Post-print version (generated on 19.03.2020)
This and other publications are available at:
http://www.acin.tuwien.ac.at/publikationen/ams/

Similarity-based Feedback Control for Linear Operation of
Piezoelectric Actuators
Mathias Poik, Dominik Kohl and Georg Schitter
Abstract— The positioning accuracy of piezoelectric transducers is limited by nonlinearities such as hysteresis and creep.
Improving the accuracy by feedback control is not always
desired or possible due to the difficult integration of a position
sensor. The method presented in this paper uses two piezoelectric transducers of the same type, to linearly operate one
of them without a sensor. The nonlinear voltage-displacement
relation of two transducers is analyzed and compared. It
is shown that their nonlinearities are almost identical. The
displacement of one of the transducers is measured and used
to control the displacement of the other one, reducing the
positioning error due to nonlinearities for a triangular reference
signal from 9.2 % to 0.3 % of the actuation range.

I. I NTRODUCTION
Piezoelectric transducers (piezos) are widely used in
nanopositioning applications, such as scanning stages for
Atomic Force Microscopes (AFM) [1] and deformable mirrors for adaptive optics [2]. Advantages of piezos are their
sub-nanometer positioning resolution, as well as their high
bandwidth and forces. The major drawback is the nonlinear
relation between the applied voltage and the resulting displacement, which shows a distinct hysteresis [3]. Depending
on the piezoelectric material, the hysteresis can lead to
positioning errors of up to 20 % of its range. Additionally,
piezos suffer from creep [4], which is a slow process,
especially apparent for applied voltage steps. After a step,
the displacement keeps increasing logarithmically [5]. Without compensation, these nonlinearities between voltage and
displacement lead to significant positioning errors.
A common approach for linear operation is the use of
inverse models for hysteresis [6] and creep [7]. The main
advantage of this approach is that no position sensor is
required, and a high positioning bandwidth can be achieved
due to the open-loop control structure [8]. However, without
position measurement the actual displacement of the piezo
is unknown, and unavoidable model uncertainties typically
limit the positioning accuracy to 1 % - 3 % of the actuation
range [9], [10]. Additionally, accurate nonlinear models are
computationally expensive and require an extensive identification process due to their complexity.
It is known for several decades that the relation between
the electric charge and displacement is almost linear [11].
This can be used to control the charge instead of the voltage
of a piezo [12]. Charge control can lead to a significant
reduction of hysteresis, without the need of a position
sensor [13]. However, the remaining nonlinearities between
charge and displacement (typically 1 %-2 % of the actuation
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Fig. 1: Block diagram of (a) typical feedback control and
(b) similarity-based feedback control for the compensation
of nonlinearities. In (b), no displacement measurement of
the Actuation Piezo is required.

range) impair the accuracy of charge controlled piezos [14].
Although a recent implementation showed a reduction of
the positioning error to 0.4 % [15], its applicability for low
frequency or DC operation is limited by leakage currents in
the piezoelectric material, which is a general limitation of
charge controlled piezos [16]. Although this problem can be
circumvented by sensor fusion [17], this again requires an
additional sensor.
When a position sensor is applicable, the displacement
of the piezo can be measured and controlled by means of
a feedback controller [18], [19] (Fig. 1a), leading to an
excellent positioning accuracy, limited only by accuracy,
noise and bandwidth of the sensor. However, position sensors
with low noise, high accuracy and high bandwidth are
in general rather bulky, and therefore difficult to integrate
in some positioning systems [20]. Deformable mirrors for
adaptive optics can contain hundreds or thousands of piezos
with small inter-actuator pitch [2], and therefore no space
is available for bulky position sensors. AFM tube-scanners
are usually incorporated in a rigid and compact structure, in
order to avoid the excitation of undesired resonances [21],
[22]. It is therefore difficult to integrate position sensors for
feedback control in these applications.
The contribution of this paper is the proposal and imple-
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mentation of a control scheme to reduce the nonlinearities
of a piezo, based on the similarity of two piezos of the
same type. The piezo which performs the actual positioning
task is operated in open loop. As shown in Fig. 1b, a
second, external piezo is operated with the same voltage, thus
performing the same motion. This externally mounted piezo
is easily accessible by a position sensor. Its displacement
is measured and used for feedback control. As a result,
no position measurement of the piezo that performs the
actual positioning task is required anymore. Prior to the
implementation of the control scheme, the paper presents
a comparison of the nonlinear voltage-displacement relation
of two piezos of the same type.
The proposed control scheme is presented in Section II.
The similarity of two piezos of the same type is analyzed
in Section III. Section IV describes the experimental implementation of the control scheme, and the experimental results
are presented in Section V. Concluding remarks are given in
Section VI.
II. S IMILARITY- BASED F EEDBACK C ONTROL
Fig. 1a shows a block diagram of the typical feedback
control scheme used for the compensation of nonlinearities.
The displacement xact of the piezo (Actuation Piezo) is
measured by a position sensor and fed back to a controller.
This control scheme can only be applied if the displacement
of the piezo can be directly measured by the sensor.
In the proposed similarity-based feedback control scheme
shown in Fig. 1b, two piezos of the same type are used to
overcome this limitation. The Feedback Piezo is operated by
conventional feedback control. The Actuation Piezo, which
performs the actual positioning task, is operated in open loop
with the same voltage u and therefore performs the same
motion. In opposite to typical feedback control, a direct
measurement of xact is not required anymore. The Feedback Piezo can be mounted externally and its displacement
x f b can therefore easily be measured by a position sensor.
A prerequisite for the effectiveness of the control strategy
is that the nonlinear voltage-displacement relation of Actuation Piezo and Feedback Piezo are similar. Therefore, the
voltage-displacement relation of the two piezos is analyzed
and compared prior to the implementation.
A. Used actuators
In this work, two stack piezos of the type MPO-050015
(NanoFaktur, Villingen, Germany) are used. They have a
nominal range of 15 µm at a maximum driving voltage
of Umax = 150 V, a length and cross-section of 10 mm and
5 × 5 mm, respectively, and a nominal capacitance of 720 nF.
For the comparison of their nonlinearities, the piezos are
operated in open-loop without any feedback controller, as
shown in Fig. 2. The analyzed piezos are denoted as Piezo A
and Piezo B. The signals are generated and acquired by a
data acquisition unit (NI-USB6211, National Instruments,
Austin, USA) and the piezos are driven in parallel by
a high bandwidth low-noise piezo amplifier (TechProject,
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Fig. 2: Experimental setup for the comparison of the piezos
used for the implementation of similarity-based feedback
control. The two piezos are operated with the same voltage and their displacements are simultaneously recorded by
capacitive distance sensors.

Vienna, Austria). Two capacitive distance sensors (Model6810, MicroSense, Massachusetts, USA) are used to record
the displacement of both piezos simultaneously. To reduce
the influence of temperature fluctuations and environmental
vibrations, the setup is covered by a custom-made temperature isolation box which is mounted onto an optical table.
The noise of the measured displacement equals 0.96 nmRMS
with a drift of less than 7 nm over a period of 1 hour.
III. S IMILARITY OF USED ACTUATORS
The major factor limiting the accuracy of piezo-based
positioning systems is the distinct hysteresis, which depends
on amplitude and frequency of the applied voltage [6]. In
the following, sinusoidal signals of different amplitudes and
frequencies are applied to the piezos. Parameters quantifying
their nonlinear voltage-displacement relation are defined,
which enables an estimation of the positioning accuracy of
the system presented in Section II.
A. Actuation range
Due to production tolerances the actuation ranges of
piezos of the same type can show significant differences.
For the piezos used in this work, the manufacturer specifies a
tolerance of ± 10 %. For the control scheme proposed in this
work, a difference between the actuation ranges of the piezos
would lead to a positioning error and has to be compensated
by a scaling factor (see Section V). In order to enable a
comparison of the relative nonlinearities, the displacements
of the piezos are therefore normalized by their actuation
ranges.
In this work, the actuation range is defined as peakpeak value of the displacement for an applied sinusoidal
voltage with an amplitude of Umax /2 and an offset of Umax /2
at a frequency of 10 Hz. Fig. 3 shows one period of the
displacement xA of Piezo A and xB of Piezo B. The ranges
of Piezo A and Piezo B are RA = 11.6 µm and RB =
11.1 µm, respectively, which gives a difference of 4.5 %. The
normalized displacements x̄A and x̄B
xB
xA
, x̄B =
(1)
x̄A =
RA
RB
enable a comparison of the relative nonlinearities.
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Fig. 3: Measured actuation ranges of Piezo A and Piezo B.
The ranges show a difference of 4.5 %.

Fig. 4: Measured Hysteresis and Asymmetry of Piezo A and
Piezo B. The shape of the normalized hysteresis curves is
almost identical.

TABLE I: Difference of Hysteresis and Asymmetry between
Piezo A and Piezo B for different frequencies.

HA − HB (%)
AA − AB (%)

1
0.2
0.0

Frequency (Hz)
5
10
50
0.2
0.3
0.4
0.0
-0.1
-0.1

B. Hysteresis and Asymmetry
Fig. 4 shows the normalized displacements of the compared piezos for a sinusoidal voltage with an amplitude
of Umax /2, an offset of Umax /2 and a frequency of 1 Hz.
For the quantification of the normalized hysteresis curves,
Hysteresis H is distinguished from Asymmetry A (which
also includes saturation effects). Hysteresis H is defined as
difference between descending (↓) and ascending (↑) branch
of the normalized displacement at u = Umax /2:




Umax
Umax
H = x̄
↓ − x̄
↑ .
(2)
2
2

Asymmetry A is the difference of the center of the hysteresis
curves from from the center of the displacement range:


Umax
x̄ Umax
x̄ pp
2 ↓ + x̄
2 ↑
A=
−
,
(3)
2
2
where x̄ pp denotes the peak-peak value of the normalized
displacement.
Piezo A and Piezo B show a Hysteresis of HA = 12.7 %
and HB = 12.5 %, as well as an Asymmetry of AA = 5.7 %
and AB = 5.7 %, respectively. With a difference of HA −HB =
0.2 % for Hysteresis and an identical Asymmetry, the shapes
of the hysteresis curves of the two piezos are almost identical.
Both parameters are also measured for sinusoidal signals
with frequencies of 5, 10, and 50 Hz. The differences of the
parameters of the two piezos are depicted in Table I.
C. Amplitude dependence
The amplitude dependence of the hysteresis curves is
analyzed by applying a sinusoidal amplitude sweep with a
constant offset of Umax /2 to the piezos. The frequency of
the applied voltage is 1 Hz. Hysteresis and Asymmetry of
the compared piezos are shown in Fig. 5. It can be seen

Fig. 5: Measured Hysteresis and Asymmetry of the two
piezos depending on the amplitude of the applied voltage.

that the amplitude dependence of the parameters quantifying
the hysteresis curves is similar. Hysteresis of the two piezos
differs by only 0.4 % or less, and Asymmetry shows a
maximum difference of only 0.1 %.
Summarizing the results presented in this section, the
relative nonlinearities of the two analyzed stack piezos of the
same type are almost identical. This is shown by normalizing
the displacements of the piezos using their actuation ranges.
Although the ranges show a difference of 4.5 %, the defined
parameters quantifying the relative nonlinearities show a
difference of only 0.4 % or less. It is therefore expected that
the displacement of one piezo can be used to control the
displacement of the other one, as proposed in the control
scheme presented in Section II. The results are not restricted
to the stack piezos introduced in the beginning of this
section. The same analysis was carried out for stack piezos
from a different vendor (NAC2013-A01, Noliac, Kvistgaard,
Denmark), yielding similar results (data not shown).
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Fig. 6: Experimental implementation of similarity-based
feedback control.
Fig. 7: Measured displacement of the Actuation Piezo operated by similarity-based feedback control, showing a highly
linear response.

IV. E XPERIMENTAL IMPLEMENTATION AND
CONTROLLER DESIGN

The similarity-based feedback control scheme (Fig. 1b) is
implemented using the two piezos analyzed in the previous
section. To this end, the setup shown in Fig. 2 is extended by
feedback control. Piezo A thereby serves as Actuation Piezo
and Piezo B as Feedback Piezo. The experimental implementation of similarity-based feedback control is shown in
Fig. 6.
As shown in Section III-A, the ranges of the two piezos
differ by 4.5 %. However, their relative nonlinearities are almost identical. It is therefore expected that the displacements
xact and x f b of Actuation Piezo and Feedback Piezo are equal
up to the scaling factor SR
SR =

RB
.
RA

TABLE II: Maximum tracking error of the Actuation Piezo
operated by similarity-based feedback control depending on
the frequency (first row). The maximum tracking error of the
Feedback Piezo (second row) is subtracted to eliminate the
influence of the phase lag introduced by the feedback loop
(third row).

MT Eact (%)
MT E f b (%)
MT Eact − MT E f b (%)

1
0.3
0.0
0.3

Frequency (Hz)
5
10
0.4
0.6
0.2
0.5
0.2
0.1

50
3.0
2.6
0.4

(4)

In order to compensate for the range difference, the reference
displacement xre f is therefore multiplied by SR . The measured displacement x f b of the Feedback Piezo is subtracted
from the scaled reference signal and the resulting control
error is applied to a feedback controller CI .
In this work, a custom-made integral controller
kI
(5)
s
is used. The gain kI is tuned manually by a commonly used
heuristic approach [25]. It is first increased until ringing
occurs, then it is decreased by 10 %, such that the bandwidth
is relatively high while maintaining closed-loop stability. The
resulting closed-loop bandwidth equals 1.3 kHz (data not
shown).
For the implementation of the proposed control scheme,
the piezos are operated without mechanical load in this
work. Although in a practical implementation the Actuation Piezo would be acting against a mechanical load, in
many nanopositioning applications the applied load is small
and its influence is negligible [23], [24].
CI (s) =

V. E XPERIMENTAL R ESULTS
The accuracy of the proposed positioning system is investigated by applying the same sinusoidal signals as in
Section III. Fig. 7 shows the displacement xact of the
Actuation Piezo for a sinusoidal reference displacement
xre f with an amplitude of Ract /2 at a frequency of 1 Hz.

The displacement shows an almost linear response with a
maximum tracking error MT Eact
MT Eact =

|xre f − xact |
× 100%
max(xre f ) − min(xre f )

(6)

of 0.3 %.
The measured error for frequencies of 5, 10 and 50 Hz is
shown in the first row of Table II. For increasing frequencies
MT Eact significantly increases. This can be explained by
the phase lag introduced by the feedback loop which leads
to a significant tracking error. To show that the increasing
error at higher frequencies is mainly due to this phase lag,
the maximum tracking error MT E f b of the Feedback Piezo
(replace xact by x f b in (6)), which experiences the same phase
lag, is subtracted from MT Eact in the third row of Table II.
The measured errors are close to the expected errors due to
the difference of the hysteresis curves of the piezos presented
in Section III-B.
To investigate the accuracy for different amplitudes, a
sinusoidal amplitude sweep of the reference signal at a
frequency of 1 Hz is applied. The tracking error is determined
for each amplitude. As shown in Fig. 8, MT Eact equals 0.4 %
or less, which is in accordance with the results presented in
Section III-C.
Many piezo-based positioning systems, such as scanning
stages for AFM, are commonly operated with triangular
reference trajectories. The positioning accuracy is therefore
evaluated for a triangular reference signal. The reference
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Fig. 8: Maximum tracking error of the Actuation Piezo
operated by similarity-based feedback control depending on
the amplitude of the applied reference signal.

(a)

(b)

(c)

Fig. 9: Positioning accuracy for triangular trajectory: (a)
Reference trajectory and measured displacement of Actuation Piezo with and without compensation of nonlinearities
by similarity-based feedback control, (b)(c) comparison of
positioning errors with and without compensation.

signal xre f and the measured displacement of the Actuation Piezo xact with and without similarity-based feedback
control are shown in Fig. 9a. The corresponding positioning
errors xre f − xact are shown in Fig. 9b, and with different
scaling in Fig. 9c. Without compensation for nonlinearities,
the displacement shows an MT Eact of 9.2 %, i.e. 1.07 µm.

Fig. 10: Positioning accuracy for step trajectories: (a) Reference trajectory for step height of Ract /2 and measured
displacement of Actuation Piezo with and without compensation of nonlinearities by similarity-based feedback control.
(b)(c) Comparison of positioning errors with and without
compensation. (d) Displacements and (e)(f) comparison of
positioning errors for step height of Ract .

With similarity-based feedback control, MT Eact is reduced
to 0.3 %, i.e. 36 nm.
A major challenge for low frequency or DC operation
of piezos is the drift of the displacement due to creep [8].
Creep occurs for almost all signal shapes, but is especially
apparent for step signals. The positioning accuracy is therefore investigated for steps of xre f . Fig. 10a shows xre f for
a step height of Ract /2, together with xact with and without
compensation of nonlinearities by similarity-based feedback
control. The resulting tracking errors are shown in Fig. 10b,
and with different scaling in Fig. 10c. Without compensation,
xact shows a significantly higher step height than xre f and
therefore a large tracking error. Additionally, xact slowly
increases due to the creep behavior which leads to an error
of 7.7 % of Ract after 60 s. With similarity-based feedback
control, the error is reduced to 0.3 % and no significant drift
of xact is observed. Similar results are obtained for a step
height of Ract , with a reduction of the error from 11.5 % to
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0.3 % (Fig. 10d-f).
In summary, it has been shown that the similarity of two
stack piezos of the same type can be utilized to operate one
of them linearly (positioning error ≤ 0.4 %) in open-loop, by
applying a driving signal which is generated by operating the
second piezo in closed-loop.
VI. C ONCLUSIONS
The control scheme presented in this paper operates a
stack piezo linearly without co-located position measurement. The nonlinearities of two piezos of the same type are
analyzed and compared. It is shown that the nonlinearities
are almost identical, differing only by about 0.4 % of the
actuation ranges of the piezos. By utilizing this property,
the displacement of one piezo is controlled by feeding back
the measured displacement of the other piezo. As a result,
the positioning error for a triangular reference signal with
a frequency of 1 Hz is reduced from 9.2 % to 0.3 % of the
actuation range of the piezo. For the implementation of the
control scheme no special care is taken during the selection
of the piezos, other than using two piezos of the same type
from the same vendor. Since the remaining positioning error
arises from the difference of the nonlinearities of the piezos,
it is expected that it can be reduced even further by using
piezos with matched nonlinearities for the implementation of
the proposed control scheme. Future work therefore includes
the comparison of the nonlinearities of a larger number of
piezos.
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