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Abstract—Piezoelectric tube actuators are widely used in atomic
force and scanning tunneling microscopy (STM) for nanoscale po-
sitioning. There has been a consistent effort to increase the scan
speed of these actuators using feedback control techniques. A feed-
back controller requires a measurement of the scanner’s deflec-
tion, which is often provided by a capacitive sensor. Such mea-
surements are corrupted by sensor noise, typically in the order of
20 pm/v/Hz rms. Over a bandwidth of 10 kHz, this translates into
an rms noise of 2 nm, clearly inadequate for applications that re-
quire subnanometer positioning accuracy, e.g., STM. In this paper,
we illustrate how the strain voltage induced in a free electrode of
the scanner can be used as an additional displacement signal. The
noise level corresponding to the strain signal is about three orders
of magnitude less than that of a capacitive sensor, making it an
ideal choice for nanopositioning applications. However, it cannot
be used for dc and low-frequency measurements. A two-sensor-
based controller is designed to use the capacitive sensor signal at
low frequencies, and the strain displacement signal at high frequen-
cies. By limiting the capacitive sensor feedback loop bandwidth to
less than 100 Hz, the rms value of the noise is reduced to well below
1 nm. For almost the same noise level, the two-sensor-based con-
trol structure achieves a closed-loop bandwidth of more than three
times that of the single-sensor-based controller.

Index Terms—Piezoelectric tube scanner, scanning probe micro-
scopes (SPMs), two-sensor-based H ., controller.

1. INTRODUCTION

IEZOELECTRIC transducers have been used in a wide
P range of applications such as vibration control of flexible
structures [1]-[6], active noise control [7], [8], microelectrome-
chanical systems (MEMSs) [9], and also in scanning probe mi-
croscopes (SPMs) [10]. The term SPM is a name given to a
group of microscopes such as scanning tunneling microscope
(STM), atomic force microscope (AFM), and similar devices
that use a probe to develop images of material surfaces with
extremely high accuracies.

Application of the piezoelectric tube was first reported in [11]
for the use in the STM. In an SPM, the piezoelectric tube is used
to either move the probe or the sample in a raster pattern in or-
der to scan the entire region of interest. A raster scanning is
normally performed by moving the piezoelectric tube along the
z-axis in forward and reversed directions (horizontal scanning),
and then moving the piezoelectric tube along the y-axis in a
small step to reach the next line (frame scanning) for another
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horizontal scanning [12]. During the forward pass of horizon-
tal scan, the surface topographic information gathered by the
probe is stored for image processing. The speed of a piezoelec-
tric scanner is largely determined by the scanning frequency of
horizontal scanning.

The positioning precision of the piezoelectric tube can be ad-
versely affected by vibrations and nonlinearities exhibited by
the piezoelectric material such as hysteresis and creep [13]. The
main source of vibrations is scan induced vibrations due to exci-
tation of the lightly damped first resonant mode of the actuator
by higher harmonics of the horizontal scanning signal. In prac-
tice, in order to minimize the induced vibrations, the horizontal
scanning frequency is limited to 1/100th of the first resonance
frequency of the tube, or lower. As for the nonlinearities, the ad-
verse effects of hysteresis and creep can be reduced by limiting
the scanning range and operating time of the piezoelectric tube,
respectively. The aforementioned limitations restrict the use of
the piezoelectric tube scanner for high speed and long scanning
range operations.

There has been a consistent effort in recent years to improve
accuracy and speed of scanning probe microscopes using feed-
back control techniques. One of the earliest attempts to control
a piezoelectric tube actuator is reported in [14], where a non-
contacting inductive sensor was used to measure the lateral dis-
placement of a tube. Lag-lead and H , controllers were designed
and implemented on the tube, and the feasibility of reducing the
adverse effects of creep and hysteresis were demonstrated. The
authors also reported that the H, controller achieved damping
of high-frequency vibrations. The use of loop shaping procedure
to design a feedback controller for a piezoelectric tube actuator
instrumented with optical displacement sensors to track a raster
pattern was described in [15]. Their results show reductions in
tracking error and cross coupling due to the use of feedback
control. Examples of other successful applications of feedback
include [16]-[18]. A comprehensive review of the field can be
found in [19].

The key idea associated with feedback-based methods is to
damp the first resonant mode of the piezoelectric tube actua-
tor. This “flattening” of the frequency response of the scanner
will allow tracking of a faster triangular waveform, and con-
sequently, a faster scan. Furthermore, to achieve accurate posi-
tioning at high frequencies and minimize the adverse effect of
hysteresis, the feedback gain is often chosen to be high. There
is a limit on how high the feedback gain can be made before
the closed-loop system is made unstable, since the existence
of sharp resonant peaks in the frequency response of the ac-
tuator typically results in a very low gain margin [20]. Using
notch filters in the feedback loop has been shown to result in an
improvement in the achievable gain margin [21].
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The use of high-gain feedback for accurate tracking is neces-
sitated due to the hysteretic nature of the piezoelectric actuator.
If the actuator is driven by a charge source, the hysteresis is
significantly reduced, resulting in an almost linear actuator, a
fact that has been known since early 1980s [22], [23]. Recent
progress in designing dc-accurate charge amplifiers has made
it possible to use this unique property of piezoelectric materi-
als [24]-[26]. A similar charge source is used here to actuate a
prototype piezoelectric tube nanopositioner.

Inversion-based feedforward method has also been applied to
piezoelectric tube actuators. An attractive feature of the feed-
forward control scheme is that this method does not require any
additional sensors for implementation. Model-based inversion
approach was used in [13] to compensate for positioning dis-
tortions caused by creep, hysteresis, and induced vibrations. A
low-order feedforward controller was presented in [27] to sup-
press the lateral oscillation of a piezoelectric tube scanner. The
feedforward controller was designed using H,, method such
that the system is not excited at frequencies around the first
resonance of the piezoelectric tube scanner. The performance
of feedforward control schemes heavily relies on an accurate
model of the system [13], [27]. Combining feedback and feed-
forward compensations has been shown to result in satisfactory
tracking in a piezoelectric tube nanopositioner in the presence
of parameter uncertainties in the plant model [28], [29].

In applications where ultrahigh-precision positioning is a ne-
cessity, e.g., in scanning probe microscopy, the performance
of the feedback control scheme is severely limited by the
noise properties of the displacement sensor. To appreciate
this, consider a displacement sensor that has an rms noise of
20 pm/+/Hz—most capacitive and inductive displacement sen-
sors are subject to this level of noise. If the sensor is operated
over a bandwidth of, say 10 kHz, its rms noise will be 2 nm,
which makes it impossible to achieve subnanometer positioning
accuracy. However, if the very same sensor is operated over a
bandwidth of 100 Hz, the noise level is reduced to 2 A, about
the radius of an atom. Limiting the bandwidth to 1 Hz would
further reduce this noise level to 0.2 A. Thus, the positioning
accuracy achievable by a feedback controller can be signifi-
cantly improved. However, this would also limit the operating
bandwidth of the feedback controller, resulting in very slow
closed-loop operation of the system. Such a severe closed-loop
bandwidth limitation would come at the additional cost of mak-
ing the closed-loop system sensitive to vibration, noise, and
other disturbances.

The key idea of this paper is to utilize the piezoelectric voltage
induced in one of the two electrodes as an additional displace-
ment sensor. Although this signal cannot be used to measure
static deflections of the tube, and it has a poor low-frequency
response, it can function as an excellent high-frequency dis-
placement sensor, with a noise level of at least three orders of
magnitude less than a capacitive sensor. Thus, for all practical
purposes, this sensor can be viewed to be almost free of noise.
A controller can be designed to achieve satisfactory tracking
using these two “complementary” sensors. Here, a two-input
one-output H, controller is designed to use the capacitive sen-
sor measurements at low frequencies (below 100 Hz), and dc,
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Fig. 1. Piezoelectric tube dimensions in millimeters. (a) Isometric view.
(b) Bottom view (dimensions are not to the scale and the thickness of the
electrode is exaggerated).

and the piezoelectric strain signal at higher frequencies. For
roughly the same noise level, the controller achieves a closed-
loop bandwidth more than three times that obtained from a
controller utilizing the capacitive sensor measurement alone.

The remainder of the paper is arranged as follows. Section II
provides a description of the experimental setup. Modeling and
identification of the system transfer functions are presented
in Section III. Control schemes are devised in Section IV. In
Section V, simulation and experimental results are presented
to illustrate the effectiveness of the proposed control schemes.
Finally, conclusions are drawn in Section VI.

II. SYSTEM DESCRIPTION

The piezoelectric tube used in the experiments reported in this
paper is a cylindrical tube made of piezoelectric material plated
with a layer of electrode on the inner and outer surfaces of the
tube. The inner electrode is continuous and grounded. The outer
layer electrode is segmented into four equal sized electrodes
and referred individually as +x, —z, +y, and —y electrodes.
The physical dimensions of the tube are given in Fig. 1. The
piezoelectric tube is housed in a circular aluminum enclosure
to protect it from external disturbances and acoustic noise. A
hollowed aluminum cube is glued to the top of the tube to
serve as a sample holder and also to provide the capacitive sen-
sors (ADE Technologies 2804 capacitive sensor) flat surfaces so
that the tip deflection can be measured accurately. The capaci-
tive sensors are fixed at right angles to the cube surface in the
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Fig. 2. Piezoelectric tube is housed in a circular aluminum enclosure.

x-axis and y-axis by using nylon screws, as shown in Fig. 2. The
capacitive sensors have a sensitivity of 10 ym/V over a range of
4100 pm. The rms noise density of the capacitive sensors were
measured in [30] to be 17.5 pm/\/E. Each of the capacitive
sensors is driven by an ADE Technologies 4810 gaging sys-
tem that comes with multiple bandwidth settings. By operating
the sensor over a bandwidth of 100 Hz, the rms noise or the
resolution of the capacitive sensor is set to 0.175 nm.

In most nanoscale positioning applications, including in most
SPMs, the tube motion is produced by applying equal and op-
posite sign input signals to the electrodes opposite to each other.
However, in this paper, only the +x electrode is used to produce
the forward and reversed motions of the tube in the z-axis. This
is achieved by applying a triangular signal to this electrode. The
opposite electrode —x is used as a secondary sensor to measure
the tip deflection. Note that this arrangement reduces the scan
range of the tube to half. However, it results in a substantially
higher positioning accuracy, as articulated shortly. If needed, a
larger scan range can be obtained by utilizing a tube of different
dimensions.

When the tube deflects, the piezoelectric strain voltage in-
duced in the —z electrode is found to be proportional to the tip
deflection over a certain frequency range. The transfer function
from the strain voltage to the output of an instrumentation am-
plifier resembles a first-order high-pass filter [3]. This is due to
the capacitive nature of the piezoelectric tube. The high-pass
filter can be expressed as

Ghp (s)

S
s+ (1/RaGy)

where R;, is the input impedance of the voltage measuring
instrument and C), is the capacitance of the piezoelectric tube.
The rms noise density of the piezoelectric strain voltage was
measured in [30] and [31] to be 16 fm/v/Hz, about a thousand
times less than that of the capacitive sensor. Such an extremely
low-noise level will only cause a few picometers of rms noise
over a bandwidth of tens of kilohertz. By this measure, this
should be the preferred displacement sensor. However, due to
its high-pass nature, as articulated before, accurate positioning
at low frequencies using this sensor alone is impossible. At

(D

K (s)

Uy To

Fig. 3. Schematics of the proposed feedback control system.

low frequencies where the strain signal cannot be used, the
displacement measurement obtained from the capacitive sensor
can be used directly. The complementary nature of the two
measurements allows for the bandwidth of the capacitive sensor
to be made very low, thus reducing the overall effect of noise on
the controlled position of the scanner to an absolute minimum.

The schematics of the proposed feedback control scheme are
illustrated in Fig. 3. The +x electrode is being driven by a
home-made charge source [24], [25] that renders the plant lin-
ear, hence reducing the adverse effect of hysteresis. The charge
amplifier has a constant gain of 68 nC/V. The two-input one-
output controller is designed to take advantage of the comple-
mentary nature of the two measurement signals. Details of the
design are explained in Section IV. A dSPACE DS1103 con-
troller board equipped with a 16-bit analog-to-digital converter
(ADC)/digital-to-analog converter (DAC) cards was used for
real-time controller implementation. A sampling frequency of
15 kHz is used to avoid aliasing. In order to reduce the quanti-
zation noise, a low-noise preamplifier with a gain of 10 is used
to amplify the capacitive sensor output so that it occupies the
full range of the ADC card for a range of £10 pm.

III. SYSTEM IDENTIFICATION

This section discusses and details the modeling proce-
dures undertaken in this paper. The following frequency re-
sponse functions (FRFs) were determined using a dual channel
HP35670A spectrum analyzer

G, (i) = * EZZ‘:; @
and
Ge, (iw) = = ((Z‘:)) 3)

where u, is the input voltage to the charge amplifier, v, is
the induced piezoelectric strain voltage, and c, is the output
voltage of the capacitive sensor. The subscript = denotes that
the actuation and measurements were performed along the z-
axis. A band-limited random noise signal (1-1601 Hz) was
generated using the spectrum analyzer and applied to the charge
amplifier as the input u,. The corresponding outputs v, and
¢, were also recorded using the same device. The input—output
data were processed to generate the FRFs of (2) and (3) in a
nonparametric form, as illustrated in Fig. 4.
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Fig. 4.  One-loop-frequency responses, G, , (iw) (dashdots), G, v, (iw)
(dash), and the identified model G, ,, (s) (solid).

It can be seen from Fig. 4 that G, ,,, (iw) includes a high-pass
filter with a cutoff frequency of about 9 Hz. The high-pass filter
results in a phase lead and heavy attenuation of the strain volt-
age signal at low frequencies. Thus, the strain voltage cannot be
used as areliable tip deflection measurement at low frequencies.
Nevertheless, from about 20 Hz and onwards, the strain voltage
provides an excellent signal that can be used to estimate the tip
deflection and also the dynamics of the piezoelectric tube. As
for G, ., (iw), its frequency response includes a low-pass filter
with a cutoff frequency of 100 Hz. Thus, the capacitive sensor
can be used to measure the tip deflection below 70 Hz with ac-
ceptable accuracy. After this frequency, G., ,, (iw) starts to roll
off considerably. These two measurements complement each
other since the former is accurate at high frequencies, including
at the resonance, and the latter is reliable at low frequencies,
including at dc. Note that a scaling factor of K, = 0.2 has been
incorporated into the G, ,,, (iw) to adjust the sensitivity of the
signal obtained from —x electrode and make it identical to that
of the capacitive sensor signal.

In this paper, instead of fitting separate transfer functions to
Gy, v, (iw) and G, ,, (iw), a new FRF was formed by using
the low-frequency range (1-50 Hz) of the G, ,,, (iw) data and
the high-frequency range (51-1601 Hz) of the G, ,,, (iw) data.
The new FRF corresponds to the deflection of the tip y, that
is not affected by artifacts such as the high-pass property of
the strain signal or the low-pass property of capacitor sensor
measurement. A second-order model was fitted to the new FRF
data. The identification algorithm used for this purpose was
the frequency-domain subspace-based system identification ap-
proach described in [32] and [33]. The following model was
found to be a good fit, as illustrated in Fig. 4:

Gy, u, (5) = —0.065> — 342.85 + 2.654 x 10°
Yats S50 T2 149 475 + 2.895 x 107

The high-pass and the low-pass filter characteristics corre-
sponding to G, ,,, (iw) and G, (iw), respectively, are fitted

“
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Tube

Fig. 5. 2-DOF control block diagram.

with the following models:

3.948 x 10°
o (8) = 7 588,65 7 3.048 x 10° )
and
Gy (5) = ———— (6)
e 2 55.29

IV. CONTROLLER DESIGN

This section discusses and details the H,, control design
schemes proposed in this paper. The key objectives of the design
are as follows.

1) To achieve good damping ratio for the first resonant mode

of the piezoelectric tube scanner.

2) To achieve higher tracking bandwidth using the low-
bandwidth capacitive sensor and the piezoelectric strain
voltage signal as the primary and secondary displacement
measurements, respectively.

3) To minimize the effect of low-frequency vibrations on the
tube’s deflection.

For the sake of comparison, a second controller using only
the measurements obtained from the capacitive sensor is also
designed to achieve the aforementioned objectives as much as
possible.

A. Two-Sensor-Based H., Controller

The proposed control diagram is illustrated in Fig. 5, where
a 2-DOF controller scheme is to be synthesized. The control
structure consists of the feedforward controller Kyq (s) and
the feedback controllers K, (s) and K. (s). The feedback con-
trollers are first designed. Fig. 6 illustrates the feedback con-
trol block diagram with incorporated weighting functions. The
problem can be cast into the standard H,, controller design
framework, as shown in Fig. 7. The exogenous input vector is
defined as

w = di
and the exogenous output as

=[]

where r is the reference signal to be tracked, d; represents
low-frequency vibrations modeled as an input disturbance, and
n represents the sensor noise. Furthermore, u, is the control
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Fig. 7. General feedback control configuration.

signal and v is the measured output. From Fig. 6, it is clear that
21 =W (r— Gy, u, (uy +Wipdi))
and
z9 = Wouy,.

The control signal is u, and v is the vector of measured outputs
v
()

v =1 — (Gy,u, (Us +Whpd;) Gy, + Wipn)

where

and

vy =7 = (G, (1t Wopdy) Gy + Wipn)

To achieve satisfactory vibration reduction at low frequen-
cies, a disturbance d; has been introduced at the input of the
plant and the controller is forced to minimize 7T}, 4, , the transfer
function from the input disturbance d; to the actual nanoposi-
tioner output y,.. The weighting function W, is tuned to the
resonance frequency of the tube that is located in the vicinity of
850 Hz, as shown in Fig. 4, and is chosen as

1793s
52 417935 + 2.893 x 107"

Wiy (s) = (7N

Magnitude (dB)

Fig. 8.

Weighting functions.

The capacitive sensor is noisy at high frequencies, and the
piezoelectric stain voltage signal is distorted at low frequencies.
The controller is designed to utilize the capacitive sensor for
tracking low-frequency signals, and the strain voltage for track-
ing signals that contain higher frequency components. This is
achieved by introducing the two weighting functions W4, and
Wiy, as shown in Fig. 6, as

1.262 x 108
Wi (s) = (52 +195.95 4 1.124 x 10%)
y ! ®)
(s2 4+ 81.13s + 1.124 x 10%)
and
S2
Wi (s) = ©

s? +1571s + 1.579 x 106"

Furthermore, W, = 0.1 is used to impose a constraint on the
control signal. This is to avoid excessively large control signals
that could saturate the actuator.

The weighting function W, is incorporated to enforce good
tracking performance. The inverse of this transfer function can
be considered as the desired sensitivity transfer function 7, , the
transfer function from reference signal r to the tracking error
e =1 —y,. Wi is chosen as

0.3162s + 1257
W = —
1(5) s+ 1.257

Fig. 8 illustrates the main weighting functions. To examine the
effectiveness of the controller, the achieved sensitivity function
S (s) is plotted against the desired sensitivity function T, * (s)
in Fig. 9. The figure illustrates that both of the achieved and
the desired sensitivity functions match closely except at high
frequencies, particularly beyond 1 kHz. This indicates that the
synthesized two-input one-output H,, controller performs as
intended.

Fig. 10 plots the frequency responses of the feedback con-
trollers K. (s) and K, (s). It can be observed that the two

(10)
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Fig. 10. Frequency response of the designed controllers K. (s) (solid),

K, (s) (dash), and K, (s) (dash dot).

controllers conform to the design requirements. In particular,
K.(s) is a high-gain controller at low frequencies within the
bandwidth afforded by the capacitive sensor. On the other hand,
K, (s) maintains a low gain within the bandwidth of the ca-
pacitive sensor, but applies a high gain beyond 20 Hz. This
“frequency sharing” enables the two controllers to maintain sat-
isfactory tracking of the reference signal over the bandwidth of
interest.

The final stage of the controller synthesis involves designing
the feedforward controller K¢q (s) to shape the reference signal
based on the achieved closed-loop frequency response Ty, , ($).
The feedforward controller should be chosen such that

Kiq (s) = T, L (s).

Yar

an
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Fig. 13. Feedback control block diagram with weighting functions for the

one-sensor-based H ., controller.

Since the reference signal r,(t) is known and the frequency
T,,» (jw) can be measured in advance, the shaped reference
signal r(t) can be obtained offline, as shown in Fig. 11. This
inversion is generally done over the frequency range for which
a satisfactory model of the closed-loop system is available, in
this case, up to 1600 Hz.

B. One-Sensor-Based H, Controller

The purpose of this section is to demonstrate the immediate
benefit of using the strain voltage sensor in addition to the
low-bandwidth capacitive sensor. The controller designed here
utilizes only the low-bandwidth capacitive sensor to obtain the
tip displacement measurement for feedback. To make a fair
comparison with the two-sensor-based H, controller, a 2-DOF
controller, with a structure depicted in Fig. 12, was designed and
implemented. Similar weighting functions (7)—(10) were used
in synthesizing the H,, controller K, (s). The feedback control
block diagram with the weighting functions is illustrated in
Fig. 13. A feedforward controller Ky (s) was also designed
and implemented in a similar manner as detailed in the previous
section.

The achieved sensitivity function S (s) for this control
scheme is shown in Fig. 9. It can be observed that S (s) does not
match the desired sensitivity function W, ! (s). This is a clear
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Fig. 14. Hysteresis plot of open-loop 5-Hz scan using voltage amplifier.
indication that a controller designed with one sensor alone is
not capable of satisfying the design goals articulated before.

Fig. 10 plots the frequency response of the feedback controller
K. (s). This is rather similar to K, (s) with the clear exception
that it includes a notch filter at the first resonance frequency of
the tube.

V. RESULTS

This section presents experimental results obtained from
the two control schemes proposed in this paper. In order to
measure the true deflection y,, a capacitive sensor with a
bandwidth of 10 kHz was used in all tests. The sensor’s signal
was passed through a second-order Butterworth low-pass filter
with a cutoff frequency of 100 Hz. This latter signal was
made available to the feedback controllers K, (s) and K. (s).
Note that this low-pass filter is implemented simultaneously
with the feedback controllers using the same real-time rapid
prototyping system. Therefore, it should be considered as an
integral part of K, (s) and K. (s). Inclusion of a low-pass filter
in this arrangement is not entirely necessary since K,.(s) and
K. (s) are designed to operate at low bandwidths. This filter
is incorporated in the design to emphasize the fact that this
methodology works fine even with a low-bandwidth (and thus
inexpensive) displacement sensor.

A. Hysteresis Reduction

The presence of hysteresis in the prototype nanoposiotioner
was investigated by applying a 5-Hz sinusoidal signal to the
piezoelectric tube and measuring its deflection in open loop. A
single-tone low-frequency signal was chosen here in order to
avoid excitation of the first resonant mode of the tube. Also, this
ensures that only the nonlinear component of the deflection is
captured, since at such a low frequency, the linear dynamics of
the tube resembles a simple gain with hardly any phase shift.

The tube was made to deflect large distance (£3.0 pm) so that
the presence of hysteresis could be clearly observed. The effects
of hysteresis were evaluated when the tube was driven by: 1) a

3000

1500

yx (nm)
o

-1500

-1.2 -0.8 -04 0 0.4 0.8 1.2
Input charge (uC)
Fig. 15. Hysteresis plot of open-loop 5-Hz scan using charge amplifier.
TABLE 1
NUMERICAL QUANTIFICATION OF HYSTERESIS
Configurations Max. output Max. input
hysteresis hysteresis

Voltage amp.
Charge amp.

207.50 nm (3.5%)
11.60 nm (0.19%)

412 volt 3.6%)
4.60 nC (0.21%)

20

Magnitude (dB)
N
o

]
S
o

-60

3

1 2 10

10 10
f (Hz)

Fig. 16. Experimentally obtained frequency responses of T}, (iw) (solid),

T, i (iw) (dash), and Gy, ,, (iw) (dash dots).

voltage amplifier and 2) a charge amplifier. For each case, the
corresponding input signal and the tip deflection were recorded.
Figs. 14 and 15 illustrate the plots of tip deflection versus in-
put signal for voltage and charge, respectively. A clear reduc-
tion of hysteresis can be observed when the tube is driven by
the charge amplifier. In order to quantify the improvement, the
presence of hysteresis was measured in terms of the maximum
(input and output) percentage deflection from a straight line [34].
The results are tabulated in Table I and clearly demonstrate the
immediate benefit of driving the tube with a charge amplifier.
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Fig. 17.

Although the hysteresis is not reduced to an absolute zero, it is
made so small that the actuator can effectively be considered a
linear device.

B. Closed-Loop Frequency Response

The performance of the feedback two-sensor-based con-
troller was first evaluated by measuring the closed-loop re-
sponses of the nanopositioner using the spectrum analyzer.
In Fig. 16, the closed-loop frequency responses T}, (iw) and
T, ;, (iw) are plotted along with the open-loop frequency re-
sponse G, ., (iw). By inspecting the frequency response of
T,. (iw), we conclude that the closed-loop system has a band-
width of 310 Hz. Also, a damping of 20 dB at the first resonant
mode is evident from the frequency response of T, i (iw).
Note that, the frequency response also shows that the closed-
loop system is insensitive to low-frequency input disturbances.
Hence, the closed-loop system will perform in a satisfactory
manner in the presence of low-frequency vibrations and distur-
bances. Overall, the two-sensor-based controller satisfies all the
performance criteria.
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Open-loop (left) and closed-loop (right) time response plots of 5-, 20-, and 40-Hz scan.

C. Time Response

The ultimate purpose of the z-axis control loop is to allow
for satisfactory tracking of a fast triangular set point. This is
necessary if the actuator is to be used for fast scanning probe
microscopy. First column of Fig. 17 plots the open-loop time
responses of the nanopositioner due to 5-, 20-, and 40-Hz tri-
angular input signals. It can be observed that as the frequency
of the input signal increases, the extent to which the nanoposi-
tioner’s motion becomes affected by the induced vibrations also
increases. Particularly at 40 Hz, the nanopositioner’s motion is
badly affected by amplification of the 11th harmonic (840 Hz) of
the triangular signal that is close to the first resonance frequency
of the piezoelectric tube (about 850 Hz).

The right-hand column of Fig. 17 [Fig. 17(d)—(f)] com-
pares the closed-loop response of the nanopositioner under the
two-sensor-based H, controller with the desired set point. It
can be observed that the controller successfully damps the in-
duced vibrations and provides excellent tracking performance,
particularly at low frequencies. The damping of 20 dB at the
first resonant mode of the nanopositioner is sufficient to avoid
the amplification of the harmonics near the first resonance fre-
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TABLE II
RMS VALUES OF TRACKING ERROR

Scan Freq. | Open-loop Closed-loop
Two-sensor | One-sensor
5 Hz 12.2 nm 1.9 nm 2.0 nm
10 Hz 9.9 nm 2.3 nm 2.4 nm
20 Hz 10.7 nm 3.2 nm 3.4 nm
30 Hz 17.5 nm 3.1 nm 9.1 nm
40 Hz 67.0 nm 7.6 nm 15.6 nm

quency. Note that the controller’s ability to track the reference
signal at its corners is reduced when the frequency of the input
signal is increased. This effect is clearly visible in Fig. 17(f) and
is mainly due to the limited closed-loop bandwidth of the sys-
tem. The feedforward controller incorporated into the tracking
system works to correct this effect. However, its effectiveness
is limited by the accuracy of the closed-loop model used in the
inversion. Nevertheless, this should not be viewed as a draw-
back as it is common practice in SPMs to limit the image size
to within a certain percentage of the available window with the
understanding that, quite often, the image could be distorted
around the edges.

Open-loop and closed-loop tracking errors for various scan
frequencies are tabulated in Table II. The tracking errors are
determined by calculating the rms difference between the mea-
sured displacement and the reference signal for 90% of the scan
range (ignoring the top and bottom 5% of the scans). A fixed
phase shift between the measured displacement and the refer-
ence input can be observed in Fig. 17(d)—(f). In calculating the
tracking errors, these phase shifts were removed. At the slow
speed scan of 5 Hz, the controller displays excellent tracking
performance with tracking error of only 1.9 nm, i.e., 0.06%
of the entire scan range. The tracking error remains satisfac-
tory even as the scan frequency is increased as high as 40 Hz,
as shown in Table II. The error does not exceed 0.25% of the
scan range. Note that in measuring the displacements, a high-
bandwidth capacitive sensor with a bandwidth of 10 kHz was
used. At this bandwidth, the rms noise level of the sensor is cal-
culated to be 1.75 nm. The stochastic noise affecting the “true”
output of the nanopositioner is significantly lower than this,
since the said noise is largely due to the capacitive sensor signal
that is low-pass filtered at 100 Hz. The stochastic noise arising
from the strain voltage signal can effectively be ignored in this
case due to its extremely low noise density.

D. One-Sensor-Based H,, Controller

For the sake of completeness, closed-loop performance of
the nanopositioner with the one-sensor-based H, controller is
studied here. Fig. 18 illustrates closed-loop performance of this
controller. It can be observed that the bandwidth of the closed-
loop system is about a third of that of the two-sensor-based
system. By comparing 7, ; (iw) and Gy, ., (iw) in Fig. 18, it
can be concluded that K, (s) does not damp the first resonance
mode of the tube in a satisfactory manner. This is of little surprise
since this mode is out of the 100-Hz bandwidth of the controller.
However, no induced vibrations are observed when the tube is
made to track various triangular waveforms, as illustrated in

Magnitude (dB)

10’ 10°

f (Hz)
Fig. 18. Experimentally obtained closed-loop frequency responses using
one-sensor-based Ho, controller, Ty, , (iw) (solid), T}, 4, (iw) (dash), and
Gy, u, (iw) (dash dots).
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Fig. 19. Closed-loop time response plots of 5-, 20-, and 40-Hz scan using
one-sensor-based H . controller.

Fig. 19. This is due to the existence of the notch filter in K, ().
Also, the two-sensor-based controller performs better in terms
of rejecting low-frequency vibrations and noise.

The closed-loop tracking errors due to K, (s) are tabulated
in the last column of Table II. It can be seen that up to 20-Hz
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scanning frequency, the tracking performance is comparable to
that obtained through K. (s). However, at higher scan frequen-
cies, the tracking performance decrease rapidly, as illustrated in
Table IT and Fig. 19.

VI. CONCLUSION

We described how a high-bandwidth low-noise two-sensor-
based controller could be designed for a piezoelectric tube
nanopositioner. The two-input one-output controller uses mea-
surements obtained from a capacitive displacement sensor at
low frequencies, and the piezoelectric voltage signal at high fre-
quencies. By keeping the capacitive sensor loop bandwidth low,
the effect of sensor noise on the overall system is significantly
reduced. Having access to the piezoelectric voltage signal al-
lows the controller to achieve tracking over a wide bandwidth
and successful damping of the resonant mode of the scanner
by about 20 dB. Overall, this paper provides a further justi-
fication for using complementary sensors, whenever possible,
in nanoscale positioning systems in line with results reported
in [31] and [35].
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