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ABSTRACT

In this paper, we study the no-load behavior of a lightweight piezo-composite curved actuator (LIPCA) subjected
to voltage and charge control. First, we examine the e�ect of hysteresis and creep when the actuator is voltage
controlled at a slow scan speed. The experimental results show that creep increases the displacement hysteresis by
over 25% when scanning at 1=60 Hz. Afterwards, we discuss the design and implementation of a charge-feedback
circuit to control the displacement of the actuator. The hysteresis curves between voltage- and charge-control
modes are compared for the scan frequencies of 1 and 5Hz. The results show that charge control (compared to
voltage control) of a LIPCA device exhibits signi�cantly less hysteresis { over 80% less.
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1. INTRODUCTION AND MOTIVATION

In this paper, we study the behavior of a pre-stressed composite piezoelectric actuator1, 2 subjected to open-loop
voltage and charge-feedback control. In particular, we focus on the no-load displacement behavior of a lightweight
piezo-composite curved actuator (LIPCA)� . First, we examine the e�ect of hysteresis and creep at a slow scan
speed. Then, we compare how voltage and charge-feedback control a�ects the displacement of a LIPCA device.

LIPCA devices are composite actuators manufactured by sandwiching (at high temperatures) a soft-piezo-
ceramic layer, type PZT-5A, between glass epoxy and carbon epoxy layers3 (e.g. , see Fig. 1(a)). These devices
produce moderate to high strains,4 and because they can generate large movements in addition to high forces,
LIPCA-type actuators are attractive, for example, as control surfaces inaerospace5 applications and as active
diaphragms2 in synthetic jets for 
ow control. Although they can achieve large movements, a signi�cant hys-
teresis e�ect { much as 15-20 percent of the total displacement range { has been observedwhen they are voltage
controlled.6 In general, it is more convenient (compared to charge control)7 to control the displacement of
a piezoactuator by varying the voltage across its electrodes, but voltage control has several drawbacks. For
example, the relationship between applied voltage and the piezoactuator's displacement is very hysteretic. Hys-
teresis presents a challenge when piezos are used for high-precision positioning applications, such as in scanning
probe microscopes { piezoactuators are used to move a probe-tip relative to a sample surface.8 Additionally,
when piezoactuators are used as control surfaces on an aircraft,5 hysteresis can limit performance by reducing
repeatability, and in some cases, it can destabilize the controlled system.9 On the other hand, it has been
shown that charge control signi�cantly reduces the hysteresis in tube-shaped-,10 stacked-,11, 12 and plate-type
piezoactuators.13 Unfortunately, limited studies exist on the topic of charge control for LIP CA-type devices.
Therefore, a contribution of this paper is studying the e�ect of charge control on a LIPCA-type device. The
behavior of the actuator under charge control is compared to voltage control.Additionally, we examine the e�ect
of hysteresis and creep at a slow scan speed.

This paper is organized as follows: In the next section we describe the experimental LIPCA system. In
Section 3 we discuss the e�ects of hysteresis and creep at a slow scan speed. Then, we describe in Section 4 the
e�ect of voltage and charge control on a LIPCA device, followed by concluding remarks and acknowledgements.
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� Manufactured by Konkuk University, Seoul Korea.
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2. THE EXPERIMENTAL SYSTEM

In this section, we describe in detail the experimental system, which consists of a LIPCA device, a laser dis-
placement sensor, piezoelectric device ampli�ers, and a computer and data acquisition system. We begin the
discussion by describing the LIPCA device.

2.1. The LIPCA Device

The experimental LIPCA device is made of a piezoelectric ceramic layer (lead zirconate titanate or PZT) sand-
wiched between two layers of mixed �berglass and carbon composite as shown in the Fig. 1(a). In particular,
the actuator is composed of a glass/epoxy top layer of 100mm� 24.0 mm� 0.89 mm, a unidirectional car-
bon/epoxy layer of 71 mm� 22 mm� 0.1 mm, another glass/epoxy layer, a PZT-5A layer of 72.3mm� 23.0
mm� 0.25 mm, and another glass/epoxy layer. Electrodes are built into the layers with copper strips so that
direct contact with the PZT-5A layer is possible. The device is pre-stressed due to thedi�erence in coe�cients
of thermal expansion of the layers since the composite is processed at high temperature (300� C). This process
has demonstrated improved performance.14 The nominal geometry of the actuator is shown in Fig. 1(b), where
the di�erence in coe�cients of thermal expansion of the layers causes it to exhibit a curvedshape. A potential
di�erence (voltage) applied across the electrodes of a LIPCA device causes it to displace(e.g. , in the y-direction
as illustrated in Figs. 1(c) and (d)) { positive voltage causes a deformation that increases the radius of curvature
of the device, and negative voltage \
attens" it ( e.g. , see Fig. 1(d)). Mossiet al.2 and Haris et al.3 describe
experimental and numerical studies of the performance for LIPCA-type devices.
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Figure 1. (a) A LIPCA device. (b) (Curved) nominal shape when applied voltage is zero. (c) Increase curvature when
voltage is positive. (d) The actuator \
attens" when the applied voltage is negative.

2.2. The Experimental Setup

The experimental piezo system is shown in Fig. 2. The LIPCA device described in thepreceding section is
�xed, but free to rotate, at location A, and it can translate along the x-direction at location B . A laser-
displacement sensor, NAIS Model ANR12511 (with gain of 2:0106 mm=V ), measures the out-of-plane motion
(in the y-direction) of the actuator. The sensor has a measurable range of� 10 mm (� 0:394 inch) and resolution
of 1 �m at 10 Hz; the resolution reduces to 3:5 �m at 100 Hz. Additionally, the sensor has linearity of 0:2%
of full scale and the output signal (~y) is ampli�ed and low-pass �ltered (cut-o� frequency at 5 kHz ) before it
is measured. A computer (PC) equipped with a 12-bit National Instruments LabPC+ dat a acquisition (DAQ)
board measures the sensor signal ^y (see Fig. 2). The DAQ board also provides a command voltage (eitheruv for
voltage control, or uc for charge control) to the piezo ampli�ers to control its displacement. In this study, the
experimental LIPCA device is actuated by: (1) controlling the voltage uv across the electrodes (voltage-control
mode) and (2) controlling the chargeuc delivered to the device (charge-control mode). Next, we brie
y describe
the voltage and charge-feedback-based piezoelectric device ampli�ers.

2.3. The Piezoelectric Device Ampli�ers

In the experiments, we use a Trek Inc. high-voltage ampli�er (Model PZD-2000) with a gain of 60 (V=V) to
control the voltage applied to the actuator. A reference voltageuv from the PC/DAQ system is low-pass �ltered
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Figure 2. The experimental piezo system. A LIPCA device is �xed at location A and free to translate along the x-
direction at B . A computer (PC) and data acquisition system (DAQ) provide either a reference voltageuv or charge uc to
the piezo ampli�er for actuating the LIPCA device. The out-of-plane displacement y of the piezo is measured by a laser
which outputs a signal ~y in volts. The sensor output ~y is further ampli�ed and �ltered before the signal ^ y is measured by
the PC/DAQ system.

(at a cut-o� frequency of 5 kHz ) before it is applied as an input to the high-voltage ampli�er. The �lter reduces
the e�ects of high-frequency noise.

Charge control is another method to activate a piezoactuator.15 Researchers have exploited this method for
various positioning applications.10{12, 16 It has been demonstrated that charge control reduces the hysteresis
e�ect in piezoelectric materials. In this study, we apply charge control to the experimental LIPCA device and
study its e�ect. Figure 3 shows the design for a feedback-based charge ampli�er (based on the Trek PZD-700
high-voltage ampli�er) used to control the LIPCA device. In the design, a feedback circuit maintains control of a
reference input charge,uc (in volts). A charge monitor, based on the AD210 precision isolation ampli�er, detects
dynamic changes of charge delivered to a piezoelectric load and the information isprocessed by an ampli�er
(Analog Devices OP42FZ) to minimize the error between the desired input charge and actual charge on the
electrodes of the actuator. An auxiliary voltage feedback loop helps minimize DCo�set e�ects.

3. EXPERIMENTAL INVESTIGATION: HYSTERESIS AND CREEP

In voltage-control mode piezoelectric materials exhibit, in addition to hysteresis behavior, creep (drift) e�ect
when they are operated over long periods of time.17, 18 For example, the measured step response of the LIPCA
device in Fig. 6(b1) shows drifting of the actuator's displacement over a 10-minute period. In this section, we
examine how creep a�ects the displacement hysteresis in the experimental LIPCA device.We begin with a brief
discussion on minimizing dynamics e�ect such that induced structural vibrations do not a� ect the measurement
of displacement hysteresis.

3.1. Minimizing Vibration E�ect

To avoid the e�ect of induced structural vibrations ( i.e. , oscillations), we applied inputs with su�ciently low
frequency components to the LIPCA device to avoid exciting its resonant modes. We determined the input-
frequency range by measuring and evaluating the vibrational dynamics (in voltage-control mode) of the piezoac-
tuator in the y-direction using a dynamic signal analyzer (DSA, Hewlett Packard Model 35670A). The DSA
applied a sinusoidal input voltageuv (Volts) to actuate the piezo in the y-direction and the laser sensor measured
the resulting displacement (in Volts). The input and output information was used to construct the frequency
response. Additionally, we actuated the LIPCA device over small displacement ranges (� 40 �m ) where hysteresis
is negligible, and Fig. 4 shows the magnitude and phase versus frequency plots.
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Figure 3. A charge-feedback ampli�er design.
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Figure 4. The frequency response (magnitude and phase versus frequency) forthe LIPCA device under voltage-control
mode. The frequency response was obtained over small displacementrange (� 40 �m ) where hysteresis is negligible.

Based on the results in Fig. 4, we observe that the experimental LIPCA device has two dominant resonant
peaks, one at 95Hz and one at 208Hz (see Fig. 4). To avoid exciting the e�ect of the two peaks, we chose for
all experiments in this paper scan frequencies equal to and below 5Hz. The frequency range is less than roughly
5% of the lowest resonant peak at 95Hz. In particular, we considered low frequency triangle and sinusoidal
input signals.

3.2. Compensating for Creep (Drift) E�ect

To isolate the hysteresis behavior from the creep (drift) e�ect, we used an inversion-based approach19, 20 to �nd
a creep-free output response. Then we quantify the contribution that creep has on the displacement hysteresis
for the LIPCA device.

For a given desired displacement, the inversion-based approach �nds an input that compensates for creep
behavior (see Fig. 6(a1)). At low-scan speeds (< 1 Hz), we used this approach to generate the creep-compensated
hysteresis curves. The procedures are as follows:

Step 1: Model the Creep E�ect | We modeled the creep e�ect, which occurs both in the mechanical and
electrical domains, in the LIPCA device using a series connection of dampers (ci ) and springs (ki ) as illustrated
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in Fig. 6(a2).21 The following transfer function describes the creep model:

Gc(s) ,
ŷ(s)
uv (s)

=
1
k0

+
nX

i =1

1
sci + ki

; (1)

where ŷ(s) is the measured displacement of the piezo (in the Laplace domain) anduv (s) is the applied input
voltage. In the above equation, k0 models the elastic behavior at low frequencies and the creep behavior is
captured by selecting an appropriate model ordern, or equivalently, the number of damper-spring elements. We
found the parameters (k0, ki , and ci ) in Eq. (1) by curve �tting (using a least-squares technique) the step response
of the piezo measured over a period of 10 minutes (see Fig. 6(b1)).22 An input of magnitude uv = 500 mV
(� 10% of full scale) was applied to the LIPCA device to generate the step response. Thesmall input was chosen
to avoid hysteresis e�ect which dominates over large displacement ranges. Fromthe measured (displacement)
response, we obtained the following second-order (n = 2) creep model (units of V=V):

Gc(s) =
0:3266s2 + 0 :0709s + 0 :000324

s2 + 0 :1850s + 0 :000724
; (2)

The error between the model output and measured creep response is shown in Fig. 6(b2). The maximum and
minimum errors are +2:24 �m and � 2:17 �m , respectively. In comparison, the resolution of the displacement
sensor is 1�m at 10 Hz and 3:5 �m at 100 Hz.

Step 2: Find Input to Compensate for Creep | We determined an input { one that compensates for creep
{ using an inversion-based approach.19, 20 We applied the method and Figs. 6(c1) and (c2) show the results
of the approach for small (� 44 �m ) and large (� 355 �m ) displacements, respectively. The desired output is a
triangle signal with an amplitude that decays linearity to a negative o�set v alue. Without compensation, the
�nal value creeps by 12 �m for the small range case and by 133�m for the large range case. Therefore, when
the LIPCA device is operated over long periods of time drift is signi�cant; however, our results show that it can
be accounted.

D
B

A
B

Dh(u) u Input

Output

Figure 5. Displacement hysteresis.

Remark: In charge-control mode, we measured signi�cantly less creep as
shown in Fig. 6(b1). Compared to voltage-control mode, the creep e�ect is
smaller because the charge ampli�er is believed to actively control the amount
of charge on the electrodes of the LIPCA device.

3.3. Quantifying the Displacement Hysteresis
We determined the displacement hysteresis for all experiments from the input
and output signals as follows: First, we plot the input versus output variables
(y vs. u) to obtain the hysteresis curve (e.g. , see Fig. 5). At steady-state,
each hysteresis loop in the input-output plane is partitioned into an ascending
branch BA and descending branchBD as shown in Fig. 5. Then, we calculate
the displacement hysteresis,Dh (u), by taking the di�erence between the mea-
sured output on the ascending and descending branches.Dh (u) is a function
of the input u.

3.4. Experimental Results: Hysteresis and Creep Behavior
We conducted experiments to study the displacement behavior for the LIPCA device at a slow scan speed. A
3 V triangular input signal with frequency 1 =60 Hz was applied to the high-voltage ampli�er. With a gain of
60 (V=V), the high-voltage ampli�er delivered 180 V to the actuator. The desired range for the actuator in
this experiment was � 450 �m . The solid line in Fig. 6(d1) is the hysteresis curve without creep compensation.
Figure 6(d2) shows the measured displacement hysteresisDh versus the applied voltageuv across the electrodes
of the piezoactuator. Without creep compensation, the maximum displacement hysteresis was 239:71 �m , or
26:75% of the total displacement range (2� 450 �m ). By accounting for creep, the displacement hysteresis is
less. In fact, experimental results show that over the same displacement range, creep increases the displacement
hysteresis by over 25% as shown in Figs. 6(d1) and (d2) { the maximum displacement hysteresis (Dh ) with creep
compensation is 189:23 �m as opposed to 239:71 �m without creep compensation. Therefore, creep e�ect is
signi�cant at low scan speed and it contributes signi�cantly to the displacement hysteresis.
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Figure 6. Hysteresis e�ect with and without creep compensation. (a1) Feedforw ard approach to compensate for
creep.19, 20 (a2) The lumped-parameter creep model consisting of spring and damper elements. (b1) Step response: solid
line represents measured response with creep behavior; dashed line represents creep model. (b2) Model error vs. time.
(c1) Measured displacement over small range with and without creep compensation. (c2) Measured displacement over
large range with and without creep compensation. (d1) Hysteresis curves acquired at 1=60 Hz , with and without creep
compensation. (d2) Displacement hysteresis, D h (u), with and without creep compensation.
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4. EXPERIMENTAL INVESTIGATION: VOLTAGE VS. CHARGE CONTROL

We conducted eperiments to study and compare the e�ects of open-loop voltage and charge-feedback control
on the displacement hysteresis for the experimental LIPCA device. We begin by describing the input signals
considered in the experiments.

4.1. Experimental Procedures

In the experiments, we chose sinusoidal inputs with frequencies of 1Hz and 5 Hz, which are signi�cantly lower
than the lowest dominant resonant frequency at 95Hz as indicated in Fig. 4. Additionally, sine inputs were
chosen over triangle inputs because sinusoids do not contain high frequency componentsat the turn-around
points, which can induce oscillations. At each frequency, hysteresis curves for three di�erent displacement ranges
were obtained: (1) small range { 70�m (� 35 �m ), (2) medium range { 250 �m (� 125 �m ), and (3) large
range { 700 �m (� 350 �m ). For convenience we considered as the input variable the desired displacement when
plotting the hysteresis curve. That is, the hysteresis curves are obtained by plotting the measured displacement
(output) versus the desired displacement (input). The method described in Section 3.3 was used to calculate the
displacement hysteresis,Dh . We note that if the measured displacement has no distortion (due to hysteresis),
the relationship between the measured displacement and the desired displacement is linear.

4.2. Experimental Results: Voltage vs. Charge Control

The experimental results are presented in Figs. 7 and 8 for 1Hz and 5 Hz scan frequencies, respectively. Both
�gures show the hysteresis curves and measured displacement hysteresis for the three di�erent displacement
ranges: 70�m , 250 �m , and 700�m . From the results, we immediately notice that charge control for a LIPCA
device produces signi�cantly less hysteresis. Additionally, the following observations were noted:

In both voltage and charge control, for the small displacement range (70�m ) the resulting displacement
hysteresis is relatively small. Figures 7(a1) and (a2), and Figs. 8(a1) and (a2) show the results for 1Hz and
5 Hz, respectively. Noise e�ects did not allow accurate measurements, however, an estimate shows that the
displacement hysteresis is on the order of 5� 7% (and possibly smaller) when the range is 70�m (� 35 �m ).

The experimental results clearly show that as the displacement range increases, the displacement hysteresis
under voltage control increases linearly with the range. A plot of displacement hysteresis versus the range is
shown in Fig. 8(d) and at 1 Hz, the trend is approximately 23:7 �m per 100�m of range. At 5 Hz, however, the
rate is slightly over half, at 13:6 �m per 100 �m of range. Interestingly, the linearity holds for charge control:
at 1 Hz the rate is 3:4 �m per 100 �m displacement range, and at 5Hz it is 3:2 �m per 100 �m range as
illustrated in Fig. 8(d). From these results, we conclude that for a given displacement range, charge control
yields signi�cantly less hysteresis compared to voltage control. In fact,the results show that charge control can
reduce the displacement hysteresis by over 80% when the range is 700�m (see Fig. 7(c2) and Fig. 8(c2)).

Finally, we conclude by noting that as the frequency increases from 1Hz to 5 Hz, hysteresis is moresensitive
to the change in frequency under voltage control. But it is not the case with chargecontrol (e.g. , see Fig. 8(d)).
For instance, with charge control at 1 Hz, there is 3:4 �m displacement hysteresis per 100�m displacement
range, and at 5Hz it is roughly the same at 3:2 �m per 100�m . With voltage control, the di�erence from 1 Hz
to 5 Hz is nearly half. The charge controller's ability to correct for dynamic changesis related to the use of
feedback mechanism,i.e. , controlling the charge delivered to the piezo load by monitoring the voltageand the
charge on the electrodes.

5. CONCLUSIONS

We studied the displacement behavior of a LIPCA device subjected to voltage and charge-feedback control. At
relatively slow scan speed (1=60 Hz scan frequency), creep causes an increase in displacement hysteresis by at
least 25%. Experimental results comparing the e�ect of voltage and charge control demonstrate that charge
control reduces displacement hysteresis by over 80% for a LIPCA device that operates over a 700�m range.
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Figure 7. Hysteresis behavior for voltage and charge control at 1 Hz { solid and dashed lines represent voltage and
charge control, respectively. (a) Small range, 70 �m (� 35 �m ); (b) Medium range, 250 �m (� 125 �m ); (c) Large range
700 �m (� 350 �m ).
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Figure 8. Hysteresis behavior for voltage and charge control at 5 Hz . For (a) { (c), solid and dashed lines represent
voltage and charge control, respectively. (a) Small range, 70 �m (� 35 �m ); (b) Medium range, 250 �m (� 125 �m ); (c)
Large range 700�m (� 350 �m ); (d) Displacement hysteresis, D h (u), versus displacement range.
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