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Modified repetitive control based cross-coupling
compensation approach for a piezoelectric tube
scanner of Atomic Force Microscopes

Linlin Li, Chun-Xia Li, Guoying Gu*, and LiMin Zhu

Abstract—During the raster scanning of Atomic Force Mi-
croscopes (AFMs), the coupling effect from the fast-axis to
the slow-axis is extraordinarily pernicious, especially when the
scanning rate is set higher. Whilst great efforts have been made
in the field of piezo-actuated stages, less attentions are paid on
control design to mitigate this coupling effect. In this paper,
we propose a modified repetitive control based cross-coupling
compensation (MRC-CCC) approach for high-speed and high-
precision scanning motion control of a piezoelectric tube scanner
in AFMs. Based on the experimental observations, we first
describe this coupling effect as the periodic disturbances to
the output of the slow-axis, when the fast-axis is designed to
track triangular trajectories. Then, the MRC-CCC controller is
developed to remedy the periodic disturbances, which generates
the compensation signals targeting at coupling effect. Therefore,
the complicated modeling of the cross-coupling effect is avoided,
which significantly reduces the complexity of usage. To ensure
the high-precision tracking performance for the slow-axis in
scanning, we further design a tracking controller that combines
with the offline trained MRC-CCC controller. Finally, compar-
ative experiments are conducted on a AFM piezoelectric tube
scanner. Experimental results show that the developed MRC-
CCC approach significantly compensates for the coupling effect,
in which the root mean square tracking error is substantially
reduced from 172.1nm to 3.3nm at the scanning rate of 40-Hz.
We also perform high-speed scanning tests for AFM imaging to
verify the effectiveness of the development.

Index Terms—Atomic force microscope, raster scanning, track-
ing control, cross-coupling, repetitive control.

I. INTRODUCTION

Since its invention by G. Binner etc [1], [2] in 1986, the
Atomic Force Microscope (AFM) has becoming a ubiquitous
tool in various research areas in nanoscales [3]-[5]. The basic
schematic diagram of the AFM is shown in Fig. 1. The
morphology of the sample is recorded by measurement of
micro contact forces between the sharp probe and the sample
surface via the relative scanning motion. Conventionally, for
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Fig. 1. The schematic diagram of the AFM.

a commercial AFM, the piezoelectric tube scanner (PTS) [6]-
[8] is utilized to fulfill this relative motion with its simple
configuration and fine resolution. The widely applied scan
trajectory is the back and forth raster pattern, which is attained
by applying a triangular trajectory to the X-axis (fast-axis),
and the corresponding stair-case trajectory to the Y-axis (slow-
axis) shown in Fig. 2(a). The displacements of the X/Y-
axis are captured by the integrated capacitive sensors of
the piezoelectric scanner, respectively, for closed-loop motion
control. As studied in several works [4], [9]-[11], there are
many restrictions that hamper the increase of the scanning
rate and tracking precision, such as the intrinsic hysteresis
nonlinearity of the PTS [12], lightly-damped resonant mode of
the mechanism [13], [14], and cross-coupling effect [15]. Dur-
ing the past decades, many efforts have been made to handle
the first two challenges above and significant improvements
have been achieved [12], [16]-[21]. In these developments,
the scanner is generally treated as the single input and single
output (SISO) system, in which the cross-coupling effect is
not considered.

In fact, the cross-coupling effect is gradually becoming the
bottleneck that degrades the tracking performance, which is
especially prominent in large-range scanning or high-speed
operation. Due to the existence of the cross-coupling effect,
some tilting phenomenon occurs in the actual scan trajectory,
as shown in Fig. 2, which will distort the actual scanning
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Fig. 2. The diagrammatic representation of cross-coupling effect: (a) the
comparison of the desired displacements and actual displacements for X-axis
and Y-axis; (b) the comparison of the desired scanning trajectory and the
actual scanning trajectory.

trajectory or even swallow the real topography causing artifacts
in AFM imaging experiments. To address such challenge,
several scanning stages have been designed with symmetric
structures to minimize the cross-coupling effect between the
axes. However, due to the existence of the machining process
errors and the assembling errors, the cross-coupling effect can
not be mitigated completely. Although such cross-coupling
effect can be ignored at lower scanning frequencies, this effect
can still lead to a distorted image or damage of the probe
and the sample, specifically when the AFM operates at a
higher scanning rate. More importantly, the widely applied
PTS presents a much severer cross-coupling effect, which
worsens the tracking precision especially for high-speed s-
canning. For the objective of reducing the coupling caused
tracking errors, some motion control strategies are employed
for enhancing the tracking performance, such as the extended
robust motion control [22], H., control [23], the adaptive
double integral sliding mode control [24]. To further handle
the cross-coupling effect, some interesting works, such as
neural-network-based coupling model [25], multi-input multi-
output model predictive control [15], [26], Prandtl-Ishlinskii
model based decoupling control [27], have been reported
to compensate this adverse cross-coupling effect. However,

due to the complex nonlinear behavior and dynamics of the
piezo-actuated stages, the modeling of cross-coupling effect
is usually time-consuming and complicated. As an alternative,
it is found that the coupling effect from the X-axis mainly
affects Y-axis at the harmonics of the input signal in AFM
raster scanning pattern, which could be treated as the periodic
output disturbances. Then, we propose the modified repetitive
controller (MRC) [28] to deal with such challenge without
modeling and identification of the cross-coupling dynamics
during the raster scanning in this work.

During the raster scanning experiments, the coupling effect
from the X-axis to Y-axis commonly much severer than that
from the Y-axis to the X-axis. Therefore, this work focuses
on the compensation of the coupling effect from the X-
axis to Y-axis for raster scanning. According to experimental
results in this work, this coupling effect could be deemed
as the output periodic disturbances to the system dynamics.
Recently, due to its excellent ability of tracking periodic trajec-
tories and rejecting period disturbances, the repetitive control
[29]-[33] gains its popularity in the area of piezo-actuated
nanopositioning stages, in which the AFM is a typical case.
It is known that the repetitive control works via generating
high-gains at the harmonics of the desired tracking trajectory.
Consequently, it brings the amplification problem of the non-
periodic disturbances. For eliminating this issue, the MRC
scheme [28] is thus developed. As its better performance, the
modified repetitive control based cross-coupling compensation
(MRC-CCC) approach is established and implemented on
a commercial AFM PTS for high-speed and high-precision
raster scanning in this paper. However, the desired scanning
trajectory of the Y-axis is the non-periodic stair-case trajectory,
which hinders it from being applied successfully. To this end,
an offline training method is employed to generate the compen-
sation signal through tracking a constant value signal, in which
case, the tracking errors are all introduced by the coupling
effect. Then, the captured compensation signal is utilized to
alleviate the tracking errors caused by the coupling effect as
the feedforward method. For tracking the desired stair-case
trajectory, a tracking controller is further incorporated with the
offline trained MRC-CCC scheme. The experimental results
show that the cross-coupling of the X- and Y- axes are well
eliminated with the MRC-CCC approach.

The contribution of this work mainly lies in two aspects:

(1) It is experimentally found that the coupling effect from
the X-axis mainly affects the Y-axis at the harmonics of the
input signal in AFM raster scanning pattern. This coupling
effect is consequently modeled as periodic output disturbances
to the dynamics of the Y-axis; In this sense, the MRC scheme
is firstly employed to mitigate the cross-coupling effect in
the field of piezo-actuated stages, without the modeling and
identification of the cross-coupling effect.

(2) For addressing the non-periodic issue of the desired
stair-case trajectory in scanning, we develop the offline trained
MRC-CCC method combining with a tracking controller,
which is also experimentally verified for high-precision and
high-speed scanning of piezo-actuated stages.

The remainder of this paper is formulated as follows. Sec
I analyzes the cross-coupling effect in raster scanning. The
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Fig. 3. The dynamics of the system for PTS: (a) the cross-coupling dynamics;
(b) the simplified model in raster scanning pattern.

control schemes for different axes are also presented in this
Section. Sec. III illustrates the experimental setup and the
experimental results to show the effectiveness of the developed
method. The conclusion is summarized in the last section.

II. PROBLEM STATEMENT

A. The cross-coupling effect

In order to accomplish a raster scanning, the X-axis is
designed to track a triangular trajectory with a constant
frequency, while the Y-axis is set to track a synchronous
stair-case signal. However, due to the existence of the cross-
coupling effect, the actual scan trajectory distorts severely, as
shown in Fig. 2. As a consequence, the tilt will distort the
information of the captured image. With the requirement of
high-speed and high-precision scanning motion control of the
PTS, the cross-coupling effect has to be considered carefully.
As discussed in our previous work [28], the hysteresis effect
can be treated as periodic disturbances introduced to the input
of the system dynamics, when actuated by the periodic control
voltage. The block diagram of dynamics for the PTS can thus
be described by Fig. 3(a), where G, (z) and G, (z) denotes
the dynamics of the X- and Y- axes, respectively, dp, (k) is the
bounded disturbances introduced by the hysteresis. The y4(%)
and y,(t) are the desired reference trajectory and the actual
output displacement of the Y-axis, respectively. The xz4(t) and
24(t) are the desired reference trajectory and the actual output
displacement of the X-axis, respectively. The term G, (%) and
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Fig. 4. The spectrogram of the displacement of the Y-axis when the X-axis
is tracking triangular trajectory: (a) 10 Hz; (b) 40 Hz.

Gyz(z) denotes the cross-coupling dynamics between the X-
axis and Y-axis. It is known that the influence from X-axis
to Y-axis is much severer than that from the Y-axis to X-axis
during the raster scanning. As a result, the coupling effect
from the X-axis to Y-axis is captured and investigated in the
following. The experiments are performed on a commercial
PTS, which is described in the following section.

Taking the scan rate of 10-Hz for example, in such case,
the reference input to the X-axis is the triangular signal
with the fundamental frequency of 10 Hz. Unlike the stair-
case trajectory for Y-axis, the Y-axis is designed to track
a constant value in open-loop strategy. It should be noted
that the output of the Y-axis is all owing to the coupling
effect under this circumstance. The output displacement of
the Y-axis is captured and analyzed. By analyzing this signal
in frequency domain, the spectra of the output displacement
for the Y-axis is shown in Fig. 4(a), for the scanning rate
of 10-Hz. It can be found that this coupling effect affects
the Y-axis at the fundamental frequency (10 Hz) and the
harmonics of the fundamental frequencies (30 Hz, 50 Hz, 70
Hz and so on) of the reference signal to X-axis. Meanwhile,
experiments of other scanning rates have also been conducted.
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Fig. 5. The block diagram of the MRC scheme for X-axis.

These experimental results are consistent with that of the scan
rate of 10-Hz. In addition, the spectra of output displacement
for the Y-axis with the scanning rate of 40-Hz is illustrated
in Fig. 4(b). The output displacement signal of the Y-axis in
time domain can be found in Fig. 11 (d) and (f) in open-loop
strategy for the scanning rate of 10-Hz and 40-Hz, respectively.
For a clear presentation, the enlarged details of Fig. 4 are
additionally shown in this figure. Then, we can experimentally
conclude that this coupling induced tracking errors can be
regarded as the periodic output disturbances to the dynamics
of the Y-axis. The coupling dynamics in Fig. 3(a) is thereby
simplified to Fig. 3(b) for the PTS in AFM raster scanning
pattern, in which the coupling effect from X-axis to Y-axis
is represented by d.(k). As discussed above, the periodic
coupling effect can thus be eliminated via the well-designed
repetitive control technique during the raster scanning.

B. Controller design

With the objective of achieving high-speed raster scanning
with high-precision, the most challenging work is to handle the
X-axis and eliminate its effect to Y-axis. For the X-axis, the
main limitations are the hysteresis nonlinearity and vibrations
resulting from the lightly-damped resonant mode. In [28], [29],
it is analyzed that the hysteresis and the vibration caused
tracking errors are periodic during the repetition process.
Therefore, it is possible that the all these tracking errors
can be mitigated by the repetitive control [18], [30], [31],
which is an extraordinary work subjected to dealing with the
periodic tracking errors and the disturbances [29], [32]. To
implement this control method in a discrete time domain and
diminish its amplification of the captured noise signal, a MRC
approach is utilized to accomplish the triangular trajectory
tracking experiments for X-axis, as shown in Fig. 5. The
MRC approach introduces a spectrum-selection filter Q(z) to
alleviate the non-periodic disturbance amplification problem
of the repetitive control. The transfer function of Q(z) is

— —(N—my)
Q=12
— Bz

where N is the number of sampling points in one period,
and S is determined within experiments to obtain a better
noise rejection behavior. For the consideration of stability, an
additional low-pass filter ¢(z) is introduced into the spectrum-
selection filter. There are several options available as the low-
pass filter, such as g(2)=(az"! + b+ a2)’ [18] and q(2)=75
[33]. The terms P, (z) is a the inversion of system dynamics

Be(0,1) (1)

Offline Trained MRC-CCC

Fig. 6. The block diagram of developed offline trained real-time decoupling
method for Y-axis.

G.z(2) , and m, is the delay determined by the system
dynamics and inversion calculation. As a plug-in module, the
MRC controller and the tracking controller C,(z) can be
designed independently. For mitigating the residual tracking
errors, the widely used proportional and integral (PI) controller
is finally chosen as the tracking controller. It should be noted
that, due to residual hysteresis nonlinearity and the limited
control bandwidth, the imaging data of the ascending slope or
the descending slope for the triangular trajectory is commonly
collected to establish the topography of the sample. As the zero
tracking errors of the triangular trajectory tracking experiments
with MR, it is feasible to generate the sample surface using
the data from both ascending slope and the descending slope.
In this sense, the total scan time can be shorted by 50%, which
is a solution to achieve fast scanning.

For the Y-axis, to achieve the high-precision motion control
of the stair-case trajectory, the most challenging problem is the
coupling effect from X-axis. According to the analysis in the
previous part, the MRC control approach is capable of dealing
with the periodic output disturbances introduced by coupling
effect. However, on account of the aperiodicity of the stair-
case signal (in Fig. 2(a)), the MRC control approach is not
applicable in this case. For handling this issue, the Y-axis is
designed to track a constant value at first, the periodic tracking
errors caused by the coupling effect can be eliminated with
the MRC approach. Therefore, the offline trained MRC-CCC
approach is developed to generate the compensation signal
ugs(t) , which acts as the feedforward method in real-time
scanning. The block diagram of developed offline trained real-
time decoupling method is shown in Fig. 6, where the basic
control idea are same with that in Fig. 5. Due to the low
variation of the stair-case trajectory, the hysteresis induced
input disturbances dj, (k) are ignored in this control diagram.
For training the compensation signal, the desired trajectory
yq(t) in Fig. 6 is set as 0 as an illustration. On this condition,
all the compensation voltage wys(t) for trajectories with
different scan rates can be captured and recorded. Incorporated
with the tracking control Cy(z), the MRC-CCC approach can
be designed to realize the tracking experiments of the stair-
case trajectory. For convenience, the tracking controller is also
determined as the PI controller. It is worthy of mentioning
that when the Y-axis is configured to track a constant value,
the tracking errors are all owing to coupling effect, and the
captured compensation signal is only aimed to mitigate this
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coupling effect.

III. EXPERIMENTAL STUDIES

In this section, the experimental setup and the detailed
information of the MRC-CCC approach is presented. Besides,
the tracking performance of the PTS and its imaging applica-
tion in AFM are illustrated to show the effectiveness of the
developments on decoupling control, compared with the pure
tracking controller.

Frequency (Hz)

The identified frequency responses: (a) X-axis; (b) the coupling dynamics from X-axis to Y-axis; (c) the coupling dynamics from Y-axis to X-axis;

A. Experimental setup

To validate the effectiveness of the developed control
method, an AFM designed by NTMDT company is used in this
work. The overall experimental setup is shown in Fig. 7. This
setup consists of three main parts: the AFM system to realize
the scan motion and establish the topography of the sample
surface, the dSPACE to implement the control approaches, and
the voltage amplifier to generate the actuation voltage for the
scanner. The AFM system is composed of the scan module,
the signal access module, an integrated controller and a micro-
scope assisting for mounting the sample and probe. The scan
module adopted in this work is the head scanner, which means
that the relative scanning motion is obtained via the movement
of the probe. This scanner can achieve the movements in X-
Y-Z directions simultaneously. Each axis is equipped with a
capacitive sensor for capturing the actual displacement signals.
The travel range of the scanner is 100um x 100um x 10um.
To implement the control approaches, the dSPACE DS-1103
is configured, which has an interface with 16-bit ADs and 16-
bit DAs. The 16-bit ADs can capture the analog displacement
signal from the capacitive sensors via the integrated controller
and transfer it to the dSPACE host as digital signals. At the
same time, the digital signal processing is in process within
dSPACE host to fulfill the closed-loop control. The 16-bit DAs
are utilized to deliver the control voltages to the high-voltage
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amplifier. The voltage amplifier with the amplification factor of
30 is utilized to provide the high-voltage signals to the PTS for
actuation. For illustrating the effectiveness of the decoupling
performance of the proposed method with AFM images, the
constant height mode is set. The high resolution contact probe
CSGO1 from NTMDT is configured, where the resonance is
9.8 kHz and the force constant is 0.03 N/m. The TGQI grating
sample from NTMDT is utilized with square microstucture,
whose period is 3pum. The sampling frequency of the dSPACE
control board is set to be 10 kHz.

B. The controller implementation

For the objective of designing the MRC scheme for X-axis
and MRC-CCC scheme for Y-axis, the dynamics of these two
systems have to be identified at first. To this end, the band-
limited white noise signal with low amplitude is generated
to excite one of these two axes (X/Y-axis), in which the
other axis (Y/X-axis) is designed to track a constant value
in open-loop strategy. The input noise signal and the output
displacement signal are captured simultaneously, which are
utilized to determine the dynamics of the X-axis and Y-axis
with the Matlab Identification Toolbox. The identified transfer
functions of the X-axis and Y-axis are expressed as

G (z) — -1 0.0012%—0.00032%40.0022%—0.0032> —0.004240.003
T - 26—4.34725+8.2062%—8.40925+4.76222 —1.2932+0.8583
2
G (z) - 1 0.0082%—0.0302340.05022—0.0412+0.015
yy = 25—4.2342%547.74925—7.60122+3.9952—0.9024
(3)

The comparison of the experimental results and the identified
model is shown in Fig. 8(a) and Fig. 8(d), respectively. As
can be observed in this figure, the identified model could
describe the system dynamics precisely. Furthermore, the
cross-coupling dynamics between these two axes are presented
as well, where the severe cross-coupling effect can be observed
clearly.

Take Y-axis for instance, it is convenient to deduce the
parameters of the MRC-CCC scheme with the identified dy-
namics. From Eq. (3), it can be calculated that this system is a
non-minimum phase system. Stemming from this fact, a zero-
phase-tracking-control method [34] is employed to acquire the
model inversion of the Y-axis. Therefore,

P AG) A(2)By(2)
! By(2)[B, (1))

B(2)
where A(z) and B(z) are the denominator and the nominator
of transfer function of the Y-axis, the B;(z) is composed of all
the stable zeros, B, (z) is composed of all the unstable zeros
and By(z) is obtained via flipping the coefficients of B,,(z).
The parameter mu is the number of the unstable zeros and
mc is the compensation term to keep the system inversion
causal. The delayed steps m, is the sum of the identified
delays and the parameter mc. According to Eq. 3, there exists
four unstable zeros, and thus the order to system inversion
casual is calculated as 5. Therefore, the delayed steps m,
is thus computed as 6. Similarly, the delayed steps m, for
X-axis is computed as 7. On account of the performance of
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the filter and the bandwidth of the system, the low pass filter
in Q(z) is determined to be ¢(z)=(az~! + b+ az)’ , where
a = 0.25, b = 0.5,¢7 = 6. It is known that the higher the
control gain is, the better the tracking performance is for the
system with PI control. However, the higher control gains may
cause low relative stability margin [14]. Hence, the control
gains are finally maximized before the vibration occurs for the
step response, which is plotted in Fig. 9. The slightly vibration
can be observed in this figure. The control gains of PI control
are finally determined as k, = 0.01, k; = 350 for the Y-axis,
with trial and error method in experiments.

To optimize the parameter 3, the convergence experiments
are performed. It should be noted that when the parameter 3
is set to 0, the MRC scheme is converted to the traditional
repetitive control, which requires the shortest convergence
time. Based on the convergence experimental results, it can
be found that the repetitive control in this work requires
approximately two scanning cycles before convergence for
X- and Y- axes. Since the MRC-CCC for Y-axis is trained
offline, the convergence time is not an issue for real-time AFM
scanning. Therefore, the convergence experiments for X-axis
are studied here. To make a balance between the convergence
speed and the noise rejection property, the parameter 8 in Q(2)
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Fig. 11. Experimental results: (a)-(c) The triangular trajectory tracking results of the X-axis for the frequency of 10-Hz, 20-Hz, 40-Hz, respectively; (d)-(f)

The coupling induced tracking results the Y-axis for the frequency of 10-Hz, 20-Hz, 40-Hz, respectively, under different control methods.
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Fig. 12. The tracking results of the Y-axis with different control methods for different scanning rates: (a) 10 Hz; (b) 20 Hz; (c) 40 Hz.

is set as 0 during the first two periods, where the MRC scheme
is simplified to the traditional repetitive control approach,
and increase to 0.9 incrementally in the next two scanning
cycles. Take the scanning rate of 10-Hz for illustration, the
convergence experimental results with varying § for X-axis
are shown in Fig. 10, where the shortest convergence time
is also achieved. This varying parameter method is employed
for MRC-CCC scheme of Y-axis as well. With all the pa-
rameters determined, the experimental results are presented
in the following part. Note that, to guarantee the decoupling
performance, the coupling compensation signals are captured
after several iterative cycles. For more information of the MRC
scheme and the parameters optimization, readers can refer to
[28].

Remark 1. As for the MRC scheme of X-axis in real-time
AFM scanning experiments, it requires at least two scanning
cycles to converge, during which the tracking precision is not

high enough for scanning. In this work, before the convergence
of the X-axis, the Y-axis is designed to track a constant value,
and these two scanning cycles are abandoned in imaging
experiments.

C. Experimental tracking results of the PTS

As analyzed in Sec. II, this section presents the experimental
results to show the effectiveness of the MRC-CCC approach
on coupling compensation. Since the tracking controller is the
widely used PI controller, the comparative experiments for Y-
axis with MRC-CCC control is set as pure PI controller to
track a constant value, where the gains of the PI controller
for Y-axis with PI control and Y-axis with MRC-CCC control
are the same. For all comparative experiments, the X-axis is
designed to track the triangular trajectory with the PI+MRC
scheme.

The 10-Hz tracking results of the X-axis with PI+MRC is
shown in Fig. 11(a). It can be observed that with the PI+MRC
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Fig. 13. The scanning experimental results for different control methods with different scanning rates: (A) 20-Hz; (B) 40-Hz; (a) The experimental results
for PI control; (b) The experimental results results for PI+(MRC-CCC) control; (1) The comparison of the desired scanning trajectory with the actual scanning
trajectory; (2) The enlarged details of the comparative results; (3) The corresponding AFM image.

scheme, the X-axis tracks the desired triangular trajectory errors of Y-axis all result from the coupling effect at this
accurately. The tracking results of the Y-axis in open-loop case. It can be seen from Fig. 11(d) that due to the existence
strategy, with PI control, and with MRC-CCC control are also of the coupling effect, it is tough for the PI controller to
illustrated in this figure, which are all design to tracking a track the desired trajectory accurately, though the tracking
constant value. It is worthy of mentioning that the tracking frequency of X-axis is only 10 Hz. In addition, the 20 Hz
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and 40-Hz tracking results for the X-axis and Y-axis with
different control approaches are shown in Fig. 11(b),(e) and
Fig. 11(c),(f), respectively. Comparing these figures, it can be
found that with the increase of the tracking frequency, the PI
controller is not capable of compensating the coupling effect,
especially for the frequency of 40 Hz shown in Fig. 11(f).
It is because of the high-frequency components involved in
the coupling effect and the limited control bandwidth of the
PI controller that the Y-axis with pure PI control failed to
track the desired displacement. From Fig. 11(f), it can be
seen noticeably that the coupling amplitude for Y-axis with PI
control is approximately equal to that in open-loop strategy,
while the Y-axis with MRC-CCC control is kept in excellent
tracking performance. It should be noted that the compensation
signals for mitigating the coupling effect in Fig. 11(d),(e),(f)
of MRC-CCC control are captured and recorded as the offline
trained MRC-CCC controller, which verifies the accuracy of
the development.

For quantitatively comparing the tracking performance of
the Y axis with different control approaches, the maximum
tracking errors e,, and the root mean square tracking errors
erms » defined as

= W (1) — alt 5
e te%a}gT]Iy() Ya(t)] (5)

2T
€rms = \/217-./0 [yd(t) - ya(t)}Q (6)

are summarized in Table I, where T is the period of the
input signals to X-axis. By comparison, for the frequency
of 40 Hz, the root mean square tracking errors with MRC-
CCC control is reduced from 172.1nm to 3.3nm. On contrary,
the tracking errors with PI control is almost equal to that in
open-loop, which is even larger than the scanning resolution.
On the basis of the above-mentioned results, it is concluded
that the developed MRC-CCC technique exhibits excellent
performance on compensation of the coupling effect.

D. Imaging application in AFM

The foremost control objective of this work is to minimize
the tracking errors during raster scanning. Hence, the raster
trajectory tracking tests are performed on the AFM described
in Sec. III-A. For achieving the stair-case trajectory tracking
experiments, an additional PI controller is incorporated with
the offline-trained MRC-CCC controller as shown in Fig. 6. As
mentioned above, the X-axis is also design with the PI+MRC
scheme for tracking the triangular trajectory. The Y-axis is
corresponding designed to track the stair-case trajectory with
different control approaches, which are the PI+(MRC-CCC)
control and the PI control for comparison. The tracking results
of the Y-axis for different control methods with different
scanning rates are shown in Fig. 12. As shown in this figure, in
comparison with the PI controller, the PI+(MRC-CCC) control
method improves the tracking performance of the Y-axis
for the stair-case trajectory significantly, even in high-speed
scanning. This experimental results validate the effectiveness
and suitability of the developed method on mitigating the
coupling effect in AFM scanning experiments, where the PI

TABLE I
TRACKING ERRORS OF THE Y-AXIS WITH DIFFERENT CONTROL
APPROACHES FOR DIFFERENT FREQUENCIES OF THE X-AXIS.

Frequency(Hz) Open-loop (um) PI (um) MRC-CCC (um)
em €rms €m €rms em €rms

10 0.3064 0.1746 0.0954 0.0777 0.0095 0.0027

20 0.3256 0.1754 0.1790 0.1368 0.0095 0.0029

40 0.3146 0.1721 0.3033 0.1981 0.0118 0.0033

controller deals with the trajectory variation of the Y-axis and
other disturbances, the offline trained MRC-CCC controller
deals with the coupling effect. The raster trajectory tracking
results for different control methods with different scanning
rates are presented in Fig. 13(1). The enlarged details are
also presented in this figure, where only the selected desired
scanning trajectory and the actual scanning trajectory are
plotted. It can be seen from Fig. 13 that, due to the tracking
errors induced by coupling effect, the raster scan trajectory
appears severe trajectory distortion, which will consequently
result in artifacts or image distortion. For the convenience of
understanding, the AFM image are additionally illustrated in
Fig. 13(3), where the experimental results of the system with
PI+(MRC-CCC) control and with PI control are presented
corresponding to the scanning trajectory. Note that due to
the digital signal process in capturing the height signal, the
imaging resolution for the scanning rate of 20-Hz and 40-Hz
are 250 x 250 and 250 x 125, respectively. With PI control, the
image distortion can be observed clearly from Fig. 13A-(a3)
and B-(a3), where the microstructure of square is shaped to
deformed rhombus pronouncedly. In contrast, with PI+(MRC-
CCC) control, the problem caused by the coupling effect is
well handled, as shown in Fig. 13A-(b3) and B-(b3). Even
though the excellent decoupling performance, the raster scan
tests are not performed with a higher frequency (more than
40-Hz), in consideration of the limited bandwidth of the Z-
axis, where the captured image with higher scanning rate is
not so clear as that with a lower one.

IV. CONCLUSION

In this paper, a MRC-CCC approach is proposed and
verified on a PTS of AFM for fast raster scanning with high-
precision. The development lies in the fact that the coupling ef-
fect can be analyzed as the periodic output disturbances to the
system dynamics during repetition operation. Therefore, the
complicated modeling and identification of the cross-coupling
dynamics is avoided for the development, which significantly
lower the implementation complexity. As the raster trajectory
for the Y-axis is non-periodic, the offline trained MRC-CCC
approach is employed to generate the compensation signals,
which acts as feedforward controller to mitigate the influence
caused by the coupling effect. For realizing the raster scanning,
the developed MRC-CCC controller is combined with the PI
controller for tracking the stair-case trajectories of the Y-
axis. Experimental results show that the developed control
method is effective on tracking the stair-case trajectory with
the scanning rate up to 40-Hz, where the coupling effect
caused tracking errors are reduced prominently.
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