recorded hysteresis of the previous

operation will be totally canceled. This property is named as the wipe out property .The

following example illustrates the procedure of the property.

a
.

Operating point
'Opcrating point

Operating point

54 > 7 > B

Fig. 3-10 Wipe Out Property of hysteresis

Fig. 3-10 also indicates that both of the integration area and the resulting hysteresis

are total the same no matter the operation voltage ascents from ,@, and reach & after

exceeding @&, and @) or the operation voltage goes from zero to @4 directly.
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3.3.2 Preisach Model

a- (al,ﬁ0)+
AS”,

(2) (b)

Fig. 3-11 The result of hysteresis described by Preisach model. (a) hysteresis variation

AS* =P(a, ), (b) resulting hysteresis S* =P(e,,,)—P(e,5)
The meaning of the mathematical model is that if the input # ascends to ¢; and then

descends to ﬁ, the hysteresis difference during the descending procedure is P(al., B )

Moreover, this function can also be used to find the integral result over the trapezoid

area; in Fig. 3-11-(b), for example, the trapezoid area is equal to the larger triangular
area P (0{1, ﬂo) minus the smaller triangular P(O{1 , ﬂl) . Since the variation of §*

must satisfy the operating condition as defined in Fig. 3-6, Fig. 3-7 and Fig. 3-10.
Referring to Fig. 3-12 , the integral region must be the combination of different

triangular regions. The Preisach integration area can be calculated by

n

F(u):Z{P(ai’ﬂi—l)_P(ai’ﬂi)} (3.5)

i=1
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Hysteres[s:[P(al,,b’o)+P(a2,ﬁ|)+P(al,ﬁ2)]
7[P(al.ﬂ|)+P(al,ﬁl)+l-’(a~),/j’;)]

Fig. 3-12 Hysteresis calculation using Preisach integration area

3.3.3 Polynomial Preisach model

A polynomial expression for Preisach model was suggested by Wen et al[36]. It is
assumed that the higher order of the Preisach polynomial results to better model accuracy.
However, this will also increase the calculation time. To compromise between the
accuracy and the calculation time, the order of the Preisach polynomial is chosen to be

four, and thus the corresponding Preisach polynomial is formulated as

4-i 4

Fla,p)=2.2.Ca'p’

=0 i=0 (3.6)
Cya+C,,B+Caf+Cpa’ +C,f° +-+

where [Cyq, Cyg, ---, Cp4] are the identification target.
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Chapter 4 System Description

This chapter will cover the mechanical structure as well as equivalence electro-
Mechanical Model of the piezo-actuated system including decoupling due to Hysteresis
phenomena which will be discussed detailed in Chapter 4, the mechanical equations and

parameters identification corresponding to the hardware structure.
4.1 Mechanical Structure

When only the x-direction is considered, the overall structure can be simplified as

shown in Fig. 4-1. The equivalent structure can also be represented as shown in Fig. 4-2.

Fig. 4-1 The simplified structure where only x-axis is considered[35]
Point a and point b can be regarded as stationary because the spring constant @ is
much greater than k] , the elongation of the equivalent spring on both sides are negligible.

The relationship between the stage displacement y in center and the piezo elongation Ap

which happens only one side can thus be formulated as:

A, =05y (4.1)
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Fig. 4-2 Equivalent structure of flexure-hinge stage

4.2 Electro-Mechanical Model of Piezo-actuated System

This section includes the electromechanical model of the piezo actuator, with the
help of system decoupling, the relationships between variables are derived.

4.2.1 Piezo-actuator model

The piezo-actuator model is an electromechanical model of consists of two different
models, the electrical model and a mechanical model[15], also called Voltage
transformation model. In the electrical model, U represents the voltage applied on the

experimental stage. In the stage, the voltage drop is absorbed by two components, firstly

hysteresis operator H(g) with the amount of Y, and the stage equivalent capacitance

¢, with the amount of u#, =u—u, The parameters of this equivalent capacitance are

connected to the mechanical model by the constant I, which represents the

transformation ratio of the electromechanical transducer. This parameter I, can actually
be separated into two transformation ratios with same values. One transformation maps

voltage u, to force generation E,, and the other correlates the elongation y to
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charge ¢, . So the relations are F =Temup and ¢, =T y .Therefore, the unitof 7,

P em an
can either be N/V or C/m. The dynamic equation of the system can be described as

E, = Foxe = M,y + B,y + Kpy (4.2)
Where F,, is the externally applied force. M,, B,, K, are the mass, damping

constant and spring constant of the piezo actuator respectively.

+ + i
F
u, H(q) p F;xt
_ q,
u +/ Mp
g, «——
uP cP T:zm K B
u, —— F, P P
- <<<<<((\W

Fig. 4-3 Electromechanical model of piezo actuator.
The mechanical model can be approximated by a mass-spring-damper system and
the combined mechanism can be regarded as a second-order mass-spring-damper system.
The governing equation is modified as

Ey = Fore = M,y + B,y + K,y

_ My
M= M+= (4.3)
B= B;+B,
\ K= K, +K,

where (M, B,,K)) and (M, B, K) represent the mass, damping constants, and spring
constants of the piezo stage and the overall system, respectively.
4.2.2 The equation of transformation ratio

As it is shown in Fig. 4-4, in this thesis, the structure of the piezo actuator proposed

is slight changed in order to measure the change which is the same as the system proposed
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by L.S. Chen et al. [16]. An additional real capacitor with capacitance C, as introduced

in chapter 2 is connected to the piezo to measure the total charge in the actuator, since the
current flowing through the actuator is same as the current flow through the added

capacitor. The total charge flowing through the piezo-actuator can be calculated by

measuring the voltage drop ¥, on the capacitor connected to it.

+ +
u, H(q) F, K.
=y Ty
+ M,

ul ) @ AT B

u, — F, I:j

— 5= e
v, €_

Fig. 4-4 Modified Electromechanical model of piezo actuator
From the electromechanical model of the piezo actuator [15], the force generated by

the piezo-actuator is
Fy =Tou, =4, (44)
Where [' is the stiffness of the piezo-actuator. The charge stored in the
electromechanical transducer ((-) can be described as
QT = ];mAp (45)
The overall charge stored in piezo-actuator is equal to the sum of the charge in the
equivalent capacitor (Qp) and the charge in the transducer as it is shown below.
q = CeI/e = Qp +QT = Cpup +7:zmAp (46)
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The value of stiffness I will be estimated in next section and the equivalent capacitor
¢, are known by measurement. The equations of transformation ratio I, then can be

calculated by combining the Equation(4.4) (4.5) and (4.6)

J;fn —(AiJ T, +Tc, =0 (4.7)

14
Where ¢ and Ap are the measured value of both the charge and elongation
respectively. Besides, from Equation (4.6) a, u, is obtained as

cV -
P

The hysteresis voltage ,, can be calculated

w, =u—u,—V, (4.9)
| | |
(q)
q q q
| ¢ —— I J .
T T
(a) (b)

Fig. 4-5 Parallel connected piezo-actuator model. (a) Original structure (b)Single-piezo
equivalent structure
Since the structure of each piezo-actuator is identical, the two units are connected in
parallel, and the difference of two u nits are neglected because they are the same with

each other, the parameters of the equivalent structure can be doubled as listed following:
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Tem2 Tem (4 10)
C .

Equation (4.9) implies that the transformation ratio 1, , is two times the value of the

original piezo-actuator. For while the stage is operated under the same amount of voltage,
the force is generated by two piezo-actuators. At the same time, the stiffness [ is

doubled. The modified equation becomes

F,=2T,u,=2TA,

em”" p

TA, (4.11)
g=cV,=2cu,+2T, A, =2c, +2T,A,
Thus the equation to estimate L, is obtained as
2 q
T;m _{IJEW +FCP =0 (412)
p

4.3 Parameter ID

In equation(4.2), except for I, the only parameters that required to know is I’

4.3.1 Estimation of the Equivalent Stiffness

Parameter I’ is the equivalent stiffness of the stage when the force is applied on
the piezo. It is only related to the geometry and stiffness of the mechanical stage, thus
I' can be obtained by simulation environment in ANSYS. The force generated by each

piezo is set to be 150N, which causes the elongation of the piezo to be 1.663 ym . The

overall I is then estimated as 90.2 N / um . The simulation results are shown in Fig. 4-6.
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Noncommercial use only

(a) The applied force generated by the piezo.

1 7ANSYS

Noncommercial use only

(a) The resulting deformation of the stage

Fig. 4-6 The static force simulation in ANSYS. (a) Force applied (b) Deformation
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4.3.2 Identification of the transformation ratio

em em

An experiment based on the equation 77 — (q /12A, ) T, +Tc,=0 is carried out to

know the transformation ratio 1, .Because both the damping ratio and stage mass are
not involved, this experiment is operated with a slow-speed ramp signal. The

displacement y can be measured by laser path so the Ap is obtained due to Ap =0.5y

and the charge ¢ , which is stored in the capacitor can be measured by as well. In Fig.
4-7, the relationship between the input voltage % and the stage displacement y is shown.
While Fig. 4-8 shows the relationship between the charge stored in the capacitor, which

is equivalent to the charge passing through the piezo-actuator and the displacement y .

x-axis Displacement (um)

0 1 2 3 4 5 6 7
operating woltage * 0.1 (V)

Fig. 4-7 Relationship between operating voltage and stage displacement
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x-axis Displacement (um)
N

2 L L L L L L L
-50 0 50 100 150 200 250 300 350
stored charge q (uC)

Fig. 4-8 Relationship between piezo stored charge and stage displacement

In the equation 7 — (q/ 2AP)TE . +Tc,=0,thevalueof ¢, and C, are 1.8 and
84 respectively. the value of ¢/ (2A p) is calculated from the Least-Square method,
finially the value of T, is calculated as 4.95 and 32.81 (unit N/V or C/m). In order to
verify these two solutions, Equations (4.3) and Equations (4.8) are used to obtain the
corresponding U, and u,. By increasing the input voltage U, the operation voltage u,

and the hysteresis consumption %, are expected to increase. According to Fig. 4-9 and

Fig. 4-10, only the result calculated by T =4.95 satisfies the assumption, thus I is

an

suggested to be 4.95.

Tem =4.95
Tem = 32.81

u*0.1(V)
Fig. 4-9 Relationship between operating voltage U and hysteresis voltage U,
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Tem =4.95
— Tem =32.81

ur0.1(V)

Fig. 4-10 Relationship between operating voltage U and force generating voltage U,
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Chapter 5 System ID

In this chapter, firstly the force generating voltage u, and the hysteresis

consumption U, can be estimated by 4-order polynomial Preisach model. Later, four

stage transfer functions of operating voltages with two in same direction and different
direction axis can be further identified. The identification of hysteresis phenomenon is
required for constructing the Hysteresis model while the controller design is based on

system identification.
5.1 Hysteresis ID

As introduced in Chapter 4, the hysteresis phenomenon is normally used to describe

the nonlinear relationship between the input voltage % and the output displacement y .

In this section, the main content is to introduce the identification process of the
hysteresis phenomenon.
As said, the 4-order polynomial expression for Preisach model was proposed by Wen
et al[32].
4—i

F(a.p)= ZZan’ﬂ"

=0 =0 (5.1
=Cya+C,B+C,ofp +Cpa® +Cp, B +-+-

As in chapter 4, the hysteresis variation P(a, ﬂ) can be estimated, both & and

£ are directly decided by the operating voltage U

In order to identify the coefficients in Equation(5.1), a low-speed zigzag signal as

illustrated in Fig. 5-1 is used to drive the piezo-actuator. The resulting displacement y
and operating charge ¢ can be simultaneously recorded for calculation.
Given by the experimental data, the relationship between U and ¥, can be written
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as

F(a,B)=Cha+CoB+C af+Cya’ +Cp, B+

— 2 2
= Ay =Gy + Gy, +C gy, + Coguayg” + Cyuy”™ -+

(5.2)

where 4, is the i-th local maximum of U , u; is the j-th descending point after

ascended to U%,, and Ah,-j is the hysteresis variation during the operation. Thus, all the

equations according to Equation (5.2) can be rearranged in matrix expression as

following
r 2 2 Trm = T .
Ug Uy Uy Uy Uy || G, Ahy,
2 2
Uy Uy Ul Uy Uy Co Ahy,
2 2
Uy Uz Ul Uy Uy oF Ahy,
. =] (5.3)
2 2 Ah
Uy Uy Uy Uy U i
: | Cos L ]
which satisfies the linear equation form
AX =B (5.4)
where
i 2 2 ..._ B T M B
Uy Uy Ul Uy Uy Co, Ahy,
2 2
Uy Uy Uglhy Uy Up Co Ahy,
2 2
Uy Uy Ul Uy Uy oo C Ah,
10 13 1013 10 13 11 3
A= : , X=| .|, B=| . (5.5)
2 2 : Ah,
Up Uy Uy Uy Uy oo ) u
_C04 L -

Noting that the row dimension of matrix A is larger than the column-dimension. In order

to solve X, Least-Square method is implemented as indicated in the following
X =(4"4) " 4"B (5.6)

where the solution of A satisfies
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||AX - B” S ||AXolher - B” v Xother (57)

According to Fig. 3-2, it is implies that with higher velocity, the hysteresis
phenomenon of the zigzag signal becomes greater. Using the obtained Preisach
polynomial function by giving a zigzag signal with velocity = 1500, the simulated

hysteresis consumption is compared with the real hysteresis as shown in Fig. 5-2.

Operating Yoltage!1 00}

. . . n I
0 05 1 15 2 25 3
t{sec)

Fig. 5-1 Input signal for Preisach model identification.

Uh Real
Uh simulation

05
o

t{sec)

Fig. 5-2 (a)Hysteresis voltage U, estimated by Equation (4.9)

5.2 System ID

This section is divided three parts .The first part introduces the four functions that

will be identified from physical relationship and then both the notification and the input
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signal processed into system. The result is presented in the third part.
5.2.1 System Decoupling

Supporting the measured results of the Path A and Path B in Fig. 5-2 are different,
which means the stage is not running in parallel. As shown in, suppose there are two

axis named 0 and 1. When one side pushing, it will not only affect the side itself, but also

the other side.

AxisO | Axisl

So when the stage is pushed, the measured value contains two part: the impact of
the actuators in same side which is main factor and the impact of the actuators in other

side.

R 1

So in total there are four functions Gyg, Gg1, G19, and G, that need to be identified
5.2.2 Preparation of System Identification

To finish the ID process, an input signal need to be chosen to get a best result. The
requirement including that firstly it can covers all frequency that need to be formulated,
secondly, it will cause a response that should be safe that will not do damage to
experiments stage. What’s more, It would be better that it is easy to implement. A chirp
signal and a step signal are combined to be the input voltage to stimulate the dynamic
characteristics of the stag. Since the operation is mainly under lower frequencies, the
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exponential chirp is chosen. The input signal u(t) is

u(t):A+Asin|:2ﬂfo illjlt(—_lcl)]-i_%:l (5.15)

where A4 is the amplitude of both the step and the chirp signal, fo is the initial

frequency, k is the increasing rate of frequency of the chirp signal. The step signal and

the phase shift ¢=1.57 are used to move the range of the input voltage from [—A , A]

to [0 , 2A] since piezo-actuators behaves more consistently under positive voltage input
in general conditions. The frequency of the chirp signal is
f(t)=foxK (5.16)

Since the resonant frequency of the stage was estimated to be around 900Hz from
former experiments [35], the frequency of the chirp signal is chosen to start from 0.5 to

1000Hz. A is chosen to be 1.5 (V). The corresponding equation of the input signal is

. K-1] 3
M(Z)—1.5+1.581n|:272’><0.5(1n(k)J+57[j| (5.17)

The frequency growing rate &k is defined as

Vt g
_ fj

k=] =< 5.18

(fo .10

where fend is the end frequency (1000Hz), fo is the initial frequency (0.5Hz) and

t,,4 1sthe end time (0.5s) of the chirp signal. To emphasize the performance under low

frequency signal, a low pass filter with corner frequency at 300Hz is implemented to
modify the input signal as following

27 %300
L(s)=—22"""" 5.19
(S) s+27%x300 ( )

40

doi:10.6342/NTU201702981



Cherp End freq = 1000 End time = 0.5 t - Freq (Hz)
3 1000

900

800

700

600

500

Hz

400

300

200

100

Fig. 5-3 (a)Chirp signal from 0.01 to 1000 Hz (b)Frequency change with time

5.2.3 Identification Results

Compared with operating input % , the force-generating voltage u, as the

effective input voltage of the stage ,is a better choice ,because the relationship between

operating input # and output displacement ) is affected by the hysteresis, and as the

value of I, is identified, it is able to estimate the force-generating voltage u, by

Equation (4.9). In consequence, the stage transfer function can be obtained by system
ID technique.
By the N4SID method which belongs to the System Identification Toolbox in

MATLAB [29][30], the transfer function of the system is estimated as

5.7512 z"—1 (1-z~1) (14+0.058 ~1)

Gon =
00 (1+0.8532z1) (1-z~1)(1 — 0.5537z"1 + 0.739 ~2)

(5.20)

A =1 -1
Gt = 1.263 1 (1-z~1) (1+0.6407z1) (5.21)

(14+0.9787z71) (1-z=1)(1 — 0.7255z~1 + 0.9298z72)

4.6959z"—1 (1-z~1) (1+0.3285z71)
(1+0.8939z71) (1-z"1)(1 - 0.6526z"1 + 0.7147z~2)

Gi1 =

(5.22)

1.2634 ~—1 (1-z~1) (14+0.6407z1
Gor = 2038 11 (e (004077 ) (5.23)
(1+0.9787z71) (1-z~1)(1 — 0.7255z"1 + 0.9298z72)

With fatting rates are 93%, 95%, 90% and 94% respectively.
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Chapter 6 Control Method

The control structure in this thesis is shown in Fig. 6-1, which can mainly split into
three parts, first one is hysteresis linearization control, second one is synchronizing

control, and final part is tracking control

Hysteresis Compensator

[racking
z rshy (u H, (-
+ o fEHE e ] |
ﬁ» C(z) h e 'ge ! :’} G,(z) >
1 F(2)
é—' D(Z) .
Synchronizgtion
U, E(z) ]{/1 Prshy, (u) 2 (
] Ny I
+ u+
Fig. 6-1 Overall control structure
6.1 The inner loop control

The inner loop is designed to linearize the hysteresis phenomenon, contains a
hysteresis observer and compensator, as shown in Fig. 6-1. If the inner loop works
perfectly, the hysteresis phenomenon will be totally eliminated. The structure will then

become simpler as shown in Fig. 6-2.

;

[[] ———0—> Controller R4 » G

A 4

A 4

v " G

\4

Filter

r

Fig. 6-2 Block diagram where the inner loop control eliminates the hysteresis
4
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nonlinearity perfectly

6.1.1 Measurement-based Hysteresis Observer

To measure the voltage consumption caused by hysteresis phenomenon precisely,
the voltage after compensation which also actually derived to transducer and the voltage
of operation voltage is needed. Typically, the actually applied voltage is estimated by the
convolution of output and the inverse model of the system, and because the system is non-

minimal phase system, it’s even more burdensome. However, with the capacitor-
connected structure, both minimal phase and non-minimal phase system %, could be
obtained

From equation 3-6, the effective voltage applied to the transducer u, which is the
remained voltage after hysteresis consumption, can be calculated with the estimated

transformation ratio I, by the equation

CV -AT
up;@ (6.1)
P

So the estimation law of % can be written as

remain

cV,-T,
remain =up +I/e =M+I/g (6'2)
C
P
Vv
Hz(') | \
SN N S :
+ - c +c u * Ustage \ 2 Esti:nator
/
T e LR
c
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Fig. 6-3 General structure of %, estimator

In order to linearize the hysteresis, a voltage U,,,, which is the estimation of the

cmp >
nonlinearity of hysteresis consumption %, is added. The method of this compensator
will be introduced following section. The corresponding equation of input voltage u is
written as

u:uctrl +ucn’;v (63)

Where U, is the desired operating voltage given by the outer-loop controller.
Substitute (8.1) into Equation (8.2)

u

remain

=u

ctrl

U, —U, (6.4)

is added to eliminate Y,. However, in this novel method, %, is used

Normally u,, »

iz
to linearize the relationship between U, and U, . If compensator voltage u,,, is

calculated accurately, the previous equation becomes

uremail = WX uctrl (83)

Hz()
U -; ’7 -T— i G (Z) —

+
|

|
|
|
|
\ 4 |
Hys Compensator [4— == = — Estimator |« — -

Fig. 6-4 Compensation principle of inner loop compensator
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6.1.2 Measurement-based Hysteresis compensator

The hysteresis linearization method is based on a modified Preisach model, with a
low-pass filter and a gain multiplier added after the compensation voltage calculated by

the model. The structure of this method is shown in Fig. 6-5.

Hysteresis Compensator

“cm,:l:' F(z) e K, (| Prshy, (u) |3 )
u‘[l‘ i
- IV > G, (z) —

ur()muin

s K, P hdi ' ¥ H, (-
ulj_p 1(2) N A TSPy (u) h ’7 2( ) _ur@main
—»«g :l—» G, (Z) >

+ u +

»
— 1
T
—~~
S~

+
<
+

Fig. 6-5 Overall hysteresis compensator control structure

Prshdlﬁ.(-) is the hysteresis-difference model, which calculate the difference of

hysteresis between two consecutive inputs. Based on the rate-independent hysteresis

model Prsh () , Prsh,, () is defined as

Prsh,,, (u) = Prsh(u)-Prsh (uz"l) (8.4)

The hysteresis-difference model is used to linearize the hysteresis phenomenon.
According to the classical Preisach model compensation method, the compensation error
caused by model-mismatch is mainly owing to the variation of the integrating area AS™.
Once the variation of the integrating area is compensated, the linearization of the
hysteresis phenomenon is achieved, With the knowledge of the hysteresis phenomena
introduced in chapter 4, the hysteresis phenomenon changes while either the frequency
or the velocity of the input signal changes. It is reasonable to infer that the hysteresis

differences under different frequencies can be described by one static hysteresis model
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by amplifying certain amplitude g, . The hysteresis difference between the consecutive

signals under another frequency ( f 2 ) could be obtained.

Prshyy o, ()= K, % Prshy,, (u) (6.7)

In order to compensate different signal without building rate-independent Preisach

model for each input signal, a changeable gain multiplier x, is added. Itis shown in Fig.
3-1, the g, is used to compensate different signal, which will greatly influence the
hysteresis linearization result. The amplitude of gain multiplier x, will also affect the
tracking error, The better the compensator is, the less tracking error would be. The low
pass filter £ (Z) is added to reduce the signal noise produced by the outer-loop controller

thus the compensation voltage will be less contaminated. The structure and function of

this filter is identical to the IIR filter introduced in 6.3.2.

6.2 Synchronized control

6.2.1 Synchronized control approaches

Basically there are three kinds of control structures in synchronized control
commonly used now by R.D.Lorenz [17] and Y.Koren [18].First one is Master-command
Approach as shown in Fig. 6-6. This structure is applying the total same moving
command to all axes. In this structure, two axes can be designed independently but usually
used in the condition of two axes are highly identical. Because the lack of communication
between two axes, when a sudden disturbance come in, the error will accumulate or even
worse, if two axes actuators have been coupled in hardware, this structure may leads to a

damage to stage.
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4>£_—> C —» Stagel —-—>

4£__, C ——» Stage2 —

+

Fig. 6-6 Master-command Approach
And then, next one is Master-slave Approach as shown in Fig. 6-7. This structure
need to select one axis as master axis and the other one which have a fast response as
slave axis, put the output of master axis as the input of slave axis , make the slave to track
the master axis’ movement trajectory. The feature is that the independence of two axes
control design is guaranteed, the difference of performances of two actuators is acceptable.
However, the slave axis have the problem of time delay which may make the error

accumulate as well and this structure also performs bad in higher frequency domain.

—4>£_—> C ——» Stagel —-—>

4>$_—> C — » Stage2 ——

+

Fig. 6-7 Master-slave Approach
Finally, the Cross-coupled approach is proposed. This structure shown in Fig. 6-8
placed a unit called Synchronized error compensator. This unit can be seen as a
communication between two axes, provides the function of synchronized control. The

difficulty of this approach is the compensator’s design method needs to be carefully
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designed specifically referring to system characters.

Stage2 —»

Fig. 6-8 Cross-coupled Approach

6.2.2 Synchronized control method

The Synchronized control in this paper is a combination of master command
approach and a cross-coupled approach.

Except for this unit, other control methods of this plant works well. What’s more,
the two axes’ control method is totally same .So, although the two axes have been
coupling with each other, we can still apply master command approach to get a fast
response not worrying about damaging the stage. In this paper, the command that
simultaneously applied to two axes is the output of outer loop tracking controller that will
be introduced next session.

As the cons mentioned, the performance of master command approach is not good
enough, so cross-coupled approach is added to improve it. The method of design is shown

below.

48

doi:10.6342/NTU201702981



O—>» Stagel —I

Fig. 6-9 Design method of synchronization
As you can see in Fig. 6-9. , the signal sources of stage2 are two: y, and U, Ueer
comes from master command approach as discussed. So if view y, as an input

independently, it can be shown as Fig. 6-10

- Yin
Yo ... D ———>» Stage?2 ——>

Fig. 6-10 Design method of signal y,

The differences between two axes is thought as input which can be seen as a one
axis input signal minus feedback. In another word, the goal of this unit is to make the
output track the input low frequencies signal which is very similar to Master-slave
approach. a plain PI controller is implemented in this unit. The P controller multiplies the

current error by a weighting k. While I controller multiplies the accumulated error by
a weighting g. The P controller is capable of reducing the error over all frequencies

consistently, as the I controller features good tracking performance in low frequencies.
The PI controller used in this thesis ensures a satisfying low-frequency performance and
a adequate high-frequency control result. Equation (6.1) shows the transfer function of a

discrete PI controller.
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1
D(Z) = Kp + Klm (68)
In a summary, the Synchronized control method include two parts: master command
and cross-coupled approaches. The cross-coupled unit is designed with Master-slave

approach’s method, so the final synchronized controller is designed with the pros of both

two methods but in a good balance.

6.3 Outer Loop Tracking Controller

There are two parts in the outer loop controller: the tracking controller C(z) and a

feedback filter F' (Z) When designing the outer loop tracking controller, it is supposed

that the ideal linearization is achieved. The system structure becomes like what is shown

in Fig. 6-11.

4 > G,(2)

A 4

F(z) “

Fig. 6-11 Outer loop tracking control structure

6.3.1 Tracking Controller

In order to show the capability of the compensation method, another plain PI
controller is implemented in tracking controller as well. As introduced before, PI
controller can not only reduce the error but also provide good tracking performance in

low frequencies input signals.
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6.3.2 Feedback Filter

A first-order infinite impulse response filter (IIR filter) is chosen to diminish the
high-frequency noise produced by the laser interferometer system and the environment.
The IIR filter is implemented in the feedback path of the closed loop system. The transfer

function of the IIR filter is shown below.

F(z)zli;fq (6.9)

where
0<p <1 (6.10)

The pole of F (Z) is a real pole at z = . In order to obtain the corner frequency

of F (Z), the conversion between Z-domain and S-domain is introduced as following

z=e" (6.11)

Accordingly, the pole of the IIR filter in S-domain is

In(4)
T

s

(6.12)

In addition, as z=1 (when s=0), the static gain of F (Z) is equal to 1. As a result, the

designed IIR filter is a low pass filter with corner frequency at In ( b ) /(27T,)Hz.

The outer loop tracking controller is designed assuming the hysteresis phenomenon

is linearized by the hysteresis compensator which is in the inner loop.

6.4 Stability Analysis

In best circumstances of hysteresis linearization of dual axes, the hysteresis

phenomenon can be totally linearized and the relationship between u and Uu,,,,
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becomes U,,,,.; =W XU,, in both axes as well. However, the nonlinearity of the

hysteresis might not be fully linearized in the real case. The non-linearized parts after

hysteresis linearization can be regarded as uncertainty A; weighted with , and

A, with W, . The relationship between u and %, is then changed to U emqing =

(WY +Wydy ) Xu as well as Upemaint = (W + WiA;) X u. The system structure is

illustrated as Fig. 6-12 shows.

N Yo
] —» Ciz) > Goo+Goq >
Upemaing
Fiz)
4,
+ D(z)
Ii-:‘ (l‘u] +(;11 >

Upemarni

Fig. 6-12 Overall control structure with the equivalent weighted uncertainty and
the small gain theorem
The best case and the worst case in this hysteresis consumption is no consumption
and fully consumption, so all circumstances lie in range bounded two extreme situation
which is WyA, =0 /W;A; = 0 for perfect consumption and WyA, = -WP/W;A; = -Wlor

a very poor consumption. From the experiment before, ¥ can be found to be 0.66. The

uncertainty weight ¥ and W, is bounded between [-0.66, 0.66] since the hysteresis is

symmetric, where —1 <A <1, -1 <A <1
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For dual axes situation, from the relationships structure scheme shows, the equations

are listed as

( Zy = (u - DAy) WO

z;= (u+DA,) W,

X u= C(T - Fyo) (6.13)
Ay=yo =¥

Yo = (wg +Wu )(Goo + Gyp)

\y1 = (w1 +Pu )(Goq + Gq1)

It can be derived that with z;/ z, as outputs, while wgy/w;are inputs, this is
MIMO system. The transfer matrix is

-l el

ZlImyy myy (U1] (6.14)

where

C(GOO + GIO)(((001 + Gll) - (GOO + GIO))lpD + 1))W

Moo =(_D(G00 + GlO) - 1+ C(Goo + Glo)LP °

C(Goo + G10)(((Go1 + G11) — (Goo + G19))¥D + 1))W

Mot ~(D(Got + G11) — T+ CGog + Gag)P '

C(GOO + GIO)(((GOO + GIO) - (601 + Gll))lpD + 1))W

myq -(D (Goo + 610) - 1+ C(Ggp + G1)¥ ’

C(Goo + G10)((Goo + G19) — (Go1 + G11)WD) + 1))W

-(—D(Gy1 + G11) —
myq =(—=D(Go1 11) 1+ C(Goo + G10)¥ '

1

From the designed controller, filter and system identification, C(z)=0.9+0.21 51
—Zz

1

F(z)= . 1(_)(;'871 ,W =0.66, Ggo, Go1, G109, G11 have been identified from Equation
—VU.8Z

(5.20), (5.21), (5.22) and (5.23).
As the result, by Small Gain Theorem, the stability criteria can be established as
illustrated by the Robust Control Toolbox MATLAB[41]. The stable condition is then

confirmed.
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I [moo Mpq

s mn] lo=0.847 < 1 (6.15)
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Chapter 7 Experimental Validity

Series of experiments operated with 30Hz, 60Hz, 100Hz sinusoid signal and a stair
signal are chosen for the experiment in order to justify the proposed method is capable of
dealing signals with different frequencies. The control results in section 7.2 are
experiments operated without hysteresis compensation, which are used to compare with

the experiments done using hysteresis compensation in section 7.3.

7.1 Hysteresis Linearization

By using the method proposed in section 6.3, the nonlinearity of the hysteresis
phenomenon between U, and U, could be reduced by adjusting K, and the
corner frequency of the filter /{ (Z) . The experiments are done in open loop control under
different frequencies to show that the hysteresis compensator is able to linearize the

hysteresis. The results that the relationship between %, ., and U, can be described

as U =WyXxu,, after linearization, where y =0.66. The amplified gain K, and

remail

the B value of the filter Fl(z) (which determines the corner frequency) chosen for

each frequency are different.

(2) (b)

Fig. 7-1 (a)30Hz sine wave before linearized (b) after linearized
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(a) (b)
Fig. 7-2 (a)60Hz sine wave before linearized (b) after linearized

1.6 16

 i0oHz ——100Hz

14 14

1.2 12

< 08 s 08
£ os 2 as
04 04

0.2 02

02 02

(a) (b)
Fig. 7-3 (a)100Hz sine wave before linearized (b) after linearized

It is shown from the figures above that with the hysteresis linearization method, the

relationship between U, and U, can be “squeezed” from an olive shape to nearly a

line, which means the nonlinear phenomenon is reduced by the hysteresis compensator.
In other words, the hysteresis phenomenon is “linearized”. It is also shown that the higher
the input frequency is, the poorer the hysteresis linearization works. Since the hysteresis
phenomenon changes differently under high frequency, the approximation of hysteresis
difference may not be able to reach perfectly. Due to Synchronized control, the operating
voltages on dual axis piezo actuators are different, so the specific parameters are designed
to finish compensator. Following Table 7-1 shows the specific parameters selected after
experiments. The K,, means the compensator on the axis 0,K4; on the axis 1 as the

same, and the parameter of filter are shared together.

56

doi:10.6342/NTU201702981



30Hz 60Hz 100Hz
5 of Fy(2) 0.963 0.9518 0.8
1
K. 13.6 8.5 6.1
K., 13.5 8.3 5.8

Table 7-1 p value and Ky, K41 under different frequencies

7.2 Without Synchronized control

In this and next sections, experiments are done without synchronized unit and with
it as a comparison. Except for synchronized control part, all other control methods are the
same including hysteresis linearization and outer loop control which consists of a plain
PI tracking controller and a low pass filter that can be used to reduce the influence of high
frequency disturbance are implemented for the system. The results are used to shown how

synchronized control influence the two axes’ displacements difference.

v
Q
v

+ Ueir
—> Controller » Y

Filter [«

Fig. 7-4 Control structure without synchronized control

The parameters of PI controller in outer loop control are always fixed to

(K K ,.) =(0.9,0.215). The g value, which influences the corner frequency of the filter

F (z) is fixed at the value of 0.8, which is corresponding to the corner frequency of

177.572Hz. Due to the lack of synchronized, the drive voltages on two axes are the

same ,so the hysteresis linearization parameters are same in dual axes.
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7.2.1 Without synchronization: Stair Signal
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Fig. 7-5 Control results without synchronized control stair signal

Reference Signal stair
Outer loop control Yes
Synchronized control No
Inner loop control Yes
PI parameter (Kp , K,-) (0.9, 0.215)
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B value of IR filter F(z) 0.8(177Hz)
B value of IR filter F(z) 0.963(30Hz)
K, 13.6

Error Range

[-6.0, 151.3] nm

Table 7-2 Control results without synchronized control stair signal

7.2.2  Without synchronization: 1.2sin(30Hz)

3000
—
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2500 —y0 |1
” HHTNTHHLE N —t
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£ | | (i |
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I i1
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0 02 0.4 06 0.8 1 12 14
time (sec)

Displacement (nm)

y/yOError min=-4.636nm max=79.743 nm
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01 0.15

time (sec)

Fig. 7-6 Without synchronization 60Hz sine wave

Reference Signal

1.2+1.2sin(30Hz)
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Outer loop control Yes
Synchronized control No
Inner loop control Yes

PI parameter (Kp , K,.) (0.9, 0.215)

B value of IIR filter F(z) 0.8(177Hz)

B value of IIR filter F(z) 0.963(30Hz)
K, 13.7

Error Std. 13.4 nm
Error Range [-4.6,79.7] nm

Table 7-3 Control Results without synchronized control 30Hz sine wave

7.2.3  Without synchronization: 1.2sin(60Hz)
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y/yOError min=-24.0355nm max=80.0153 nm

[——yy0Error Std =20.7873 nm

Displacement {nm)

.
0 0.05 01 0.15
time (sec)

Fig. 7-7 Without synchronization 60Hz sine wave

Reference Signal 1.2+1.2sin(60Hz)
Outer loop control Yes
Synchronized control No
Inner loop control Yes
PI parameter (Kp , K,-) (0.9, 0.215)
B value of IR filter F(z) 0.8(177Hz)
B value of IIR filter F(z) 0.9158(60Hz)
K, 8.5
Error Std. 20.8 nm
Error Range [-24.0 ,80.0] nm

Table 7-4 Control Results without Synchronized control 60Hz sine wave

61

doi:10.6342/NTU201702981



7.2.4  Without synchronization: 1.2sin(100Hz)
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Fig. 7-8 Without synchrony 100Hz sine wave

Reference Signal 1.2+1.2sin(100Hz)

Outer loop control Yes
Synchronized control No
Inner loop control Yes

PI parameter (Kp , K,.) (0.9, 0.215)

B value of IIR filter F (Z) 0.8(177Hz)

B value of IR filter F(z) 0.8(177Hz)
K, 6.1
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Error Std.

81.3 nm

Error Range

[-87.8, 158.2 nm

Table 7-5 Control Results without Synchronized control 100Hz sine wave

7.3 With Synchronized control

The parameters of PI controller in outer loop control are always fixed to

(Kp, K,-) =(0.9,0.215).The p value, which influences the corner frequency of the filter

F (Z) is fixed at the value of 0.8, which is corresponding to the corner frequency of

177.572Hz. When Synchronized control part is on, the parameters of PI controller in it is

selected as (Dp,Di) = (0.2,002)

7.3.1 With synchronization: Stair Signal
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y/yOError min=-16.999nm max=16.382 nm
30 T T

[ y#0Error Std =3.0163 nm

20

Pty

=201

Displacement (nm)
=

-10

-30

time (sec)

Fig. 7-9 Control Results with synchronization Stair Signal

Reference Signal stair
Outer loop control Yes
Synchronized control Yes
Inner loop control Yes
PI parameter (Kp , K,-) (0.9, 0.215)
Synchronized PI parameter (Dp, DL-) (0.21,0.02)
B value of IIR filter F (Z) 0.8(177Hz)
B value of IR filter F(z) 0.963(30Hz)
Ko 13.6
Ky, 13.6
Error Std. 3.0 nm
Error Range [17.0,16.4] nm

Table 7-6 Control Results without synchronized control Stair Signal
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7.3.2  With synchronization: 1.2sin(30Hz)
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Fig. 7-10 With synchronization 60Hz sine wave

Reference Signal

1.2+1.2sin(30Hz)

Outer loop control Yes
Synchronized control Yes
Inner loop control Yes
PI parameter (K, , K,) 0.9, 0.215)
Synchronized PI parameter (Dp, Dl-) (0.21,0.02)
B value of IIR filter F (z) 0.8(177Hz)
B value of IR filter F(z) 0.963(30Hz)
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Kao 13.7

K1 13.7
Error Std. 5.3nm
Error Range [-20.1, 16.1] nm

Table 7-7 Control Results with synchronized control 30Hz sine wave

7.3.3  With synchronization: 1.2sin(60Hz)
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Fig. 7-11 With synchronization 60Hz sine wave

Reference Signal 1.2+1.2sin(60Hz)
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Outer loop control

Yes
Synchronized control Yes
Inner loop control Yes
PI parameter (Kp , K,.) (0.9, 0.215)
Synchronized PI parameter (Dp, Dl-) (0.21,0.02)
B value of IR filter F(z) 0.8(177Hz)
B value of IR filter F(z) 0.9158(60Hz)
Kao 8.5
K1 8.3
Error Std. 7.4 nm
Error Range [-24.1 ,25.3] nm

Table 7-8 Control Results with Synchronized control 60Hz sine wave

7.3.4  With synchronization: 1.2sin(100Hz)
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Fig. 7-12 with synchronization 100Hz sine wave

Reference Signal

1.2+1.2sin(100Hz)

Outer loop control Yes
Synchronized control Yes
Inner loop control Yes
PI parameter (Kp , Kl.) (0.9, 0.215)
Synchronized PI parameter (Dp, Di) (0.21,0.02)
B value of IIR filter F (Z) 0.8(177Hz)
B value of IIR filter £ (Z) 0.8(177Hz)
Ky 6.1
Kas 5.8
Error Std. 8.7 nm

Error Range

[-29.4 , 37.4] nm

Table 7-9 Control Results with Synchronized control 100Hz sine wave
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7.4 Control Performance

Due to Synchronized control unit increases the complexity of control method of the
stage, the control performance in one axis is getting worse than without it. However, with
proper design in parameters, the balance between synchronized control and axis
displacement control performance can be found. Although synchronized control unit is

added, the performance remains good.

The parameters of PI controller in outer loop control are always fixed to

(K p,K,.) =(0.9,0.215). The p value, which influences the corner frequency of the filter

F (z) is fixed at the value of 0.8, which is corresponding to the corner frequency of

177.572Hz. When Synchronized control part is on, the parameters of PI controller in it is

selected as (D, D;) = (0.21,002)

7.4.1 Control result: Stair signal
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Error min=-16.999nm max=16.382 nm

Error Std =3.0163 nm

Displacement {nm)

time (sec)

Fig. 7-13 Control result of stair signal synchronization linearization

Reference Signal Stair Signal
PI parameter (Kp , Kl.) (0.9, 0.215)
Synchronized PI parameter (Dp, Di) (0.21,0.02)
B value of IIR filter F(z) 0.8(177Hz)
B value of IIR filter F(z) 0.963(30Hz)
Kao 13.6
Ka1 13.6
Error Std. 3.0 nm
Error Range [-12.4, 11.2] nm

Table 7-10 Control result and parameter setting of Stair Signal
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7.4.2 Control result: 1.2sin(30Hz)

¥
Error|

Displacement (nm
i
o
f=]
{=]

s
=]
=]
o

500

02 022 024 026 028 03 032 034 036 038 04
time (sec)

Error min=-20.09nm max=16.072 nm

Error Std =5.2788 nm

50

Displacement (nm)
[ - N B
f==] (=} o o =] (=] (=3
-

&
=)
T

40T

50 . . . . . . . . .
02 022 024 026 028 03 032 034 036 038 04
time (sec)

Fig. 7-14 Control result of 30Hz sine wave synchronization linearization

Reference Signal 1.2+1.2sin(30Hz)

Control parameter (Kp , K,.) (0.9, 0.215)
Synchronized PI parameter (Dp, Di) (0.21,0.02)
B value of IIR filter F (z) 0.8(177Hz)
B value of IIR filter £ (Z) 0.963(30Hz)

Ky 13.7

Kjq 13.7
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Error Std.

5 nm

Error Range

[-20.1, 16.1] nm

Table 7-11 Control result and parameter setting of 30Hz sine wave

7.4.3 Control result: 1.2sin(60Hz)
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Fig. 7-15 Control result of 60Hz sine wave synchronization linearization

Reference Signal

1.2+1.2sin(60Hz)

Control parameter (Kp , Kl.) (0.9, 0.215)
Synchronized PI parameter (Dp, Di) (0.21,0.02)
B value of IIR filter F (Z) 0.8(177Hz)
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B value of IR filter F(z) 0.9158(60Hz)
Kao 8.5
Kjq 8.3
Error Std. 7.1 nm
Error Range [-19.7, 21.1] nm

Table 7-12 Control result and parameter setting of 60Hz sine wave

7.4.4 Control result: 1.2sin(100Hz)
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Fig. 7-16 Control result of 100Hz sine wave synchronization linearization

Reference Signal 1.2+1.2sin(100Hz)
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Control parameter (Kp , K,.) (0.9, 0.215)
Synchronized PI parameter (Dp, Dl-) (0.21,0.02)
B value of IR filter F(z) 0.8(177Hz)
B value of IR filter F(z) 0.8(177Hz)
Kao 6.1
Kas 5.8
Error Std. 11.2nm
Error Range [-36.3, 30.9] nm

Table 7-13 Control result and parameter setting of 100Hz sine wave

7.5 Synchronized control methods Comparison

In this section, the Synchronized control methods produced in this thesis will be
compared with some other methods proposed in the other paper. The Synchronized
control of piezo-actuated stage haven’t been researched, but the methods of other actuated

stage may also works in this stage.

7.5.1 Comparing with Adaptive Fuzzy Control

Due to the high interpretability and simplicity, Fuzzy Control is used to form
synchronous motor control system as WB.Shih e/ at [19]. What’s more, it used control
rules to describe the system’ variables relationship which means the controller does not
need to be formulated. As those features, this method is usually applied on nonlinear,
time-varies, imperfection’s Models. And it is easy-controlled, self-adaptive with good
Robustness as well as Fault Tolerance so that can be used well in Hysteresis.

However, in this thesis, Hysteresis phenomenon has already been compensated up
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by Hysteresis linearization. If Hysteresis linearization works well, the system is linear.
Besides, fuzzy control rules are roughly control adjust which is not precise enough in this
case because the outer and inner control loop have improved the control result a high
standard. Last but not least, with varies kinds input signals, the response need to be really
fast but fuzzy control performs bad in higher frequencies so it cannot meet up the
requirements.

7.5.2 Comparing with Robust Cross-Coupled Control

Suppose g, is the difference between master axis and slave axis, which is the error
haven’t cross coupled yet, after a cross-coupled controller, the output € is the error after
coupled. Cross-coupled unit is represented as D, stage’s actuators are G, and G; ,

compensator is thought as ideal with a symbol of F. The relationship of &, and € is as

following:

1
14D( Go1+G11 Goo+G1o0 )80
(1+F(Goo+G10)(1+00)) (1+F(Go1+G11)(1+01))

(7.1)
From which, it could be easily to view a sophistical movement cross-coupled system

as a standard SISO system as shown in Fig. 7-17

Fig. 7-17 Equivalent standard SISO system

Go1+G11 Goo+G1o

In which C = D, K= (14+F(Goo+G10)(1+0p)) B (1+F(Go1+G11)(1+01))
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So if the controller C is designed properly, the error after coupled € can be
C(s) =§é (s)  suppressed as Synchrony achieved. Based on S.S.Yen ez al[20],

when following four design requirements are satisfied for a compensator C that produces
satisfactory stability.

)

(2) C(s) is the minimum phase rational function.

(3) The rational function CK(s) is strictly proper, and has no real zeros equal to or
larger than one.

(4) The rational function CK(s) has both positive gain and no real zeros equal to or
larger than one phase margins in frequency domain analysis

As proved, the stage in this case can use this design requirements as well as analyzed
before. While in experiments, the experiment shows a better tracking result in step input
than current one, but almost no effect in a higher frequency signal like 1.2+1.2*sin(30Hz).

From the view of tracking opinion introduced before, take simplest controller that
satisfied all four conditions C(s) = % As shown in Fig. 6-10, it is equivalent to an I

controller (integrator) that cannot track sinusoidal wave.

7.6 Control result Comparison to other methods

In this section, the control results produced by control method proposed in this thesis

will be compared with some other methods proposed in the other papers.

7.6.1 Comparing with Disturbance Observer Based Hysteresis Observer

The disturbance observer (DOB) based hysteresis observer proposed by J. A. Yi et
al. [11] is a method which regard hysteresis as disturbance. An observer based on system
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inversion is implemented to estimates the voltage lost. The DOB method is able to satisfy
the performance requirement under high frequency operation. The Hysteresis
linearization method proposed in this thesis will be used to compare with the control
results of DOB based hysteresis observer. [11].

The amplitude of the input signals for comparing these two method is 0.5 micro-
meter under 1Hz, 10Hz and 100Hz. The tracking error of the DOB based hysteresis
observer is shown in Fig. 7-18 while the tracking error of method proposed in this thesis
it is shown in Fig. 7-19. According to these two figures, with input under frequency of
1Hz, the tracking error of DOB based hysteresis observer is much higher while the
tracking errors of two methods operated with signal under frequency of 10Hz and 100Hz
are close.

Because the lack of necessary information of original data, the performance of
synchroinzed control cannot be conpared. Following other papers exist same problem.
However, by control bolck diagram , some briefly comparison are made logically. As this
case, DOB based hysteresis observer method are applied on the staged driven only by one

actuator

—e—1Hz
= 10Hz
-+ 100Hz

ep (nm)

Fig. 7-18 Tracking error of DOB based hysteresis observer. (The reference signal are

1Hz, 10Hz and 100Hz sine wave with amplitude of 0.5 micro-meter.) [11]
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Fig. 7-19 Tracking error of Hysteresis compensation method. (a) 1Hz. (b) 10Hz. (c)

100Hz (Sine wave with amplitude of 0.5 micro-meter)

ST

Festing PCB b

Fig. 7-20 Mechanical contracture of DOB based hysteresis observer method[11].
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7.6.2 Comparing with Direct Inverse Hysteresis Model Compensation

The direct approach of deriving the inverse Prandtl-Ishlinskii model to improve the
tracking performance proposed by Qin et al[3]. is limited under low frequency signals
since there will be inevitable modeling error at fast trajectories. On the other hand, the
hysteresis linearization is capable of reducing the hysteresis nonlinearity for signals under
high frequencies. Thus the outer loop tracking controller is able to maintain the accuracy
of high frequency tracking performance. The proposed method in this thesis provides
better tracking performance for both slow and fast trajectory than the direct inverse
hysteresis model compensation.

Despite both high frequencies and low frequencies are tries in input signal, with the
highest frequency proposed by Qin et al[3] much more smeller than 100hz which has
been proved effective by the synchronized unit used in this thesis, With that improvement

in synchronization , the control method proposed should perform better.
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Fig. 7-21 Comparison of the trajectory tracking result. (a), (b) and (c) are from Qin et al.
(a) Slow trajectory from (b) Fast trajectory (c) Tracking errors. (d), (e) and (f) are from

this thesis. (d) Slow trajectory (e) Fast trajectory (f) Tracking errors

7.6.3 Comparing with Charge Feedback Control

L. S. Chen et al. [16] proposed a control method which uses the voltage drop on the
external capacitance as the feedback signal while the control method in this thesis only
uses the voltage drop to identify the hysteresis phenomenon. The measured voltage signal
is used to calculate the Presiach model only. Four different reference signals (Stair signal,
sine waves with frequencies under 30Hz, 60Hz, 100Hz of which the amplitude is 1.2
micro-meter respectively) are chosen to compare the tracking performance of these two

methods.
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The control results of stair signal are shown below, which shows that the charge
feedback control is suffer from the drift phenomenon, but the hysteresis linearization

method is not.

(%]

[

=S

=

_r
Displacement (pm)

=
B

Error (pm)
[

(a) (b)
Fig. 7-22 Control results of stair signal: (a) Synchronization and Linearization, (b)
Charge feedback control.

The tables below shows the overall control results of the experiments done with
different signals. It is shown that the tracking control result of Synchronization and
Linearization method is much better than Charge Control.

Due to the data of dual axes movements are not taken in that method, the variable
representing synchronization situation cannot be calculated as well. However,
considering there’s no any control method applied on this stage, the performance of

synchronization attribute is thought as poor which might be similar to section 7.2.

Stair signal 30Hz 60Hz 100Hz

Charge Control Drift 19.5 25 96
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Synchronization 3.0 5 7.1 11.2

& Linearization

Fig. 7-23 Standard deviation of the tracking error comparison with Charge Control.

(unit: nm)
Stair Signal 30Hz 60Hz 100Hz
Charge Control [-80, 50] [-40 , 83] [-89, 130] [-695 , 396]

Synchronization | [-12.4, 11.2] | [-20.1,16.1] | [-19.7,21.1] | [-36.3,30.9]

& Linearization

Fig. 7-24 Error range comparison with Charge Control (unit: nm)

7.6.4 Comparing with Hybrid Hysteresis Compensation of Hysteresis

Observer and Preisach Model Estimator

S. T. Liu et al. [35] proposed that using measurement-based hysteresis observer, with
voltage feedback, the hysteresis phenomenon can be reduced and eliminated by the
tracking controller, while in this thesis, the compensation method is clearer and the
control result is better. Four different reference signals (Stair signal, sine waves with
frequencies under 30Hz, 60Hz, 100Hz of which the amplitude is 1.2 micro-meter
respectively) are chosen to compare the tracking performance of these two methods.

Obstacles of comparing the results of dual axes error still exists in this method. So
the way of handling it is the same as it was. When Observe the control block and
measurement system in this method, there is no any synchronization control is involved

as well as measurement units. From this aspect, the result is regarded as poor.
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Fig. 7-27 Control result of 60Hz sine from Liu
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Fig. 7-28 Control result of 100Hz sine from Liu
Stair 30Hz 60Hz 100Hz
Liu 3.4 12.5 16.2 15.4
Synchronization 3.0 5 7.1 11.2
& Linearization

Fig. 7-29 Standard deviation of the tracking error comparison with Liu(unit: nm)

Stair 30Hz 60Hz 100Hz
Liu [-15, 15] [-30, 30] [-37, 37] [-35, 35]
Synchronization [-12.4,11.2] | [-20.1,16.1] | [-19.7, 21.1] [-36.3, 30.9]

& Linearization

Fig. 7-30 Error range comparison with Liu (unit: nm)

7.6.5 Comparing with Simple Hysteresis linearization Compensation

C. J. Wu et al. [35] proposed that using simple measurement-based hysteresis

observer, with voltage feedback to linearize the hysteresis phenomenon followed with a

by the tracking controller, while in this thesis, this compensation method control result is

best. Four different reference signals (Stair signal, sine waves with frequencies under

84

doi:10.6342/NTU201702981



30Hz, 60Hz, 100Hz of which the amplitude is 1.2 micro-meter respectively) are chosen
to compare the tracking performance of these two methods.

It can be seen that the performance is almost equal at low frequency, and slightly
improved in very high frequency(100hz), but the results of 30hz and 60hz are not as good
as Wu’s. The reason of this is the synchronized control algorithm increased the
complexity which leads to a decrease in performance.

However, without synchronized control unit, the stage will drift heavily as shown in
section 7.2. Wu’s method can only promise the control effect of measurement point in

center while with synchronization and customized linearization, the whole stage’s

movement is guaranteed.
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Fig. 7-33 Control result of 60Hz sine wave from Wu
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Fig. 7-34 Control result of 100Hz sine wave from Wu

Stair 30Hz 60Hz 100Hz

Simple Lnearization 1.63 3.586 5.891 11.65

Synchronization 3.0 5 7.1 11.2

& Linearization

Fig. 7-35 Standard deviation of the tracking error comparison with Simple

Linearization. (unit: nm)

Stair 30Hz 60Hz 100Hz

Simple Linearization | [-8.2, 10.3] | [-12.4,11.7] | [-13.5, 13.15] | [-33.5, 17.6]

Synchronization [[12.4,11.2] |[-20.1,16.1] | [-19.7,21.1] | [-36.3, 30.9]

& Linearization
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Fig. 7-36 Error range comparison with Simple Linearization (unit: nm)
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Chapter 8 Conclusions and Future Work

In this thesis, a cross-coupled synchronized control unit is applied on stage so that
the consistency of two axes piezo actuators is guaranteed. Besides, a linearization of
hysteresis phenomenon is utilized specially for every piezo-actuator in order to achieve
precision positioning control. A modified Preisach model is used to simulate the
hysteresis difference and compensate the nonlinearity caused by the hysteresis. The
hysteresis differences of signals under different frequencies can be closely approximated
by amplifying the differences of a static hysteresis model with certain gain. The
movement difference of dual axes is compensated as well under all frequencies. With all
of those techniques, the performance of the tracking signal is enhanced.

What’s more, to improve the accuracy of tracking control, a PI controller and a
feedback filter with a corner frequency are added as outer control loop.

Although now the synchronized unit is added under the cost of lower the overall
performance, the balance taken after specific design. As tried before, too powerful
synchronized unit is will result a huge influence on overall control that may cause
unstable. On the other side, the performance of synchronization cannot meet requirement.
However, the stability of dual axes pushing force should have improved the performance,
this means there is still a space for reducing algorithm complexity and decoupling the
system synchronization.

There’s no doubt that the hysteresis linearization can effectually improve the
performance of the tracking control, but the relationship between the multiplied gain
and the frequency of the input signal is still not formulated which still need to be decided
mainly by experiments.

To proceed with this topic for practical and industrial usage, the author suggests
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following points for further research:

1. Observe and formulate the relationship between the differences of hysteresis
phenomena while the frequency of the signal changes.

2. Self-tuning linearization and synchronization design to set parameters automatically
so that the process of duplicated experiments can be omitted

3. Decoupling the system in a more proper way so that it not only reducing overall
complexity but also makes the overall performance better than individual overall

performance without synchronization.
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