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Abstract. This paper presents the design and the realization of a technique to attenuate the hysteresis nonlinear
phenomenon of high displacement Amplified Piezoelectric Actuators (APA) mounted in a state-of-the-art Fabry-Pérot
interferometer. This interferometer is to be installed in the 3D-spectrometer Brazilian Tunable Filter Imager (BTFI) on
the Southern Astrophysical Research (SOAR) telescope in Chile. The hysteresis attenuation technique presented in this
paper aims to assist the Fabry-Pérot’s nanopositioning control system to attain its main scientific specification. In
such system, each APA has a maximum stroke of 270um within a 170V range, and they are used to position a high
reflective mirror plate. The Fabry-Pérot’s nanopositioning control system is specified to limit the APA’s positioning
steady-state noise to 3nm rms, but the hysteresis limits the positioning accuracy. In order to attenuate hysteresis, an
electronic charge control circuit built with a high power operational amplifier has been designed and applied for each
APA. The experiments results show that the hysteresis effect has almost been eliminated, and consequently the
positioning steady-state noise has significantly been reduced.
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1. INTRODUCTION

The Brazilian Tunable Filter Imager (BTFI) is a highly versatile, new technology, tunable optical imager to be used
both in seeing-limited mode and at higher spatial fidelity using the SAM Ground-Layer Adaptive Optics facility (SOAR
Adaptive Module) which is being deployed at the Southern Astrophysical Research (SOAR) telescope. The BTFI
employs Fabry-Perot interferometers in order to achieve high spectral resolutions up to R ~30,000 (de Oliveira), as well
as the use of an innovating technique of combining holographic nets to build a tunable filter. BTFI will be useful for the
study of a variety of topics, from solar system bodies, stars, interstellar medium, galaxies, to cosmology.

The BTFI’s Fabry-Pérot interferometer (Fig. la), or etalon, is an instrument that permits optical filtration by
interference processes (Fig. 1d), given by multiple reflection and refraction of light between two parallel highly
reflective surfaces (Fig. 1b). The refracted rays interfere on each other, forming a pattern which takes the appearance of
a set of concentric rings (Fig. 1¢). By tuning the distance between the parallel plates one tune the wavelength of light. In
Fabry-Pérot interferometer, the distance between the parallel surfaces is controlled by Amplified Piezoelectric
Actuators — APA — CEDRAT TECHNOLOGIES (Fig. 1c), which are fixed on the inner side of the etalon.
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Figure 1. (a) Fabry-Pérot interferometer. (b) Mirror plate. (c) APA. (d) Interference process. (e) Visual pattern of
concentric rings in Fabry-Pérot interferometer.

APA is a solid-state long-stroke actuator. It is based on the expansion of the active material and on a mechanism to
amplify the displacement, which is also proportional to the applied voltage. The advantages of APA (Cedrat
Technologies) are its relatively large displacements combined with its high forces and compact size along the active
axis. Since APA is robust, it can also be used in dynamic applications, including in resonant devices. On the other hand,
APA has a very typical type of nonlinearity encountered in piezoelectric transducers — the hysteresis — which limits the
positioning accuracy.

Such non linearity, which appears when the piezoelectric transducers are submitted to conventional voltage control,
is enormously undesirable for the Fabry-Pérot’s nanopositioning system, since its main scientific specification imposes
that the standard deviation of the positioning error must be limited to 3nm rms. Thus, in order to attenuate the
hysteresis effect of each APA in Fabry-Pérot, an analog charge control circuit built with a high power operational
amplifier has been designed and applied for each APA. This paper aims to present the design and the implementation of
such a solution, and to show its benefits by comparing the performance of the Fabry-Pérot’s nanopositioning system
with and without hysteresis attenuation.

Other techniques to attenuate the hysteresis have been widely published in other papers (Bazghaleh M., Beck J.,
Huang L., Rodriguez-Fortun J.M., Vautier B.J.G.). However, they are mostly limited to evaluate the results only in
terms of the hysteresis magnitude reduction, without analyzing its improvements on a positioning accuracy point of
view. With a more comprehensive approach, this paper focuses the analysis of the hysteresis attenuation in terms of the
positioning accuracy of a real and challenging positioning application, giving an interesting contribution on this subject.

This paper is organized as follows: Section 2 describes the main characteristics of the Fabry-Pérot nanopositioning
system’s parts, Section 3 presents the method used to characterize the APA’s hysteresis magnitude, Section 4 presents
the charge control technique used to attenuate the APA’s hysteresis and Section 5 presents the results obtained with the
experiments performed with the APAs for both the classic voltage control (no hysteresis attenuation) and the designed
charge control solutions. Finally, the experiment results are discussed in Section 6.
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2. FABRY-PEROT’S NANOPOSITIONING SYSTEM

The actuating system of the Fabry-Pérot’s nanopositioning system is composed by three APA400MML model
(CEDRAT Technologies) Amplified Piezoelectric Actuators (APA).

The APA400MML (Fig. 2a) has a maximum stroke of 270um (-50 um to 210 um) and it is proportional to the
applied voltage within a 170V range (-20V to +150V). The APA400MML has two different excitation conditions: the
quasistatic and the dynamic ones. The quasistatic excitation condition corresponds to operations in frequencies up to
one-third of the first resonance frequency of the APA, which is about 600Hz. The dynamic excitation condition
corresponds to operations in frequencies over the quasistatic bandwidth, in which the displacement becomes up to ten
times more sensitive to the applied voltage than in quasistatic condition. Under an electronic point of view, each APA
has an equivalent capacitance value of about 10uF, which is valid in the quasistatic excitation condition.

The measuring system of the Fabry-Pérot’s nanopositioning system is composed by three capacitive sensors and one
converter module. Each capacitive sensor (Fig. 2b) have a measurement range of 1mm and a resolution of 0,4
nm RMS vHz. The converter module (Fig. 2c), which converts the signal coming from the capacitive sensors to a
voltage signal, has a bandwidth of 10kHz and a maximum noise measure that is shorter than 0,005% RMS of the
measure extent.

(a) (b) (c)

Figure 2. (a) Amplified Piezoelectric Actuator — APA. (b) Capacitive sensor. (¢) Converter module.
3. HYSTERESIS CURVE CHARACTERIZATION

In general terms, the hysteresis on a dynamic system is a nonlinear phenomenon which presents a lag in response. In
piezoelectric materials, this lag occurs between its displacement and the applied voltage. In other words, the
displacement may assume different values for the same applied voltage. Like any other piezoelectric device, the Fabry-
Pérot’s APAs have this nonlinear characteristic, which limits the accuracy in positioning applications.

A graphical representation of the APA’s displacement hysteresis is presented in Fig. 3. The hysteresis curve is
partitioned into an ascending and into a descending branch, since the displacement trajectory depends on the sense of
variation of the input voltage.

The calculation of the hysteresis magnitude (Agnus, J., 2003) is shown in Eq. (1):

H=—07%) 100 (1)
(5max _5min)

H is the percentage hysteresis magnitude, (0; —9J,) is the maximum displacement difference between the ascending
and the descending branches of the hysteresis curve for a same input voltage value, and (0,,,x — Oin) is the difference
between the displacement values at the maximum and the minimum applied voltages.

Figure 3. Hysteresis behavior of APA
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The dashed ascending branches in Fig. 3 illustrate the variation on the hysteresis curve as the minimum input

voltage level is increased. It is possible to note that the terms (5, —J,) and (S, — Omin ) depend on the maximum and

minimum values of the input voltage being applied, so the hysteresis magnitude will therefore depend on the maximum
and minimum values of the input voltage.

4. THE ANALOG CHARGE CONTROL SOLUTION

The charge control technique used in this paper lies on the principle that the displacement of a piezoelectric
material is linearly proportional to the applied charge on it (Perez, R.). The electronic scheme shown in Fig. 4 presents
one possible implementation of an analog charge control circuit.

In the scheme shown in Fig. 4, an APA with an inherent capacitance C,, is connected to the output and to the

negative input of an operational amplifier (OA). This APA is also connected to a reference capacitor CVQ, linked to the

circuit ground. The input voltage signal is connected to the positive input of the operational amplifier.

Figure 4. Charge Control solution (Comstock R.H.)

Let V_ be the voltage at the negative input of the operational amplifier and V;, be the input voltage signal. In that
configuration, the current i_ across the negative input of the operational amplifier is on the order of micro amperes,

which implies that the voltage V¢, across the reference capacitor is practically equal to the voltage ¥, at the positive

input of the operational amplifier. In other words, V¢, is such that:
VCref =V_= V+ = Vin (2)

Moreover, it also implies that the charge sz, across the APA is practically equal to charge (¢, across the

reference capacitor, which is given by the expression in Eq. (4):

szt = QCrej (3)
Ocrer =Corer XVerer =Corer XV 4)

Ccyre s the capacitance value of the reference capacitor C,,, . Combining Eq. (3) and Eq. (4), the charge O,

across the APA is given by the expression in Eq. (5):
szt = QCref = CCref x Vin (5)

Therefore, the charge szz across the APA is proportional to the input voltage signal V,,. Since the APA’s
displacement is linearly proportional to applied charge 0,,, it implies that the APA’s displacement will be linearly

proportional to the input voltage signal V, .
It is possible to show that the circuit gain, which is the relation between ¥V, and 7V,

n» 1S approximately given by the
expression in Eq. (6) (Agnus, J., 2003).

Vout — CCref +Cl’2f (©6)
Vin szt
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5. EXPERIMENTAL PROCEDURES

In order to obtain the APA’s hysteresis curves and hysteresis magnitudes for both voltage and charge control
configurations, according to the characterization method described in Section 3, the experiments shown in Fig. 5 have
been set up.

(@) (b)

Figure 5. (a) Experiment scheme for determining the APA’s hysteresis magnitude under voltage control. (b) Experiment
scheme for determining the APA’s hysteresis magnitude under charge control.

In these experiments, the PC runs simulation software which supports real-time communication with the data
acquisition board (DAQ) connected to it. The DAQ provides a DC voltage signal varying from -10V to +10V, which
supplies a voltage amplifier — driver (Fig. 5a) for voltage control configuration or an operational amplifier (Fig. 5b) for
charge control configuration according to the scheme shown in Fig. 4. The driver has a fixed voltage gain which permits
the APA to be supplied within its full voltage range (-20V to +150V). For the charge control configuration, a high
power operational amplifier was applied, which is also capable to deliver the full voltage range of the APA. The gain of
the charge control circuit can be tuned by varying the value of Cg,,, , as shown by Eq. (6).

The capacitive sensor and the capacitance to voltage converter described in Section 2 are used to measure the APA’s
displacement, which value is acquired by the PC software through an analog input of the DAQ.

5.1 Obtaining the hysteresis curves

In order to obtain the hysteresis curves of each piezo (APA) under voltage control configuration (Fig. 5a), a ramp
voltage signal varying from -1V to +7.5V was generated in the PC software. A single cycle of this signal was
transmitted directly to the driver input. Since the driver’s voltage gain is 20, each piezo was supplied with a voltage
signal varying from -20V to +150V. It allowed the piezos to achieve its full stroke of 270um.

In order to obtain the hysteresis curves of each piezo under charge control configuration (Fig. 5b), a ramp voltage
signal varying from -1V to +7.5V was generated in the PC software. A single cycle of this signal was transmitted
directly to the circuit input. In this experiment, the charge control circuit’s voltage gain was set at approximately 20,
therefore supplying each piezo with a voltage signal varying from about -20V to about +150V. It allowed the piezos to
achieve its full stroke of 270um.

Figure 6 and Fig. 7 show the hysteresis curves obtained for the three piezos (Piezo A, B and C) under voltage and
charge control, respectively.
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Figure 6. Hysteresis curves obtained for the piezos A (left), B (middle) and C (right) under voltage control.
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Figure 7. Hysteresis curves obtained for the piezos A (left), B (middle) and C (right) under charge control
Table 1 presents a resume of the results shown from Fig. 6 and Fig. 7 in terms of the hysteresis magnitude of the piezos.

Table 1. Comparative of the experimental results obtained for the hysteresis magnitude, according to Eq. (1), with the
voltage control scheme (Fig. 5a) and the charge control scheme (Fig. 5b)

Piezo Parameter Vel Coptrol Gz Coguol Attenuation
configuration configuration
A Hysteresis Magnitude 19,9 % 0,35 % 98,2 %
B Hysteresis Magnitude 18,7 % 0,47 % 97,5 %
C Hysteresis Magnitude 19,5 % 0,63 % 96,8%

5.2 Evaluation of hysteresis attenuation in Closed Loop

In section 5.2, it was shown the benefits of using the analog charge control solution for attenuating the hysteresis
magnitude. Nevertheless, in terms of nanopositioning, which is the subject of interest of this paper, the hysteresis
magnitude does not give the real measure of the advantages that can be obtained by using such a solution.

Thus, additional experiments were performed in order to evaluate more directly the gains it brought for the Fabry-
Pérot’s nanopositioning system. To do such evaluation, the voltage control scheme of Fig. 5a and the charge control
scheme of Fig. 5Sb were both set up in a closed-loop configuration, which was built with a digital PI compensator
implemented within the simulation software running in the PC environment.

In such configuration (Fig. 8), the measured APA displacement signal y(¢) is compared to a reference (set-point)

signal 7(¢f) in microns, whose error e(¢) is processed by the PI compensator (K) which generates a voltage control
signal u(t) (control effort) limited within a -10V to +10V range. The control signal is transmitted to the system (G)

through the analog output of the DAQ. In voltage control configuration, G is the APA itself, while in charge control
configuration G is the charge control circuit and the APA.

)~ e u(®) y(®)
L K G

T

For both voltage and charge control configurations, the PI compensator was manually tuned in order to provide the
shorter response time possible without destabilizing the closed-loop system.

Figure 9 and Fig. 10 show the results obtained with the voltage control scheme (Fig. 5a) and the charge control
scheme (Fig. 5b) submitted both to a closed-loop configuration. In Fig. 9, the control effort u(¢) is evaluated under

Figure 8. Closed-Loop configuration

voltage and charge control configurations for the three piezos, while in Fig. 10 the measured displacement signal y(¢)
is evaluated under voltage and charge control configurations for the three piezos.
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Figure 9. Control effort signals of the piezos A (left), B (middle) and C (right) obtained under voltage control
(Hysteresis not Attenuated) and charge control (Hysteresis Attenuated) configurations in closed loop.
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Figure 10. Displacement signals of the piezos A (left), B (middle) and C (right) obtained under voltage control
(Hysteresis not Attenuated) and charge control (Hysteresis Attenuated) configurations in closed loop.

Table 2 presents a resume of the results shown from Fig. 9 and Fig. 10 in terms of the standard deviation of the
control effort and the positioning error for each of the piezos.

Table 2. Comparative of the experimental results obtained for the control effort and the positioning error with the
voltage control scheme (Fig. 5a) and the charge control scheme (Fig. 5b) submitted to a closed-loop configuration

Piezo Parameter Vel COI.MOI Charge Coqtrol Attenuation
configuration configuration
A Control Effort's Standard Deviation 5,6 mV 1,1 mV 80,4%
Positioning Error's Standard Deviation 108 nm 61 nm 43,5%
B Control Effort's Standard Deviation 5,4 mV 2 mV 72,2%
Positioning Error's Standard Deviation 122 nm 61 nm 50,0%
C Control Effort's Standard Deviation 3.9 mV 1,2 mV 69,2%
Positioning Error's Standard Deviation 133 nm 59 nm 55,6%

6. CONCLUSION

This paper describes the design and the realization of an analog charge control solution to attenuate the hysteresis
nonlinear phenomenon of the Fabry-Pérot interferometer’s Amplified Piezoelectric Actuators (APA). With the use of
such system, the hysteresis magnitude is almost eliminated (up to 98,2% reduction) compared to the classic voltage
control solution. Moreover, in order to verify the direct benefits of attenuating the hysteresis in positioning applications,
the behavior of the charge control system is also evaluated in closed-loop. In such experiment, the standard deviations
of the control effort and positioning error have significantly been reduced (up to 80,3% and up to 55,6% reduction
respectively) compared to the voltage control solution.
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