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Abstract

APPLICATION OF AN INVERSE-HYSTERESIS ITERATIVE CONTROL
ALGORITHM FOR AFM FABRICATION

By Seth C. Ashley, M. S.

A thesis submitted in partial fulfillment of the requirements for the degree of
Master of Science in Mechanical and Nuclear Engineering
at Virginia Commonwealth University.

Virginia Commonwealth University, 2010

Major Director:
Kam K. Leang, Ph.D.
Assistant Professor, Mechanical Engineering, University of Nevada, Reno

An iterative control algorithm (ICA) which uses an approximate inverse-hysteresis
model is implemented to compensate for hysteresis to precisely fabricate features on
a soft polymer substrate using an atomic force microscope (AFM). The AFM is an
important instrument in micro/nanotechnology because of its ability to interrogate,
manipulate, and fabricate objects at the micro/nanoscale. The AFM uses a piezo-
electric actuator to position an AFM-probe tip relative to the sample surface in three
dimensions. In particular, precision lateral control of the AFM-probe tip relative
to the sample surface is needed to ensure high-performance operation of the AFM.

However, precision lateral positioning of the AFM-probe tip is challenging due to



significant positioning error caused by hysteresis effect. An ICA which incorporates
an approximate inverse of the hysteresis behavior is proposed to compensate for the
hysteresis-caused positioning error. The approach is applied to fabricate a feature us-
ing the AFM on a polycarbonate surface, and it is demonstrated that the maximum
tracking error can be reduced to 0.225% of the displacement range, underscoring the

benefits of the control method.
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Chapter 1
Introduction

1.1 Thesis Goal and Objective

The goal of this thesis is to reduce the number of iterations required by a feedforward
iterative controller to minimize the hysteresis-caused positioning error in piezo-based
atomic force microscopy (AFM) (Binnig et al., 1986), a type of scanning probe mi-
croscope (SPM). The objective to achieve this goal is to apply an iterative control
algorithm where the input-update law uses an approximate hysteresis-inverse model
to increase the convergence rate. The improved performance offered by the new con-
trol approach addresses the need for precision control of SPMs to advance the state-
of-the-art of many fields of nanotechnology, including micro- and nano-fabrication

applications (Snow et al., 1997).

The AFM uses a small micro-cantilever with a sharp tip (similar to a phono-
graph arm and stylus) to “feel” the surface of the sample. The cantilever tip is often
positioned over the sample surface (in the three-dimensions, x, y, and z) using a
piezoactuator in applications that include imaging DNA (Allison et al., 1996), study-
ing the nanomechanical properties of human hair (Bhushan and Chen, 2006), and
exploring the nanostructure of food (Shimoni, 2008). Due to the hysteresis effect in

the piezoactuator, significant positioning error exists which limits the performance



of existing piezo-based AFM systems, and SPM systems in general (Clayton et al.,
2009). This work experimentally validates an approach which takes advantage of
an inverse-hysteresis model for iterative control. Specifically, the contribution is the
application of an input-update law which incorporates an approximate inverse of the
hysteresis effect measured experimentally for improved tracking performance com-

pared to previous work.

Many different methods have been used to compensate for hysteresis in piezo-
based scanning probe systems, including feedback control (Devasia et al., 2007), feed-
forward control (Fleming and Wills, 2009; Leang et al., 2009b), and iterative control
(Clayton et al., 2009; Wu and Zou, 2006). In particular, an iterative control algorithm
was developed for hysteretic systems and applied to AFM imaging (Leang and Deva-
sia, 2006). Convergence of the algorithm was proven and its performance quantified;
however, the structure of the input-update law was chosen conservatively. This work
improves upon the previously developed iterative control algorithm by considering an

approximate inverse-hysteresis model in the input-update law.

1.2 The Need for Precision Positioning

Precision positioning in SPM is critical in many micro- and nano-scale applications.
For example, an AFM has been used to precisely place the nanogap electrode in a
nanogap single electron transistor (Moriya et al., 2010); a scanning probe microscope

has been used to indent a semiconductor surface to facilitate the growth of quantum



dots (Murakami et al., 2001; Taylor et al., 2005); and the mechanical properties of
quantum dots have been investigated using a piezoactuator-driven nano-indenting
tool (McCumiskey, 2009). Quantum dots are made more efficient by growing them
closer together — on the order of tens of nanometers in pitch (Krauss, 2005), and the
properties (for example, luminescent intensity) of quantum dots have been shown to
be greatly impacted by a 4 nm deviation in size and/or spacing (Leonard et al., 1993).
Thus, nano-precision positioning control of the SPM probe is required to achieve the
spacing necessary for the fabrication of the most efficient quantum dots with desired

properties.

Likewise, there is growing interest in AFM fabrication techniques (Wiesendan-
ger, 1994), and the AFM is a valuable tool in micro- and nano-fabrication of organic
and inorganic structures (Snow et al., 1997). As the applications for AFM fabrication
increase in number and the size of fabricated components become smaller and smaller,

the necessity for precise control of the piezoactuator becomes important.

1.3 Challenges in Precision Positioning of Piezoactuators

Most scanning probe microscopy techniques use a piezoactuator for a number of good
reasons — they have high mechanical resonance (i.e., stiff), low power consumption,
they are compact, have fast response times (acceleration rates of 98 km/s* have been
measured (Salapaka et al., 2002)), have high force output (in the kN range), and offer

sub-nanometer positioning resolution (Barrett and Quate, 1991). Many AFM systems



use one (or two) piezoactuators to move the cantilever tip in the z, y, and z coordinate
axes relative to the sample surface. Unfortunately, the performance of AFM is limited
by the effects of vibration, creep, and hysteresis in the piezoactuator (Croft et al.,
2001; Leang et al., 2009b). These effects can cause AFM images to be nonrepeatable
and dependent on scan size and speed (Croft et al., 2001; Leang et al., 2009b), as well
as cause variances in the shape and size of devices fabricated with the AFM (Snow
et al., 1997). For example, induced structural vibrations cause positioning errors in
the form of oscillations, and when the frequency of motion excites the mechanical
resonances of the positioning system, ripple-like distortions are observed in AFM
images (Croft et al., 2001; Leang et al., 2009b). To avoid this, the operating speed
must be kept well below the dominant mechanical resonance, such as 1% to 10% of
the dominant resonant frequency (Mokaberi and Requicha, 2008). Creep is the slow
drift of the piezoactuator after being commanded to a desired position away from the
equilibrium. The drift behavior occurs over long periods of time, for example, during
slow AFM operation. Creep is avoided by operating at higher speeds (Merry et al.,

2009).

Hysteresis is a complex nonlinear behavior which occurs between the applied
voltage and the displacement of the actuator. Specifically, the future output of a hys-
teretic systems depends on the current input as well as the history of input extremum
applied to the system (Ge and Jouaneh, 1995). At any moment in time, the output

of a hysteretic system can be in a number of positions, independent of the current in-
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stantaneous input. This nonlinearity can influence system performance significantly
because the instantaneous output can not be predicted knowing the instantaneous
input alone — the history of input is needed. Hysteresis is best exemplified by the
input versus output curve as illustrated in Fig. 1.1, where it can be seen that for
a given input there are multiple possible outputs. (Note: the complete input and
output are shown in Fig. 2.8.) The hysteresis effect has been observed in many other
systems including the behavior of the economy (Cross et al., 2009), electromagnetic
systems (Tseng et al., 2008), and in active materials (Gorbet et al., 1998; Newcomb

and Flinn, 1982).

Hysteresis in piezoactuators can cause positioning errors which can exceed 15%
of the displacement range (Barrett and Quate, 1991), and the hysteresis-caused posi-
tioning error can lead to SPM-fabricated component distortion, greatly altering the

components performance (Apetrii et al., 2002). Hysteresis in this work is assumed to

Output (.tm)
(=)

45 4 05 0 05 1 15
Input (V)

Figure 1.1: Hysteresis is demonstrated by the nonlinear input versus output

curve of the y-axis of the experimental AFM used in this study.



be rate-independent (Yeh et al., 2006), and thus is not affected by the speed at which
the input (such as voltage) is applied. The effects of vibration and creep, although
significant in piezo-based systems, can be minimized by modifying the applied input
speed, and are not considered in this work. The focus in this thesis is hysteresis
compensation using iterative control. However, existing feedback and model-based
feedforward control methods can be applied to address the effects of creep, vibration,

and hysteresis (Clayton et al., 2009) as discussed in the following.

1.4 Piezoactuator Control Approaches

A number of control techniques have been employed to achieve the necessary precision
for applications such as assembling a single-file line of 5 nm diameter silicon nanocry-
tals 60 nm long for electrode repair (Decossas et al., 2003) and dynamically plowing
resist to fabricate 60 nm by 50 nm quantum point contacts (Skaberna et al., 2000).
These control techniques can generally be categorized as either feedback control or
feedforward control (Devasia et al., 2007). In feedback control, which is a reactive
approach, the measured response of the system is fed back and compared to the ref-
erence value, producing an error signal used by the controller. On the other hand,
feedforward controllers, which anticipate deficit performance, use an input which is

predetermined to achieve a particular output or to “cancel” a particular effect.

Feedback controllers have many advantages. Feedback controllers do not re-

quire the actuator to be modeled in detail (Salapaka et al., 2002; Tamer and Dahleh,



1994). Feedback controllers are more robust to actuator parameter variations, and
they can overcome disturbances (Boulet, 2000). The drawback is limited operating
frequency (Schitter et al., 2001), as there is often a trade-off between bandwidth and
precision (El Rifai et al., 2003). Finally, feedback gains are limited due to closed-loop
stability issues caused by the inherent low gain-margin of piezoactuators (Leang and

Devasia, 2007; Tien et al., 2005).

Feedforward control methods for hysteresis compensation have been studied
for AFM (Croft et al., 2001). The inversion-based feedforward technique (Clayton
et al., 2009) can provide good tracking performance given an accurate system model.
Unfortunately, as the system ages or environmental conditions change, the system
changes, thus, the model changes (Melnik, 2003). The changing system can lead to
model errors, and model error can have a negative impact on the precision of model
inversion-based feedforward controllers. It has been shown that trajectory tracking
errors caused by model uncertainties (due in part to parameter variations) cannot
be corrected by inversion-based controllers (Zhao and Jayasuriya, 1995). It is noted
that inverse-model feedforward control integrated with feedback has been used to
compensate for hysteresis and other system dynamics and has shown an improvement

over feedback alone (Leang and Devasia, 2007; Song et al., 2005).

The repetitive behavior of a system can be exploited for feedforward hysteresis
compensation (Leang and Devasia, 2006). The AFM often requires the piezoactuator

to operate in a repetitive manner, such as the repetitive lateral motion of AFM



imaging. Fabrication techniques are inherently repetitive, as well, to allow for high
throughput and mass-production. This repetition is evident in the proposed use of
AFM in the fabrication of superconducting flux flow transistors (Ko and Kim, 2009),
and in using AFM to fabricate 70 nm wide nano-wire as a hydrogen sensor (Li et al.,
2008). Iterative control (Arimoto et al., 1984) uses this repetitive motion as a basis to
find the input that achieves the desired output. The iterative approach is, practically
speaking, very similar to how humans learn to perform a task. The task is repeated
multiple times, using the error from the current trial to improve the performance of

the next trial.

Several researchers have used iterative control to assist in control of piezo-based
systems (Hinnen et al., 2004; Tien et al., 2005; Wu et al., 2008). In particular, Leang
and Devasia (2006) were one of the first to use iterative control for hysteresis compen-
sation in AFM. They used a proportional-type (P-type) iterative control algorithm
(ICA), where the next iteration’s input signal is the sum of a proportion of the cur-
rent tracking error and the previous input signal. Leang and Devasia (2006) proved
convergence of the algorithm and experimentally showed that the tracking error can
be reduced to nearly the noise level of the sensor measurement. Unfortunately, the
proportional iteration gain is conservative, and, therefore, may require a large num-
ber of iterations before converging to a predefined, acceptable error level. The large

number of iterations motivates the search for a new iterative control algorithm.



1.5 Proposed Approach

The focus of this work is to use additional information about the system for itera-
tive control with the objective of improving the convergence rate of the algorithm.
Practically speaking, fewer iterations relates to less time spent waiting for the track-
ing error to be reduced to an acceptable level. In this work, the repetition of AFM
fabrication is exploited to iteratively find an input which allows the AFM to track
a desired trajectory with minimal error by using an input-update law which uses an
inverse-model of the hysteresis. As was described above, others have used an inverse
of a hysteresis model to compensate for the effect of hysteresis in feedforward control.
A benefit of the implementation of the proposed algorithm is the inverse hysteresis
model is derived experimentally, thus the system does not require complex modeling,
to achieve a minimal error in fewer iterations than the standard, P-type ICA (Leang

and Devasia, 2006).

The AFM has been proposed to be used in many fabrication applications
that require micro- and nano-precision positioning, such as the creation of ballistic
quantum devices by dynamic ploughing (Kunze, 2002) or, as previously discussed,
efficient quantum structures. There is a need for control systems that offer nano-
scale precision and are appropriate for automated mass production. Because the
standard, proportional iterative method requires many iterations and in order for
iterative control to be a practical production-level control scheme for SPM-based

systems, it is critical that the number of required iterations to achieve a minimal



tracking error is reduced, thus motivating the attempt to exploit the hysteretic nature
of piezoactuators through the proposed ICA. The contribution of this work is the
experimental validation that the proposed algorithm offers comparable precision as
the standard, proportional algorithm, but with fewer iterations to achieve a desired

trajectory which can be used in AFM fabrication.

1.6 Thesis Outline

The remainder of this thesis is structured as follows. Chapter 2 presents a back-
ground on AFM. A history of AFM is presented, including a description of how AFM
works and the components involved. This chapter concludes with a description of
hysteresis, an overview of methods to model hysteresis, and a survey of control meth-
ods others have employed to compensate for hysteresis. In Chapter 3, the iterative
control approach is reviewed, existing iterative control methods are surveyed, and
inverse-hysteresis iterative control is presented in this chapter. The experimental
system used in this work and the details of the experimental iterative algorithm are
introduced in Chapter 4. Experimental results are presented in Chapter 5 for both
the inverse-hysteresis and the proportional iterative control methods for comparison.
The fabrication process with and without iterative control applied is also presented
in this chapter. Concluding comments appear in Chapter 6, and future work is dis-
cussed in Chapter 7. At the end of the thesis, in the Appendix, samples of the C and

MATLAB code used in this work are presented.
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Chapter 2
The Atomic Force Microscope

This chapter provides an overview of the AFM, a type of scanning probe
microscope. The invention, operating modes, and key components are presented. This
is followed by a review of hysteresis, modeling techniques, and methods to compensate

for hysteresis in AFM.

2.1 History of Microscopy

The invention of the microscope was the necessary first step toward the modern-
day understanding of biology, chemistry, and nano-technology (Rochow and Rochow,
1978). However, it is not known who first used a lens to magnify small objects. In
the first century A.D., a Roman philsopher named Seneca noted, “However small
and obscure the writing may be, it appears larger and clearer when viewed through
a globule of glass filled with water” (qtd. in Allen, 1940). Despite the ancient use
of magnifying lenses, there is little evidence of improvements until the end of the
sixteenth century when a Dutch, spectacle-making father and son team, Hans and
Zacharias Janssen (1580-1683), while experimenting with several lenses in a tube,
discovered that nearby objects appeared much larger (Allen, 1940). This discovery

was the precursor to the compound microscope.
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In the 1600’s, Antony van Leeuwenhoek of Holland, as an apprentice draper,
used magnifying glasses to count the threads in cloth. He taught himself new methods
for grinding and polishing tiny lenses with significant curvature and magnifications
up to 270x, the best at that time (Huxley, 2007). This led him to the building of
microscopes and the biological discoveries for which he is famous. Leeuwenhoek made
the first observations of microbes, and reported his findings in over one hundred letters
to the Royal Society of England and the French Academy. He is now considered the

father of microbiology (Huxley, 2007).

Robert Hooke, the English father of microscopy, has been called the world’s
first professional scientist (Huxley, 2007). Hooke improved upon Leeuwenhoek’s de-
sign and used it to verify many of his discoveries. In 1665, Hooke wrote Micrographia,
which is considered to be the first book describing observations made through a mi-
croscope (Huxley, 2007). Few major improvements were made to the microscope until
the mid-1800’s when several European countries began to manufacture fine optical

equipment (Allen, 1940), but the desire to explore smaller domains has remained.

An optical microscope, even one with perfect lenses and perfect illumination,
cannot be used to distinguish objects smaller than half the wavelength of the light
used. The smallest wavelength of visible light is approximately 400 nm, thus optical
microscopes, under ideal conditions, have a resolution no less than approximately
200 nm. Because of the desire to explore surfaces at a smaller resolution, methods

were explored to decrease the wavelength of the reflected media.

12



In an attempt to achieve finer resolution, the electron microscope was invented
in the 1930’s by Max Knoll and Ernst Ruska (Ruska, 1987). Ernst Ruska earned half
of the Nobel Prize for Physics in 1986 for the invention. In the electron microscope,
electrons are excited in a vacuum to wavelengths much smaller than visible light.
The electrons are reflected off the surface and a depiction of the sample is created
by detectors at a resolution of approximately 2 nm. In the pursuit of even finer
resolution, other microscopy techniques were explored which no longer depend on
the use of reflection. The scanning tunneling microscope (STM) was one of the

technologies explored.

The STM was invented by Gerd Binnig and Heinrich Rohrer (1982), and,
along with Ernst Ruska for the electron microscope, they earned the Nobel Prize for
Physics in 1986. A schematic of how the STM works is shown in Fig. 2.1. The STM
uses a piezoactuator to scan a metal tip M over a sample surface. The metal tip is

brought within a nanometer or less of the sample surface. A current is passed through

Piezo-

- actuator
V.

Figure 2.1: The main components of a scanning tunneling microscope sys-
tem. Control electronics apply the appropriate voltage Vp to the metal tip
M for a constant tunneling current Jp at constant tunnel voltage V.

13



the metal tip and forms a tunnel through a vacuum to the sample, hence the name
tunneling microscope. As the piezoactuator moves the metal tip M in the z- and y-
axes, the tunneling current Jr changes based on the topography of the sample. Thus,
the piezoactuator moves the metal tip in the z direction to maintain the tunneling
current constant as the tip is scanned along the x and y directions over the sample.
Because a current passes from the scanned metal tip to the sample, a conductive
sample is required - a drawback of STM. The same topographical imaging principle

was later applied to the atomic force microscope.

2.2 Atomic Force Microscopy

The atomic force microscope was invented in 1986 by researchers at IBM and Stanford
University (Binnig et al., 1986) who recognized the need for a technique to examine
insulating surfaces at the atomic scale, and later, atomic resolution images of noncon-
ducting surfaces were achieved (Albrecht and Quate, 1987). The term ‘microscope’
in the name “atomic force microscope” is misleading because it suggests an optical
mechanism. In fact, the information is assembled by “feeling” the surface similar
to how a person reads Braille, moving over the sample surface with a mechanical
probe (Rosenwald, 2010). In this way, the AFM operates in a manner very similar
to the STM. A small cantilever (often approx. 150 pm by 40 pm by 5 pm) has a
tip extending perpendicular to the beam similar to the arm and stylus of a phono-

graph. The tip usually has a diameter in the nanometer range. In AFM imaging, the

14



cantilever is lowered to the surface so that the tip either contacts or nearly contacts
(within nanometers) the surface depending on the mode of operation. The cantilever
is typically raster-scanned, in the z- and y- axes, across the sample (see Fig 2.2)
by a piezoactuator while the tip is moved vertically, in the z-axis, to maintain scan
parameters (discussed further below). The vertical motion matches the topography

of the surface, as shown in Fig. 2.3.

A common AFM design is shown in Fig. 2.4 and consists of a micromachined
cantilever (e.g., see Fig. 4.4) controlled by a piezoactuator. In one mode of operation,

the cantilever tip is brought into contact with a sample surface, while the tip-sample

/Image Area\

2
s
4

K2 Time

3

5 (b)
2
s
2

x-axis Time

(a) (c)

Figure 2.2: The raster AFM imaging trajectory, as seen from (a) top view,
(b) the y-axis, and (c) the x-azis trajectories.

Figure 2.3: The fundamental operation of the AFM. The tip follows the to-
pography of the sample, along path A, to keep scanning parameters constant.
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Figure 2.4: The main components of an AFM system. A piezoactuator
moves a cantilever and tip over the fized sample surface. A laser reflecting
off the backside of the cantilever, detects the deflection of the cantilever. The
deflection is monitored and the piezoactuator is controlled by electronics.

forces are monitored. The forces are measured by reflecting a laser beam off the
backside of the cantilever and monitoring the laser’s reflected position with a photo-
detector. As the cantilever bends due to the induced tip-sample forces, the reflected
laser moves on the detector. In commercial systems, a feedback circuit is often used
to maintain a constant tip-sample force. The operation mode that was just described

is contact mode, but, as it has been alluded to, there are several modes of operation

and how the individual components interact depends on the mode.

2.2.1 AFM Modes

In AFM imaging, there are two classes of modes of operation — dynamic and static.

The principle difference is whether the tip is externally excited or not.
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Dynamic Modes

In dynamic mode, also called non-contact mode, the cantilever is intentionally
vibrated near its fundamental resonant frequency. The amplitude, phase, and fre-
quency of oscillation are influenced by the tip-sample interaction forces. The changes
in oscillation in reference to the driving signal provide information about the sample’s
surface. The most often used dynamic mode strategies are frequency modulation and

amplitude modulation.

When the oscillating tip approaches the sample surface, the tip/sample inter-
action forces cause the amplitude and phase of the of the oscillating cantilever to
change in reference to the driving signal. The changes in the phase of oscillation can
be used to differentiate between surface materials. The changes in amplitude are used
as a topographical map of the surface. The change in amplitude does not happen
instantaneously — the time constant is a function of the () factor and the resonant
frequency of the cantilever (Giessibl, 2003). Because of the relatively slow response of
amplitude modulation mode, researchers developed frequency modulation (Albrecht
et al.; 1991). The frequency of the oscillation, with respect to the applied reference,
varies based on how close the oscillating cantilever is to the sample surface. The
frequency modulation technique has been able to achieve atomic resolution images

(0.6 nm lateral and 0.01 nm vertical) in ultra-high vacuum conditions (Giessibl, 1995).

The amplitude and frequency modulation modes are intended to be non-

contact methods of imaging — the tip is far away (nanometers) from the surface
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where the forces acting on the tip are attractive. Tapping mode was developed as
an amplitude modulation method in ambient air which operates closer to the surface
(Zhong et al., 1993). The surface is literally tapped by the AFM tip. A more detailed

description of AFM dynamic modes can be found in reference (Giessibl, 2003).

Static Modes

In static mode, also called contact mode, the AFM tip is lowered until contact
with the sample surface is made. There are two distinct contact modes, constant-
force and constant-height. In constant-force mode, the tip is lowered to deflect the
cantilever a given amount, thus applying a known force to the sample. As the tip
is scanned across the sample, the piezoactuator moves the tip perpendicular to the
surface (in the z-axis) to maintain a constant cantilever deflection D.. The z-axis
motion matches the topography of the sample, and the resulting three-dimensional
image is a map of the function z(x,y, Fi; = constant). Unfortunately, this mode is
prone to deforming the surface by scratching if the tip-sample force Fj, is too great.

If the tip-sample force is too small, the image will have poor resolution.

In constant-height mode, the piezoactuator maintains a constant height, thus
the cantilever deflects D, with the sample topography as it is moved over the sample
surface. The three-dimensional image, in constant-height mode, is a map of the
function D.(x,y, z = constant). Damage to the cantilever and tip, or image distortion,
can occur if a sample feature is too tall, the sample has depressions too deep, or if

the sample surface is not level with the piezoactuator.
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In summary, with static mode, the cantilever tip is actually in contact with the
sample surface, mapping the surface by keeping the cantilever deflection D, constant
or the height z of the piezoactuator above the sample constant. Dynamic modes
vibrate the cantilever above the sample surface, monitoring the amplitude, frequency,
and/or phase of the vibration, relative to the applied signal, as the tip-sample forces
interact. Nanofabrication methods have employed both static (Sohn and Willett,
1995) and dynamic techniques (Wilder et al., 1998). Regardless of the mode employed,
precise control is necessary. To achieve precision, an understanding of each of the

components involved is necessary.

2.2.2  AFM Components

The original AFM scanned a foil lever with a piezoactuator across the surface and
measured the deflections of the lever, caused by changes in force, measured through
tunneling currents (Binnig et al., 1986). Each of the main components of the common

AFM — the cantilever, the force sensor, and the piezoactuator — are described here.

The Cantilever
One critical component of the AFM is the cantilever. In this work, the same

component is referred to as the cantilever, lever, tip, or probe.

The first prototype AFM, described by Binnig et al. (1986), employed a gold
foil cantilever with a diamond stylus to help image a sample with a lateral resolution

of 3 nm and a vertical resolution of less than 0.1 nm. The gold foil lever was used
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because of its low spring constant, minimal mass, and its conductive properties. The
spring constant is necessarily low to allow the maximum deflection to measure the
interatomic forces (between 1072 N and 1077 N), but at the same time a stiff spring
with high resonant frequency is desirable to minimize the effects of vibrational noise.
If the mass, mg, is minimized and the spring constant, kg, is minimized as well,

the resonant frequency, f,., can be kept high, because the resonant frequency of the

cantilever spring system is given as f, = (1/2m)+/(ks/mo).

Typically, the cantilevers used in commercial AFM are micromachined from
Si or Si3N, because they are cost-effective, durable materials that can be shaped to
meet different application-specific requirements. (An image of a typical commercially
available AFM probe is shown in Fig. 4.4.) Low force constants (~ 1 N/m) and
high resonant frequencies (10 — 30 kHz) are desirable attributes of cantilevers for
contact-mode imaging. Non-contact imaging requires a cantilever with a higher force
constant (~ 40 N/m) and a higher resonant frequency (~ 350 kHz). Depending on
the application, AFM-based fabrication may require probes that are stiff or flexible
or, perhaps, coated with a special chemical. Most cantilevers have an integrated tip

with an end diameter of 5 — 20 nm.

The conductive properties of the gold foil cantilever used in initial experiments
allowed the use of an STM to measure the deflection of the lever and tip. The
commercial AFMs in use today do not use an STM as a force sensor, therefore,

the conductive properties are not as relevant. Some AFM applications do require
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a conductive tip, in which case the probe is often coated in conductive material,
e.g., platinum. Many companies offer AFM probes with a reflective coating on the

backside to aid the force measurement.

The Force Sensor

Because one key component of the AFM system is the sensor used to mea-
sure the forces acting on the tip due to the tip/sample interaction, several different
sensing methods have been used. The laser diode method (Sarid et al., 1988) and an
optical interferometric sensor (Erlandsson et al., 1988) were developed to replace the
tunneling current mechanism used originally. While the tunneling current method
is more sensitive, the simpler optical interferometric sensor system has proven to be
capable of atomic resolution (Binnig, 1992). The optical method is employed in most
commercially available instruments and uses a laser beam reflected off the backside
of the cantilever. The reflected laser strikes a segmented photo-detector. A quarter
segmentation allows both the vertical and tor-

sional deflection of the cantilever to be detected.

In contact mode, the torsional deflection relates

to the friction of the sample surface. As the tip

Torsional
Deflection
l‘ Vertical

Deflection

moves across the surface, the tip/sample friction

causes the cantilever to twist (see Fig. 2.5) caus-
Figure 2.5: A quartered

photo-detector can detect the
torsional and vertical deflec-
tion of the cantilever.

ing the reflected position on the photo-detector

to move horizontally. This allows sample surface
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properties to be detected. As the oscillation parameters in dynamic modes and to-
pography in static modes change, the reflected position on the photo-detector changes

vertically, thus, the topography of the sample can be detected.

The Piezoactuator

There are two methods to scan the AFM tip relative to the sample surface —
move the sample relative to a stationary tip, or move the tip relative to a stationary
sample (see Fig. 2.4). The stationary-tip configuration is inherently less versatile,
because of the limitations on the sample. If the sample can fit on the holder, it is
generally expected to change in size and weight, thus the mechanics of motion can be
expected to change. Conversely, the stationary-sample structure allows temperature
and humidity conditions of the sample to be controlled, the sample can be immersed
in an aqueous or gaseous solution without affecting the operation of the piezoactuator,
and the sample surface can be as large as a table top or as small as the range of the
piezoactuator. The AFM used in this work, and many commercial AFMs, employ the
stationary-sample configuration. Both AFM designs typically use a piezoactuator as

the scanning mechanism.

Piezoactuators are used in AFM and SPM because they offer high mechanical
resonant frequencies, low power consumption, they are physically small, have fast
response times (acceleration rates of 98,000 m/s* can be achieved (Salapaka et al.,
2002)), and they can generate forces in the kN range. Piezoactuators have operating

temperature ranges from nearly —460 °F, with diminished sensitivity (Salapaka et al.,
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2002), to nearly 250 °F (Sayir et al., 2005). They also have limited wear because there
are no moving parts as in a motor assembly. An arguably more important reason for
the use of piezoactuators is that they do not have any backlash or friction, and

therefore offer near atomic resolution (Salapaka et al., 2002).

The motion of the piezoactuator is based on the piezoelectric effect. The effect
is exhibited in crystals and ceramics that generate a voltage when pressure is applied,
and, conversely, produce a stress or strain in response to an applied electric field. It is
the former effect which has been used to harvest electrical energy and power devices
(Mane et al., 2009), but it is the latter effect which is useful in microscopy applications.
There are natural materials, such as quartz, and many man-made materials, such as
PZT (lead zirconate titanate), that demonstrate the piezoelectric effect. In AFM,
typically a tube piezo-ceramic is utilized. The tube has the advantage of allowing
|<—Displacement motion in all three directions, x, y and z,
through careful placement of segmented elec-
trodes on the surface of the tube. As Fig. 2.6
shows, a piezoactuator is capable of x- and/or

y-axis motion by applying a voltage across elec-

trodes on either side of the tube. Vertical mo-

Figure 2.6: The tube piczo- tion is achieved by applying a voltage across

actuator with properly placed
electrodes allows displacement electrodes on the inside and outside of the tube.

i all three directions.
There are many excellent resources which offer
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more information on the piezoelectric effect (Jaffe et al., 1971; Yang, 2005) and its

application (Preumont, 2006).

Partially because of the atomic resolution that the piezoactuator exhibits, the
AFM has proven to be an important tool in micro- and nano-fabrication (Wiesendan-
ger, 1994). To be able to etch parallel lines 10 nm wide and 15 nm apart (Snow and
Campbell, 1994) requires the ability to control the position of the tip with better than
10 nm lateral resolution. An obstacle to precision control is the effect of hysteresis
in piezoactuators. A review the effects of hysteresis and the modeling and control

methods others have employed follows.

2.3 Hysteresis Modeling and Compensation

The precision control of the piezoactuator, common in SPM, is not a trivial task

(Tamer and Dahleh, 1994). A major reason for the control challenge is the effect of

hysteresis (Ge and Jouaneh, 1995). In some systems, ACSystem
hysteresis is intended, such as the common building air X —
conditioning (AC) system. As shown in Fig. 2.7, as the Tomp.
temperature increases, at some defined temperature, 2':'1 >

the AC system turns on. Once on, the AC system Figure 2.7: The hysteretic
air conditioning system.
remains on, as the temperature decreases, until some

other defined temperature. This system is hysteretic because whether or not the
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AC system is on depends not just on the current temperature, but on the history of

temperature input as well.

In other systems, such as piezoactuators, the effects of hysteresis are less de-
sirable. For example, in the experimental AFM used in this study, hysteresis can
cause tracking errors in excess of 14% of the displacement range (see Section 5.1).
Because of the dramatic effects of hysteresis, many efforts have been made toward
compensating for it. Before those are discussed, hysteresis is described and modeling

techniques are reviewed.

Hysteresis is a nonlinearity in which the future output depends on the cur-
rent input and output as well as the history of input extremum to the system (Ge
and Jouaneh, 1995). A hysteretic system can be described as a system with a mem-
ory of past input; this memory being nonlinear, discerning, and retentive (Hallett
and Piscitelli, 2002). Within this definition, several terms are significant: nonlin-
ear dependence on past input implies that removing or reversing the input does not
(generally) return the system to its initial state. Retentiveness suggests that the ef-
fects of an input may remain longer than the input was applied. Lastly, hysteresis
is discerning in that not all inputs have an impact: only the latest, more dominant

input.

At any moment in time, the output of a hysteretic system can be in a number
of states (or positions, in the case of the hysteretic piezoactuator), independent of

the current input. This nonlinearity can influence system performance significantly
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because the instantaneous output can not be predicted knowing the instantaneous
input alone — the history of inputs is needed. The effect of hysteresis in an experi-
mental piezoactuator-based system is illustrated in Fig. 2.8, where a sinusoidal input
is applied and the measured displacement output is shown. The curve in Fig. 2.8(c)
represents the input/output curve of the system (referred to as the hysteresis curve).
It is evident from Fig. 2.8 that for a given input there are multiple outputs that are

possible.

It is the hysteresis curve which illustrates how hysteresis can effect the output
of a piezoactuator. With an input of zero Volts, there is a range of outputs that are
possible, and whether the displacement is 0.7 pm, —0.7 pum, or somewhere in between
depends on the history of past input. Unfortunately, the input history is often not
known or unpredictable. It is the range of possible outputs that make hysteresis
compensation difficult and has inspired the development of many different hysteresis

models to aid control and understanding.

2.3.1 Hysteresis Modeling

Accurate modeling of hysteresis has presented a challenge to researchers for some time,
and many different methods have been used, of varying levels of complexity. Jung
and Kim (1994) have used deterministic models of hysteresis that assume hysteresis
has only local memory to find a feedforward input with a scanning accuracy 10 times

better than open-loop scanning. Hysteresis models which use only local memory

26



Input (V)
(=)

0 0.5 1 1.5 2 2.5
Time (sec)

(a)

N -

Output (1tm)
o

= = = Desired
5 — Actual
0 0.5 1 1.5 2 2.5
Time (sec)
(b)

14.51% error

Displacement ( /.tm)
o

15 A1 -0.5 0 0.5 1 1.5
Input (V)

()

Figure 2.8: Hysteresis as demonstrated by (a) an applied voltage and (b)
the measured displacement of the y-axis of the Molecular Imaging PicoPlus
AFM experimental system used in this study. The effects of hysteresis are
best illustrated by (c) the nonlinear input versus output curve.

indicate that the future output can be determined by the current value of output and
future input. Therefore, the entire history dependance of the system is contained in

the current value of output (Donnagain, 2004).

A different approach models the hysteresis of the mechanical strain of piezoac-
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tuators by mathematically expressing the results of the observed phenomena. One
such method was developed by Goldfarb and Celanovic (1997). They used several
generalized Maxwell resistive capacitor elements operating in parallel to represent
rate-independent hysteresis. This modeling strategy requires the measurement of

mass, stiffness, damping, transformer ratio, etc. of the piezoactuator.

In contrast to mechanical strain modeling, other researchers have focused on
different views of the physical phenomena. Simkovics et al. (2000) have considered
dielectric polarization to develop a model using the Preisach hysteresis model (dis-
cussed below) and finite element analysis. Smith and Ounaies (2000) based their
model on the physical domain wall movements and the internal energy losses of the
material. Their method is similar to the Jiles-Atherton model (1984) for ferromag-

netic hysteresis, which is also based on domain wall motion.

Still another modeling method is the micromechanical method. This method
considers the individual dipoles of the actuator, and the hysteresis is modeled by
averaging over all the dipoles in the volume. Delibas et al. (2004) have developed a
micromechanical model which uses 1000 dipoles and probability functions to smooth
the simulated hysteresis curves. Micromechanical methods are computationally ex-
pensive because it is very difficult, if not impossible, to accurately capture the macro-
scopic hysteresis effect by considering individual microscopic dipoles (Hegewald et al.,

2008).

The Preisach model, another phenomenological approach, was first developed
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to describe hysteresis in magnetic materials (Preisach, 1935), but has been applied
to piezoactuators (Ge and Jouaneh, 1995; Hu and Mrad, 2003). The Preisach model
uses the state of a large number of switching operators to characterize hysteresis,
and has been shown to accurately model piezoactuator hysteresis (Hughes and Wen,
1997). A thorough discussion of the Preisach model and the properties of the model,

can be found in the works of Mayergoyz (1985, 1991) and Ge and Jouaneh (1995).

Along with the methods described above, hysteresis has also been modeled
using a polynomial approximation (see (Croft and Devasia, 1998; Holman et al.,
1995; Hwang et al., 2000; Simion et al., 2006; Sverkunov, 1973)). The polynomial
method describes hysteresis H as a function of the input u, where the output v is
v(t) = H[ul(t), and often uses a curve-fitting method to find the parameters of a

hysteresis model polynomial of the type,

H[u](t) = Au(t)® + Bu(t)* + Cu(t) + D, (2.1)

where A, B, C, and D are real constants (Holman et al., 1995). This method can
provide very accurate results, but does require that each hysteresis branch is modeled

individually.

The variety of methods developed to model hysteresis indicates the difficulty
encountered modeling it’s effects. Along with the trouble found modeling hysteresis,

researchers have contended with equal difficulty in trying to compensate for it.
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2.3.2 Hysteresis Compensation

Hysteresis in the y-axis of the piezoactuator used in this study (shown in Fig. 2.8) can
cause positioning errors which can exceed 14% of the displacement range. It is because
of the profound effect hysteresis can have on a piezoactuator’s ability to track a desired
trajectory that many varying techniques have been proposed to compensate for it. For
example, by controlling the charge applied to the piezoactuator, instead of voltage
control, the effects of hysteresis can be reduced, but this leads to increased drift,
saturation problems, and a reduced travel range with the additional cost of specialized
circuitry (Kaizuka, 1989; Main et al., 1995). Additionally, post-scan software image
correction has been proposed to compensate for hysteresis (Barrett and Quate, 1991).
However, this method is not applicable for fabrication purposes, because it is post-

image processing and not real-time control.

In one of the first applications of SPM to fabrication, researchers were able to
achieve sub-micron lateral resolution relying on feedback control (McCord and Pease,
1987). The application of the principles of feedback began with simple machines as
long as 2000 years ago (Mayr, 1970). Since then, feedback systems have become
more sophisticated and accurate. Feedback has been used to compensate for hystere-
sis in many piezoactuator-based systems (Barrett and Quate, 1991; Daniele et al.,
1999; Salapaka et al., 2002; Tamer and Dahleh, 1994; Zhang et al., 2008), and most
commercially available AFMs use PID (proportional, integral, differential) feedback

controllers. There are definite advantages to using feedback controllers.

30



Among the reasons that feedback controllers are used is the fact that they are
insensitive to actuator parameter variations and can overcome disturbances (Boulet,
2000). Feedback controllers treat hysteresis as a disturbance to the system (Goforth
and Gao, 2008), thus they do not require the actuator to be modeled (Tamer and
Dahleh, 1994). Feedback controllers are robust — they can handle changes to the
system due to age or temperature variations. They are also flexible enough to be
able to handle discrepancies in modeling and unmodeled or unknown dynamics can

be compensated (Salapaka et al., 2002).

A drawback of feedback controllers is they are often sensitive to sensor noise
(Li and Mao, 1999), and the noise at high frequency operation reduces the effective-
ness of feedback control (Smith et al., 2002). Another difficulty of feedback control of
piezoactuators is the inherent low-gain margin of the piezo element limits the perfor-
mance of the controller (Salapaka et al., 2002; Schitter et al., 2001), that is, high-gain
feedback often destabilizes the actuator (Main and Garcia, 1997). More intricate
feedback controllers (compared to PID) have been used to increase the bandwidth of
piezoactuators in an attempt to alleviate the gain margin limitations (Salapaka et al.,

2002).

A different control approach is model inversion-based feedforward control. Re-
searchers have used a model of the hysteresis to develop an input which is prede-
termined (fed-forward) to achieve an output which compensates for hysteresis (Croft

et al., 2001; Ge and Jouaneh, 1995; Schitter et al., 2004; Tao and Kokotovic, 1996).
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In theory, a model-based feedforward approach can offer perfect trajectory tracking.
By developing a model of the hysteresis and inverting the model, an input can be
found which “cancels” the effects of hysteresis. The success of this control method
is dependent on the accuracy of the hysteresis model. Accurate hysteresis modeling
and calculating an inverse requires the gathering of many input/output data sets and
many calculations. This makes accurate modeling computationally expensive and
prone to error (Goforth and Gao, 2008). Additionally, as the system ages or envi-
ronmental conditions change, the system changes, thus, the model changes (Melnik,
2003). The changing system can lead to model errors, and model error can have a

negative impact on the precision of model inversion-based feedforward controllers.

Both feedback and model-based feedforward control techniques have been
shown to be relatively accurate. They have limited the tracking error to a few percent
of the displacement range (Barrett and Quate, 1991; Putra et al., 2007; Salapaka et al.,
2002; Song et al., 2005). With this degree of error, over a 5 um range, a tracking error
of 50 nm is unacceptable to create 60 nm wide trenches to aid in the fabrication of
semiconductor nano-devices (Cambel et al., 2008), or to create 100 nm wide by 10 gm
long gold electrodes to be used in nano-electronics (Li et al., 2005). One could easily
find many applications were precision of a few percent of the displacement range is
unacceptable. It is because of the lack of precision available through other techniques
that iterative control of hysteresis in piezoactuators was developed (Hu et al., 2008;

Leang and Devasia, 2006).
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2.4 Summary

A brief history of microscopes, leading to the development of the atomic force mi-
croscope (AFM), was presented in this chapter. The scanning tunneling microscope
preceded the development of the AFM, which is able to image non-conducting sam-
ples and does not require a vacuum. A survey of the operation of AFM was also
presented. A cantilever with a sharp tip on the end is made to move laterally over
the sample surface by the piezoactuator as the probe tip traces the sample surface.
An overview of the modes of operation was presented, as well as a description of the

force sensor, the cantilever, and the piezoactuator involved in the operation.

This was followed by an overview of hysteresis, which has been defined as a
memory of past input, this memory being nonlinear, discerning, and retentive. Several
different methods of hysteresis modeling were also presented. This discussion covered
the polynomial method, which is accurate and simple to compute but requires each

input/output branch to be modeled individually.

Some previous attempts to compensate for hysteresis were also presented.
Feedback control is made more difficult by the inherent low-gain margin of the piezo-
actuator, which restricts the gain of a feedback controller (Tien et al., 2005). Model-
based inversion control techniques, because they are computationally expensive and
prone to model error, are not efficient for production level use (Goforth and Gao,
2008). It is because of the difficulty compensating for hysteresis, that iterative con-

trol was advanced. An understanding of how AFM was developed, the components
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involved, and the difficulties of hysteresis compensation provide an important back-
ground to iterative control as applied to hysteresis compensation in AFM, which is

described in the following chapter.
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Chapter 3
Iterative Control for Hysteresis Compensation

In the previous chapter, the AFM and it’s components were described. The
modeling of hysteresis and previous compensation methods were presented as well. In
this chapter, the need for precision positioning control is discussed. This is followed by
a review of iterative control approaches and the development of the inverse-hysteresis
iterative control algorithm for hysteresis compensation in AFM. A description of how

this algorithm is implemented is presented in Chapter 4.

3.1 Motivation

There have been many advances in the use of piezoactuator-based scanning probe
microscopy (SPM) fabrication techniques over the past decades. The SPM has been
used to fabricate novel nano-scale electronics and structures (Taylor et al., 2005;
Wendel et al., 1994), and sensors and devices (Davis et al., 2000). An SPM has been
used to investigate the nanomechanical properties of bacteria by indentation (Wang
et al., 2007). Additionally, AFM has been used to manipulate particles (Decossas
et al., 2003), and help create a nano-CNC machining system (Yan et al., 2007). The
AFM has been used to perform defect and quality control of optical discs (Wei-xian

and Zhuang-de, 2003). Moreover, the AFM has been used to fabricate features by
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physically indenting and scratching a sample surface (Kunze, 2002). Each of these

applications require precise lateral (z- and y-axis) control of the piezoactuator.

Ballistic devices are a special class of nano-electronic device in which the dis-
tance electrons travel is small enough that they undergo few, if any, scattering events
from electron-electron collisions. Many novel, interesting ballistic devices have been
proposed. Lateral hot-electron transistors have been demonstrated which use closely-
spaced (200 nm) transistor gates to achieve nearly ballistic electron motion (Palevski
et al., 1989). The unique modifications to voltage-current characteristics of semi-
conductor structures are only observable if nano-scale device dimensions are possi-
ble. SPM-based fabrication techniques have been suggested for such ballistic devices
(Kunze, 2002; Sirena et al., 2009; Skaberna et al., 2000). Because of the increasing
need to miniaturize the lateral dimensions of semiconductor electronics, precise lat-
eral control is required to use SPM-based techniques to create the next generation of

electronic devices (Beaumont, 1996).

Precise positioning is also needed to fabricate quantum structures with SPM
(Apetrii et al., 2002). An SPM has been used to indent a semiconductor surface
to facilitate the growth of quantum structures (Murakami et al., 2001; Taylor et al.,
2005). Quantum structures are made more efficient by growing them closer together —
on the order of tens of nanometers in pitch (Krauss, 2005). The luminescent intensity
and energy of quantum systems have been shown to be impacted by a 4 nm deviation

in size and/or spacing (Leonard et al., 1993). Thus, nano-precision lateral positioning
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of the SPM probe is required to achieve the spacing necessary for the most efficient

quantum structures with desired properties.

The fabrication of single-electron transistors using nanogap electrodes and self-
assembled quantum dots has become possible due, in part, to recent developments in
nanolithography (Jung et al., 2005). Single-electron transistors have shown unique
characteristics such as gate-controlled tunneling magneto-resistance (Hamaya et al.,
2007). The conventional fabrication of single-electron transistors is based on the
chance alignment of a nanogap electrode created with the lift-off technique and ran-
domly placed quantum dots. The fabrication yield of nanogap single-electron tran-
sistors can be improved by using local oxidation with an AFM to fabricate an 80 nm
wide nanogap electrode precisely aligned with a particular 20—200 nm diameter quan-
tum structure (Moriya et al., 2010). Precise control of the AFM probe is required to

fabricate nanogap single-electron transistors in this way.

Unfortunately, hysteresis is a major contributor to the challenge of precise
piezoactuator control (Song et al., 2005). Hysteresis can cause positioning errors in
excess of 10—15% of the displacement range (Barrett and Quate, 1991; Salapaka et al.,
2002). Because the unique properties of ballistic nano-electronic devices rely on nano-
scale fabrication techniques, because the quality of quantum structures is dependent
on size, shape, and spacing, and because the effects of hysteresis can have a negative
impact on piezoactuator positioning, hysteresis can have a profound negative impact

on the quality of SPM-fabricated devices (Apetrii et al., 2002).
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It is because of the critical need for precision positioning control, that many
efforts have been made to counteract the hysteresis-caused positioning error in the
piezoactuators of SPM (as described in Section 2.3). Iterative control of hysteresis was
developed to meet this need (Hu et al., 2008; Leang and Devasia, 2006). However, the
simple, proportional iterative control algorithm requires many iterations to achieve a
desired output within a given, minimal error. Each iteration relates to time waiting
for the process to complete. In order for iterative control to be a viable production-
level control algorithm, the number of required iterations needs to be reduced. It
is this need that motivates the attempt to find another iterative control algorithm

(ICA) which requires fewer iterations.

A review of iterative control and how it is applied to hysteresis compensation
is now presented. This is followed by the presentation of the new inverse-hysteresis

ICA.

3.2 Review of Iterative Control Methods

The control method under investigation, one which “learns” an input to achieve a
desired goal by trial and error, has been known by several different names — “better-
ment process” (Arimoto et al., 1984), “repetitive control” (Mita, 1984), which now
refers to a different control method (Alsubaie et al., 2008), “iterative learning control”
(Kawamura et al., 1984), and, as it is known in this work, “iterative control”. It is

generally accepted that Uchiymama (1978) was the first publication to discuss the

38



iterative control method, but because it was written in Japanese, it was not widely

known until Arimoto et al. (1984) began researching iterative control.

There are other publications which predate both Arimoto and Uchiyama. In
a patent filed in 1967 (Garden, 1967), an iterative control method is applied to elec-
tric drive units and pneumatic actuators (for details see (Chen and Moore, 2000)).
There was certainly an interest in iterative controllers before Uchiyama and Arimoto
(Mendel, 1966; Mucciardi, 1972; Sklansky, 1966), however Arimoto et al. (1984) is
referenced as initiating iterative control research in English. It is noted that iterative
control is more thoroughly discussed in the works of Moore (1993) and Xu and Tan

(2003).

The purpose of the iterative method is to use the systems repetitiveness to
employ experience to improve the system control performance even with imperfect
system knowledge. The iterative control approach is, practically speaking, very sim-
ilar to how humans learn to perform a task. The task is repeated multiple times,

using the error from the current trial to improve the performance of the next trial.

A block-diagram of the general

u v
& »| System £,
iterative control method is shown in = >y g
\ Y
Fig. 3.1. An input u; is applied to the Memoiy Memory
system and also stored in memory. The Y1 lterative | v,
Controller [—————

system output v is stored in memory Figure 3.1: A block diagram de-

. scription of iterative control.
and compared to the desired output vy.
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Based on the iterative controller’s input-update law, the next iteration’s input wgyq
is calculated, k is incremented, and wu, is again applied to the system. The process
is repeated with the objective being that as the number of iterations increases, the
system output vy gets closer and closer to the desired output v4, such that,

lim vy (t) = va(t), (3.1)

k—o0

for all ¢ in the finite time interval (Moore, 2003). This is, for example, how one
learns to take desired photographs with no prior knowledge. Initially, some default
settings are used, the results are compared to the desired, the settings are adjusted
accordingly, and the process is repeated. Eventually, the settings are learned to
achieve the desired photographic effect. This is also how iterative control is applied
to actuators. Given a desired trajectory, an input is applied, the resulting output is
compared to the desired, and the input is adjusted accordingly in future iterations.
Eventually, an input is found which achieves the desired actuator trajectory. It is
necessary that the desired photographic effect or actuator trajectory is repeated as
the iterative control method finds the settings or input to achieve only the desired
outcome. Thus, if the desired output changes, the iterative process must be repeated
for the new desired outcome. This is a shortcoming of the control method.

The iterative approach is open-loop control in the time domain, but closed-loop
in the iteration domain (Xu and Tan, 2003). In this way, iterative control is similar
to classical feedback control with an important difference (Moore, 1999). The classic
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feedback strategy uses information about the effect of the input from the current
time instant to compute the input for the next time instant, however the effect of
this decision is not preserved from one iteration to the next. The iterative control
method stores information about the effect of the input at each time instant during
the iteration and uses that information to calculate an improvement of the input to be
applied during the next iteration. An ICA intends to find an input ug which achieves
a desired output vy by using information about how the controlled system responds

to input over multiple iterations.

Iterative control makes several important assumptions (Ahn et al., 2007).
First, it is assumed the system operates repetitively, each iteration operates over
a finite, fixed time, e.g., t € T £ [ti,ts], and that system dynamics are not altered
throughout each iteration. Iterative control finds an input wug(¢) that produces the
desired output v4(t). As such, it is assumed the the input wu,(t) exists. It is further
assumed, every output vg(f) can be measured, and, therefore, the position tracking
error signal, e, (t) £ vg(t) —vi(t), can be used to determine the next iteration’s input
ug11(t). Lastly, it is necessary and assumed that the system is set to the same initial

conditions at the beginning of each iteration.

If these assumptions and conditions are met, there are several advantages of
iterative control over other control techniques (Moore, 1993). First, accurate model
information is not necessary to design an accurate iterative controller. An ICA can be

designed, and mathematically proven, to achieve perfect tracking of a desired trajec-
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tory over a finite time interval. Lastly, if convergence conditions are met, damage to
the hardware can be prevented, the system can converge to a desired trajectory, and
the desired trajectory can avoid being overshot. Partially because of these advantages,

several different iterative control structures have been considered.

Arimoto et al. (1984) proposed what has come to be known as an “Arimoto-

type” input-update law (Ahn et al., 2007),
g1 (t) = ug(t) + Téx(t). (3.2)

This type of ICA can also be called a “D-type” algorithm because it considers the

derivative of the error. Arimoto et al. (1984) also proposed a “PID-type” ICA,
uk+1(t) = ug + @ek(t) + Fﬁ’k(t) + ¥ / €k(t)dt, (33)

so called because of the proportional @, integral ¥, and derivative I" gains. A simpler,

proportional, “P-type” algorithm, with no integral or derivative elements, of the form,

uk+1(t) = uk(t) + ey, (t), (34)

has also been considered (Dou et al., 1996; Hoelzle et al., 2008; Leang and Devasia,
2006). In each of the above iterative control input-update laws (3.2, 3.3, 3.4), the

iteration gains ®, W, and I' are all real constants. These three iterative control
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algorithms, “D-type”, “PID-type”, and “P-type”, form the bases from which other

algorithms are derived.

As stated above, a requirement of iterative control is that the controlled system
must offer repetitive operation over a finite time interval. Fortunately, there are many
systems, such as nanomanufacturing (Doumanidis, 2004), which function repetitively.
The iterative control method has been applied to chemical processes (Choi et al.,
1996), robotics (Kawamura et al., 1984), generator excitation control (Yu et al., 2008),
magnetostrictive actuators (Song et al., 2006), industrial production machines (Wei
and Panaitescu, 2008), the problem of basketball shot control (Xu et al., 2007), and
vibration isolation (Hao et al., 2008). Iterative control of the proportional type has
been used to automatically tune a feedback controller (Tan et al., 2009). Additionally,
a P-type, phase-lead iterative control scheme, which uses an iteration error ey (z + \)
computed from time samples a finite number of time samples A ahead of the currently
considered time sample z (a method developed for non-minimum phase plants), has
been used to apply functional electrical stimulation to the triceps of rehabilitation

patients to assist them in performing trajectory tracking tasks (Freeman et al., 2009).

Iterative control has been applied to piezoactuators. Wu et al. (2008) do not
mention hysteresis directly, but employ proportional-gain iterative control in the fre-
quency domain along with an H., feedback controller to control the z-axis of a piezo-
actuator to assist high-speed imaging. They were able to show improved performance

over Pl-feedback control alone. Yen et al. (2009) also do not mention hysteresis, but
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introduce a P-type, multiple-input-multiple-output ICA for a novel optical scanning
system using two piezoactuators to manipulate a mirror. Helfrich et al. (2008) use it-
erative control and H,, feedback control together to alleviate possible non-repeating
disturbances and iteration initialization errors in piezo-driven nanopositioning sys-

tems.

Iterative control algorithms have been developed for different classes of sys-
tems, including, as mentioned, a phase-lead algorithm for non-minimum phase sys-
tems (Cai et al., 2007; Freeman et al., 2007), a proportional-gain method for dynami-
cal systems (Sugie and Ono, 1991), a D-type approach for nonlinear systems (Su and

Kermiche, 1989), and a P-type algorithm for a linear system (Fan and Liu, 2007).

The iterative control method has also been used to compensate for hysteresis.
An ICA was applied to electromagnetic actuators (Tseng et al., 2008) and electrostric-
tive actuators (Hu et al., 2004). An anticipatory ICA was developed for hysteretic
systems in general (Hu et al., 2008), and a P-type algorithm was applied to com-
pensate for hysteresis in shape memory alloy systems (Ashley et al., 2006) and the

piezoactuators of AFM (Leang and Devasia, 2006).

In summary, the iterative control methodology makes several key assumptions,
including that every iteration operates over a fixed time interval and each iteration
begins from the same initial conditions. The benefits of the iterative control method
include that an accurate controller can be designed with inaccurate system model

information and that if convergence conditions are met, the output of successive
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iterations will converge to the desired trajectory. There are several general methods of
iterative control, of which the simple, P-type algorithm is one, and the iterative control
system has been applied to many different systems. This work uses iterative control
to compensate for hysteresis, therefore, in the following section, the previous methods

of iterative control applied to compensate for hysteresis are discussed further.

3.3 Iterative Compensation of Hysteresis

Iterative control has been applied to many different classes of systems, and has been
used to control many different actuators and processes. In this section the iterative
methods of compensating for hysteresis are presented. This includes a discussion of
the proportional iterative control on which this thesis is based.

In the work of Tseng et al. (2008), iterative control is used to compensate for
hysteresis in electromagnetic actuators found in magnetic hard-disk recording devices.

They employ a higher-order ICA, which uses data from multiple previous iterations,

up(t) = a Z ei(t), (3.5)

where uy, is the current iteration input, e;(t) is the tracking error of the i'* iteration,
and « is a constant. They relate the hysteretic actuator to an ideal linear actuator

which can be controlled with the function

u(t) = ae(t). (3.6)
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By relating Eqgs. (3.5), (3.6), and subsequent tracking error, ey q(t) = vq(t) — vy (),

Tseng et al. conclude that for convergence the iteration gain « is limited as follows,

. Mmax
O<u<u

d
2 ‘ <0.5, (3.7)
du

where ¢ is a function which describes the difference between the actual hysteretic
actuator and the ideal. With the ICA (3.5), Tseng et al. (2008) have shown to provide
trajectory tracking within approximately 2% of the actuator’s range. This level of
precision is not satisfactory for nanotechnologies. Over a 5 pum range, a 2% error
is 100 nm, which is just entering what is normally considered nano-scale precision

(Lizama, 2008).

Hu et al. (2004) have used the iterative control architecture to compensate
for hysteresis in electrostrictive actuators, a relatively new class of smart materials.
In electrostrictive actuators, the induced strain is proportional to the square of the
applied electric field, and, compared to piezoactuators, demonstrate a small amount
of hysteresis (Hues et al., 1994). Hu et al. use a gain-variable feedback ICA, such that
the proportional gain is varied based on the previous iteration result and the assumed
quadratic input /output relationship of the hysteretic actuator. They are able to show

an improvement from 4% tracking error to within 0.5% error in 5 iterations.

An anticipatory iterative control algorithm has been applied to hysteretic sys-
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tems (Hu et al., 2008) and takes the form

wer1(t) = un(t) + L() (va(t + A) —op(t + A)), (3.8)

where L(-) is a function chosen by the designer and A > 0 is a small number. In the
work of Hu et al., the input, u(t) = w/®(t) + u*(t), is a combination of a feedback
controller u/*(¢) and the feedforward anticipatory input u*(t) updated using Eq. (3.8).
In the simulations presented, the iteration gains [, = 40 and [, = 10 are chosen, but
the function L(-) is not stated. The simulated results show that ICA (3.8) reduces

hysteresis-caused RMS error from 1.2% to less than 0.1% in five iterations.

In the work of Leang and Devasia (2006), convergence was proven for a P-type
ICA to compensate for Preisach-type hysteresis. They use an input-update law of

the form

upr(t) = u(t) + pva(t) — vr(t)), (3.9)

with an iteration gain p and a given desired trajectory vy(t) for all ¢ in the finite
interval. They have shown that convergence is guaranteed if the iteration gain p

meets the condition

. 1 2 .
mln{—,—}, ifn=1,
0 < p < min M2 (3.10)
1 2
min{—,i}, if n =2,
T2 nlAumax

where A, is the maximum input error and the constants 71, 7o, and n are deter-
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mined from the input/output relationship, the Preisach model, and properties thereof.
The iteration gain p is necessarily conservative to ensure that the desired trajectory
v4(t) is not overshot and, therefore, monotonicity of input and output are maintained,
which ensures that the direction to change the input is known based on the output
error (Leang and Devasia, 2006). The proportional ICA (3.9) was applied to the
piezoactuator of an AFM to achieve an imaging trajectory, and has shown a tracking
error reduction from 7.15% to less than 0.25% of the displacement range — which
is nearly the noise level of the displacement measurement sensor — in 40 iterations
(Leang and Devasia, 2006). The same methodology and principles were applied to

hysteresis-compensation of a shape memory alloy (Ashley et al., 2006).

The work of Leang and Devasia (2006) forms the basis of this thesis. A benefit
of the proportional ICA to compensate for hysteresis is, if the iteration gain p is chosen
to be sufficiently small, an input that achieves a desired output can be found with
minimal information about the system — the desired trajectory must be continuous,
monotonic, and belong on a single branch. It is because the iteration gain p is
necessarily conservative, that at some points along the desired trajectory convergence
comes more quickly than at other points. Thus, the entire algorithm must wait for
the slower points to ultimately converge. This implies that the ICA (3.9) requires
a greater number of iterations than otherwise required. The number of iterations
required to achieve a given, minimal error relates directly to the time spent waiting for

the process to complete. This is the motivation for a new iterative control algorithm.
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3.4 Inverse-Hysteresis Iterative Control

In the previous section, some of the past methods of applying iterative control to
compensate for hysteresis were investigated. The work of Leang and Devasia (2006)
has successfully shown how to track a desired trajectory with minimal error, but at
the expense of many iterations. In this section, the development of the proposed
iterative control algorithm is examined. In the following chapter, the experimental

system and the experimental implementation of the proposed ICA are reviewed.

The constant gain p of ICA (3.9) is necessarily conservative and may lead to
slow convergence. For example, when the iterative algorithm (3.9) was applied to
a hysteretic shape memory alloy system, more than 500 iterations were required to
achieve 20% error (Leang et al., 2009a). The number of iterations required to achieve
a predefined minimal error relates directly to the time spent waiting for the process
to complete. In the experimental system used in this thesis, each iteration requires
more than one minute. Thus, even a 10% improvement in the number of iterations
required, can mean real time savings. To improve the performance of iterative control,

the system model is exploited.

In order to find the desired input u4 which achieves the desired output vy, it is
desirable to have the input of the next iteration be the input which realizes the desired
output. Thus, we want uy1(t) = ug(t) for all time ¢ in the finite interval 7. Based on
references (Devasia, 2000; Iyer et al., 2005; Smith, 2001), among others, the hysteresis

model H has been inverted to find a feedforward input to compensate for hysteresis.
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Several hysteresis model structures in particular have been shown to be invertible.
A polynomial-based hysteresis model has been inverted to find a feedforward input
to a piezoactuator (Croft and Devasia, 1998), and an inverse Preisach hysteresis
model has been used to find a feedforward input along with PID feedback control
of a piezoactuator (Song et al., 2005). The hysteresis model is, therefore, assumed

invertible.

Given an invertible model, for a given desired output vy(t) = Hlug)(t), the
input u,4(t) which achieves the desired output can be found by calculating the inverse

hysteresis model H~!. Therefore, given an assumed invertible hysteresis model,

valt) = Hug)(t) <= ualt) = H od(¢), (3.11)

uet) = Hup(t)] <= wp(t) = H o] (1). (3.12)

Thus, using an inverse model of hysteresis, and starting with the fact that it is
desirable to have the next iteration’s input be the input which achieves the desired

output, an iterative control input-update law can be written as,
up11(t) = ua(t),
uk+1(t) = uk(t) + ud(t) — uk(t),

Ups1(t) = up(t) + H ogl (t) — H o] (£). (3.13)

If a perfect hysteresis model H can be identified, a perfect inverse model H~*
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can be found, and with input-update law (3.13), convergence can be achieved in one
step. In practice, however, the model will have uncertainty. To aid in accounting for

this uncertainty, simply, the constant « is introduced,
(1) = wn(t) + o (H () = 7 ) (0)), (3.14)

for all time ¢ in the finite interval 7.

In the work of Ashley, Aridogan, Riddle, and Leang (2008), it has been proven

that for convergence of ICA (3.14), the following must be true,

1. The hysteretic behavior of the piezoactuator and the hysteresis model used are

invertible.

2. Before each iteration, the initial conditions are made the same. That is, the
input and memory of past input are the same at the beginning of each and

every iteration.

3. The desired trajectory is continuous and monotonic for all time in the finite

interval considered.

4. The constant « is limited by

: &1
0<a§mln{m,2}, (3.15)

where &1, &, and M are real constants based on, and derived from, the in-
put/output relationship. The details of this limitation on the iteration gain «

are presented in reference (Ashley et al., 2008).
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3.5 Summary

In summary, precision control of the piezoactuator in AFM is required to produce
the next generation of electronic devices and to fabricate the most efficient quantum
structures with desired properties. Because of this need for accurate lateral position
control, the drastic effects of hysteresis, the complexity of model inversion-based
control techniques, and the gain limitations of feedback control, iterative control of

the piezoactuator in AFM was developed.

I[terative control has been applied to many different systems and classes of sys-
tems — from actuators to vibration control systems and from dynamic to non-minimum
phase systems. Different iterative methods have been applied to such varying sys-
tems partially because accurate system information is not required to design and use
an accurate iterative controller. An additional advantage of iterative control is that
if convergence conditions are met, the system will, in practice, approach perfectly

tracking a desired trajectory.

An ICA makes several key assumptions about the behavior of the system and
the execution of the controller. An iterative controller assumes that before each
iteration begins, the system is in the same initial condition or position. This is
very important to the execution of an ICA used to compensate for hysteresis and is

discussed further in the following chapter.

Several iterative control methods have been employed to counteract the effects

of hysteresis. A proportional, fixed-gain algorithm has shown AFM control of the pre-
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cision needed for applications such as the fabrication of efficient quantum structures.
Unfortunately, because of the necessarily conservative iteration gain, the algorithm
requires many iterations, and therefore time, to achieve such precision. This is the
reason for the development of the new ICA (3.14) which exploits the hysteretic na-
ture of piezoactuators in the input-update law. Before the results of the experimental
validation of the ICA (3.14) are presented, the experimental system and the empirical

hysteresis model used are described in Chapter 4.
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Chapter 4
Experimental System and Implementation

The AFM has been used in the past to fabricate features for the creation of
novel nano-scale electronics, structures (Wendel et al., 1994), sensors, and devices
(Davis et al., 2000). The AFM has also been used to fabricate features by physi-
cally indenting and scratching the surface (Kunze, 2002). In this thesis, the process
of scratching features on a soft sample by physically embedding and “dragging” the
AFM tip over the surface is considered. This approach is one of the simplest fab-
rication techniques and the resulting features can be used in nano-imprint template
fabrication, in high-end photomask repair (Peng et al., 2009), or to define a mask for
lithography to create quantum devices (Wendel et al., 1994), which, as noted in the

previous chapter, are made more efficient by precise lateral placement of the devices.

As presented in Chapter 3, the proportional iterative control algorithm (3.9)
has been used to achieve precision lateral control of the piezoactuator in AFM (Leang
and Devasia, 2006), but requires many iterations to attain that success because of the
necessarily conservative iteration gain p. Based on the conservative nature of propor-
tional iterative control, the new, inverse-hysteresis iterative control algorithm (3.14)
was developed. As proof of the effectiveness of the proposed iterative control algo-

rithm (ICA), the method is applied to the piezoactuator of an AFM. The desired
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trajectory vy is a circle in the x/y plane. The circle is scribed in the surface of
a polycarbonate substrate to demonstrate the applicability of the inverse-hysteresis
ICA (3.14) to a fabrication process. To demonstrate its improved performance, the

inverse-hysteresis ICA is experimentally compared to the proportional ICA.

The first section of this chapter details the experimental system used. This is
followed by a discussion of how the inverse-hysteresis of the desired trajectory vy and
each iterations output vy are empirically gathered and calculated and how these are

used in the overall iterative control process.

4.1 Experimental System

4.1.1 System Overview

The experimental AFM system used in this thesis is the Molecular Imaging (MI,
now part of Agilent Technologies, Chandler, AZ) PicoPlus model. In this AFM, the
cantilever probe is attached to a sectored tube piezoactuator, or piezo-positioner,
which moves the cantilever relative to a fixed sample plate as shown in Fig. 4.1. An
image of the Agilent Technologies 5500 AFM, which replaced and is identical to the
MI PicoPlus model used in this study, is shown in Fig. 4.2. The Agilent Technologies
datasheet for the piezoactuator scanner used in this study states that the z- and y-
axes have a range of 90 um x 90 um and a resolution of better than 5 A. The z-axis
has a range of 7 ym and a resolution of better than 0.5 A. The scanner uses a reflected

laser /photodiode force sensor, and inductive piezoactuator position sensors.
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Figure 4.1: A schematic of the main components of the experimental AFM
system.
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Figure 4.2: A photograph of the 5500 AFM courtesy of Agilent Technolo-
gies, Inc. The main components — the piezoactuator, cantilever, inductive
position sensors, and the optical force sensor — are within (A) the scanner;

(B) the sample plate; and (C) an environmental chamber was not used in
this study.

The system is customized with a module to permit access to the control signals

of all three coordinate axes (x, y, and z) of the piezoactuator. The output of the in-

ductive sensors, which are used to measure the displacement of the piezoactuator, are

accessible through the same custom signal access module. The gain of the inductive
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sensors are 3.59 ym/V in the z-axis and 4.04 um/V in the y-axis.

To input control signals to the AFM system, an IBM computer with a National
Instruments data acquisition system is used. The same system is used to read the
output position sensor voltages. A custom C-language code (using a Borland Turbo
C DOS compiler) was written to execute the control algorithms. (See the Appendix
for an example of the code used.) The commercial MI software, with a proportional-
integral (PI) feedback controller, is used to image the sample and to control the z-axis
during fabrication in order to maintain a constant deflection of the cantilever, and

thus tip force on the sample. A block diagram of the experimental system is shown

in Fig. 4.3.
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Figure 4.3: A block diagram of the experimental AFM system. The MI
PicoPlus software is used to image and to establish a constant deflection
of the cantilever during fabrication. An external computer, running custom
code, is used to implement the iterative control algorithm, apply controlling
voltages, and measure the displacement of the x- and y- axes.
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The cantilever used is the NANOSENSORS™ non-contact/tapping mode
probe from the PPP-NCH series, which has a resonant frequency of 330 kHz. This
probe is used partially because of its high force constant of 42 N/m. The cantilever
is made of silicon, has a gold reflective coating on the backside for improved force
sensing, and a tip end diameter of approximately 7 nm (see Fig. 4.4).

Imaging is performed using constant-height, contact mode, as described in
Chapter 2. With the z-axis feedback controller engaged, the cantilever is lowered to
contact the sample surface. The z-axis PI closed-loop control gains are then lowered,
while the z- and y-axis closed-loop control gains are preserved, so the piezoactuator
maintains the cantilever at a constant height above the sample. The piezoactuator
then raster scans the tip across the sample, and the cantilever deflection provides

sample topography information. Imaging is used in this study to verify fabrication.

4.1.2  Frequency Response of the Piezoactuator

While it is usually desirable to fabricate with high throughput, the focus of this thesis

AccV  Spot Magn  Det WD Exp ——— 50 pm
100KV 6.0 664x SE 1301 Nanosensors

Figure 4.4: A scanning electron microscopy image of the underside of the
AFM probe used in this study courtesy of NANOSENSORS™.
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is the hysteresis effect; therefore, the AFM is operated at low frequencies to avoid
exciting the high-order dynamics (Mokaberi and Requicha, 2008). To be certain of
this, the frequency response of the piezoactuator is measured for both the x- and y-
axes. The response is measured by applying a sinusoidal input of constant amplitude
(100 mV < 0.5 pm) and varying frequencies (10 Hz — 10 kHz) using a Hewlett
Packard dynamic signal analyzer. The dynamic signal analyzer applies the actuating
signal and records the magnitude and phase (with respect to the applied signal) of
the displacement by way of the inductive sensors. The measured frequency response,
shown in Fig. 4.5, reveals dominant resonant peaks at 415 Hz and 404 Hz for the
x- and y- axes, respectively. Based on the frequency response and to not excite the

high-order dynamics, the fabrication process is chosen to be performed at 0.4 Hz.

4.1.3 The Fabrication Process

To illustrate the iterative control approach for fabricating a feature using the scratch-
ing technique, a simple circular trajectory in the x/y plane was chosen (see Fig. 4.6).
A relatively soft, polycarbonate surface was chosen as the medium for scratching.
The polycarbonate sample has an elastic modulus of 2400 MPa, compared to more

than 60 GPa for the silicon cantilever (McSkimin, 1953).

The fabrication process begins by first lowering the AFM tip onto the sample
surface, and once in contact with the sample, a relatively low force set point (approx.

0.5 uN) was used to image the sample. The imaging was performed under closed-loop
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Figure 4.5: Frequency response of the piezoactuator of the experimental
AFM system: the (a) magnitude and (b) phase versus frequency about the
x-axis; (c) magnitude and (d) phase about the y-azxis.
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Figure 4.6: The desired trajectory in (a) the - and y- axes and (b) a top
view of the desired circular fabrication trajectory.

PI control (k; = 1.2, k, = 1.0) using the MI software. Closed-loop imaging was done to
obtain an accurate image of the surface, especially to verify the success of fabrication.
After imaging, the piezoactuator was brought to the home position (z = y = 0)
and the force set point was increased to approximately 7.5 uN for scratching. It is
noted that the value agrees with the work of other researchers, for example see (Yan
et al., 2007, 2005). With the tip fully engaged, control voltages were then applied to
the x- and y- axes of the piezoactuator from the external computer running custom
C code. Once fabrication was complete, the force set point was reduced to the same
0.5 uN force set-point to image (in closed-loop) the sample for verification of the
fabrication process. The x and y trajectories input to achieve the desired output are
iteratively “learned” through the application of inverse-hysteresis ICA (3.14), which
is described in the following section. It is noted that in order to meet the iterative
control requirement that system dynamics do not change throughout each iteration,
the iterative process was implemented with the AFM tip not in contact with the

sample surface, that is, hovering micrometers above the sample.
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4.2 TIteration Process

As was described in Chapter 2, others have used the inverse of the hysteresis model
to compensate for the effect of hysteresis (Croft et al., 2001; Ge and Jouaneh, 1995;
Schitter et al., 2004; Tao and Kokotovic, 1996). A drawback of this approach, is
that modeling errors negatively affect the performance of the controller. A benefit of
the implementation of the proposed algorithm (3.14) is the inverse hysteresis model
H~! is derived experimentally. The exact steps of the proposed algorithm are first
outlined, followed by an explanation of how the inverse hysteresis data is acquired

and then used.

4.2.1 Overview of Process Steps

The inverse-hysteresis iterative control process begins by dividing the desired trajec-
tory vg, with a total of N monotonic sections, into each monotonic section n. The
next step is to gather hysteresis data (open-loop input/output data) for the section
being iterated. With the hysteresis data, the iterative control algorithm really begins.

This is outlined in the steps below.

1. Manually divide the desired trajectory v, into N individual monotonic sections.
2. Ramp the input to gather hysteresis data.
3. Calculate and store H ! [v,](t).

4. Reset and clear the memory of previous input to satisfy the iterative control

assumption that the initial conditions are the same.
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5. Apply the input ux(t) and measure the output v () for all time ¢ of the current

monotonic section.
6. Calculate the iteration output’s inverse-hysteresis H~'[vg](t).
7. Calculate the next iteration’s input, ug1(t) = ug,(t)+a(H " og](£) —H " ur] (2)).

8. Determine if vg(t) — vy (t) is less than the predefined acceptable error € for each

data point of the n'* partition.

(a) If max{|va(t) — vk(t)|} > €, increment k and return to step 4.
(b) If max{|vy(t) — vx(t)|} < €, move on to step 9.

9. Determine if the monotonic section just iterated is the final section. If n < N,

return to step 1, otherwise the process is complete.

Details of each of the above steps follow.

4.2.2 Partitioning The Desired Trajectory

As was discussed in Chapter 3, the proposed ICA (3.14) requires a monotonic desired
trajectory vy to be able to iteratively find an input wug that achieves the desired
trajectory. However, an input uy that achieves a more general desired trajectory vy
can be iteratively found by dividing the general desired trajectory into monotonic
sections and then iterating on each monotonic section to find the general input ug.
The details of the process and how it works is described in reference (Leang and
Devasia, 2006). The first step in iterating the general desired trajectory v, is to
manually partition the entire general trajectory into individual monotonic sections.

Therefore, the desired x- and y-axis trajectories to realize the circular path used in
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Figure 4.7: The desired (a) x- and (b) y-axis trajectories partitioned into
monotonic sections.

this study are partitioned into monotonic sections as shown in Fig. 4.7. It is noted
that this method of iterating one monotonic section at a time could be used to achieve

other, non-circular, multi-branch trajectories.

4.2.3 Gathering Hysteresis Data

Before the iteration process is truly begun, the open-loop input and output data
are collected to be used to calculate the inverse hysteresis of the desired and each
iteration’s output. The C program customized to implement the inverse-hysteresis
ICA (3.14) inputs a ramping signal to gather both the input and output data. The
ramp input is increasing if the section being iterated is monotonically increasing, or
decreasing if the section being iterated is monotonically decreasing. As an illustration,

the input versus output relationship of the increasing y-axis input is shown in Fig. 4.8.
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Because there are two different scenarios for ramping the input to gather the
hysteresis data, depending on whether the current section being iterated is monoton-
ically increasing or decreasing, the latter case is described here, and the negative of

what is described is applied in the former case.

First, the piezoactuator is commanded to follow the input w,,., which achieved
the output of the previous monotonic section ., within the predefined error €.
When the piezoactuator reaches the end of the previous monotonic section, the input
is increased an additional 0.25 V. A ramping input is then applied which begins with
a value of (Uprepy+0.25) and ends with the value — (e, +0.25). The additional 0.25 V
at the extremum of the ramp input ensures the hysteresis data covers the possible
spectrum of minimum to maximum output, that is, the extrema of the ramping input

exceeds the extrema of the input which will achieve this monotonic section.

While the ramp input is applied, both the input and output data are stored.

-1.5 -1 0.5 1 1.5

05 0
Input (V)

Figure 4.8: Input versus output curve used to calculate the inverse hystere-
sis of the y-axis.
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With the input/output hysteresis data, such as that in Fig. 4.8, each iterations output
vi(t) and the desired output vy(t) can be mapped to the hysteresis data to find the
inverse H™'[v;](t) and H ™' [vg](t), respectively, for all time ¢ of the interval being
iterated. This mapping is accomplished for each data point in the outputs wu,(t)
and uy(t) by finding the nearest corresponding output in the hysteresis data and
using the slope of the assumed linear relationship between two adjacent data points.
For example, consider, at some time t;, an iteration output data point vi(tg) =
1.6947 pum, which as shown in Fig. 4.9, falls between two of the collected hysteresis
data points. By calculating the slope of the two nearest hysteresis data-points, the
corresponding inverse hysteresis value can be interpolated, H~'[v;](t4) = 0.7435 V
in this example. In this way, the inverse-hysteresis data H~'[vg] and H'[v;] are
calculated and stored for each output data point. This information is then used in

the input-update algorithm (3.14).

1.6985F "

—@— Hysteresis Data
16974+ | — — Mapped Output

1.6963

1.6952}
16947 (= — — — — — — — —

1.6941}

Output (em)

1.6930}

1.6919}

0.7435
0.7424 0.7427 0.7430 0.7434 0.7437 0.7440 0.7443 0.7447
Input (V)

1.6908

Figure 4.9: The complementary inverse-hysteresis data is interpolated us-
ing the two closest data-points to the output value of interest.
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4.2.4 Initializing The System

It is an assumption of iterative control that each iteration begins with the same initial
conditions. Therefore, before each iteration k, the initial conditions must be reset to
ensure that each iteration has the same memory of past input. In order to accomplish
this reset, a sinusoidal input is applied, such as that which appears in Fig 4.10. To
clear the memory of the previous iteration, it is necessary that the resetting input
have extrema of the maximum and minimum possible input. With the MI PicoPlus
and data acquisition experimental systems used in this thesis, the maximum input is

+5 V.

Input (V)
o

0 4 8 12 16 20 24
Time (sec)

Figure 4.10: The signal input before each iteration to reset the past-input
memory of the piezoactuator to the same initial condition.

4.2.5 Executing the Iterative Control Algorithm

With the general desired trajectory partitioned into monotonic sections, the hysteresis

data gathered, and the initial conditions reset, the ICA can truly begin.
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The input uy is applied and the measured output vy is recorded. This data
is stored in a data file for future analysis. An initial input u; can be as simple as
uy(t) = 0 for all ¢ in the finite interval 7T". Alternatively, the initial input w; can be
designed to give the iteration process a head start, i.e., u;(f) can be a scaled version

of vy(t), but monotonicity of input and output must be maintained.

After each iteration input wuy(t) is applied, it is then determined if the output
tracking error eg(t) = vy(t) — vg(t) is less than the predefined acceptable error € for
all t € T'. If the error is within the acceptable range, then the process is complete. If
not, the inverse-hysteresis data collected previously is used to calculate the H ™ [ug](¢)
for all ¢t € T, the next iterations’ input is calculated using ICA (3.14), the iteration
number k is incremented, the system is reset to the initial state, and the ICA is

repeated.

With the tracking error within the acceptable range, if this is the final mono-
tonic section n > N, the entire process is complete. If n < N, then the entire process
begins again for the next monotonic section by applying the input found for the pre-
vious monotonic section, ramping to determine the hysteresis data, initializing the

system, and executing the ICA (3.14).

4.3 Summary

In summary, the experimental system is a Molecular Imaging (MI, now part of Agilent

Technologies) PicoPlus AFM with custom inputs and outputs to apply controlling

68



voltages to and read from the measured displacement of the piezoactuator.

A benefit of the experimental implementation of ICA (3.14) is that the system
does not require complex modeling. The inverse hysteresis data (H ! [v4] and H ™ [vg])
is experimentally obtained. Thus, the hysteresis modeling is not subject to changes

in parameters, temperature, humidity, etc.

The ICA (3.14) is demonstrated through the fabrication technique of dynam-
ically ploughing a polycarbonate sample surface, and the details of this process were
presented. Also detailed was the process of partitioning a general trajectory into
monotonic sections, gathering the hysteresis data used in ICA (3.14), initializing the

system before each iteration, and calculating the next iteration’s input.

In Chapter 5, the experimental results of applying the proposed iterative con-
trol algorithm to the z- and y- axes of the described experimental AFM are presented

along with AFM images of the fabricated feature.
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Chapter 5
Experimental Results

One of the first uses of an SPM for fabrication was by McCord and Pease
(1987). They were able to use a scanning tunneling microscope to scratch the surface
of a thin insulating film. This act was one of many to demonstrate the potential to
create devices with micrometer-scale lateral precision. To illustrate the effectiveness
of the inverse-hysteresis iterative control algorithm (ICA), it is applied to a fabrication
process with the AFM — dynamically ploughing a polycarbonate surface. The new,
inverse-hysteresis ICA (3.14) is demonstrated with the fabrication process, and, for
comparison, the proportional, P-type algorithm (3.9) is applied to the piezoactuator
as well. Experimental results, including graphical displays of the maximum error €,,q,
vs. iteration &k and AFM images of the fabricated feature, both with and without

hysteresis compensation, are presented.

Note:
In every instance to which it is referred, the maximum tracking error is defined and

calculated as

o A max{|vd - Uk|}
" max{vg} — min{vg}

(5.1)
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5.1 Hysteresis Without Compensation

Without compensation, the effect of hysteresis in the piezoactuator causes significant
tracking error and distortion of the fabricated feature. Figure 5.1 shows the effects
of hysteresis in the desired and measured outputs, the hysteresis curves of each axis,
and an AFM image of the feature fabricated without hysteresis compensation. The
polycarbonate substrate used was not entirely flat and defects are evident. The
maximum possible tracking error due to hysteresis in the x-axis is 13.48% and 14.51%

in the y-axis over the 10 pm displacement range.

5.2 Hysteresis Modeling

A hysteresis model is identified using the polynomial method described in reference
(Croft and Devasia, 1998) and in Section 2.3. The model is used to compute the itera-
tion gain « of the inverse-hysteresis iterative control algorithm (3.14). The MATLAB
program used to find the polynomial coefficients that fit the input/output data best

in a least-squares sense is presented in the Appendix.

The polynomial found for each monotonic section of the x-axis trajectory and
the associated absolute maximum error between the modeled and the measured out-
puts appear in Table 5.1. The same method is used to calculate a polynomial to fit
the open-loop input/output data of each monotonic section of the y-axis trajectory
and they are also shown in Table 5.1. The polynomial model effectively models the

hysteresis with an accuracy of 2% or better.
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Figure 5.1: The open-loop, uncompensated performance of the piezoactua-
tor: (a) The x and y trajectories versus time, (b) a top view of the fabrication
trajectory, the hysteresis curves of (c) the x- and (d) the y- azes, and (e) an
AFM image of the fabricated feature.
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Table 5.1: Polynomial models of the x- and y-axis trajectories.

Mé)él;‘;gﬁic Polynomial Model M%)?E?m
Au(t)® + Bu(t)? + Cu(t)+ D
T-axis
1 —0.035 u(t)3 + 0.532 u(t)? + 2.536 u(t) — 0.006 0.86%
2 0.020 u(t)® — 0.251 w(t)? + 3.240 u(t) + 0.648 1.05%
3 0.021 u(t)® + 0.263 u(t)? + 3.262 u(t) — 0.645 0.41%
4 0.340 u(t)® — 1.084 u(t)? + 3.908 u(t) + 0.515 1.85%
y-axis
1 0.161 u(t)® — 0.253 u(t)? + 2.618 u(t) — 0.052 1.40%
2 0.025 u(t)® + 0.270 u(t)? + 3.282 u(t) — 0.734 0.52%
3 0.141 u(t)? — 0.763 u(t)? + 3.829 u(t) + 0.547 2.00%

5.3 Calculating Iteration Gains o and p

A condition of convergence of the inverse-hysteresis ICA (3.14) is that the iteration
gain « is limited per Eq. (3.15) (Ashley et al., 2008). Thus, the coefficients &5, &1, and
M must be calculated. It is assumed that the difference in the output of the inverse

hysteresis model is bounded such that,

& (valta) — vr(tr))" < H M wo] () — H ™' o] (t1) < &a(va(ta) — 1 (t)), (5.2)

where & and & are real constants, u;(t1) < us(tz) for any tq,t € T, the input/output

pairs (uq(t1),v1(t1)) and (us(tz),v2(t2)) belong to the same continuous, monotonic
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input /output branch, and where m is a positive integer. Additionally, it is assumed
there exists a constant 0 < M < oo, such that for every change of input, the output

change is bounded,

eu(er(t)) < Mey(t), (5.3)

where the error in input €, () is monotonic in the output difference ex and €, (ex(t)) = 0
when e (t) = 0 for all ¢t € T'. These relationships, (5.2) and (5.3), allow the calculation
of the coefficients &, &, and M. It is noted that in order to consider the most
conservative iteration gain «, the minimum value of the constant &; and the maximum

values of & and M are considered.

Based on the input bounding Eq. (5.2), the constant & can be calculated

H ™ wo] (t2) — H ™[] (1)
va(ta) — vi(t)

&2

v

(5.4)

Using a polynomial hysteresis model of the type and order of Eq. (2.1) (and shown
in Table 5.1) and assuming the polynomial perfectly models the hysteresis, that is,

Hv](t) = u(t), the constant & can be represented,

< H o] (t2) — H '] (1)
?= Auy(ts)? + Busg(ts)? + Cuy(ts) + D — Auy(t1)? — Buy (t1)? — Cug(ty) — D
u2(t2) — U1 (tl)
Alug(t2)? — ui(t1)?) + Blug(t2)* — ui(t1)?) + Clua(ta) — ui(ty)) ’
1
A(u2(t2)2 -+ Ug(tz)ul(tl) + ul(t1)2) -+ B(u2(t2) + ul(tl)) -+ C ’

§

§o>

&> (5.5)
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where A, B, C, and D are the polynomial coefficients of Eq. (2.1). Similarly, based

on Eq. (5.2), the constant &; can be calculated as

(K~ [va] (t2) = H M wn] (1))

&< —
(Alwalto)? = wn(1)?) + Blua(ta)? = wi(t1)?) + Clua(ts) = wa (1))

Because higher orders of m produce larger values of &1, m is set to equal 1. Assuming

a perfect hysteresis model,

1
S B+ mi)un ) ) £ Bloli) +ul) +C

(5.6)

again where A, B, and C, are the polynomial coefficients of Eq. (2.1).

Based on the output change bounding Eq. (5.3), the constant M is calculated
as a maximum of the inverse of the slope of the input/output curve. It is noted that
because the individual monotonic sections may not contain the smallest input/output
slope, and therefore, the largest M, the constant « is calculated by using two times

the M computed for each monotonic section.

Using these methods, the constants &, &, M, and « are calculated for each
monotonic section of the z- and y- axes and shown in Tables 5.2 and 5.3, respectively.
From the calculations, the values a = 0.05, « = 0.10, and a = 0.50 were chosen to
determine the effect of @ on the performance of the inverse-hysteresis ICA (3.14).

Similarly, in the work of Leang and Devasia (2006) it is proven that conver-

gence of the proportional ICA (3.9) is guaranteed if the iteration gain p is limited per
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Table 5.2: The constants &, &, M, and « as calculated for the z-axis

trajectory.
Monotonic Section & & M «
1 0.2689 0.4244 0.1514 0.4671
2 0.2421 0.3808 0.0380 0.5780
3 0.2385 0.3823 0.0380 0.5674
4 0.2559 0.3631 0.1514 0.4974

Table 5.3: The constants &, &, M, and « as calculated for the y-axis

trajectory.
Monotonic Section & & M @
1 0.2239 0.3819 0.0347 0.5375
2 0.2345 0.3781 0.0347 0.5681
3 0.2612 0.4010 0.0347 0.5994

Eq. (3.10). The Preisach hysteresis model is used to determine an appropriate itera-
tion gain p for convergence of the P-type ICA (3.9), and is calculated 0 < p < 0.062.
Details of this calculation are presented in reference (Ashley et al., 2008). In exper-
iments using the P-type ICA, the value p = 0.05 is used, which is within the range

calculated.

5.4 Application of Iterative Control

In this section, the iterative control method is applied to the z- and y- axes of the

piezoactuator of the experimental Molecular Imaging PicoPlus AFM described in
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Section 4.1. The proposed inverse-hysteresis algorithm (3.14) is applied and it’s per-
formance is compared to the fixed iteration gain ICA (3.9). For the general trajectory,
iterative control is applied by partitioning the trajectory into multiple monotonic sec-
tions and moving from one section to the next as detailed in reference (Leang and
Devasia, 2006). Portions of interest of the general desired trajectories x4 and y, are
shown in Fig. 5.2, where the time intervals of interest are 7" = [0.2, 1.45] seconds and
T = [0.2,0.85] seconds for x4 and y,, respectively. The desired trajectory sections
are monotonic over the chosen time intervals. In all the experiments, the system was

re-initialized before each iteration as described in Section 4.2.4.

5.4.1 Standard, P-type Iterative Control

The proportional-gain iterative control algorithm (3.9) was applied to the a- and y-
axes to begin. After performing 103 iterations with the z-axis, the maximum tracking

error is 0.5% with respect to 10 pum range. The initial input u; was chosen as the

— X
)

0 1.0 2.0 2.9
Time (sec)

Desired Trajectory (1.cm)
o

Figure 5.2: The general desired trajectories with monotonic sections of
interest xgq and ygq.
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desired trajectory scaled by a constant value to give the iteration process a head
start. The tracking results are shown in Fig. 5.3 as well as the maximum error versus

iteration step k.

The constant-gain ICA (3.9) was applied to the y-axis as well. The tracking
results of several iterations and the maximum error e,,,, versus iteration & are shown
in Fig. 5.4. The y-axis requires several more iterations to achieve less than 1% error
over the displacement range because the x-axis input for iteration £ = 1 gives the

process a head-start.

5.4.2  Inverse-Hysteresis Iterative Control

The inverse-hysteresis-based iterative control input-update law (3.14) was applied
using the same desired trajectory x4. The value of a was 0.05, 0.1, and 0.5 to better

understand the effect of & on the performance of the algorithm. By incorporating the

5 60 ‘ ‘
p=20.05
25
€
=2 0
> X, 3
—23 0.17%
I k=121 —p= .
02 04 06 038 1 1.2 14 20 40 60 80 100 120
Time (sec) Iteration number, k
(a) (b)

Figure 5.3: Results of proportional iterative control (p = 0.05) applied to
the x-axis. The output (a) for several particular trials and (b) the magnitude
of mazximum tracking error for each iteration k.
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Figure 5.4: FExperimental results of iterative control with constant iteration
gain (p = 0.05) as applied to the y-azis: (a) The output for several trials;
(b) The magnitude of mazimum tracking error versus iteration k.

experimental inverse-hysteresis model, ICA (3.14) converges more rapidly than the
proportional ICA (3.9). The tracking results of inverse-hysteresis iterative control as
applied to the z-axis at different iteration steps are shown in Fig. 5.5(a) as well as

the magnitude of the maximum error versus iteration step k& shown in Fig. 5.5(b).

Based on the success of using an iteration gain a = 0.5 when ICA (3.14) was
applied to the z-axis, only the value e = 0.5 was used in the y-axis. Several iterations
of inverse-hysteresis iterative control as applied to the y-axis are shown in Fig. 5.5(c),
and the maximum error versus iteration k is shown in Fig. 5.5(d). With a = 0.5, after
9 iterations the maximum error of the inverse-based ICA converges to 0.5% in the
x-axis, while the y-axis requires 21 iterations to achieve 0.5%. This difference in the
number of iterations required is, again, because of the head-start the z-axis is given.
Figure 5.5(e) shows the fabrication results using the inverse-hysteresis ICA (3.14),

and the desired circular feature the inverse-hysteresis algorithm achieved.
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Figure 5.5: Several iterations of the inverse-hysteresis ICA (o = 0.5) as
applied to (a) the x-axis and (b) the y-axis. The maximum error vs. iteration
k as applied to (c) the x-axis and (d) the y-axis. An AFM image (e) of the
fabricated feature with inverse-hysteresis iterative control applied.
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5.5 Comparative Results

In order to demonstrate the effectiveness of the inverse-hysteresis ICA (3.14), it and
the proportional ICA (3.9) were both applied to the same desired trajectories — x4
and yg as they appear in Fig. 5.2. As can be seen in Table 5.4, the inverse-hysteresis
algorithm (o = 0.5) requires many fewer iterations than the proportional iterative
control to achieve the same level of precision. The improvement in the rate of conver-
gence is nearly ten-fold compared to the constant iteration gain approach. As seen in
Table 5.4, the inverse-hysteresis algorithm, as applied to the y-axis, requires only 15
iterations to reduce the maximum error from 16% to 0.25%, while the proportional

ICA requires more than 100 iterations.

Table 5.4: Comparison of number of iterations to achieve various levels
of mazimum error for the proportional P-type and inverse-hysteresis H ™!
iterative control algorithms.

T-axis y-axis

P-type H! Maximum H! P-type
p=0.05 a=0.5 FError a=0.5 p=0.05

29 3 16.0% 8 50

59 6 4.0% 13 84

80 7 1.5% 16 110

89 8 1.0% 18 123

103 9 0.5% 21 146

121 11 0.25% 23 More Than

1507

fIn 150 iterations a maximum error of 0.36% is achieved.

81



This improvement relates to real time savings waiting for the iterative process
to be completed. In these experiments, each iteration required more than one minute
to complete, thus, 110 or 130 fewer iterations to achieve 0.25% error means real time
savings. This time-savings opens the door for iterative control to be considered a

production-level control technique for SPM-based nano-fabrication.

As shown in Fig. 5.5(b), the performance of the inverse-hysteresis ICA (3.14) is
improved by increasing the value of the iteration gain «. Based on the calculations in
Tables 5.2 and 5.3, the gain « could be further increased for some monotonic sections,

thus, improving the performance of inverse-hysteresis iterative control even further.
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Chapter 6
Conclusions

In conclusion, this thesis investigated the iterative control method used to

compensate for hysteresis effect in the piezoactuators of atomic force microscopy.

The details of how the atomic force microscope came to be invented, along
with an investigation of the modes and components of operation, were presented.
The piezoactuator is commonly used to move the AFM-probe tip relative to the
sample surface, partially because of the possibility of atomic-resolution positioning.
Unfortunately, the piezoactuators motion is negatively impacted by the effects of

hysteresis (as well as creep and vibration).

Hysteresis is a complex, nonlinear effect observed between the applied input
and the output of the system. The previous attempts to compensate for hystere-
sis, including feedback and inverse model-based feed-forward control, were discussed.
While there are advantages to feedback and inversion-based feed-forward methods,
they are overshadowed by the inherent low gain-margin of the piezoactuator and the
computational complexity of modeling a system prone to change. The previous work
toward iterative control of hysteresis and the motivation to achieve precision control

in fewer iterations than previously possible were also described.
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The proposed iterative control algorithm (3.14) incorporates an approximate,
experimentally-calculated inverse hysteresis model, and, therefore, does not require
complex modeling unlike other model inversion-based control techniques. The condi-
tions for convergence of the inverse-hysteresis ICA were presented to achieve precision
control along a single hysteresis branch. The inverse-hysteresis ICA and proportional
iterative control were both applied to the same desired trajectories, and results were
presented for the same monotonic sections of the desired trajectory, x4 and y4, to
demonstrate the effectiveness of the new iterative control algorithm. The method to
find an input which achieves a general, multi-branch desired trajectory was exploited

to achieve the circular motion of the piezoactuator in the x/y plane.

The inverse-hysteresis ICA was able to achieve a trajectory which is within
0.225% of the desired trajectory over the displacement range. This error equates to
+22.5 nm = +£5.57 mV from the inductive position sensors, which is approaching the

resolution of the experimental data acquisition system at +2.4 mV.

The experimental results show that the inverse-hysteresis ICA offers conver-
gence in fewer iterations compared to other hysteresis-compensating iterative algo-
rithms. It is specifically shown that compared to the standard, proportional ICA,
the inverse-hysteresis model-based iterative algorithm offers a ten-fold improved rate
of convergence. The inverse-hysteresis ICA is able to reduce the maximum error in
the z-axis from 16% to 0.25% in 8 iterations, while the proportional ICA requires

92 iterations. This improvement relates to real time savings waiting for the iterative
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process to be completed.

The new iterative control method was applied to fabricate a five-micron radius
circular feature with better than 25 nm precision using the experimental AFM to
demonstrate the capability and effectiveness of the inverse-hysteresis iterative control
approach in micro-fabrication. The success of the inverse-hysteresis ICA shows that
iterative control can be a viable production-level control scheme and can be used in
the SPM-based mass production of emergent nano-technologies — a trajectory can

now be “learned” in minutes as opposed to the hours it took previously.
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Chapter 7
Future Work

While the experimental results of the proposed inverse-hysteresis iterative con-
trol algorithm (3.14) have shown one magnitude of improvement in the number of
iterations required to reach a minimal error in the hysteretic AFM system, there are

several key aspects that warrant further investigation.

An opportunity for exploration is combining the inverse-hysteresis ICA with
inverse vibration and inverse creep models to be able to compensate for the hysteresis
and dynamic effects. The hysteresis, vibration, and creep effects have been modeled
as a cascade of a nonlinear hysteresis and a linear, time-invariant (LTIT) dynamic block
as shown in Fig. 7.1 (Croft et al., 2001). As such, the dynamic effects can be modeled
and an inverse model can then be used to find an appropriate input uy which achieves
a desired output y4 with each of the hysteresis, vibration, and creep effects accounted
for and compensated. Such compensation would allow for trajectories to operate at

high frequencies with high precision.

Piezoactuator

Figure 7.1: Cascade model of a piezoactuator.
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Additionally, the iterative control algorithm developed in this thesis was used
to compensate for the effects of hysteresis in the piezoactuator of AFM. The algorithm
has potential uses in a variety of other applications. Shape memory alloys (SMA) have
been used in novel cell and tissue stretching devices (Shan et al., 2007). Unfortunately,
the precision performance of SMA is severely compromised by the effects of hysteresis
(Gorbet et al., 1998). The standard, P-type iterative method was applied to SMA
(Leang et al., 2009a), but required more than 500 iterations to achieve better than 20%
error over the displacement range. Iterative control has been applied to other systems
which exhibit hysteresis, such as electromagnetic actuators (Tseng et al., 2008). The
inverse-hysteresis ICA developed in this work may offer improved performance when

applied to these and other hysteretic systems.
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Appendix A
MATLAB and C Program Examples

Presented are examples of the custom programs used to execute the presented
iterative control algorithm (ICA), to analyze the data collected, and to model the

hysteresis of the piezoactuator.

A.1 Inverse-Hysteresis ICA C Code

This is a section of the C code used to implement the inverse-hysteresis iterative
control algorithm described in Chapter 4. This program inputs a file with the desired
trajectory vy and the initial iteration input vy for £ = 1. The hysteresis model is
developed by inputting a ramping voltage and reading the induced displacement.
This hysteresis data is then used to compute the inverse-hysteresis of the desired
trajectory H~'[vg](t) and the output of each iteration H ' [v;](¢). With each iteration,
the piezoactuator is cycled to reset the initial condition, the input ug(t) is applied,
the output vy (t) is read, the inverse-hysteresis of the output is calculated, the input
for the next iteration uyy1(t) is calculated, and a file is generated with the data for
the desired output, iteration input, iteration output, and the inverse-hysteresis of the

iteration output.
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// Inverse-Hysteresis Iterative Program
// originally kam leang 02.12.06
// edited by Seth Ashley July, 2007

// the input file must be: [vd; uk; vk], where ’k’ is some iteration trial

// program implements ICA of the form: uk+1

//

uk + alphax[H(vd)-H(vk)],

#include <stdlib.h>
#include <stdio.h>
#include <dos.h>

#include <conio.h>
#include <math.h>

#include <errno.h>
#include <alloc.h>

#define boardl 0x260
#define board2 0x200
#define DACO 0x04
#define DAC1 0x06
#define vmax 5
#define interrupt_loc 0x08
#define freq 10000

// USER MODIFIABLE VALUES skskskskokkskskokskskok sk sk sk ok skokokok ok ok ok ok ok ok ok s ke ok sk sk sk sk sk skok sk skok ok sk sk ok ok ok ok ok

#define N_CHAN_1 1
#define N_CHAN_2 1
#define cycleSize 9000

// USER DEFINED ROUTINES sksksksksksksksk sk ok sk ok sk sk sk sk sk skokskook ok ok ok sk ok o ok e ok sk ok sk skskskok sk skok ok sk sk ok ok ok ek ko

void user_init(int,int); /* Initialization program. Sets the frequency
void user_interface(void); /* Interface task. Executed in the foreground
void user_task(void); /* Periodic task. Executed in the background
void user_terminate(void); /* Termination task. Executed after terminate()
void user_abort(void); /* Abort task. Executed after ctrl-break

void newbreak_start(void);
void newtask_init(void);
void terminate(void);

void newbreak_stop(void);
void newtask_start(void);
void out(float,int,int);
void start_AD(int);

void write_data(void);

void allocate_memory(void);
void read_data(void);

void scale_data(void);

void zero_outputs(void);
void load_temp(void);

void load_temp_to_vd_uk(void);
void store_vd_to_ek(void);

*/
*/
*/
*/
*/



void filtfilt(void);

void write_temp(void);
void compute_Hvk(void);
void get_offsets(void);
void cycle(int);

float in(int);

float HinvLookup(float Hv);
void read_Hinv_data(void);
void get_H_data(void);

int countdown, delay_count;
int lobyte, hibyte;

// USER VARIABLES GO HERE sskskkokokskokokokkokokok koo otk skokokokokokok okok o stk ok kb skokokok o skok ko
float huge *inData;

float huge *H_data;

unsigned long inSize = 60000; /* max size for memory allocation */
unsigned long HinvSize = 2000; /* Size of H_inv data

/*%*%* Assumes H_inv_data = [Hv Hul

MUST BE DIVISIBLE BY 2 x*xx*x/

unsigned long il = 0; /* start of first block, vd */
unsigned long i2 = 15000; /* start of second block, uk */
unsigned long i3 = 30000; /* start of third block, vk */
unsigned long i4 = 45000; /* start of fourth block, H_inv(v_k) */

/**x** Filter values for LP freq=10000 **x*x*/
#define A 0.0265
#define B 0.9735

unsigned long int_count, k, Ap, Np, lcvl, iStop;
int done, Nn, fileNo, fileNoStart;

float Scalel, Scale2, Scale3, vosl, vos2, vos3, alpha, u, vl, v2, v3;
float umax = 4.9;

float umin = -4.9;

int done, Nstop,Ncount,LoopCount,StopSeconds;
float Hvd[15000];

float cycle_datalcycleSizel;

char cyclefile[]="Cycle03.in";

char tempfile[]="temp";

char counter[5];

char dummy[80];

char infile[80];

char Hinvfile[80];

char outfile[80];

// MAIN PROGRAM sk sk stk skok sk s ok skeskeskook sk s ok sk sk sk sk stk ok ok stk ok sk ok stk sk o sk sk s e oksk sk sk s stk sk sk ok sk sk sk o ok skok
void main(void){

float Minutes;

allocate_memory () ;
/**** Get file names and ICA info ***x*/

printf ("Enter INPUT file: "); gets(infile);
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printf ("Enter OUTPUT file prefix: "); gets(outfile);
strcpy (&dummy [0] ,&outfile[0]);
printf ("Enter Scalel: "); scanf("%f",&Scalel);
printf ("Enter fileNoStart: "); scanf("}d",&fileNoStart);
printf ("Enter # of iterations (k): "); scanf ("%d",&Nn);
printf ("Enter alpha: "); scanf("%f",&alpha);
/**** Initialize parameters **xx*/
Scale2 = 1.0;
Scale3 = 1.0;
Ap = 1700;
Np = 1i2; /* total number of points */
printf ("Sampling freq: %d Hz\n",freq);
getch();
read_data();
scale_data();
write_data(); // write first data file for k=0
write_temp(); // inData -> TEMP file
user_init (boardl,N_CHAN_1);
zero_outputs();
/**** Get Hysteresis Data ***x*/
get_H_data(Q);
printf ("Calculating H_inv(v_d)...\n");
for(lcvl = 0; lcvl < Np-Ap; lcvi++){
Hvd[lcv1l] = HinvLookup(inDatal[il+lcvi+Ap]l); delay(1l);
}

printf ("Done calculating H_inv(v_d)...\nPress any button...\n");

\kxkskokkkkkokkk Start TCA kkkkskokkokkkkk/
for(fileNo = fileNoStart; fileNo < Nn + fileNoStart; fileNo++){
load_temp();
done = 0; int_count = 0;
/**x** Cycle piezo to reset Initial Memory x**x*/
cycle(1);
newtask_init () ;newbreak_start(); newtask_start();
/**x** Input uk **xx*/
while(!done){user_interface();}
terminate();
write_temp();
filtfilt ()
load_temp_to_vd_uk();
write_temp();
/**** Compute H-inverse of vk ***x/
compute_Hvk() ;
write_data(Q);
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/**** Calculate next iteration’s input u(k+1) = u(k)+alpha*x(H(vd)- H(vk)) x**x/
for(lcvl = 0; lcvl < Np-Ap; lcvi++){
inData[i2+1cvi+Ap] = inDatal[i2+lcvi+Ap] +
alpha*Hvd[lcvl] - alpha*inDatal[i4+lcvi+Ap];
}

write_temp();

zero_outputs();

delay (2000) ;

for(lcvl = 0; lcvl < HinvSize; lcvi++){
inData[lcvl] = H_data[lcvil];
}
write_temp();
}
/* To be done with every interrupt */
void user_task(void) {
u = inDatal[i2 + int_count];
if(u > umax){u = umax;}
if(u < umin){u = umin;}
out (u,board1,DACO) ;
LoopCount++;
start_AD(boardl); vl = in(boardl) - vosl; // PIN 1
inDatal[i3 + int_count] = vi;
int_count++; // increment interupt counter
if (int_count >= Np){ done = 1; int_count = Np - 1; }
}

/**x To be written to the screen *x*/
void user_interface(void){

printf("k: %d, i: %1d, u: %f, v: %f\n",fileNo,int_count,u,vl);
}

// Read in file data
void read_data(void){
FILE *fpi;
float templ;
unsigned long i;
if ((fpl=fopen(infile,"r"))==NULL){
perror ("Error opening input file!!");
exit (EXIT_FAILURE) ;
}
for(i=0; i < inSize; i++){
fscanf (fpl,"%f\n",&templ) ;
inDatal[i]=temp1;
}
fclose(fpl);
printf ("Acquired INPUT DATA file %s!\n",infile);
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void allocate_memory(void){
// allocate memory for inData array using farcalloc
inData = (float huge *)farcalloc(inSize,sizeof(float));
if (inData == NULL){
printf ("Not enough memory to store inData array\n");
exit(1); }
for(k=0; k < inSize; k++){ inDatalk] = 0.0; }

H_data = (float huge *)farcalloc(HinvSize,sizeof (float));
if (H_data == NULL){
printf ("Not enough memory to store Hv_data array\n");
exit(1); }
for(k=0; k < HinvSize; k++){ H_datalk] = 0.0; }
printf ("Memory allocation success!\n");

void get_H_data(void){

unsigned long Num;

unsigned long q,ni;

float temp,inl;

Num = HinvSize/2;

cycle(1);

u=0.0;

for(ni=0;ni<Ap;ni++){
u = inData[ni+i2];
out (u,board1,DACO) ;
printf ("Hyst: u = %f\n",u);

}
temp = inDatal[Ap+i2-1]+0.25;
u = temp;
out (u,board1,DACO) ;
printf ("Wait\n");
delay(5000) ;

printf("u = %f\n",u);
for (q=0;q<Num;qg++){
u = u-(2*temp/Num) ;
out (u,board1,DACO) ;
H_data[q+Num] = u;
start_AD(boardl);
H_datal[q] = in(boardl) - vosl;
printf ("Hyst[%1d]: u = %f,v = %f\n",q,u,H_datalql);
}
u=0.0;
zero_outputs();
printf ("Done getting Hyst. data....\n");
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void read_Hinv_data(void){
FILE *fpl;
float templ;
unsigned long i;
printf ("Try 1\n");
if ((fpl=fopen(Hinvfile,"r"))==NULL){
perror ("Error opening input file!!");
exit (EXIT_FAILURE);
}
for(i=0; i < HinvSize; i++){
fscanf (fp1,"%f\n",&templ);
H_datali]=templ;
}
fclose(fpl);
printf ("Acquired H DATA file %s!\n",Hinvfile);

float HinvLookup(float Hv){
unsigned long i,j;
float m, u_H;
int checkDone;
int hi;
hl = HinvSize/2;
checkDone = 0; j=0;
while(!checkDone){
if ((Hv >= H_datal[j1)){
if ((H_datal[j+h1] - H_datal[j+h1-1]) == 0){u_H = H_data[j+h1];}

else {
m = (H_datal[jl-H_datal[j-1]) / (H_data[j+h1]-H_data[j+h1-1]);
u_H = ((Hv-H_datal[j]l)/m) + H_datal[j+h1];
}
checkDone = 1;
}
jt+;
if (j>=h1){u_H = 0.0; checkDone = 1;}
}
return u_H;
}
/==

void compute_Hvk(void){
unsigned long i;
printf ("Calculating H_inv(v_k)...\n");
for (i=0; i<Np; i++){
inData[i4+i] = HinvLookup(inDatal[i3+i]);
}
printf ("Done calculating H_inv(v_k)...\n");
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void scale_data(void){
unsigned long i;
for (i=0; i<Np; i++){
inDatal[il + i] Scalel*inDatal[il + i];
inDatal[i2 + i] Scale2*inDatal[i2 + i];
inDatal[i3 + i] Scale3*inDatal[i3 + i];

}

}
void zero_outputs(void){
out (0.0,board1,DACO) ;out(0.0,boardl,DAC1);
}
void get_offsets(void){
float templ, temp2;int i;
templ = 0; temp2 = 0;
for(i=0;i<1000;i++){

[/ read initial offset values
start_AD(boardl); temp2 = temp2 + in(boardl);
start_AD(boardl); templ = templ + in(boardl);
}

vosl = templ /
vos2 = temp2 / ij;
printf ("0ffsetl = %f O0Offset2

%f\n",vosl,vos2);

delay (2000) ;
}
void cycle(int ulN){
int 1i,j;
float templ, ol,02;
FILE *£p3;

if ((fp3=fopen(cyclefile,"r"))==NULL){
perror ("Error opening Cycle Data File!"); exit(1);
}
else{
for(i=0;i<cycleSize;i++){
fscanf (fp3,"%f\n",&templ) ;
cycle_datali]l=templ;
}
}
fclose(£fp3);
for(i=0;i<ulN;i++){
for(j=0;j<cycleSize; j++){
out (cycle_datal[j],board1l,DACO) ;

start_AD(boardl) ; ol = in(boardl); /* read */

delay(3);
printf("Cycle x [%d, %d] in: %f Out: %f\n",fileNo,j,cycle_dataljl,ol);
}

}
get_offsets();
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void write_data(void){
unsigned long i;
FILE *£p2;
strcpy (&outfile[0] ,&dummy [0]) ;
itoa(fileNo,&counter[0],10);
strcat (&outfile[0] ,&counter[0]);
if ((fp2=fopen(outfile,"w"))==NULL)
printf ("Error opening %s!! No data saved!\n",outfile);
elseq{
for(i=0; i < inSize; i++){
fprintf (fp2,"%f\n",inDatali]);
}
printf ("INPUT DATA USED: %s\n",infile);
printf ("ALPHA USED: %f\n",alpha);
printf ("Done writing OUTPUT DATA to %s\n",outfile);
delay(2000);
fclose(fp2);
}
}
void write_temp(void){
FILE *fp2;
unsigned long i;
if ((fp2=fopen(tempfile,"w"))==NULL)
printf ("Error opening TEMP file!!\n");
elseq{
for(i=0;i < inSize;i++){
fprintf (£fp2,"%f\n",inDatali]);
}
printf ("Done writing TEMP file\n");
fclose(fp2);
}
}
void load_temp(void){
FILE *fpl;
float templ;
unsigned long i;
if ((fpl=fopen(tempfile,"r"))==NULL){
perror ("Error opening TEMP file!!");
exit (EXIT_FAILURE) ;
}
for(i=0; i < inSize; i++){
fscanf (fpl,"%f\n",&templ) ;
inData[i]=templ;
}
fclose(fpl);
printf ("Acquired TEMP file!\n");
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void load_temp_to_vd_uk(void){
FILE *fpl;
float templ;
unsigned long i;
if ((fpl=fopen(tempfile,"r"))==NULL){
perror ("Error opening TEMP file!!");
exit (EXIT_FAILURE);
}
for(i=0; i<2*Np; i++){
fscanf (fpl,"%f\n",&templ) ;
inDatal[i]l=templ;
}
fclose(fpl);
printf ("Acquired vd and uk!\n");
}
void filtfilt(void){ // zero-phase shift low-pass digital filter
unsigned long idata, lcv2, 1lcv3;
idata = i3;
inDatal[0] = 0.0;
for (lcv2=1; lcv2<Np; lcv2++){
inData[lcv2] = B*inData[lcv2-1] + AxinDatal[idata+lcv2-1];
}
/**x**x flip data *x**/
for (1cv2=0; lcv2<Np; lcv2++){
lcv3 = Np-1-1lcv2;
inDatal[idata+lcv2] = inDatal[lcv3];
}
/**x*x filter again to remove phase shift ***x/
inData[0] = inDatalidatal];
for (lcv2=1; lcv2<Np; lcv2++){
inData[lcv2] = B*inData[lcv2-1] + AxinDatal[idata+lcv2-1];
}
/**x*x* flip data back ***x/
for (1cv2=0; lcv2<Np; lcv2++){
lcv3 = Np-1-1lcv2;
inDatal[idata+lcv2] = inData[lcv3];
}
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A.2 MATLAB Code

A.2.1 ICA Analysis

A sample of the MATLAB code is presented which allows the graphical presen-
tation of the ICA data over all iterations. In Fig. A.1 the inputs are shown for each
of the fifty-five iterations of the second monotonic section of the x-axis trajectory as

generated by the inverse-hysteresis ICA (3.14) with a = 0.10.

0 0.5 1 15
Time (sec)

Figure A.1: The inputs over 55 iterations of the inverse-hysteresis ICA
(v = 0.10) as applied to the second monotonic section of the x-axis and
developed by the custom MATLAB code.

clear all;

freq = 10000; % Frequency of execution Hz

iStart = 1; % start file #

iStop = 130; % end file #

Nn = 15000; % no. of points of actual data

Nu = []; % input matrix

Nv = []; % output matrix

Calb = 3.59; %Factor 3.59 for X ONLY, 4.04 for Y
pack;
Ap = 1;
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for i = iStart:iStop
[vd,uk,vk,Hvk] = getHilcdata(’HX16_’,1i);
ool ToToTo oo oo o o o o o oo oo To o o To o To o ToToToTo T To oo oo oo o

Nu = [Nu uk(Ap:Nn)]l; %
Nv = [Nv vk(Ap:Nn)]; %

i %to monitor progress
end

vd = vd(Ap:Nn);
vd = vd*Calb;
Nv Nv*Calb;

% calculate error

[row,col] = size(Nu);

for i = 1:col

e(i) = 100*max(abs(vd-Nv(:,i)))/(max(vd)-min(vd)); %in percent
end

k
t

iStart:iStart+col-1;
0:1/freq:length(vd) /freq+0-1/freq;

%plot input
figure(1); clf;
plot(t,Nu); ylabel(’Input (V)’); xlabel(’Time (sec)’);

%plot output

figure(2); clf;

plot(t,Nv_14); hold on; plot(t,vd,’r--’,’LineWidth’,3);
ylabel (’Output \mum)’); xlabel(’Time (sec)’);

% plot the max error vs. k

MaxError = max(e); MinErr = min(e)

figure(3); clf;

plot(k,e, ’k*-7);

xlabel(’Iteration number, k’); ylabel(’Error_{MAX} (%)’);
axis([k(1) k(col_16) 0 MaxError+3]);

Tk Tk Sk Pk Joox Yok o Jok Jook Jook Yook Yook Sk S ok Tk Jook Jook Lok Yok o ok ok Jok Toox Jook ook % % ok ok
% FUNCTION getHILCdata

% Assumed data in vector file of the form

% [desired_out, current_input, current_out, inverse_hyst_datal
function [vd,u,v, Hv] = getHilcdata(filename_prefix,index)

col=1;

filename_index = int2str(index);

filename = strcat(filename_prefix,filename_index) ;
fid=fopen(filename,’r’); % Open file for reading
dat=fscanf (fid,’%f’);

row = length(dat);

N=row/4;
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fclose(fid);

fid=fopen(filename,’r’) ;
dat=fscanf (fid, ’%f’, [col,row]);
fclose(fid);

dat=dat’;

vd = dat(1:N); u = dat(N+1:2%N);

v = dat(2%N+1:3*N); Hv = dat(3*%N+1:4x*N);
return

A.2.2 Hysteresis Modeling

This MATLAB code is used to model the hysteresis of individual branches of
the hysteresis behavior of the z-axis of the experimental piezoactuator. This code
first opens the previously stored file with the open loop desired, input, and output
trajectories. The MATLAB command polyfit is used to find the coefficients of the

polynomial which best fits, in the least-squares sense, the input/output data.

AN AN A AN
WIKLALS Model OL data WAAkAAA%
WIKLKLR,  SETH ASHLEY W%k

clear all;
Calb = 3.59; %Factor to convert output from V to um

%Load file and separate into components

f = load(’0LX04.0UT’);

xd = £(1:29000) *Calb;

xin = £(30001:59000) ;

xo = £(60001:89000)*Calb;

t =0 : 1/10000 : length(xd)/10000-(1/10000) ;

%2nd Mono sec. of X axis
M = [2500 14503];

% Separate monotonic section
in2 = xin(M(1) :M(2));

out2 = xo(M(1):M(2));

t_2 = t(M(1):M(2));
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xd2 = xd(M(1) :M(2));

% Determine 3rd order polynomial coefficients
poly2 = polyfit(in2,out2,3)

%calculate model output from actual input
for i =1:length(in2)
p_x2(i) = poly2(1)*in2(i)"3 + poly2(2)*in2(i)~2 + poly2(3)*in2(i) + poly2(4);

% compute error between modeled and actual output
e_x2(1i) = (p_x2(i)-out2(i))*100/ (max(out2)-min(out2));
end

%Maximum error
max_err2 = max(e_x2)

%3rd Mono sec. of X axis
M = [14504 27000];

% Separate monotonic section
in3 = xin(M(1) :M(2));

out3 = xo(M(1):M(2));

t_3 = tM(1):M(2));

xd3 = xd(M(1):M(2));

% Determine 3rd order polynomial coefficients
poly3 = polyfit(in3,out3,3)

%calculate model output from actual input
for i =1:length(in3)
p_x3(i) = poly3(1)*in3(i)~"3 + poly3(2)*in3(i)~2 + poly3(3)*in3(i) + poly3(4);

% compute percent error between modeled and actual output
e_x3(i) = (p_x3(i)-out3(i))*100/(max(out3)-min(out3));

end

%Maximum error
max_err3 = max(e_x3)

% Put data together to plot

oc = [out2 ; out3];
pc = [p_x2 p_x3];
inc = [in2 ; 1in3];
tc = [t_x2 t_x3];

%Plot desired trajectory vs. time
figure(1);clf;

plot(t,xd,’b-.");

hold on;
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%Plot desired actual and modeled outputs vs. time
plot(tc,oc,’r’,tc,pc,’k--");

% Plot hysteresis curves of measured and modeled data

figure(2);clf;
plot(inc,oc,’r’,inc,pc,’k--");
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