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Abstract— Piezoelectric tube scanners are employed in high-
resolution positioning applications such as scanning probe
microscopy and nano-fabrication. Much research has proceeded
with the aim of reducing hysteresis and vibration, the foremost
problems associated with piezoelectric tube scanners. In this
paper, two simple techniques are proposed for simultane-
ously reducing hysteresis and vibration. Experimental results
demonstrate significant reduction in hysteresis due to the use
of a charge amplifier. Previous problems involved with the
implementation of such amplifiers are resolved to provide
DC accurate performance with zero voltage drift. Secondly,
piezoelectric shunt damping, a technique previously resident in
the field of smart structures, is applied to damp tube vibration.
By attaching an LC R impedance to a single tube electrode, the
gi(l)'s:i gnechanical mode is reduced in magnitude by more than

I. INTRODUCTION

Piezoelectric tube scanners were first reported in [1] for
use in scanning tunneling microscopes. They were found to
provide a higher positioning resolution and greater band-
width than traditional tripod positioners whilst being simple
to manufacture and easier to integrate into a microscope.
Piezoelectric tube scanners are now used extensively in
scanning probe microscopes and many other applications
requiring precision positioning e.g. nanomachining [2], [3]
etc.

A piezoelectric scanner comprises a tube of radially
poled piezoelectric material, four external electrodes, and
a grounded internal electrode. Other configurations may
include: a circumferential electrode for independent vertical
extension or diameter contraction, and/or sectored internal
electrodes. Small-deflection expressions for the lateral tip
translation, derived from the IEEE Piezoelectricity Standard
[4], can be found in [5].

The foremost difficulties associated with piezoelectric tube
scanners are the low mechanical resonance frequency, and
hysteresis [6]. Techniques aimed at addressing both mechan-
ical dynamics and hysteresis can be grouped generally into
two broad categories, feedforward and feedback. Feedfor-
ward techniques, do not include a sensor but require accurate
knowledge of the undesirable dynamics. Feedback systems,
although more robust to modeling error, are limited by the
noise performance and bandwidth of the sensor. In many
cases it is also difficult and/or prohibitively expensive to
integrate displacement sensors into the scanning apparatus.

Considering the breadth of research aimed at improving
scan performance, it is surprising to find that commercial
microscope manufacturers have been reluctant to adopt any
sophosticated techniques. The majority of commercial scan-
ning systems operate in much the same fashion as they
did in the early 90’s. Regardless of the potential benefits,
the requirement for data acquisition, sophisticated modeling
experiments, and additional sensors have severely limited the
application of feedforward and feedback scan compensation.
With this in mind, the research presented in this paper

Both authors are with the School of Electrical Engineering and
Computer Sciece, University of Newcastle, Callaghan 2308, Australia
andrew. fleming@newcastle.edu.au

0-7803-9568-9/05/$20.00 ©2005 IEEE

({T Z(s)

Fig. 1. Charge driven tube scanner with piezoelectric shunt damping circuit.
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Fig. 2. (a) Charge driven tube scanner. (b) Voltage equivalent circuit.

introduces two simple non-model based techniques for the
reduction of hysteresis and vibration.

Since the late 80’s, it has been known that driving piezo-
electric transducers with current or charge rather than voltage
significantly reduces hysteresis [7]. Simply by regulating the
current or charge, a five-fold reduction in the hysteresis can
be achieved [8]. A quote from a recent paper [9] typifies
the sentiment toward this technique, “While hysteresis in a
piezoelectric actuator is reduced if the charge is regulated
instead of the voltage [7], the implementation complexity of
this technique prevents a wide acceptance [10]”.

The first contribution of this paper is to present a new
class of grounded-load charge amplifier free from DC and
low-frequency voltage drift. The second contribution is a new
technique for the reduction of scan induced and exogenous
vibration. Drawn from the field of Smart Structures, we
propose the connection of an electrical impedance to the
terminals of one z and y electrode. Usually referred to
as piezoelectric shunt damping, this technique results in a
damped electrical resonance capable of significantly reducing
the magnitude of one or more structural modes. Figure 1
illustrates an inductor and resistor connected to the terminals
of a charge driven piezoelectric tube. In this configuration,
the inductor and resistor are tuned to damp the first x
axis cantilever mode. Undesired resonance excitation due to
scanning and external disturbance is attenuated.

Piezoelectric shunt damping requires no feedback sensor
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Fig. 3. The electrical equivalent of a charge driven piezoelectric tube with
attached shunt circuit.

and is thus immune to the usual problems of low-bandwidth
and measurement noise associated with optical and capacitive
sensors. Furthermore, as illustrated in Figure 2, we demon-
strate that the shunt impedance Z(s), can be applied to the
same electrode as the driving charge or voltage source. This
allows the redundant electrode to be used for increasing the
scan range or as a piezoelectric strain sensor.

In Section 2, we discuss the modeling of a piezoelectric
tube and analyze the effect of a connected shunt impedance.
Implementation issues are then discussed in Section 3, fol-
lowed by experimental results and conclusions in Sections 4
and 5.

II. SHUNT CIRCUIT MODELING

Although first appearing in [11], the concept of piezoelec-
tric shunt damping is mainly attributed to Hagood and von
Flotow [12]. A series inductor-resistor network, as shown
in Figure 1, was demonstrated to significantly reduce the
magnitude of a single structural mode. Together with the
inherent piezoelectric capacitance, the network is tuned to
the resonance frequency of a single structural mode. Anal-
ogous to a tuned mechanical absorber, additional dynamics
introduced by the shunt circuit act to increase the effective
structural damping [12].

A. Two Electrode Case

The equivalent electrical model of a shunted piezoelectric
tube (as shown in Figure 1) is illustrated in Figure 3. To find
the transfer function relating displacement d to the driving
charge g2 we begin by writing Kirchoff’s Voltage Law

around the impedance loop and substituting v, = —¢sZ(s),
) )+ —als)sZls) =0 ()
P

When the opposing tube electrodes are equal in dimension,
the charges ¢ and ¢» have an equal but opposite influence
on the tube deflection d and v,. Furthermore v, = —vps.
We define the transfer functions relating the applied charge
to the resulting piezoelectric voltage and tip displacement as
Guq(s) and Ggq4(s). Due to the system symmetry, G,q(s)
can be used to relate the following signals:

_ Yp2 (s) _

q2(s)

Up(s)

q(s)

The principle of superposition can be applied to find an
expression for vp,.

Up(8) = Gug(8)q(s) — Gug(s)q2(s). 3)

—vp(s) _ s
q2(s) = Gua(®) @

q; q Vp

Fig. 4. The equivalent feedback diagram representing an electrical
impedance connected to the terminals of one tube electrode. The other
electrode is driven with charge.

180 [0S

Fig. 5. The electrical equivalent of a piezoelectric tube with charge drive
and shunt circuit connected to the same electrode

Rearranging (3) in terms of ¢ and substituting into (1) yields

Up(s) _ —qu(s)
() ~ 1+ Gug(5)K(5) @
where o
K =156 70 ®)

The shunted displacement transfer function can be derived
in a similar manner,

ds) _ Guyls)
2(s) 14 Gue(s)K(s)

From Equation (6) it is concluded that the presence of
an electrical shunt impedance can be viewed equivalently
as a strain-voltage feedback control system. A diagrammatic
representation of equation (6) is shown in Figure 4. Further
interpretation and analysis can be found in [13].

(6)

B. Hybrid Operation

As mentioned in the introduction, it is advantageous to
connect the shunt impedance and charge source to the same
electrode. In this subsection, the electrical filtering effect
of Z(s) on ¢y is derived. If such a filtering effect can be
inverted, the charge source g2 can be used for scanning,
analogous to the case where a shunt impedance is attached
to an independent electrode.

Writing Kirchoffs Voltage Law around the loop,

q

—@—%+m=Q 7
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and substituting the following,

v.(s)

q(s) = SZ(3)

+ q2(s), ®)

results in the loop equation
vp(s) +q(s)sZ(s) +qa(s)sZ(s) =0. (9)

Given that v, = G,4q, We can substitute ¢ = v,/G,, into
(9). After simplification, the transfer function from ¢, to v,
can be found:

vp(s) _ K(5)Z(s)Guqg(s)
q2(s) L+ Gug(s)K(s)’

where K is as given in (5). Similarly,

d(s) _ K(s)Z(5)Gaq(s)
@2(s) 1+ Gug(s)K(s)

Unlike the two-electrode case, the impedance Z(s) distorts
the tube transfer function from the driving charge ¢ to the
deflection d. Rather than simply adding a strain feedback
controller to the mechanical system, the transfer function
from ¢o to d now contains a filter F'(s) = K(s)Z(s).

An obvious technique for recovering the natural tube
dynamics is to pre-filter the driving charge with F~1(s).
Fortunately this pre-filtering and inversion is straight-forward
to implement in practice. This solution is discussed in
Section III.

(10)

C. Shunt Impedance Design

The Smart Structures and Vibration Control literature
contains a multitude of passive, active, linear, and non-linear
piezoelectric shunt impedance designs (reviewed in [14],
[15]). Only a small subset of techniques are suitable for
piezoelectric tube damping. The so-called resonant linear
shunts meet all of the requisite criteria, primarily, they are
easy to design, implement and tune, they offer excellent
damping performance (especially for single modes of vi-
bration), they are strictly passive and inject no harmonics,
and finally, their presence influences the mechanical dy-
namics only over a small frequency range. Resonant linear
shunts have been shown to emulate the effect of a tuned-
mass mechanical absorber [12]. After examining various
impedance designs, the LC'R circuit depicted in Figure 2
was found to offer good performance. The presence of a
series capacitance is necessitated by the requirement for DC
tracking. If the impedance of the network was not infinity at
DC, constant tube deflections would require a ramp signal in
charge (eventually saturating the amplifier), this is reflected
in the scan filter F'(s) and its inverse F'(s)~*

To damp a single mode of structural vibration, the circuit
inductance L, capacitance C, and piezoelectric capacitance
C) are tuned to resonate at the target mechanical frequency
w1 . Although the capacitance value C'is essentially arbitrary,
values of 1 to 10 times the piezoelectric capacitance have
been found suitable. To equate the frequencies of electrical
and mechanical resonance, the inductor is tuned as follows:

_C+G,

L= .
Cprl

(1)

The resistance value, dependent on the inherent system
damping, is most easily found experimentally. For such
systems, resistances in the order of 1 k€2 are typical.

Fig. 6. Simplified implementation of a charge amplifier and piezoelectric
shunt impedance.

III. IMPLEMENTATION

Resonant piezoelectric shunt damping circuits require im-
practically large values of inductance, typically in the tens
of Henrys. For this reason the shunt damping circuit will be
synthesized artificially using the charge amplifier. Consider
the schematic shown in Figure 6. Neglecting the input go,
the charge applied to the piezoelectric tube is equal to

_ -1
=" sZ(s)

The impedance (or admittance) experienced by the piezo-
electric transducer can be calculated by examining the ratio
of current to voltage at its terminals. As the current is
equal to —¢, and ¢ is defined by (12), the impedance
presented to the terminals is simply Z(s) (as defined by
the filter in Figure 6). By implementing the filter s%&s) any
arbitrary impedance can be presented to the terminals of
the transducer. Simple techniques for designing analog and
digital filters that represent ﬁ can be found in [16]. In this

work a dSpace DSP system 1s used to implement and tune
the filter 1.

In addition to the charge required for shunt impedance
synthesis, the additive charge ¢ is used for tube scanning.
As mentioned in Section II-B, the additive charge g2 requires
a filter F~1(s) to compensate for the electrical dynamics of
the shunt impedance when attached to the same electrode.

A substantial simplification can be made by studying the
structure of the filter F~1(s),

1 1+ CpsZ(s) 1
K(8)Z(s)  CpsZ(s) — CpsZ(s)

(12)

F~ls) = +1.

(13)
Considering that the transfer function s%m has already been

implemented, F'~!(s) can be replaced as shown in Figure 6.

A. DC Accurate Charge Amplifier

One of the key components utilized without reference in
the previous sections is the charge amplifier. As mentioned
in the introduction, substantial difficulties have been revealed
in attempts to construct such a device for capacitive loads.

A solution to the problem of voltage drift in charge
amplifiers with capacitive loads was first presented in [17].
An auxiliary voltage feedback loop was included to correct
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Fig. 7. DC accurate charge source for grounded capacitive loads.

low-frequency behavior and allow for constant charge offsets.
The circuit implementation required the design of separate
voltage and charge feedback controllers. A simplified de-
sign relying on the intrinsic voltage control offered by the
parasitic resistances was later presented in [18]. Neither
of the amplifiers discussed have been capable of driving
grounded loads. As piezoelectric tubes have multiple external
electrodes and a common (often grounded) internal electrode,
the requirement for a grounded-load is a necessity.

Following we present the design of a DC accurate
grounded-load charge amplifier. Shown in Figure 7, the
amplifier incorporates a high common-mode rejection, high
common-mode range differential stage consisting of the
lower opamp, voltage bridge, and instrumentation amplifier.
The amplifier works to equate the voltage measured across
the sensing impedance to the reference voltage v,.y.

To understand the operation of the amplifier we study the
transfer function from the reference voltage v,.s to the load
charge qrc.

1
qr(s) S+ C.R.

Uref(s)

The transfer function from reference to actual load charge
can be found by combining equation (14) with an expression

relating qr, to qrc,

=C, (14)

qrc(s) _ qr(s) qro(s) (15)
vref(s) vTef(s) qL(s)
_Stom s
= Uy s s+ RLch
By setting C, Ry, = Cs Ry, i.e.
Ry, Cs
= — 1
R0, (16)

the amplifier has no low frequency dynamics and constant
gain C; Columbs/Volt. Effectively the voltage amplifier,
comprised of the two resistances Ry, and R, synthesizes the
operation of an ideal charge amplifier at low frequencies.
If the amplifier can be viewed as the concatenation of
a voltage and charge amplifier, an important question is: in
what regions of operation does the amplifier operate as a pure
charge amplifier?, likewise for voltage operation. Consider
the schematic shown in Figure 8. During perfect charge oper-
ation i.e., when ¢ ¢ is correctly regulated to zero, the voltage

Fig. 8. Test for voltage / charge dominance.
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Fig. 9. Piezoelectric tube dimensions (in mm).

v, will be equal to v,. During voltage dominant behavior,
v, will be regulated to zero. Such characteristics can easily
be measured experimentally. Although the voltage dynamics
have been designed to perfectly synthesize the operation of
an ideal charge amplifier, during voltage dominant operation,
if the load is not purely capacitive, errors in qrc will occur.

When v,..; = 0, which implies g7, = 0, the transfer func-
tion from v, to v, reveals the voltage or charge dominance
of the amplifier. At frequencies where v, =~ v, the amplifier
is charge dominant, and voltage dominant when v, =~ 0. For
the hybrid amplifier shown in Figure 7, when v,y = 0,

v,(8) s

= (17)
vp(s) s+ RLch

i.e. at frequencies above RL 571 the amplifier is charge
dominant, and voltage dominant below. Obviously, given
equation (17), the objective will be to select a load resistor
Ry as large as possible. This may be limited by other
factors such as opamp current noise attenuation, bias-current
based offset voltages, and the common-mode and differential

leakage of the opamp. In practice 328 is best measured by
simply applying a voltage to another electrode and using that
as a reference. As the frequencies under consideration are
well below the tube’s first mechanical resonance, the applied

voltage will be related by a constant.

IV. EXPERIMENTAL RESULTS

In this section, the prototype shunt circuit and charge am-
plifier are employed to drive a piezoelectric tube positioner
in one dimension. Physical dimensions of the tube can be
found in Figure 9. An ADE Tech capacitive sensor was used
to measure the displacement with sensitivity 10 V/um and
bandwidth 10 kHz. An aluminium cube (1 ¢cm x 1 ¢cm X
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Charge Gain 718 nC'/V

Voltage Measurement Gain | 0.1 V/V
29 H

C 50 nF'

R 33 EQ

TABLE I
PARAMETERS OF THE CHARGE AMPLIFIER AND SHUNT IMPEDANCE

1 e¢m) is glued onto the tube tip and grounded to provide
a return for the capacitive sensor. Parameters of the shunt
impedance and amplifier are shown in Table L.

The nominal first resonance frequency and DC charge
sensitivity of the tube were measured to be 1088 Hz and
5.7m/C (= 5.7 pm/uC).

A. Amplifier Performance

As discussed in Section III-A, the bandwidth of charge
dominance was ascertained by zeroing the charge reference
and introducing an internal load voltage. We observe a charge
dominance bandwidth of 0.8 Hz. Frequencies above this
bandwidth will experience the full linearity benefit of charge
actuation.

3000

2000

1000

-1000

—2000

-3000

0
1 (V)

Fig. 10. Relationship between an applied voltage and the resulting tube
displacement. (10 Hz ramped sinusoidal input).
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Fig. 11. Relationship between an applied charge reference and the resulting
tube displacement. (10 Hz ramped sinusoidal input).

To justify the use of charge actuation we demonstrate
the benefit in Figures 10 and 11. Hysteresis is reduced
by approximately 89% simply through the use of a charge
amplifier. Percentage reduction is calculated by measuring
the maximum excursion in the minor axis of each plot, then

taking the ratio 100 x Vc(l;t?gg: . It should be noted that a scan

60

mag (dB)

200 400 600 800 1000 1200 1400 1600 1800 2000

0

-100 -

-150

-200 1

800 1000 1200 1400 1600 1800 2000
f (hz)

200 400 600

Fig. 12.  Experimental Response. Natural (—) and shunt-damped (- -)
tube dynamics measured from the additive charge input g2 (C) to the tip
displacement d (m).

range of +3 um is around 20% of the full scale deflection,
it is often assumed that hysteresis is negligible at such low
drives. Similar plots for the same apparatus with a £8 um
drive can be found in [17], a greater hysteresis is exhibited,
and heavily reduced through the use of a similar charge drive.

B. Shunt Damping Performance

Whilst scanning at high frequencies, the greatest cause of
tracking error is excitation of the mechanical resonance. Such
high frequency components can be reduced by filtering, or
signal optimization in case of periodic scanning. Neverthe-
less, some residual excitation of the mechanical resonance is
inevitable.

To illustrate the improvement in triangular scanning fi-
delity, an unfiltered 46 H z triangular waveform was applied
to the system. The frequency and lack of filtering was chosen
to illustrate the worst-case induced ripple. In practice, the
triangle would be filtered or passed through a feedforward
controller to reduce vibration. Regardless of the ripple mag-
nitude, the presence of a shunt circuit provides the same
decrease in settling time. At high speeds, significant increases
in fast-axis resolution can be expected. In the case where
feedforward vibration control [19] is applied, the damped
mechanical system would allow a less severe pre-filter and
provide greater immunity to modeling error.

The influence of the shunt impedance can be observed
to significantly increase the effective damping in Figure 12.
Time domain improvements for a triangular scanning signal
can be observed in Figure 13.

Another significant source of tracking error is external
mechanical noise. Due to the highly resonant nature of
the tube, high frequency noise components can excite the
mechanical resonance and lead to large erroneous excursions.
By applying a voltage to an opposite electrode, we can
simulate the effect of a strain disturbance. A significant
damping of the mechanical resonance by greater than 20
dB was observed. The time domain reduction of resonant
vibration can be seen in Figure 14.

The final test of such an apparatus is the ability to track
DC charge offsets. In Figure 15 a low frequency triangle
signal was applied to the charge amplifier, at time 130 sec
a DC offset equivalent to around 1 pm was applied. Aside
from the faithful reproduction of a 0.1 H z triangle wave, the
charge amplifier reproduces the offset without drift.
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Fig. 13. Tube deflection (in nm) resulting from a 46 Hz triangle wave
excitation. Uncontrolled (b), and with L — C' — R shunt impedance (a).
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Fig. 14. Tube deflection (in nm) resulting from a 1.6 kH z bandlimited
uniformly distributed random strain disturbance. Uncontrolled (b), and with
L — C' — R shunt impedance (a).

V. CONCLUSIONS

In this paper, we have presented a new charge amplifier for
reduction of hysteresis in piezoelectric tube actuators. Using
the intrinsic voltage feedback offered by parasitic resistances,
low-frequency voltage drift has been eliminated to provide
DC accurate charge actuation. The proposed charge amplifier
is simple to fabricate, and easily integrated into existing
open-loop or controlled systems.

In addition to hysteresis reduction, a simple technique
has been proposed for the reduction of vibration. Piezoelec-
tric shunt damping involves the connection of an electrical
impedance to the terminals of a piezoelectric transducer.
In experiments considering scan-induced and externally-
induced vibration, an LC R network reduces the first res-
onance frequency by 20 dB in magnitude. No feedback
sensors are required.

Although charge driven shunt damped piezoelectric tubes
can be integrated into previous design methodologies, the
simplicity-of-implementation and achievable performance
warrants their use independently.

Current work includes the design of an all-analog amplifier
incorporating both charge actuation, and shunt impedance
implementation.
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