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Sensorless Vibration Suppression and Scan
Compensation for Piezoelectric Tube Nanopositioners

Andrew J. Fleming, Member, IEEE and S. O. Reza Moheimani, Senior Member, IEEE

Abstract—Piezoelectric tube scanners are employed in high-res-
olution positioning applications such as scanning probe mi-
croscopy and nanofabrication. Much research has proceeded with
the aim of reducing hysteresis and vibration—the two foremost
problems associated with piezoelectric tube scanners. In this
paper, two simple techniques are proposed for simultaneously
reducing hysteresis and vibration: 1) A new dc accurate charge
amplifier is shown to significantly reduce hysteresis while avoiding
characteristic voltage drift. 2) Piezoelectric shunt damping, a
technique previously resident in the field of smart structures,
has been applied to damp tube vibration. By attaching an LCR
impedance to a single tube electrode, the first mechanical mode is
reduced in magnitude by more than 20 dB.

Index Terms—Charge control, hysteresis, nanopositioning,
piezoelectric tube, scanning probe microscope, scan compensa-
tion, shunt damping.

I. INTRODUCTION

P IEZOELECTRIC tube scanners were first reported in [1]
for use in scanning tunneling microscopes [2]. They were

found to provide a higher positioning resolution and greater
bandwidth than traditional tripod positioners whilst being
simple to manufacture and easier to integrate into a micro-
scope. Piezoelectric tube scanners are now used extensively
in scanning probe microscopes and many other applications
requiring precision positioning, e.g., nanomachining [3], [4],
etc.

As shown in Fig. 1(a), a piezoelectric scanner comprises a
tube of radially poled piezoelectric material, four external elec-
trodes, and a grounded internal electrode. Other configurations
may include: a circumferential electrode for independent ver-
tical extension or diameter contraction, and/or sectored internal
electrodes. Small-deflection expressions for the lateral tip trans-
lation, derived from the IEEE Piezoelectricity Standard [5], can
be found in [6]. Measured in the same axis ( or ) as the ap-
plied voltage, the tip translation is approximately

(1)

where is the ( or axis) deflection, is the piezoelectric
strain constant, is the length of the tube, is the outside
diameter, is the tube thickness, and is the ( or axis)
electrode voltage. Tip deflection can be doubled by applying
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an equal and opposite voltage to electrodes in the same axis.
Vertical translation due to a voltage applied equally to all four
quadrants is given approximately by

(2)

Although the statics and dynamics of piezoelectric tubes are
inherently nonlinear and three-dimensional, tube geometries
with large length/diameter ratios can be highly simplified. For
such geometries, and in case of small deflection, the tube top
can be assumed flat with no vertical excursion or tilting due to
lateral deflection. Although there has been some recent effort to
consider the coupling from lateral to vertical dimensions, tubes
are generally designed to minimize such effects. Other design
considerations are the deflection sensitivity and maximum
deflection; both of these characteristics are optimized by large
length to diameter ratios.

A consequence of designing tubes with large length/diameter
ratios is low mechanical resonance frequency. This has been a
fundamental problem since the inception of piezoelectric tube
scanners. A lightly damped low-frequency mechanical reso-
nance severely limits the maximum achievable scan frequency.
A triangular scan rate of around th the first mechanical
resonance frequency is usually assumed the upper limit in
precision scanning applications.

Nonlinearity is another on-going difficulty associated with
piezoelectric tube scanners (and piezoelectric actuators in gen-
eral). When employed in an actuating role, piezoelectric trans-
ducers display a significant hysteresis in the transfer function
from an applied voltage to strain or displacement [7]. Due to
hysteresis, ideal scanning signals can result in severely distorted
tip displacements, and hence, poor image quality or nanofabri-
cation defects.

Techniques aimed at addressing both mechanical dynamics
and hysteresis can be grouped generally into two broad cate-
gories, feedforward and feedback. Feedforward techniques, as
shown in Fig. 1, 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.

Feedforward and signal compensation approaches have been
extensively studied as their implementation requires no addi-
tional hardware or sensors. It should be considered, however,
that additional hardware such as displacement sensors and DSP
processors are required to identify the behavior of each tube
prior to implementation. A technique for designing optimal

1063-6536/$20.00 © 2006 IEEE
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Fig. 1. Voltage driven tube scanner. (a) Open-loop with signal precompensation. (b) Closed-loop with displacement feedback.

Fig. 2. Charge driven tube scanner. (a) Open-loop with signal precompensation. (b) Closed-loop with displacement feedback.

linear feedforward compensators was presented in [8], then
later extended to incorporate a PD feedback controller [3].
In these works, the authors identify the main limitation to
performance as being modeling error. Another feedforward
technique, known as iterative or learning control is aimed at
reducing unmodeled hysteresis. The need for a model is es-
sentially annulled with the use of a sensor and online iteration
to ascertain the optimal input compensation [9]. The foremost
problems with iterative techniques are the time taken to iterate
the compensator and difficulties associated with nonmonotonic
trajectories. Other feedforward approaches have included:
Optimal compensation [10]; Compensation for creep,
Preisach hysteresis, and resonance [11]; Improved iterative
Preisach inversion [12]; and various optimal linear feedforward
compensation techniques [13], [14].

Feedback techniques can provide excellent low-frequency
tracking performance, but depend heavily on the sensor noise
performance and bandwidth. As a consequence, such tech-
niques are most applicable to scan ranges in the hundreds of
nanometers or greater. Good tracking of a 5-Hz triangle wave,
while maintaining robustness to nonlinearity was presented in
[15]. With the integration of displacement sensors into the next
generation of commercial microscopes, feedback systems will
become more feasible.

Considering the breadth of research aimed at improving scan
performance, it is surprising to find that commercial microscope
manufacturers have been reluctant to adopt the techniques dis-
cussed. The majority of commercial scanning systems operate
in much the same fashion as they did in the early 1990s. Regard-
less of the potential benefits, the requirement for data acquisi-
tion, sophisticated modeling experiments, and additional sen-

sors have severely limited the application of feedforward and
feedback scan compensation. With this in mind, the research in
this paper introduces two simple, nonmodel-based techniques
for the reduction of hysteresis and vibration.

Since the late 1980s, it has been known that driving piezo-
electric transducers with current or charge rather than voltage
significantly reduces hysteresis [16]. Simply by regulating the
current or charge, a fivefold reduction in the hysteresis can be
achieved [17]. A quote from a recent paper [18] typifies the sen-
timent toward this technique: “While hysteresis in a piezoelec-
tric actuator is reduced if the charge is regulated instead of the
voltage [16], the implementation complexity of this technique
prevents a wide acceptance [19].”

Although the circuit topology of a charge or current amplifier
is much the same as a simple voltage feedback amplifier, the
uncontrolled nature of the output voltage typically results in the
load capacitor being charged up. Saturation and distortion occur
when the output voltage, referred to as the compliance voltage,
reaches the power supply rails. The stated complexity invariably
refers to the need for additional circuitry to avoid charging of
capacitive loads.

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. As shown in Fig. 2, voltage amplifiers used in pre-
vious techniques can be replaced with a charge amplifier, sig-
nificant reduction of hysteresis can be achieved. To simplify the
adaption of previous drive techniques, an analysis of the rela-
tionship between charge and voltage actuation is provided. In
most cases, a constant gain will equate the displacement re-
sponse of a tube driven by either charge or voltage.
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Fig. 3. Charge driven tube scanner with piezoelectric shunt damping circuit.

Fig. 4. (a) Charge driven tube scanner. (b) Voltage equivalent circuit.

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 and electrode. Usually
referred to as piezoelectric shunt damping, this technique re-
sults in a damped electrical resonance capable of significantly
reducing the magnitude of one or more structural modes. Fig. 3
illustrates an inductor and resistor connected to the terminals of
a charge driven piezoelectric tube. In this configuration, the in-
ductor and resistor are tuned to damp the first axis cantilever
mode. Undesired resonance excitation due to scanning and ex-
ternal disturbance is attenuated.

Piezoelectric shunt damping requires no feedback sensor and
is thus immune to the usual problems of low-bandwidth and
measurement noise associated with optical and capacitive sen-
sors. Furthermore, as illustrated in Fig. 4, we demonstrate that
the shunt impedance , can be applied to the same electrode
as the driving charge or voltage source. This allows the redun-
dant electrode to be used for increasing the scan range or as
a piezoelectric strain sensor. Like the charge amplifier, such a
technique can be implemented independently or in conjunction
with a previous technique to improve performance.

In Section II, we discuss the modeling of a piezoelectric tube
and analyze the effect of a connected shunt impedance. Imple-
mentation issues are then discussed in Section III, followed by
experimental results and conclusions in Sections IV and V.

II. SHUNT CIRCUIT MODELING

Modeling of piezoelectric transducers with attached resonant
shunt circuits has traditionally been performed using voltage
driven models. In this work, only charge driven models are uti-
lized. The following sub-section introduces the models required

Fig. 5. (a) A voltage and (b) charge driven piezoelectric tube.

to simulate the effect of an attached shunt circuit. Traditional
voltage driven models are initially discussed then related to their
charge driven equivalents as used throughout.

A. Open-Loop

We first consider the open-loop translational dynamics of
a piezoelectric tube. The electrically equivalent model of a
voltage and charge driven piezoelectric tube is shown in Fig. 5.
Each electrode acts as a piezoelectric transducer, represented
by a strain dependent voltage source and series capacitor

. The polarization vector is assumed to be oriented radially
outward, in this case, a positive voltage or charge results in a
positive deflection. We are interested in the transfer functions
from an applied voltage to the resulting piezoelectric voltage

and tip translation , that is

(3)

The transfer functions and can be derived an-
alytically or determined experimentally. Due to the difficulties
involved with modeling complicated geometries from first prin-
ciples, empirical models obtained through system identification
are preferable.

In the case of charge actuation, Fig. 5(b), equivalent transfer
functions can be derived. Kirchoff’s Voltage Law for the loop
is

(4)

Substituting and simplifying yields

(5)

The displacement transfer function can be derived in a similar
fashion

(6)

Off resonance, where

(7)

Thus, the relationship between charge and voltage actuation is
revealed. Due to the benefits in reducing hysteresis, only charge
actuation will be considered in the proceeding sections.
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Fig. 6. The piezoelectric tube model describing the deflection d and strain
voltage v in response to an applied charge q and disturbance w.

Fig. 7. The electrical equivalent of a charge driven piezoelectric tube with
attached shunt circuit.

In addition to a charge input, the possibility for a disturbance
input is also desirable. The signal can be used to study the
regulation or rejection of environmental noise. In the following
sections the tube system will be referred to as , a multi-input
multi-output system describing the deflection and piezoelec-
tric voltage in response to a driving charge and disturbance

. The transfer functions and are contained in

. Such a realization is advantageous as the system will later
be identified directly from experimental data using system iden-
tification. The tube model is shown in Fig. 6.

B. Shunt Damping

Although first appearing in [20], the concept of piezoelectric
shunt damping is mainly attributed to Hagood and von Flotow
[21]. A series inductor-resistor network, as shown in Fig. 3, was
demonstrated to significantly reduce the magnitude of a single
structural mode. Together with the inherent piezoelectric capac-
itance, the network is tuned to the resonance frequency of a
single structural mode. Analogous to a tuned mechanical ab-
sorber, additional dynamics introduced by the shunt circuit act
to increase the effective structural damping [21].

The equivalent electrical model of a shunted piezoelectric
tube (as shown in Fig. 3) is illustrated in Fig. 7. To find the
transfer function relating displacement to the driving charge

we start by writing Kirchoff’s Voltage Law around the
impedance loop and substituting

(8)

When the opposing tube electrodes are equal in dimension, the
charges and have an equal but opposite influence on the
tube deflection and . Furthermore

(9)

(10)

Fig. 8. The equivalent feedback diagram where an electrical impedance is
connected to the terminals of one tube electrode and the other is driven with
charge.

The principle of superposition can be applied to find an expres-
sion for

(11)

Rearranging (11) in terms of and substituting into (8) yields

(12)

where

(13)

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

(14)

Using the principle of superposition, the influence of an external
disturbance can also be included

(15)

where is the transfer function measured from an external
force to the displacement .

From (14) and (15) it is concluded that the presence of an
electrical shunt impedance can be viewed equivalently as a
strain-voltage feedback control system. A diagrammatic repre-
sentation of (15) is shown in Fig. 8. Further interpretation and
analysis can be found in [22].

In some cases (where a second electrode is not available), it
may be difficult to obtain a model describing the piezoelectric
voltage directly. In such cases, the terminal voltage can
also be considered. The equivalent terminal-voltage feedback
diagram is shown in Fig. 9. is related to by

(16)

that is,

(17)
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Fig. 9. An alternative feedback interpretation considering the terminal voltage
v rather than the piezoelectric voltage v .

Fig. 10. A charge driven tube electrode with attached parallel shunt circuit.

Equations (8) to (15) can be modified accordingly.
1) Hybrid Operation: As mentioned in the introduction, it

is advantageous to connect the shunt impedance and driving
charge source to the same electrode. This scenario is depicted in
Fig. 10. In this subsection, the electrical filtering effect of
on is derived. If such a filtering effect can be inverted, the
charge source can be used for scanning, analogous to the case
where a shunt impedance is attached to an independent elec-
trode.

Writing Kirchoffs Voltage Law around the loop

(18)

and substituting the following

(19)

results in the loop equation

(20)

Given that we can substitute into (20).
After simplification, the transfer function from to can be
found

where is as given in (13). Similarly,

(21)

Fig. 11. The equivalent feedback diagram where the driving charge and shunt
impedance are applied to the same electrode (as shown in Fig. 10).

Unlike the case in Section II.B, the impedance distorts
the tube transfer function from the driving charge to the de-
flection . Rather than simply adding a strain feedback con-
troller to the mechanical system, the transfer function from
to now also contains a filter . An equivalent
feedback diagram is shown in Fig. 11.

An obvious technique for recovering the natural tube
dynamics is to pre-filter the driving charge with . For-
tunately this prefiltering and inversion is straight-forward to
implement in practice. This solution is discussed in Section III.

2) Shunt Impedance Design: The Smart Structures and Vi-
bration Control literature contain a multitude of passive, ac-
tive, linear, and nonlinear piezoelectric shunt impedance designs
(reviewed in [23] and [24]). However, only a small subset is
suitable for piezoelectric tube damping. The so-called resonant
linear shunts meet all of the requisite criteria: They are easy to
design, implement, and tune; they offer excellent damping per-
formance (especially for single modes of vibration); they are
strictly passive and inject no harmonics; and finally, their pres-
ence influences the mechanical dynamics only over a small fre-
quency range. Resonant linear shunts have been shown to emu-
late the effect of a tuned-mass mechanical absorber [21].

After examination of various impedance designs, the LCR
circuit depicted in Fig. 4 was found to offer good performance.
The presence of a series capacitance is necessitated by the re-
quirement 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 re-
flected in the scan filter and its inverse .

To damp a single mode of structural vibration, the circuit in-
ductance , capacitance , and piezoelectric capacitance
are tuned to resonate at the target mechanical frequency . Al-
though the capacitance value is essentially arbitrary, values
of 1 to 10 times the piezoelectric capacitance have been found
suitable. To equate the frequency of electrical resonance to me-
chanical resonance, the inductor is tuned as follows:

(22)

The resistance value, dependent on the inherent system
damping, is most easily found experimentally. For such sys-
tems, resistances in the order of 1 are typical.
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Fig. 12. Schematic diagram of a charge driven tube with integrated shunt
circuit.

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 Fig. 12. Neglecting the filter and
input , the charge applied to the piezoelectric tube is equal to

(23)

The impedance (or admittance) experienced by the piezoelectric
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 (23), the impedance presented to the terminals
is simply (as defined by the filter in Fig. 12). By imple-
menting the filter any arbitrary impedance can be
presented to the terminals of the transducer. Simple techniques
for designing analog and digital filters that represent
can be found in [25]. In this work a dSpace DSP system is used
to implement and tune the filter .

In addition to the charge required for shunt impedance syn-
thesis, the additive charge is used for tube scanning. As men-
tioned in Section II-B-1, the additive charge requires a filter

to compensate for the electrical dynamics of the shunt
impedance when attached to the same electrode.

A substantial simplification of the system shown in Fig. 12
can be made by studying the structure of the filter

(24)

Considering that the transfer function has already
been implemented, can be replaced as shown in Fig. 13.

A. DC Accurate Charge Amplifier

One of the key components utilized so-far without reference
is the charge amplifier. As mentioned in the introduction, sub-

Fig. 13. Simplified diagram of a charge amplifier with integrated shunt
impedance.

Fig. 14. Simplified diagram of a generic charge source.

stantial difficulties have been experienced in attempts to con-
struct such a device for capacitive loads.

Consider the simplified diagram of a generic current source
shown in Fig. 14. The piezoelectric load, modeled as a capacitor
and voltage source is shown in gray. The high gain feedback
loop works to equate the applied reference voltage , to
the voltage across a sensing capacitor . Neglecting the resis-
tances and , at frequencies well within the bandwidth of
the control loop, the load charge is equal to

(25)

i.e., we have a charge amplifier with gain Columbs/V.
The foremost difficulties associated with the charge ampli-

fier shown in Fig. 14 are due to the resistances and .
These resistances model the parasitic leakage resulting from
the input terminals of the feedback opamps, capacitor dielec-
tric leakage, and measurement. In practice, this parasitic re-
sistance is often swamped with additional physical resistances
required to manage voltage drift associated with the input bias
current of the opamps and voltage instrumentation.

If there exists a parallel load resistance , the actual charge
flowing through the load transducer becomes

(26)
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Fig. 15. DC accurate charge source for grounded capacitive loads.

The amplifier now contains a high-pass filter with cutoff
. That is

(27)

In a typical piezoelectric tube drive scenario, with nF, a
1 A output offset current requires a 10-M parallel resistance
to limit the dc voltage offset to 10 V. Phase lead exceeds 5 de-
grees below 18 Hz. Such poor low-frequency performance pre-
cludes the use of charge amplifiers in applications requiring ac-
curate low-frequency tracking, e.g., Atomic Force Microscopy
[26].

A solution for the problem of voltage drift was first presented
in [27]. An auxiliary voltage feedback loop was included to cor-
rect low-frequency behavior and allow for constant charge off-
sets. The circuit implementation required the design of separate
voltage and charge feedback controllers. A simplified design re-
lying on the intrinsic voltage control offered by the parasitic
resistances was later presented in [28]. Neither of the ampli-
fiers 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.

In the following, we present a dc accurate grounded-load
charge amplifier. Shown in Fig. 15, the amplifier incorporates
a high common-mode rejection, high common-mode range dif-
ferential 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 .

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

(28)

Fig. 16. Test for voltage/charge dominance.

The reference to actual load charge transfer function can be
found by combining (28) and (26)

(29)

By setting , i.e.

(30)

the amplifier has no low-frequency dynamics and constant gain
Columbs/V. Effectively the voltage amplifier, comprised of

the two resistances and , synthesizes the operation of an
ideal charge amplifier at low frequencies.

As the amplifier can be viewed as the concatenation of a
voltage and charge amplifier, it is important to identify the fre-
quency range where each mode of operation is dominant. Con-
sider the schematic shown in Fig. 16. During perfect charge op-
eration, i.e., when is correctly regulated to zero, the voltage

will be equal to . During voltage dominant behavior,
will be regulated to zero. Such characteristics can easily be mea-
sured 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 will occur.

When which implies the transfer function
from to reveals the voltage or charge dominance of the
amplifier. At frequencies where , the amplifier is charge
dominant, and voltage dominant when . For the hybrid
amplifier shown in Fig. 15, when

(31)

i.e., at frequencies above s the amplifier is
charge dominant, and voltage dominant below. Obviously,
given (31), the objective will be to select a load resistor
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, 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.
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Fig. 17. Piezoelectric tube dimensions (in mm).

TABLE I
PARAMETERS OF THE CHARGE AMPLIFIER AND SHUNT IMPEDANCE

Alike a typical voltage amplifier, the hybrid amplifier offers
little or no hysteresis reduction over the frequency range of
voltage dominance. For the same reason, no improvement in
creep can be expected. Creep time-constants are usually greater
than 10 min, which in this discussion, is effectively dc. At these
frequencies the amplifier behaves analogously to a standard
voltage amplifier.

IV. EXPERIMENTAL RESULTS

In this section, the prototype shunt circuit and charge ampli-
fier are employed to drive a piezoelectric tube positioner in one
dimension. The tube was manufactured and patterned by Boston
Piezo-Optics, physical dimensions can be found in Fig. 17. The
tube was glued (with 24 h epoxy) vertically into a recessed (by
1.5 mm) aluminum block. An ADE Tech capacitive sensor was
used to measure the displacement with sensitivity 10 V/ m and
bandwidth 10 kHz. An aluminum cube (1 cm 1 cm 1 cm)
is glued onto the tube tip and grounded to provide a return for
the capacitive sensor. Both the tube block and sensor mount
are affixed to a stabilized optical table. Parameters of the shunt
impedance and amplifier are shown in Table I.

A. Tube Dynamics

We present the experimental results by first examining the
natural response of the piezoelectric tube. The measured and
identified transfer functions from charge input to strain-voltage
and displacement are shown in Figs. 18 and 19. The system
model (shown in Fig. 6), was obtained by frequency domain
subspace system identification [29]. The identification1 required

1An implementation of the algorithm is freely available by contacting the
author.

Fig. 18. The transfer function G measured from the charge input q (C) to
the measured displacement d (m). (—) Identified model, (- -) measured.

Fig. 19. The transfer function G measured from the charge input q (C) to
the measured strain voltage v (V ). (—) Identified model, (- -) measured.

12 MIMO data points to return a single input, two output model
of order 2. An excellent fit is observed in the frequency domain.

The nominal first resonance frequency and dc charge sensi-
tivity of the tube were measured to be 1088 Hz and 5.7 m/C (5.7

m/ C).

B. Amplifier Performance

Both the low-frequency scanning and high-frequency vibra-
tion damping depend on the performance of the charge amplifier
and related instrumentation. In the following we examine the
two characteristics of foremost importance: low-frequency
charge regulation—the ability of the amplifier to reproduce
low-frequency inputs without drift, and the bandwidth of
charge dominance—the frequency range where hysteresis will
be reduced due to dominant charge feedback.

The (low-frequency) transfer function measured from an
applied reference signal to the actual charge deposited on a
5-nF dummy load is shown in Fig. 20. Excellent low-frequency
tracking from 15 mHz to 15 Hz is exhibited by the amplifier and
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Fig. 20. Charge amplifier low-frequency tracking performance. Measured
from the charge reference signal (V ) to the instrumented load voltage across
a 5-nF dummy load.

Fig. 21. Charge dominance bandwidth. Measured from the internal tube strain
voltage v to the load voltage.

instrumentation. As discussed in Section III-A, the bandwidth
of charge dominance was ascertained by zeroing the charge
reference and introducing an internal load voltage. The transfer
function measured from the internal voltage to the voltage
measured across the load is shown in Fig. 21. We observe a
charge dominance bandwidth of 0.8 Hz. Frequencies above this
bandwidth will experience the full linearity benefit of charge
actuation.

To justify the use of charge actuation we demonstrate the ben-
efit in Figs. 22 and 23. Hysteresis is reduced by approximately
89% simply through the use of a charge amplifier. Percentage re-
duction is calculated by measuring the maximum excursion in
the minor axis of each plot, then taking the ratio . It
should be noted that a scan range of m is around 20% of the

Fig. 22. Relationship between an applied voltage and the resulting tube
displacement. (10-Hz ramped sinusoidal input.)

Fig. 23. Relationship between an applied charge reference and the resulting
tube displacement. (10-Hz ramped sinusoidal input.)

full scale deflection, it is often assumed that hysteresis is neg-
ligible at such low drives. Similar plots for the same apparatus
with a m drive can be found in [27], a greater hysteresis
is exhibited, and heavily reduced through the use of a similar
charge drive.

C. Shunt Damping Performance

1) Scan Induced Vibration Suppression: While scanning at
high frequencies, the greatest cause of tracking error is due to
high frequency harmonics exciting the mechanical resonance.
The influence of the shunt impedance can be observed to signif-
icantly increase the effective damping in Fig. 24. The simulated
response shown in Fig. 25 shows a good correlation with exper-
imental results. The equivalent decrease in settling time can be
observed in Fig. 26.
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Fig. 24. Experimental response. Natural (—) and shunt-damped (- -)
tube dynamics measured from the additive charge input q (C) to the tip
displacement d (m).

Fig. 25. Simulated response. Natural (—) and shunt-damped (- -) tube
dynamics measured from the additive charge input q (C) to the tip
displacement d (m).

The improvement in triangular scanning fidelity is illustrated
in Fig. 27; an unfiltered 46-Hz Triangle wave 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 magnitude, the pres-
ence 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 con-
trol [11] is applied, the damped mechanical system would allow
a less severe prefilter and provide greater immunity to modeling
error.

2) Externally Induced Vibration: 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

Fig. 26. Tube deflection (in nm) resulting from square wave excitation. (a)
Uncontrolled and (b) with L� C � R shunt impedance.

Fig. 27. Tube deflection (in nm) resulting from a 46-Hz triangle wave
excitation. (a) Uncontrolled and (b) with L� C �R shunt impedance.

excursions. By applying a voltage to an opposite electrode, we
can simulate the effect of a strain disturbance. A significant
damping of greater than 20 dB can be observed in Fig. 28. The
effect of such damping can be observed in the time domain
by applying a low-frequency scanning signal. With no scan-in-
duced vibration, the external noise is dominant. The reduction
of resonant vibration can be seen in Fig. 29.

3) Low-Frequency Scanning: The final test of such an appa-
ratus is the ability to track dc charge offsets. In Fig. 30 a low-fre-
quency triangle signal was applied to the charge amplifier, at
time 130 s, a dc offset equivalent to around 1 m was applied.
Aside from the faithful reproduction of a 0.1-Hz triangle wave,
the charge amplifier reproduces the offset without drift.

V. CONCLUSION

In this paper, a new charge amplifier has been presented for
the reduction of hysteresis in piezoelectric tube scanners. Using
the intrinsic voltage feedback offered by parasitic resistances,
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Fig. 28. Experimental response. The natural (—) and shunt-damped (- -)
tube transfer function from the applied strain disturbance (in V ) to the tip
displacement d (m).

Fig. 29. Tube deflection (in nm) resulting from a 1.6-kHz band-limited
uniformly distributed random strain disturbance. (a) Uncontrolled and (b) with
L � C � R shunt impedance.

Fig. 30. Low-frequency scanning reference and resultant tube displacement
with additive dc offset.

low-frequency voltage drift has been eliminated to provide dc
accurate operation. The proposed charge amplifier is simple to
fabricate and easily integrated into existing open-loop or con-
trolled systems.

In addition to hysteresis reduction, piezoelectric shunt
damping has been applied to reduce scan-induced vibration.
Piezoelectric shunt damping involves the connection of an
electrical impedance to the terminals of a piezoelectric trans-
ducer. In experiments considering scan-induced and externally
induced vibration, an LCR network reduces the first resonance
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 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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