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ABSTRACT Scanning Tunneling Microscope (STM) is used to generate the surface image of any conducting
sample surface with an atomic-scale resolution. A multi-axis 3D piezoelectric actuator is attached with the
STM tip to move it in horizontal (x and y) and vertical (z) directions. The purpose of control design is
to achieve precise reference tracking for horizontal 2D scanning system and to keep the tunneling current
constant in the vertical direction in the presence of all possible disturbances. A usual practice is to design
independent single-input-single-output (SISO) controllers for individual x, y and z axes by neglecting the
cross-coupling dynamics of the multi-axis 3D piezoelectric actuator. In this paper, a complete 3D STM
system, without neglecting the cross-coupling dynamics as well as the hysteresis nonlinearity of the actuator,
is first mathematically modeled. The parameters of the hysteresis model are identified from the real-time
experimental data by using the nonlinear least-squares curve fitting problem. A feedforward compensator is
then designed without finding an inverse hysteresis model to avoid any inverse modeling complexity. Then,
two control strategies (SISO and multi-input-multi-output (MIMO) H, feedback controllers cascaded in
series with the feedforward compensator) are investigated for an overall 3D system. Three different scanning
trajectories (raster, spiral and Lissajous) are considered to analyze and compare the performance of SISO
and MIMO control schemes. In the presence of cross-couplings, an average improvement of 83% in reducing
the variations of the tunneling current is achieved with the suggested MIMO control scheme as compared to
the generally used SISO control scheme for STM.

INDEX TERMS Cross-coupling, feedforward compensator, hysteresis, MIMO Hy, feedback controller,

scanning tunneling microscope.

I. INTRODUCTION

Scanning Tunneling Microscope (STM) was invented in early
1980s by Gerd Binnig and Heinrich Rohrer [1] and they
received Noble prize in physics in 1986. This great invention
of STM has brought about a revolution in the field of nan-
otechnology due to its capability of scanning the conducting
surfaces with an atomic-scale resolution. STM operation is
based on a quantum mechanical phenomenon of the tunneling
current which was first noticed in 1927 by Friedrich Hund [2].
Briefly, if two conducting materials (a sharp metallic tip and
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a conducting sample surface in case of STM) are brought
near to each other so that the distance between them is from
0.1 — 1 x 10~ m and a bias voltage is applied between them,
then a potential barrier is overcome by the electrons and they
tunnel through the vacuum creating a sensitive current named
tunneling current. An important application of the tunneling
current is to characterize the surface morphology with an
atomic-scale resolution through STM. Other applications of
the tunneling current are to measure the accelerations down
to sub-micro-g [3], [4] and to sense sub-micrometer displace-
ments [5], [6].

Tunneling current is highly sensitive to the distance
between the tip and the sample surface. In STM, the objective
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is to keep the tunneling current constant (vertical z-direction)
while scanning the sample surface (horizontal x-y directions)
to generate its topographical image with an atomic-scale
resolution. When the distance between the tip and the sample
surface increases or decreases due to the variations in the
sample topography, the control signal regulates this distance
by actuating the tip away from or near to the sample sur-
face in the vertical z-direction. The 3D displacements over
the sample surface are viable by employing the multi-axis
3D piezoelectric actuator due to its capability of expanding
and contracting when a voltage is applied. However, these
actuators introduce some challenges from control systems
point of view, such as hysteresis, creep, cross-coupling and
structural vibrations [7]. These issues must be considered at
the time of control design in order to achieve the desired
performance of STM. If these issues are not considered then
large variations in the tunneling current may result in a
surface topographic image that does not correspond to the
reality [8].

For the horizontal 2D scanning system of STM, the
requirement is to achieve the precise reference tracking.
A lot of research work has been done in this direction to
control the positioning from the piezoelectric actuators for
different micro - nanopositioning applications [9]-[12]. The
main challenges in order to achieve the precise reference
tracking are the actuator nonlinearities (e.g. hysteresis and
creep) and high frequency vibrations [13]. In order to ana-
lyze the inherent hysteresis nonlinearity of the piezoelectric
actuator, a number of hysteresis models are investigated in
the literature [14]-[17] and accordingly, their compensation
techniques are also discussed [18]-[22]. However, a com-
monly used compensation technique is to design an inverse
hysteresis model, as a feedforward compensator, which is
often a challenging task due to inverse modeling complexity.
[23] can be consulted for a survey on different hysteresis
models and their compensation techniques. As far as creep
nonlinearity is concerned, its effects are visible only when
the tracking is required over extended periods of time during
slow-speed operations. A number of mathematical models for
creep nonlinearity and compensation techniques are investi-
gated in the literature [24]-[26]. However, the effects of creep
nonlinearity can be neglected if the tracking is performed
for a short duration of time. The issue of vibrations when
tracking is performed at a high frequency is also analyzed
in the literature [27]-[29]. In short, a lot of research work has
already been done in order to achieve the precise reference
tracking but this much effort, from control design point of
view, has not been done yet to the control of piezoelectric
actuator in the presence of nonlinear tunneling phenomenon
(e.g. control design for the vertical tunneling current system
in STM).

In most commercial equipment of STM, still the very clas-
sical proportional-integral (PI) or sometimes proportional-
integral-derivative (PID) controllers are implemented for the
vertical tunneling current system. The parameters of these
classical controllers are adjusted manually by the operators
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of STM. Due to the manual adjustment of the controller
parameters, there is always a high risk of achieving a surface
topographic image that does not correspond to the reality.
The analysis of the vertical tunneling current system of
STM with classical PI controller is presented in [30]-[32].
Closed-loop stability analysis of STM with a classical PI con-
troller to reduce the risk of tip-sample collision is presented
in [33]. A variable structure control design methodology with
a classical PI controller is investigated in [34] to avoid the
tip-sample collision due to any sudden change in the topog-
raphy of the sample surface.

As mentioned earlier, the main objective for the verti-
cal tunneling current system is to keep the tunneling cur-
rent constant while scanning the sample surface. Other
than sample surface variations and the sensor noise, the
cross-coupling of the multi-axis piezoelectric actuator is also
an important source of producing large variations in the
tunneling current. The adverse effect of cross-coupling for
the vertical tunneling current system is often neglected and
independent single-input-single-output (SISO) controllers
are designed for individual axis of STM. Few control
approaches have been investigated in the literature to com-
pensate the cross-coupling effects in different scanning probe
microscopy (SPM) applications. In [35], an inversion based
iterative SISO control methodology is suggested to compen-
sate for the x-to-z cross-coupling effect in piezo-scanners
for the application of atomic force microscope (AFM).
[36] further enhanced this work by using the same inver-
sion based iterative control law to obtain the control input
which is augmented, as a feedforward control, to the clas-
sical PID feedback control to cancel the cross-coupling
effect in tapping-mode imaging of AFM. In [37], a SISO
Hy feedback controller is suggested to compensate the
x-to-y cross-couplings in AFM. A modified repetitive control
based cross-coupling compensation approach is suggested
in [38] to minimize the coupling effect in XY piezoelectric
tube scanner in AFM. An internal reference model-based
optimal SISO linear quadratic Gaussian (LQG) controller
with a vibration compensator is suggested in [39] to com-
pensate the cross-couplings in AFM. It has been mentioned
in [7] that the cross-coupling effects in piezoelectric tube
scanners must also be investigated with different MIMO
control schemes. [40] has analyzed a MIMO linear quadratic
integral control with Kalman observer for STM having
x/y to z cross-couplings for the application of surface recon-
struction. However, the cross-coupling between x and y axes
of the piezoelectric actuator is neglected. A multivariable
compensation technique is suggested in [41] to reduce the
cross-couplings of the multi-axis 2D piezoelectric actuator.

It has been observed by the authors of this paper that
mostly SISO control methodologies are investigated to com-
pensate the cross-coupling in different SPM applications and
most of this work is related to AFM. There is a scarcity
of research work about the compensation of cross-couplings
through some advanced control design in STM. The idea of
the presented work is to analyze the performance of STM by
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FIGURE 1. Block diagram of 3D Scanning Tunneling Microscope with cross-couplings and the suggested feedback / feedforward control scheme.

considering not only the cross coupling dynamics of the
multi-axis 3D piezoelectric actuator and its effect on all 3 axes
of the system but also the nonlinear hysteresis phenomenon
of the actuator. It is always an interesting study to consider the
different adverse effects, which can degrade the performance
of the considered system, altogether. Cross-couplings and
hysteresis are the two most significant undesirable behaviors
of the multi-axis piezoelectric actuator which can not be
neglected. To deal with both of these issues, a MIMO Hyo
feedback controller cascaded in series with a feedforward
compensator is thoroughly analyzed in this paper in order
to achieve the precise reference tracking for a 2D horizontal
scanning system and to keep the tunneling current constant in
the vertical z-direction, while scanning the sample surface.
The main contributions of this paper are:

o A complete 3D MIMO system of STM, by considering
the cross-couplings dynamics as well as the hystere-
sis nonlinearity of the multi-axis piezoelectric actuator,
is mathematically modeled.

o The parameters of the hysteresis model are identified
from the real-time experimental data and the hysteresis
compensator is designed without formulating an inverse
hysteresis model to avoid inverse modeling complexity.

« In contrast to the usual practice of designing independent
SISO controllers for individual axis of STM, MIMO
H,, feedback controller cascaded in series with the
feedforward compensator is suggested and thoroughly
analyzed.

e The performance of the suggested MIMO control
scheme is compared with the SISO control scheme by
analyzing three different scanning trajectories (raster
scanning, spiral scanning and Lissajous scanning).

This manuscript is organized as follows: Section II presents
the working principle of STM. Mathematical modeling
of the considered MIMO system, having a horizontal

153752

scanning system with hysteresis nonlinearity, cross-coupling
dynamics and a vertical tunneling current system, is pre-
sented in Section III. Section 1V discusses in detail about the
controller design. This section starts with the formulation of
the control problem and expresses the desired performance
of the system. Then, feedforward compensator design and
MIMO H, feedback controller design schemes are presented
in this section. Section V presents the achieved results of the
horizontal scanning system as well as the tunneling current
system by considering raster, spiral and Lissajous scanning.
Finally, Section VI concludes this paper.

Il. WORKING PRINCIPLE OF SCANNING TUNNELING
MICROSCOPE

STM consists of a 2D horizontal scanning system in x and
y directions and a 1D vertical tunneling current system
in z direction. Overall, the block diagram of the considered
3D STM system with the suggested MIMO control strategy
is shown in Fig. 1.

The working principle of STM is first to bring the sharp
metallic tip, attached with a piezoelectric actuator, in the
tunneling region so that the distance (d) between the tip and
the conducting sample surface must be less than 1 x 107° m
When the sharp metallic tip comes in the tunneling region
to scan the sample surface, a bias voltage applied between
the two allows the electrons to tunnel through the vacuum
separating them. The direction of the resulting tunneling
current (i;) depends on the polarity of the applied bias volt-
age. The purpose of control design for STM is to achieve
the precise reference tracking for a 2D horizontal scanning
system (in x and y directions) and to keep the tunneling
current constant in the vertical z-direction in the presence of
all possible disturbances. The control signal which keeps the
tunneling current constant in the vertical z-direction helps to
generate the topographic image of the sample surface with
an atomic-scale resolution. A mutli-axis 3D piezoelectric
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actuator moves the tip in the appropriate direction depend-
ing on the applied voltages (v, and vy, for the horizontal
displacement in x and y directions respectively and v;, for
the vertical displacement in z-direction) given by the voltage
amplifier. The input voltages (uy, uy, and u;) of the voltage
amplifier are adjusted by the controller.

For a 2D horizontal scanning system, the output displace-
ments (z,, and zy, in X and y directions respectively) of the
piezoelectric actuator are perturbed due to cross-couplings
among these two axes. Coupling-caused positioning errors
(zxy and zyc) will be added in the actual displacements
(zxp and zyp) of the actuator and these overall displacements
are sensed by the capacitive position sensors. These position
sensors generate the output voltages (v, and vy) which are
used for the feedback. The feedback voltages are compared
with the reference voltages (v, and vy, for x and y directions
respectively) to generate the error voltages (vye and vy,). For
a 2D horizontal scanning system, the piezoelectric actuator
consists of linear vibration dynamics as well as the nonlinear
hysteresis phenomenon. The nonlinear hysteresis behavior is
modeled for the horizontal scanning system as the displace-
ments in x and y directions are in micro-scale. However, the
nonlinear hysteresis behavior of the piezoelectric actuator is
neglected for the vertical displacement in z-direction as the
overall displacement is in sub-nano scale. The cross-coupling
effect due to sub-nano scale displacement in z direction on the
other two axes (x and y) can also be neglected.

For the vertical tunneling current system, the actual out-
put displacement (z;,) of the piezoelectric actuator is per-
turbed due coupling-caused positioning errors (z;, and z;, due
to displacements in x and y directions respectively). Other
than this overall displacement of the piezoelectric actuator,
the sample surface variations (zg) changes the distance (d)
between the tip and the sample surface. Tunneling current
(i;) exponentially depends on this distance (d). Changes in
distance (d) while scanning the sample surface bring changes
in the tunneling current (i;). The current sensor, which mea-
sures the tunneling current, is a current to voltage converter
with a high gain. It converts the weak tunneling current (i;) in
nano-amperes into a voltage. Measurement noise (n) induces
variations in the measured tunneling voltage (v;). This tun-
neling voltage (v;) is then compared with the reference input
voltage (v;-) which corresponds to the desired value of the
tunneling current.

In the suggested control scheme, a MIMO H,, feedback
controller acts on the three error voltages (vye, Vye and v,.) and
generates the control signals (i, uy, and u;). For a 2D hor-
izontal scanning system, the feedforward compensators are
also designed for x and y axes to compensate the hysteresis
nonlinearity of the actuator and cascaded in series with the
feedback controller.

IIl. MODELING OF SCANNING TUNNELING MICROSCOPE
STM has a 2D (xy) horizontal scanning system and a verti-
cal (z) tunneling current system. The overall 3D system is
coupled with each other due to cross-couplings of the
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piezoelectric actuator as presented in Fig. 1. The overall
mathematical model of STM is presented in this section.

A. DYNAMICS OF HORIZONTAL XY SCANNING SYSTEM
The horizontal 2D scanning system consists of a voltage
amplifier, piezoelectric actuator and a capacitive position
sensor. The dynamics in horizontal x-direction is considered
the same as in y-direction. Therefore, 5™ order mathematical
model of horizontal x-direction is presented here only. The
same mathematical model is considered for the horizontal
y-direction.

The considered state-space mathematical model of the
voltage amplifier is:

X1(t) = —wyy - X1(t) + Growyy - Uk (1)
Vi(t) = x1(2) ey

where, u, and v,, are input and output voltages of the voltage
amplifier respectively, w,, the bandwidth and Gy, is the gain
of the amplifier.

Piezoelectric actuator has linear dynamics as well as
the hysteresis nonlinearity. The nonlinear hysteresis phe-
nomenon of the piezoelectric actuator is modeled by con-
sidering the Bouc-Wen hysteresis model. All the necessary
details about the Bouc-Wen hysteresis model can be found
in [42], [43]. The reason for selecting the Bouc-Wen hys-
teresis model is its simplicity in representing a large class of
hysteresis with accuracy, easy in implementation as well as in
identification of its parameters. The hysteresis nonlinearity of
the considered piezoelectric actuator is modeled as:

X(t) = T (1) — @ | (1) | x2(2) — Wi (1) | x2(2) |
Vip(1) = Gpvxy(t) — x2(f) @

where, vy, and vy, are input and output of the hysteresis
model and I, ® and W are the constant parameters which
govern the shape of the hysteresis loop. Gy, is the coefficient
of the piezoelectric actuator and is always positive. The linear
dynamics of the piezoelectric actuator is represented by the
following state-space model:

X3(t) = x4(2)
x4(t) = —wy, - X3(1) — 2Lpxp - Xa(t) + Grpoyy, - Vip(1)
pr(t) = x3(7) 3)

where, vy, and z,, are input voltage and output displacement
of the piezoelectric actuator respectively, wy, the bandwidth,
{yp the damping coefficient and Gy, is the gain of the piezo-
electric actuator.

The output displacement of the piezoelectric actuator is
sensed by a capacitive position sensor. The output displace-
ment of the piezoelectric actuator in x-direction (zp) is
disturbed due to its cross-coupling with the displacement
in y-direction. The state-space mathematical model of the
capacitive position sensor is:

X5(1) = —wxc - X5(1) + Grewxc (pr(t) + ny(t))
ve(t) = x5(1) @
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where, v, is output voltage of the capacitive sensor, zyy is
coupling-caused displacement in x-direction due to displace-
ment in y-direction, wy, the bandwidth and Gy, is the gain of
the capacitive position sensor.

So, the horizontal scanning system in x-direction has an
overall 5 order mathematical model with input and output
voltages of u, and v, respectively. Similarly, the horizon-
tal scanning system in y-direction has the similar 5" order
mathematical model with input and output voltages of u, and
vy Tespectively.

B. DYNAMICS OF CROSS-COUPLING

The displacement of STM tip in X, y and z-directions are
coupled with each other due to cross-couplings of the piezo-
electric actuator. A number of studies have been undertaken
by the research community to understand the mechanism and
root causes of this unwanted behavior of the piezoelectric
actuator in micro/nanopositioning stages. The primary root
cause highlighted by [44] is the combination of the slip
and rotation of the piezoelectric disks due to their frictional
behavior, concurrent with changes in the geometry of the
stage. According to [28], there are several complex rea-
sons for the erroneous motion due to cross-couplings in the
piezo-actuated micro/nanopositioning stages; for instance,
the eccentricity of the scanner due to improper machining,
non-uniformity of the electric field across the scanner and
also the error in the orthogonality of the scanning axes due
to collocated structure of the scanner.

The coupling-caused displacement in one direction, let’s
say in y-direction, due to the displacement in other direction,
let’s say in x-direction, becomes more significant when the
displacement in x-direction is for large range or with high
speed. The coupling-caused displacement in one direction
becomes insignificant when the displacement in other direc-
tion is for small range or with slow speed. This motivates
to consider the dynamics of the commonly used high-pass
filter as the dynamics of the cross-coupling. As in z-direction,
STM tip just needs to maintain a constant distance between
the tip and the sample surface, or in order words, needs
to maintain a constant tunneling current, therefore the
coupling-caused displacement in other directions due to the
displacement in z-direction can be neglected.

The coupling-caused displacement (z,y) in x-direction due
to the displacement in y-direction (zyy) is represented by the
following model:

x11(1) = —wce - x11(F) + 2yp(2)
ny(t) = Geewee - x11(8) + Gee Zyp(t) ©)
The coupling-caused displacement (zy,) in y-direction due

to the displacement in x-direction (zyp) is represented by the
following model:

X12(8) = —wee - x12(1) + 2xp(t)
Zyx(t) = Geewee - x12(8) + Gee - pr(t) (6)
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The coupling-caused displacement (z;,) in z-direction due
to the displacement in x-direction (z,) is represented by the
following model:

X13(t) = —wee - x13(t) + Zyp(t)
Zzy(t) = Geewee - x13(t) + Gee - Zyp(t) @)

The coupling-caused displacement (z;y) in z-direction due
to the displacement in y-direction (zy) is represented by the
following model:

X14(t) = —wee - x14(t) + pr(l)
2 (1) = Geewee - X14(t) + Gee - pr(t) (®)

Here, in (5)-(8), G, is the gain which represents the max-
imum coupling-caused positioning error and w,, is the band-
width of the high pass filter which represents the scanning
speed.

C. DYNAMICS OF VERTICAL Z TUNNELING CURRENT
SYSTEM
The vertical z tunneling current system consists of a voltage
amplifier, piezoelectric actuator for the precise movement of
the tip in vertical z-direction and a current sensor for the
measurement of tunneling current.

The voltage amplifier is modeled as:

X15(t) = —wg - x15(1) + Gy - uy(t)
va(t) = x15(1) )

where, u, and v;, are input and output voltages of the voltage
amplifier respectively, w., the bandwidth and G, is the gain
of the amplifier.

The movement of STM tip in the vertical z-direction is
in sub-nano scale, therefore, 2" order linear dynamics is
considered for the piezoelectric actuator and hysteresis non-
linearity of the actuator in neglected. The considered mathe-
matical model of the piezoelectric actuator is:

X16(t) = x17(t)
x17(t) = _wzzp - x16(t) — Zfzpwzp - x17(8) + Gzpwgp : Vzp(t)
Zzp(t) = x16(1) (10)

where, v;, and z;, are input voltage and output displacement
of the piezoelectric actuator respectively, w,, the bandwidth,
¢zp the damping coefficient and G, is the gain of the piezo-
electric actuator.

The tunneling current (i;) depends exponentially on the
distance (d) between the tip and the sample surface. This
distance can be obtained as:

d(t) = do + z5(t) + 222 (1) + 259(1) — 25p(1) (1)

where, dy is the initial distance, zg is the unknown sample
surface variations, z;y and z;, are the coupling-caused dis-
placements in z-direction due to the displacements in x and
y-directions respectively and z, is the output displacement
of the piezoelectric actuator in z-direction. The change in
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distance (d) will change the tunneling current (i;) which can
be modeled by an exponential static nonlinearity as:

—hd@. 0 <d(r) <1 x 10%m

if dt)>1x10"m (12)

i(t)y =1lp-e

i(r) = 0;
where, ig is the initial tunneling current and k is a constant
which depends on the work function of the tip and the sample
surface. The tunneling current equation can be linearized by
using the first-order linear approximation approach around

an operating point. The linearized equation of the tunneling
current is:

(1) = iy — k- i, (d(t) — dp) (13)

where, i, and d), are the operating points of the tunneling
current and the corresponding distance between the tip and
the sample surface respectively.

The current sensor measures the tunneling current and
generate the corresponding voltage accordingly. The current
sensor is mathematically modeled as:

X18(t) = —wge - x18(t) + Grewye - i(t)
vo(t) = x18(t) + n(t) (14)
where, v, is the output voltage of the sensor, w, the band-
width, G, the gain and #n is the measurement noise.
So, the vertical tunneling current system has an overall

4™ order mathematical model with input and output voltages
of u; and v, respectively.

D. OVERALL DYNAMICS OF MIMO SYSTEM

The overall dynamics of the considered MIMO system
has three inputs (uy, u, and u;) and three outputs (vx, vy
and v;). This overall dynamics of a 3D MIMO system can
be represented as:

X1(t) = —wxy - X1(8) + Grywyy - ux(t)

Xo(t) = Txi(t) — @ | x1(1) | x2() — W1 (1) | x2(2) |

X3(1) = x4(2)

24(t) = GyGrooy, - x1(1) — G, - Xa(t) — w0l - X3(1)
—28pwyp - X4(t)

X5(t) = Grewye - X3(t) — wye - X5(t) + GreGecye - x8(t)
+GxcGecwxewee - X11(1)

X6(t) = —awyy - x6(t) + Gyywyy - uy(t)

x7(t) = Txe(t) — @ | x6(2) | x7(1) — Wxe(t) | x7(2) |

xg(1) = xo()

x9(t) = Gy Ghooy, - x6(t) — Gypaly, - X7(t) — @l - xg(t)
—28ypwyp - X9(1)

x10(t) = GyeGecwye - x3(t) + Gyewye - x8(1) — wye - X10(t)
+GyeGecwyewee - X12(1)

x11(2) = x8(t) — wee - x11(1)

X12(8) = x3(t) — wee - x12(1)

x13(1) = x3(t) — wcc - x13(1)
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X14(t) = x3(t) — wcc - x14(1)
X15(t) = —wy - x15() + Gy - uy(2)
X16(1) = x17(1)
117() = Gl - x15(1) — @2, - x16(1) = 205pzp - x17(8)
X18(t) = —kGyGecwecip - (x3(1) + x8(1)) — wye - x18(1)
—kG o Gecwyewecip - (X13(1) + x14(1))
+szcwzcip - x16(1) — szcwzcip -zs(1)
vx(t) = x5(1)
vy(t) = x10(2)
vo(1) = x18(t) + n(r) (15)

All parameter of the above MIMO model are defined ear-
lier and their values are given in Table 1.

TABLE 1. Parameter values of 3D Scanning Tunneling Microscope.

Description Parameters Value Axis
Bandwidth of voltage amplifier Wy, Wyv, Wzy 4 kHz X,Y,Z
Gain of voltage amplifier Gav, Gyv, Gzo 15 X,Y,Z
Bandwidth of piezoelectric actuator wgp, wyp 630 Hz X,y
Wzp 120 kHz z
Gain of piezoelectric actuator Gap, Gyp 235nm/V  x,y
Gzp 12nm/V  z
Damping of piezoelectric actuator  (zp, Cyp, Czp 0.7 X,Y,Z
Bandwidth of position sensor Wze, Wye 8.5 kHz X,y
Gain of position sensor Gze, Gye 200 V/mm x,y
Bandwidth of current sensor Wee 13 kHz z
Gain of current sensor Gze 109 V/IA z
Tunneling current constant k 165A-1 ¢
Operating pt. of tunneling current i 0.5nA z
Max. scan speed for cross-coupling wee 10 Hz X,y
Maximum coupling-caused
positioning error
(% of scanning displacement) Gee 3% X,y

IV. CONTROLLER DESIGN

In this section, first of all, the control problem and the desired
performance of STM is highlighted. Then, in order to achieve
the desired performance, the feedforward compensator as
well as the MIMO H, feedback control design schemes are
presented.

A. CONTROL PROBLEM AND DESIRED PERFORMANCE

The objective of control design for STM, when its tip moves
in 3-directions (x, y and z), is to achieve the precise ref-
erence tracking in x and y-directions in order to scan the
sample surface and also to maintain the tunneling current
constant, while scanning the sample surface, in the vertical
z-direction. Due to the cross-couplings of the piezoelectric
actuator, coupling-caused displacements in each direction
(x, y or z) act as a disturbance. Other than this, sample surface
variations (zs) as well as sensor noise (n) also act as external
disturbances. So, the control problem is to achieve precise
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reference tracking in the horizontal (x and y) direction and
also to maintain the tunneling current constant in the vertical
(z) direction by rejecting the effects of all the disturbances,
indeed by maintaining the closed-loop stability of the overall
system.

The desired performance of STM is to achieve precise
reference tracking in the horizontal (x and y) direction with
mean-absolute-error of less than 1% of the reference trajec-
tory and the maximum allowed variations of the tunneling
current in the vertical (z) direction is +5%. It means that
if the reference tunneling current is 0.5nA then the maxi-
mum allowed variations of the tunneling current must be in
between 0.475nA and 0.525nA while scanning the sample
surface in the presence of all possible disturbances. Other
than this, the initial overshoot of the tunneling current must
also be less than 5% in order to avoid the collision between
the sharp metallic tip and the sample surface.

B. FEEDFORWARD COMPENSATOR DESIGN

To deal with the hysteresis nonlinearity of the piezoelectric
actuator, a feedforward compensator is designed. A usual
practice to design a feedforward compensator is to design an
inverse hysteresis model. Then, the inverse hysteresis model
is usually cascaded in series with the nonlinear model of the
piezoelectric actuator to compensate the hysteresis nonlin-
earity. Designing an inverse hysteresis model is often a chal-
lenging task due to the inverse-modeling and computational
complexity.

In this paper, the feedforward compensator is designed
without calculating the inverse hysteresis model, rather only
the inverse of the piezoelectric coefficient is required, which
is strictly positive, with the identified hysteresis model [45].
So, the first step is to identify the parameters of the considered
hysteresis model (2) as well as the piezoelectric coefficient.
For this purpose, an experimental setup having a single-axis
all-ceramic insulated piezo-actuated micropositioning stage
(P-752.21 produced by Physik Instrumente GmbH & Co.)
with an integrated capacitive position sensor (D-015) is con-
sidered. The micropositioning stage is driven by a voltage
amplifier (E-505) to amplify the voltage generated from a
host computer and connected through a 16-bit multi-function
1/O (input/output) module (PXIe-6361 produced by National
Instruments). The experimental setup with micropositioning
stage is shown in Fig. 2. For the real-time experimentation,
a sinusoidal input voltage of 40V with a frequency of 10Hz is
applied to the piezoelectric actuator. The output displacement
of the piezoelectric actuator is sensed with the help of a
capacitive position sensor. Then, a nonlinear curve-fitting
problem is solved in a least-square sense by using the nonlin-
ear optimization toolbox in MATLAB. The identified param-
eters of the considered hysteresis model (2) with piezoelectric
coefficient are I' = 0.7091, ® = 2.0476, ¥ = 0.1949
and Gj, = 1.143. The experimental and simulated hysteresis
loops are presented in Fig. 3(a).

To analyze the mismatch of the hysteresis loops, the exper-
imental displacement as well as the simulated displacement
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FIGURE 4. (a) Experimental and simulated displacements of piezoelectric
actuator with considered hysteresis model for a sinusoidal input voltage
(b) Difference between experimental and simulated displacements as
modeling error.

of the piezoelectric actuator with the considered hysteresis
model is presented in Fig. 4(a). A small difference between
these two plots can be observed which is presented as mod-
eling error in Fig. 4(b). It can be observed in Fig. 4(b)
that the peak-to-peak modeling error is 0.48um which is
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FIGURE 5. Control loop for MIMO Hy, control design with performance weighting functions.

around 3.7% of the displacement of the piezoelectric actuator.
A close match between the experimental and the simulated
displacements of the piezoelectric actuator in Fig. 4(a) and
also the experimental and the simulated hysteresis loops
in Fig. 3(a) validate the nonlinear hysteresis model for the
considered piezoelectric actuator. The modeling error will
be dealt with the robustness of the suggested MIMO Hq
feedback controller.

The feedforward compensator for the horizontal
x-direction, without calculating the inverse hysteresis model,
is designed as follows:

we(0) = - (120) + (1)) (16)
G
where, u,;, and u, are input and output voltages of the feed-
forward compensator, Gy, piezoelectric coefficient and x; is
the solution of nonlinear hysteresis model (2). It can be
noticed here that there is no need to calculate the inverse
of the hysteresis model for this compensator design. If this
compensator is cascaded in series with the hysteresis model
then the achieved result, as presented in Fig. 3(b) shows that
the nonlinear hysteresis phenomenon is well compensated
by the feedforward compensator. The same compensator is
designed for the horizontal scanning system in y-direction.
The feedforward compensator for the horizontal y-direction
is designed as follows:
uy(1) = L(m(r) + uyp() (17)
G
where, uy), and uy, are input and output voltages of the feedfor-
ward compensator in the horizontal y-direction respectively.
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C. MIMO H., FEEDBACK CONTROLLER DESIGN

In order to design the MIMO H,, feedback controller,
the linearized system model is used where the hystere-
sis nonlinearity is well compensated by the feedforward
compensator. However, after designing the feedback con-
troller, the validation of the controller is performed in
simulations in the presence of actual nonlinear system
model.

The considered block diagram for the feedback con-
troller design is presented in Fig. 5. In this block dia-
gram, six performance weighting functions (Wye, Wy, Wy,,
Wy, Wy and W) can be observed which are designed in
order to weight the controlled outputs yy1, yx2, Yy1, ¥y2,
v,1 and yp» respectively. In this Fig. 5, Dy, (x-direction),
Dy, (y-direction) and D, (z-direction) represent the
dynamics of the voltage amplifier, Dy, (x-direction),
Dy, (y-direction) and D, (z-direction) represent the dynam-
ics of the piezoelectric actuator and D,. (x-direction) and
Dy (y-direction) represent the dynamics of the capacitive
position sensor. In vertical z-direction, D,. represent the
dynamics of the current sensor and D represent the rela-
tionship between tunneling current (i;) and distance (d).
Cyy and C,, represent the cross-coupling dynamics
between horizontal x and y directions. C,, represents the
cross-coupling dynamics between x and z directions and Cy
represents between y and z directions.

The first performance weighting function (W,,) is designed
as follows:

21(t) = —Wxe€xe - 21(1) + Vye(t)
Yx1(t) = Wxe (1 — €xe/Nye) - 21(t) + (1/Nye) - vie(t)  (18)

153757



IEEE Access

1. Ahmad et al.: MIMO H, Feedback Controller With Feedforward Compensator for STM

where, for the inverse of this first performance weighting
function, €,, = —75 dB represents the maximum atten-
uation level in the low-frequency region, w,, = 1 kHz
represents the bandwidth and N,, = 6 dB represents the
maximum amplification in the high frequency region. This
performance weighting function (W,,) is imposed over the
error signal (vy) in the horizontal x-direction which weights
the controlled output y,i. The similar first order dynamic
models are chosen for the other two performance weighting
functions (W, and W,.). The dynamic model of the perfor-
mance weighting function (Wy,) is given as:

2(t) = —Wye€ye + 22(F) + Vye(t)
Yyl ) = Wye (1 - 6ye/Nye) - 22(2) + (1/Nye) : Vye(t) (19)

where, this performance weighting function weights the con-
trolled output yy; and is imposed over the error signal (vye)
with constant parameters of €,, = —75 dB, wye = 1 kHz
and Ny, = 6 dB. The dynamic model of the performance
weighting function (W,,) is given as:

23(t) = —We€ze - 73(t) + Vee(t)
Va1 (t) = @z (1 — €2¢/Nze) - 23(1) + (1/Nge) - vze(®)  (20)

where, this performance weighting function weights the con-
trolled output y;; and is imposed over the error signal (v;.)
with constant parameters of €, = —75 dB, w;e = 3.8 kHz
and N, = 6 dB.

The performance weighting function (Wy;) is designed as
follows:

24(t) = —(@x/€x) - 2a(t) + (1/€x) - vx (1)
yx2(t) = @x (1/Nxt — 1/€x) - 24(1) + (1/€x) - vx()  (21)

where, for the inverse of this performance weighting func-
tion, Nyy = 3.5 dB represents the amplification in the low
frequency region, w,; = 2 kHz bandwidth and €,;, = —45 dB
represents the maximum attenuation level in the high fre-
quency region. The similar first order dynamic models are
selected for Wy, and W. The dynamic model of the perfor-
mance weighting function (Wy,) is:

z5(1) = —(wy/€y) - 25(1) 4 (1/€y2) - vy (1)
yyZ(t) = Wy (1/Nyt - 1/€yt) - z5(t) + (l/eyt) : Vy(t) (22)
where, Ny, = 3.5 dB, wy, = 2 kHz and €y, = —45 dB are the

constant parameters. The dynamic model of the performance
weighting function (W) is:

26(t) = —(@z/€x) - 26(1) + (1/€z) - i2(1)
y2(t) = wx (1/Ny — 1/€z) - 26(t) + (1/€z) - ir(t)  (23)

where, Ny = 3.5dB, w; = 4 kHz and ¢; = —45 dB
are the constant parameters. Wy, Wy, and W, weight the
controlled outputs yy2, yy2 and y; respectively as shown
in Fig. 5. These values are selected in order to achieve
the desired performance in terms of precise reference track-
ing in horizontal x and y directions, maintaining tunneling
current (i;) at the desired value in the presence of all the
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FIGURE 6. Block diagram of the generalized system model with controller.

disturbances and to achieve good robustness and stability
margins.

After designing the performance weighting functions, the
next step is to achieve a generalized system model (P) which
is actually the combination of the overall system model with
the performance weighting functions. The input vector of the
generalized plant model is [V vy, Vo 25 1 Uy Uy uZ]T and
the output vector is [Yx1 Yx2 Yyl M2 Yz1 Y22 Ve Vye vze]T
as shown in Fig. 6. The generalized system model (P) can be
described as:

[yai] [Pi1 0 0 0 0O PigPi7 O] Mo
Yx2 0 0 0 0 0 PPy O er
Iyl 0 P3;p 0 0 O P3yP37 O Vyr
2 0 0 O O O PgPy7 O er
yal|=1| 0 0 Ps3Psqy Pss Psg P57 Psg ;
Y2 0 0 O Pesa O Pgs P71 Pes "
Vxe 1 0 0 O 0 P76 P77 0 MX
Vye 0 0 0 0 Pg P37 O uy
(Ve | [0 O 1 Pog —1 Pys Pg7 Pog | L%~
P
24
where,
Pll = er

P = _ervaDxprc
P17 = —WyDyyDypCyyDy

Py = xthvaprc
Py = WxtDvaprxnyc
P32 = Wye

P36 = =WyeDyyDypCyxDyc
P37 = =WyDyyDy,Dye
Py = ythvaprnyc
P47 = Wy Dy DypDyc

Ps3 = W

Psqg = —WyeDy Dy
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After establishing the generalized system model matrix (P),
the next step of Hy control problem is to create a
closed-loop transfer matrix from the external inputs vector
Ver  Vvyr v zs n]T to the controlled outputs vector
Dt yx2 Yy Y2 Yz yzz]T. This closed-loop transfer
matrix is generally referred to as a lower linear fractional
transformation (LFT) and is given by:

Fi(P,K) = Pyp1 + PuypnK(I — Pip2) "' Pioy (25)

where, K represents the controller dynamics as shown in
Fig. 6. The objective of the Hy, control design is to find a con-
troller (K') which stabilizes the generalized system model (P)
and generates the control signal which counteracts the influ-
ence of the external inputs vector on the controlled outputs
vector by minimizing the Hy, norm (y) of the closed-loop
transfer matrix ||F;(P, K)||co. This Hyo control problem is
then solved by the Algebraic Riccati equation approach as
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presented in [46]. A 22"¢ order MIMO Hg, controller is
achieved with the value of y = 0.99.

The overall closed-loop system will be stable if in
H, framework, the closed-loop transfer matrix between the
external inputs vector and the controlled outputs vector is
internally stable. Lets say, M = F;(P, K), which has the
dimension of (6 x 5) and can easily be achieved from (25),
is given by:

Yx1 Ver
Yx2
Yyl Yy
Y =F(P,K) | vy (26)
yy2 ———
Yzl M s
< n
Y2

then the condition for the closed-loop internal stability is that
all the elements of M are stable. It has been verified that there
are no zeros in Re s > 0 in the characteristic polynomial
of each element of M to guarantee the closed-loop internal
stability of the system.

V. RESULTS AND DISCUSSION

In order to analyze the performance of the presented control
scheme, three different types of scanning trajectories are
considered for the horizontal x and y directions: i) raster
scanning ii) spiral scanning and iii) Lissajous scanning. The
raster scanning is the most conventional scanning method.
However, in recent years, the need for higher imaging speeds
has motivated the investigation of novel scanning trajectories
like spiral scanning and Lissajous scanning.

For the purpose of performance comparison, SISO
(Single Input Single Output) Hy, feedback controller is also
designed, individually for each axis, by considering the same
performance weighting functions as considered for the design
of MIMO H,, feedback controller. A 6™ order SISO Hy
feedback controller is achieved for the horizontal x as well as
for y directions with y = 0.89. For the vertical z-direction, a
6" order SISO H,, feedback controller is also designed with
y =0.72.

In order to thoroughly analyze the performance of the
considered system, three different cases are examined for
each different type of scanning trajectory. The considered
three cases are:

Case I: SISO Hy, feedback controller with feedforward
compensator without cross-couplings.

Case II: SISO H, feedback controller with feedforward
compensator with cross-couplings.

Case I1I: MIMO Hy, feedback controller with feedforward
compensator with cross-couplings.

All analysis has been done in the presence of nonlinear sys-
tem model with sensor noise (1) of 10mV /+/Hz and sample
surface variations (sinusoidal) (zg) of amplitude 0.5 A with
the frequency of 1000 rad/sec.

For each above mentioned case, the tracking performance
in horizontal x and y directions is evaluated by calculating
the mean-absolute-error (MAE) where error is the difference
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Raster Scanning: SISO Control WITHOUT Cross-Coupling
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FIGURE 7. Case | with Raster Scanning: SISO H., feedback controllers
with feedforward compensators WITHOUT cross-coupling

(a)-(b) X-displacement and corresponding error (c)-(d) Y-displacement
and corresponding error (e) Reference and actual raster scanning

(f) Tunneling current variations.

between the reference trajectory and the actual displacement
of the piezoelectric actuator. The mean-absolute-error is cal-
culated as:

et IRa — Yal

N
where, R and Y are the reference and the actual displace-
ments of the piezoelectric actuator respectively and N is the
total number of data points. In the vertical z-direction, the
objective is to maintain the tunneling current constant, while
scanning the sample surface, and the performance in each
case is evaluated by calculating the standard deviation (SD)
of the tunneling current. The standard deviation is calculated
as:

MAE = 27

N
1
— i — |2
SD = m El lizg — m| (28)
a=

where, it is the tunneling current, m is its mean value and
N is the total number of data points.

A. RASTER SCANNING

For raster scanning of the sample surface, a triangular wave-
form is applied to the x-axis and a smooth staircase waveform
is applied to the y-axis. The sample surface of the area
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Raster Scanning: SISO Control WITH Cross-Coupling
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(a)-(b) X-displacement and corresponding error (c)-(d) Y-displacement
and corresponding error (e) Reference and actual raster scanning

(f) Tunneling current variations.

lumx2umis scanned in x and y directions, while keeping the
tunneling current constant at 0.5nA in the vertical z-direction.

First of all, the analysis is performed with the SISO Hy,
feedback controller cascaded in series with the feedforward
compensator without cross-couplings (Case I). It can be
observed in Fig. 7 that the precise reference tracking in x and
y directions is achieved with the variations of the tunneling
current (i;) remain within the acceptable bound of +5%.
The achieved mean absolute errors are 5.23 nm and 1.42 nm
in x and y directions respectively. These mean absolute errors
are approximately 0.52% and 0.07% of the reference trajecto-
ries in x and y directions respectively. The achieved standard
deviation of the tunneling current in the vertical z-direction
is 7.18 pA. So, the SISO H, feedback controller with the
feedforward compensator works well and the desired perfor-
mance of the system can be achieved if the cross-couplings
of the piezoelectric actuator are neglected.

Next, the analysis is performed with the same SISO Hyo
feedback controller cascaded in series with the feedforward
compensator in the presence of cross-couplings of the piezo-
electric actuator (Case II). A small increase in the tracking
errors in the horizontal x and y directions can be observed
in Fig. 8 but the tunneling current variations are now large
and beyond the acceptable bound of +5%. The achieved
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Raster Scanning: MIMO Control WITH Cross-Coupling
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FIGURE 9. Case IIl with Raster Scanning: MIMO H., feedback controller
with feedforward compensators WITH cross-coupling

(a)-(b) X-displacement and corresponding error (c)-(d) Y-displacement
and corresponding error (e) Reference and actual raster scanning

(f) Tunneling current variations.

mean absolute errors are 6.31 nm (0.63% of the reference
trajectory) and 1.73 nm (0.09% of the reference trajectory)
in x and y directions respectively. The standard deviation of
the tunneling current is 57.32 pA. This result indicates that
the desired performance of the considered system cannot be
achieved with SISO control scheme in the presence of cross-
couplings.

Finally, the analysis is performed with the suggested
MIMO H,, feedback controller cascaded in series with the
feedforward compensator in the presence of cross couplings
(Case III). Fig. 9 shows that the tunneling current variations
are now within the acceptable bound of +5% even in the
presence of cross-couplings. The standard deviation of the
tunneling current in the vertical z-direction is 7.66 pA and
the mean absolute errors in the horizontal x and y direc-
tions are 6.07 nm and 1.64 nm respectively. These mean
absolute errors are actually 0.61% of the reference trajectory
in x-direction and 0.08% in y-direction. All these results
indicate that the desired performance of the system can
be well achieved with the suggested MIMO Hy, feedback
controller cascaded in series with the feedforward compen-
sator in the presence of cross-couplings. The achieved results
in all three cases with the raster scanning are summarized
in Table 2.
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Spiral Scanning: SISO Control WITHOUT Cross-Coupling
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FIGURE 10. Case | with Spiral Scanning: SISO H., feedback controllers
with feedforward compensators WITHOUT cross-coupling

(a)-(b) X-displacement and corresponding error (c)-(d) Y-displacement
and corresponding error (e) Reference and actual spiral scanning

(f) Tunneling current variations.

TABLE 2. Mean Absolute Error (MAE) of tracking in X and Y directions
with raster scanning (1xm x 2um) and Standard Deviation (STD) of
tunneling current in Z direction.

RASTER SCANNING

Cases MAEinX MAEinY STDinZ
(nm) (nm) (pA)

Case I:

SISO control scheme

without cross-coupling 5.23 1.42 7.18

Case II:

SISO control scheme

with cross-coupling 6.31 1.73 57.32

Case II1:

MIMO control scheme

with cross-coupling 6.07 1.64 7.66

B. SPIRAL SCANNING
In spiral scanning, the x and y scan trajectories consist of a
sinusoidal and cosine waveform of the same frequency but
varying amplitude. For spiral scanning, the sample surface
of the area 0.5um x 0.5um is scanned in the horizontal x
and y directions, while keeping the tunneling current constant
at 0.5 nA in the vertical z direction.

For spiral scanning, first of all, the analysis is performed
with the SISO Hy, feedback controller with feedforward
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Spiral Scanning: SISO Control WITH Cross-Coupling
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FIGURE 11. Case Il with Spiral Scanning: SISO H., feedback controllers
with feedforward compensators WITH cross-coupling

(a)-(b) X-displacement and corresponding error (c)-(d) Y-displacement
and corresponding error (e) Reference and actual spiral scanning

(f) Tunneling current variations.

compensator without cross couplings (Case I). The precise
reference tracking with the mean absolute errors of 1.33 nm
and 1.32 nmin x and y directions respectively can be observed
in Fig. 10. These achieved mean absolute errors are actu-
ally 0.27% and 0.26% of the reference trajectories in x and
y directions respectively. The reference and actual spiral
scanning can also be observed in Fig. 10(e). It can also be
observed that the variations of the tunneling current remain
within the acceptable bound of +5% with the standard devi-
ation of 6.82 pA in the absence of cross-couplings. So, the
desired performance in case of the spiral scanning is well
achieved with the SISO control scheme in the absence of
cross-couplings.

After the analysis of the SISO control scheme in the
absence of cross-coupling, next the analysis is performed
with the same SISO control scheme in the presence of
cross-couplings (Case II). A small increase in the tracking
errors in the horizontal x and y directions can be observed in
Fig. 11 as compared to Case I. So, the mean absolute error
in x-direction is 1.61 nm (which is 0.32% of the scanning
range in x-direction) and in y-direction is 1.56 nm (which is
0.31% of the scanning range in y-direction). In this Case II,
alarge variations in the tunneling current can be observed and
these variations are beyond the acceptable bound of £5%.
The achieved standard deviation of the tunneling current is
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Spiral Scanning: MIMO Control WITH Cross-Coupling
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FIGURE 12. Case IIl with Spiral Scanning: MIMO H, feedback controller
with feedforward compensators WITH cross-coupling

(a)-(b) X-displacement and corresponding error (c)-(d) Y-displacement
and corresponding error (e) Reference and actual spiral scanning

(f) Tunneling current variations.

now 27.73 pA in the presence of cross-couplings. These
results indicate that the SISO control scheme will not perform
as desired in the presence of cross-couplings.

Finally, the analysis is performed with the suggested
MIMO control scheme in the presence of cross-couplings
(Case III). Precise reference tracking in the x and y directions
with the tunneling current variations within the acceptable
bound of £5% can be observed in Fig. 12. The mean absolute
errors in the x and y directions are 1.51 nm and 1.49 nm
respectively with the standard deviation of the tunneling
current in the vertical z-direction is 7.62 pA. The mean
absolute errors are actually 0.3% and 0.29% of the reference
trajectories in the x and y directions respectively. All these
results indicate that the desired performance is well achieved
with the suggested MIMO feedback with feedforward control
scheme in the presence of cross-couplings. The achieved
results with the spiral scanning are summarized in Table 3.

C. LISSAJOUS SCANNING

In Lissajous scanning, the x and y scan trajectories consist
of purely sinusoidal signals that contain slightly different
frequencies. The sample surface area of lum x lum is
scanned in the horizontal x and y directions, while keep-
ing the tunneling current constant at 0.5 nA in the vertical
z direction.
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TABLE 3. Mean Absolute Error (MAE) of tracking in X and Y directions
with spiral scanning (0.5um x 0.5xm) and Standard Deviation (STD) of
tunneling current in Z direction.

SPIRAL SCANNING

Cases MAEinX MAEinY STDinZ
(nm) (nm) (pA)

Case I:

SISO control scheme

without cross-coupling 1.33 1.32 6.82

Case II:

SISO control scheme

with cross-coupling 1.61 1.56 27.73

Case II1:

MIMO control scheme

with cross-coupling 1.51 1.49 7.62

Lissajous Scanning: SISO Control WITHOUT Cross-Coupling

x10° (a) B [ (b)
—_ = = Reference X-trajectory é
E Actual X-displacement 5
£ g
H b
£ ]
@ [
e £
s 05 o . 3
] =
g I
x 9
0 x
0 01 02 03 04 0.1 02 03 04 05
Time (sec) Time (sec)
%10 (c) —  x10® (d)
—_ = == Reference Y-trajectory é
é Actual Y-displacement 5
£ i =
g b
£ ]
@ [}
e £
s 05 3
] =
2 I
g q
0 >
0 01 02 03 04 0.1 02 03 04 05
Time (sec) Time (sec)
0% (e) 4 <10 (U]
. = == Reference Lissajous scanning <
é Actual Lissajous scanning = Acceptable Variation
£ 56 i | b
i : |
@ O 5
[+]
o o
5 c
g 3
= 4
G
> (=

w

02 04 06 038 1
Time (sec)

X-Displacement (m)x 10®

FIGURE 13. Case | with Lissajous Scanning: SISO H,, feedback controllers
with feedforward compensators WITHOUT cross-coupling

(a)-(b) X-displacement and corresponding error (c)-(d) Y-displacement
and corresponding error (e) Reference and actual Lissajous scanning

(f) Tunneling current variations.

The Lissajous scanning is first performed with the SISO
Hso feedback controller cascaded in series with the feed-
forward compensator without cross-couplings (Case I). The
precise reference tracking in x and y directions with ref-
erence and actual trajectories of Lissajous scanning can be
observed in Fig. 13. It can also be observed in Fig. 13 that
the tunneling current variations remain within the acceptable
bound of £5% in the absence of cross-couplings. The mean
absolute errors of the reference tracking in x and y directions
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Lissajous Scanning: SISO Control WITH Cross-Coupling
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FIGURE 14. Case Il with Lissajous Scanning: SISO H, feedback
controllers with feedforward compensators WITH cross-coupling
(a)-(b) X-displacement and corresponding error (c)-(d) Y-displacement
and corresponding error (e) Reference and actual Lissajous scanning
(f) Tunneling current variations.

are 5.92 nm (0.59% of the reference trajectory) and 5.29 nm
(0.53% of the reference trajectory) respectively. The standard
deviation of the tunneling current is 6.92 pA. All these results
indicate that the desired performance is well achieved with
the SISO control scheme in the absence of cross-couplings.

Next, the analysis is performed with the same SISO Hy,
feedback controller with feedforward compensator in the
presence of cross-couplings (Case II). It can be observed in
Fig. 14 that the tracking error is now a little increased both
in x and y directions. The mean absolute errors of tracking
are now 7.03 nm (0.7% of the reference trajectory) and
6.42 nm (0.64% of the reference trajectory) in x and y direc-
tions respectively. A large variations in the tunneling current
can also be observed in this Fig. 14(f) which indicate that
the desired performance specifications cannot be achieved
in the presence of cross-couplings with the SISO control
scheme. The standard deviation of the tunneling current is
now 76.57 pA.

Finally, the analysis is performed for Lissajous scanning
with the suggested MIMO H, feedback controller cascaded
in series with the feedforward compensator in the presence
of cross-couplings (Case III). As compared to Case II, less
tracking errors in x and y directions with acceptable varia-
tions of the tunneling current can be observed in Case III as
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Lissajous Scanning: MIMO Control WITH Cross-Coupling
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FIGURE 15. Case Ill with Lissajous Scanning: MIMO H,, feedback
controller with feedforward compensators WITH cross-coupling
(a)-(b) X-displacement and corresponding error (c)-(d) Y-displacement
and corresponding error (e) Reference and actual Lissajous scanning
(f) Tunneling current variations.

TABLE 4. Mean Absolute Error (MAE) of tracking in X and Y directions
with Lissajous scanning (1xm x 1xm) and Standard Deviation (STD) of
tunneling current in Z direction.

LISSAJOUS SCANNING

Cases MAEinX MAEinY STDinZ
(nm) (nm) (PA)

Case I:

SISO control scheme

without cross-coupling 5.92 5.29 6.92

Case II:

SISO control scheme

with cross-coupling 7.03 6.42 76.57

Case III:

MIMO control scheme

with cross-coupling 6.77 6.12 7.67

shown in Fig. 15. The means absolute errors of tracking are
now 6.77 nm (0.68% of the reference trajectory) and 6.12 nm
(0.61% of the reference trajectory) in x and y directions
respectively. The standard deviation of the tunneling current
in the vertical z direction is now 7.67 pA. All these results
with Lissajous scanning are summarized in Table 4. It is
obvious from the achieved results in Case III that the desired
performance of STM is well achieved with the suggested
MIMO control scheme in the presence of cross-couplings.
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FIGURE 16. Step response of the tunneling current with MIMO
Ho feedback controller cascaded in series with the feedforward
compensator in the presence of cross-coupling to analyze

the transient characteristics.

D. TRANSIENT RESPONSE OF TUNNELING CURRENT

The transient characteristics of the tunneling current are
important to analyze in order to see how fast the STM tip
moves in the tunneling region (0.1 — 1 x 10~?m distance
between the tip and the sample surface) and if there is an
overshoot whenever there is a change in the reference tunnel-
ing current. Ideally, the STM tip must move very fast (settling
time less than 1 x 10™3sec.) in the tunneling region to keep the
distance between the tip and the sample surface constant or
in other words, to keep the tunneling current constant. Other
than this, ideally the overshoot must be reduced (overshoot
of 5%) in order to avoid any collision between the sharp
metallic tip and the sample surface.

A step response of the tunneling current with the suggested
MIMO H,, feedback controller cascaded in series with the
feedforward compensator in the presence of cross-couplings
is presented in Fig. 16 to analyze the transient characteristics.
It can be observed in Fig. 16 that the settling time of the sys-
tem is around 0.2 x 1073 sec. and the overshoot is almost 0%.
This result indicates that a good transient performance is
achieved with the suggested feedback - feedforward control
scheme.

VI. CONCLUSION

In this paper, the performance of STM having a multi-axis
3D piezoelectric actuator in the presence of two control strate-
gies (SISO and MIMO H,, feedback controllers cascaded in
series with a feedforward compensator) is thoroughly ana-
lyzed. For controller design, a complete MIMO system is
mathematically modeled in the presence of cross-couplings
as well as hysteresis nonlinearity of the piezoelectric actuator.
The parameters of the hysteresis model are identified from the
real-time experimental data and the feedforward compensator
is designed without calculating the inverse hysteresis model.
Three different types of scanning trajectories (raster, spiral
and Lissajous) are used for the performance comparison.
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It is evident from the achieved results that in the presence
of cross-couplings, the SISO control scheme cannot deliver
the desired performance. A small increase in the tracking
error for horizontal 2D scanning system is observed with
SISO control scheme, however, the main issue is the large
variations in the tunneling current (beyond the acceptable
bound of £5%) due to cross-couplings. These large variations
in the tunneling current will result in a surface image that will
not correspond to the reality. This issue has been resolved by
the suggested MIMO control scheme. In case of the raster
scanning, 86.6% improvement is observed in reducing the
variations of the tunneling current with the suggested MIMO
control scheme in the presence of cross-couplings, 72.5% in
case of spiral scanning and 90% in case of Lissajous scan-
ning as compared to the tunneling current variations with
the generally used SISO control scheme for STM. All the
presented results with different scanning trajectories indicate
the efficacy of the suggested MIMO H, feedback controller
cascaded in series with the feedforward compensator.

It will be an interesting study in the prospective of the
presented work to analyze the performance of the system
by considering all the possible adverse effects of a piezo-
electric actuator, like creep, hysteresis, high frequency vibra-
tions and cross-couplings altogether with a suitable control
methodology.
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