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Abstract—Positioning stages using piezoelectric stack actuators
(PEA) have very high theoretical bandwidth and resolution.
However, it is difficult to achieve precise dynamic motion tracking
using traditional linear controllers such as PID due to the inherent
hysteresis nonlinearity of piezoelectric materials and the phase lag
associated with such controllers. In this paper, it is demonstrated
that, in the frequency range for which only the piezoelectric
dynamics dominates, high tracking accuracy is possible through
an intelligent integration of advanced adaptive robust control
strategy with a control-oriented modeling of nonlinear piezo-
electric effects. Specifically, the fast and slow dynamics of the
total stage displacement due to various piezoelectric effects in-
cluding the rate-dependent hysteresis nonlinearity, the drifting,
and the broad spectrum of domain switching time constants
are first identified. With a control oriented modeling in mind, a
simple first-order nonlinear model with unknown parameters and
bounded disturbances is used to capture the essence of those fast
and slow dynamics. An adaptive robust controller (ARC) is subse-
quently designed to compensate for the effect of unknown model
parameters and bounded disturbances effectively, which provides
an online adaptation-based dynamic model compensation that
minimizes tracking errors. Experimental results from tracking
control of sinusoidal trajectories up to 100 Hz and point-to-point
trajectories show that tracking accuracy down to the same magni-
tude of sensor noise is achieved, demonstrating the effectiveness
of the approach.

Index Terms—Adaptive control, hysteresis, motion control,
piezoelectric actuators, robust control.

I. INTRODUCTION

P OSITIONING stages based on piezoelectric actuators
(PEA) are widely used in high-precision positioning and

tracking applications, e.g., atomic force microscopy. These ac-
tuators are able to produce subnanometer displacements due to
the inverse piezoelectric effect. Their resolution is only limited
by the resolution and noise level of driving electronics. They
are also capable of generating very large pushing forces, which
deliver very high bandwidth in typical positioning mechanisms
where low-inertia stage and high-stiffness flexures are used.1

When driven by voltage at small strain levels, the dynamics
of piezoelectric actuators is governed by the classical equation
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of linear piezoelectricity [1], [2], which describes a quasistatic
linear relationship between applied electric field and generated
stress. The linear piezoelectric constant along the main axis
is usually given in the specification of piezoelectric actuators
and provides a good approximation for the input-to-output gain
in open-loop operations if frequency and motion range are
low. However, as the demand for range and driving frequency
increases for today’s applications, we are faced with major
nonlinearity inherent in piezoelectric materials, in particular
hysteresis, which results from ferroelectric phase transitions in
most actuators made of lead zirconate titanate ceramics (PZT).
It leads to severe positioning errors if not properly modeled and
compensated.

Piezoelectric actuators display significantly reduced hys-
teresis when driven by charge instead of voltage [3]. However,
despite many recent advances in the design of charge amplifiers
[4], the implementation complexity and cost of such techniques
limited their wide application. As of today, no commercial
charge amplifiers that can drive the stages at the same range and
frequencies as a voltage driver are yet available from leading
piezoelectric actuator manufacturers such as Polytec PI. The
problem of hysteresis compensation under voltage-driven
conditions is therefore still very important.

To compensate the hysteresis effect and achieve higher posi-
tioning accuracy, various schemes have been proposed. They al-
most all attempt to model and invert the hysteresis in one way or
another. The Preisach model is one of the most famous models,
which approximates the hysteresis with a set of relay operators.
A detailed treatment of the Preisach model and its extensions is
available in [5]. It is very successful in capturing the basic prop-
erties of piezoelectric hysteresis due to the analogy between the
relays and the physical domains of piezoelectric materials, and
is commonly used for feed-forward compensation when dealing
with low-frequency trajectories [6]. However, it is not without
disadvantages: 1) a large set of quasi-static experiments are re-
quired to build a lookup table, 2) the typical static model is only
accurate for a low and narrow frequency range, and 3) the inver-
sion becomes very difficult when piezoelectric dynamics due
to broad spectrum of domain-switching time constants are in-
cluded [7].

In [8], the set of parameters for the relays are adapted online,
but their method is limited by the requirement of periodicity and
monotonicity in the trajectory and is only valid for operations
of very low frequency. Based on properties of the Preisach
model, Leang and Devasia designed an iterative learning con-
troller (ILC) and avoids the identification of Preisach relay
parameters [9], [10]. Their approach yields excellent final
tracking accuracy, but works only for very slow trajectories
that satisfy input–output monotonicity on individual Preisach
loop branches, and takes many cycles to converge. These early
endeavors show that Preisach-model-based methods may not
be the best choice for hysteresis compensation in real-world
implementations.
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There are also plenty of other phenomenological hysteresis
models based on curve-fitting. They are much easier to identify,
implement, and invert. A more recent example can be found in
[11]. Despite the simplicity of these models, they still require
careful identification of parameters and is limited to low-fre-
quency operations as the parameters are typically identified of-
fline in quasistatic conditions. In [12], the hysteresis is likened
to a phase delay and a phaser is tuned to reduce hysteresis. It
does not require identification of the hysteresis but needs to
be tuned whenever a different operating frequency is applied,
which greatly limits its usefulness. In addition to these short-
comings, other nonlinear piezoelectric effects such as the slow
drifting [10] and the broad spectrum of domain switching time
constants [7] are not accounted for in the above models. Thus,
there is still an urgent need for a better model that accounts for
all the nonlinear piezoelectric effects and yet is easy to imple-
ment and applicable to a wider frequency range, which is one
of the main focuses of the paper and will be solved through a
control-oriented modeling approach and an integrated overall
control design.

In closed-loop control, much information about the plant can
be inferred from the feedback signals. Thus, in this paper, we
will take a holistic approach to the modeling and control of
piezoelectric positioning stages. Specifically, we will signifi-
cantly reduce the complexity of the model needed to capture
all the nonlinear piezoelectric effects for precision motion con-
trol designs through the use of advanced adaptive robust con-
trol strategy [13]–[15]2 3 and online parameter adaptation. We
recognize that, though the time constants of domain switching
dynamics have a broad spectrum and cause various nonlinear
effects (e.g., the slow drifting phenomenon in [10] can be con-
sidered as the effect of the domain switching dynamics having
large time constants), in the frequency of interests, the piezo-
electric dynamics can be separated into the fast and slow dy-
namics. In terms of controller design, the effect of slow dy-
namics can be captured by an unknown slow-changing bounded
disturbance and the fast dynamics can be approximated well by
a first-order nonlinear dynamics with unknown static gain and
time constant driven by a hysteresis function of the input. By
further approximating the hysteretic function via simple linear
functions with unknown gain and bounded approximation error,
we obtain a first-order nonlinear model linearly parameterized
by four unknown parameters only, which is sufficient to cap-
ture the major characteristics of various piezoelectric hysteresis
nonlinearities for controller designs. The adaptive robust con-
trol (ARC) [13]–[15] is then applied to compensate for the ef-
fect of unknown parameters and the bounded slow-varying dis-
turbances effectively through the use of a discontinuous pro-
jection based online parameter estimation method. The uncom-
pensated unknown nonlinearities and the effect of transient pa-
rameter estimation errors are further attenuated via certain fast
robust feedback embedded in the ARC designs [16]. As a re-
sult, the time-consuming identification of the exact hysteresis

2Part of [14] appeared in Proc. 1995 Amer. Control Conf., pp. 2500-2505.
3Parts of [15] were presented in the IEEE Conf. Decision Control, pp. 2346-

2351, 1995, and the IFAC World Congr., Vol. F, pp. 335-340, 1996.

Fig. 1. Loading history applied to the actuator before each of the modeling
experiments.

piezoelectric nonlinearities is avoided while excellent tracking
performance is achieved.

II. MODELING OF A PIEZOELECTRIC STAGE SYSTEM

A. Positioning Stage System

The system to be controlled is a commercially available
nanopositioning stage driven by a piezoelectric actuator with
an integrated capacitive position sensor, produced by Polytec
PI (Model number P753.11C). The unit has a total measurable
travel of 12 m when it is driven by an applied control voltage
of 2 to 10 V (amplified by 10 through the amplifier). We will
limit our experiments to a range within m, as the stage
requires very high power to operate at its full range at high
frequencies, which causes potential saturation in the driving
amplifier. Since the goal of this paper is higher accuracy at high
frequencies, we prefer a higher available operating frequency
to a longer range of travel. In this range, the actuator already
exhibits a very noticeable amount of hysteresis.

Piezoelectric actuators have nonlocal memory because
different portions of dipole domains switch under different
loading history [5], [7]. To ensure that all our experiments
start from a comparable internal polarization state, we apply
the same loading history before each of the experiments for
modeling. The control input slowly ramps up (0.1 V/s) from 0
to 10 V, then down to 2 V and holds at 2 V for 10 s (Fig. 1),
before any of the following experiments are started. By doing
so, almost all of the domains that can switch in the available
input range of 2 to 10 V would have been switched back
to a negative state at the terminal input of 2 V. The initial
positions after such initialization are within tens of nanometers
of each other and considered practically the same.

The hysteresis caused by dipole domain switching is often
considered rate-independent at low velocities, as in most of
the Preisach-based models which assume the domains switch
instantaneously and the same domain will switch at the same
input level. The assumption that the same domain will switch
at the same input level may be reasonable, as demonstrated
by the steady-state responses of the stage under two different
inputs with the same final value, a pseudostatic (0.1 V/s) ramp
input from 0 to 2 V, and a step input from 0 to 2 V, shown in
Fig. 2. In the step response, the stage does not immediately
jump to the same output level as when the ramp input reaches
at 2 V, but slowly and eventually converges to almost the same
output level as the ramp input after 20 s. The convergence of
outputs shows that steady-state output of the stage for various
monotonic inputs with the same steady-state input magnitude
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Fig. 2. Open-loop system response to a 0.1-V/s ramp input and a 2-V step input,
both starting from the same initial position and loading history.

Fig. 3. Open-loop system response to a 4-Vpp triangular input at different rates,
all starting from the same initial position and loading history.

but different ramping-up rate is indeed rate-independent. The
portion of dipole domains that will eventually switch will be
the same if the prior loading history and the next steady-state
monotonic input level are the same. However, the domains’
switching cannot be assumed to occur instantaneously and
independent of input loading rate. As a consequence, rate-de-
pendent hysteresis loops will occur in reality, as shown in Fig. 3
where the steady-state hysteresis loops corresponding to the
responses of the actuator to a 4-V peak-to-peak triangular input
at three different input loading rates are plotted. The loops start
from almost the same initial positions but are very different
from each other in terms of the subsequent hysteresis loops.
The hysteresis loop for the triangular input with the slowest
input rate of 0.1 V/s forms a closed loop during the entire
duration of the experiment, while the other two change with
time though eventually converge to some steady-state loops.
As seen from Fig. 3, the hysteresis loop for the input rate of
10 V/s does not reach the same output level as the loops with
slower input rates do when the input reaches 2 V. As will be
seen from the frequency responses of the stage obtained using
small amplitudes of sinusoidal input signals in Section II-B1,
for frequencies up to 300 Hz studied in this paper, the phase
lags caused by the inertial and amplifier dynamics of the stage
are negligible. Considering that the fastest input rate used in
Fig. 3 only translates to 1.25 Hz if such input is periodically
applied, we conclude that the rate-dependence phenomena ob-
served above are entirely due to hysteresis of the piezoactuator.
At higher input rates, one can expect to observe even greater
differences in terms of steady-state hysteresis loops. A model

Fig. 4. Frequency responses of the stage with small amplitude sweeping sinu-
soidal excitation inputs at different offsets.

that captures the rate-dependence of the hysteretic output is
thus necessary for better compensation in reality.

The above experimental tests reveal that the hysteresis of
the actuator is rate-dependent and does not form a well-de-
fined single loop when the input rate increases, which might
be the reason why simple Preisach-based implementations are
so hard to identify and work only for a low and narrow fre-
quency range, because rate-independence, loop closure and IO
monotonicity are some of the fundamental requirements of the
classical Preisach models. The rate-dependence of the loops
also implies that the dipole domain switching, the cause of the
piezo hysteresis, cannot be considered instantaneous even for
low input rates, which is one of the emphases of this study.

B. Identification of the Plant Model

The total response of the stage consists of two major compo-
nents: a fast inertial response that dominates the dynamics in the
short travel and high-frequency range, and a hysteretic response
due to dipole domain switching in piezoelectric materials, which
resembles a nonlinear relaxation process [17], [15].

1) Inertial Dynamics of the Stage: The frequency response
for the inertial dynamics of the stage has previously been identi-
fied using a sinusoidal sweep excitation signal from 0–12.8 kHz
[17]. The output amplitude of the stage is restricted to 36 nm to
avoid distortion from hysteresis as much as possible. The ex-
perimental bode plots remain almost identical under different
input offsets V , implying the linear nature of this
dynamics (Fig. 4). The stage has two very close resonance peaks
at 5100 and 5800 kHz. Below 300 Hz, there is negligible phase
delay and the gain stays almost constant. Therefore, for oper-
ating frequencies in this range, the inertial and amplifier dy-
namics are negligible and the displacement output of the stage is
entirely due to the displacement of the piezoelectric actuator. To
be conservative, we limit our close-loop bandwidth to 200 Hz
and our desired trajectories to 100 Hz.

2) Relaxation Dynamics: To quantify the dynamics that gov-
erns the hysteretic output, we apply a 2-V step input to the ac-
tuator. Fig. 5. shows the response of the actuator over a pe-
riod of 10 s. The resonance of the stage has been removed by
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Fig. 5. 2-V step response of the stage over 10 s.

a second-order notch filter and the flat response in the first 10
second is due to a constant sensor delay. After a very fast re-
sponse at the beginning, the actuator output continues to drift
over time. The drift rate becomes lower and lower as time pro-
gresses. This drift, sometimes called creep or relaxation, is com-
monly modeled by using a series of linear first-order systems
(spring-dampers) [10]. While this is a viable way, we consider
it unnecessary for feedback control purpose because 1) there is
little evidence that the drifting happens at the same rate over the
entire range of operation, 2) a large number of parameters need
to be identified ([10] cuts off at three terms because of noise
considerations), and 3) such a slow change can be compensated
effectively in feedback control with fast online parameter adap-
tation as done in this paper.

Since most of the fast stage response happens within the first
0.01 s and the control bandwidth is up to 200 Hz, we are mainly
concerned with the dynamics that dominates over this period.
Fig. 6 shows the 2-V step response in linear time domain during
the first 0.005 s. After filtering out the resonance from the iner-
tial dynamics and accounting for time-delays due to the ampli-
fier and the sensor electronics [17], we are able to obtain a least
squares fit of the response using only two first-order transfer
functions .
Since these parameters are dependent on the input level, they are
not directly used to calculate controller parameters and serve
only as a motivation for the subsequent hysteresis model struc-
ture development and to provide initial estimates of the range
of parameter variations to be dealt with in the subsequent con-
trol design. Of the two first-order dynamics, the first one’s time
constant of 0.000152 s is two orders of magnitude smaller than
that of the second one at 0.00236 s, and is too small to be
considered when compared to our target desired bandwidth of
200 Hz. Therefore, this dynamics is neglected and modeled as
a feed-through or static gain in the following model develop-
ment. The second first-order dynamics thus becomes the only
dominant dynamics of the system during the frequency range
that we consider. Based on these observations, we propose the
following simple overall system model:

(1)

where can be thought as the state representing the dipole
domain switchings which do not occur instantaneously with
being the average time constant of those switchings and as

Fig. 6. 2-V step response of the stage in the first 0.005 s.

the input gain, is a function that maps the input to
the steady-state output of the system, which is hysteretic and
history-dependent, and is the feed-through gain for those
dipole domain switchings which can be considered instanta-
neous. Since the output converges to at steady state, it
is required that in (1).

III. ADAPTIVE ROBUST CONTROL OF

PIEZOELECTRIC ACTUATORS

A. Design Model and Assumptions

The hysteresis mapping function in (1) cannot be
readily represented with simple functions. It changes whenever
the output changes direction, because it describes the internal
state of the dipole domains and thus depends on the past history
of actuator displacement. This mapping may be identified from
quasi-static loading experiments and implemented reasonably
well using a discrete Preisach function, as is done by many
researchers [5], [8], but doing so requires tedious offline iden-
tification and much greater cost in terms of computation and
program footprint, which outweighs its benefit in most control
applications. Therefore, we adopt an approximate linear rela-
tionship to capture the overall slope of the curve and leave the
unknown discrepancy to be compensated well via fast online
adaptation. For this purpose, replacing by the linear
function

(2)

the system equations are further simplified to

(3)

The discrepancy term of the linear relationship represents
the time-varying mismatch between and , which is
bounded by the maximum output difference at each input level.
This is easily measurable from a quasi-static full-loop exper-
iment such as the one in Fig. 3. The parameter captures
the average slope of the hysteresis loop that covers the entire
range of desired operation, so it depends on the desired length
of travel and prior displacement, but an estimate of its range is
also readily available from a quasi-static full-loop loading ex-
periment.
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Defining the system state vector
and using as a virtual input (also noting the identity

), we can rewrite (3) as

(4)

To use parameter adaptation for improved control perfor-
mance, we define the unknown parameter set
as , and

, the nominal value of the discrepancy term
. The state-space (4) is now linearly

parameterized in terms of as

(5)

(6)

where is the uncertain variation
between the lumped discrepancy term and its nominal value.
Since the hysteretic discrepancy is bounded in proportion to
dipole domains that can switch in the specified input range, the
domains that switch under the same input are similar, and do-
mains do not switch infinitely fast, we can make the following
practical assumption on the parameters [18] with the notation
that the relational operator “ ” used hereinafter between two
vectors is performed in terms of the corresponding elements of
the vectors:

Assumption 1: The extent of parametric uncertainties and un-
certain nonlinearities is known, i.e.,

(7)

where ,
and are all known.

Under Assumption 1, the discontinuous projection based
ARC design [18], [13] is applied to (3) to solve the robust
tracking control problem. Let denote the estimate of and
the estimation error . The parameter estimate is
updated through the parameter adaptation law

(8)

where is any symmetric positive definite adaptation
rate matrix (for simplicity, is assumed to be a di-
agonal matrix in the sequel), is an adaptation func-
tion to be specified later, and the projection mapping

is componen-
twise defined by

if and or
and

otherwise
(9)

which has the following properties [19]:

(10)

B. ARC Controller Design

Defining the difference between the plant output and de-
sired output as the tracking error , the
error dynamics of the system becomes

(11)

where . Using the standard direct
ARC design proposed in [18], the following ARC control law
is synthesized, which consists of two parts given by

(12)

where is the adjustable model compensation needed for
achieving perfect tracking, and is the robust control law con-
sisting of two parts: is a simple proportional feedback used
to stabilize the nominal system, and is a robust feedback
used to attenuate the effect of all model uncertainties, which is
required to satisfy the following two constraints:

(13)

where is a positive design parameter representing the atten-
uation level of the model uncertainties. In (13), constraint C1
represents the fact that is synthesized to dominate the model
uncertainties coming from both parametric uncertainties and un-
certain nonlinearities to achieve the guaranteed attenuation level
, and constraint C2 is imposed to ensure that is dissipative

and does not interfere with the nominal parameter adaptation
process. Several specific forms of that satisfy (13) can be
found in [4], [18], and [15]. One of the simplest forms, though
may not be ideal from practical implementation viewpoint, is

(14)

where . It is chosen for our experi-
mental implementation due to its computational simplicity. The
ARC design above gives the following theoretical performance:

Theorem 1: If the adaptation function in (8) is chosen as

(15)

then the ARC lawv (12) with the parameter adaptation law (8)
guarantees the following.
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A. In general, the magnitude of output tracking error is
bounded above by

(16)

The exponential converging rate and the size of the final
tracking error can be freely adjusted by the
controller parameters and in a known form.

B. If after a finite time, there exist parametric uncertainties
only (i.e., ), then in addition to the results in part
A, zero tracking error is achieved, i.e., as .

Proof: Defining a positive definite function
and differentiating, also noting condition C1 of

(13), we have

(17)

therefore
and , which leads to part A.

When , define another p.d. function
, whose derivative is

(18)

Noting condition C2 of (13) and the adaptation function (15),
we have

(19)

which leads to the asymptotic tracking in part B by applying
Babarlat’s lemma [20],4 [18].

Since we introduced an integrator for the input voltage to for-
mulate the problem into the standard form required for ARC de-
sign, the system (4) becomes a relative degree one system with
two states. The resulting one-dimensional internal dynamics for

has been proved be bounded-input–bounded-output (BIBO)
stable for the actual control input to be bounded and imple-
mentable. The proof is omitted here due to space limitations.

IV. EXPERIMENTAL RESULTS

A. Experimental Setup

As illustrated in Fig. 7, the experimental setup consists of four
parts: the positioning stage with integrated capacitive displace-
ment sensor, a low-voltage driving amplifier, a dSPACE DS1103
controller board, and a generic host computer. The base of the

4Part of the paper also appeared in the Proc. 1994 Amer. Control Conf., pp.
1176–1180.

Fig. 7. Experimental setup.

stage is screw-mounted on a massive vibration isolation table to
minimize induced vibrations in the supporting structure. The ca-
pacitive sensor signal has a noise level of V, which cor-
responds to nm. The driving amplifier (Physik Instrumente
E501.00) has an output range of to 120 V and a bandwidth
much higher than required to track our desired frequency range,
so its electrical dynamics is considered negligible. It amplifies
the control voltage signal from the dSPACE board by a factor of
10.

The dSPACE controller board executes the ARC algorithm
at a sampling frequency of 10 kHz. The initial values for the
parameters are arbitrarily set to . The
bounds of the parameter variations are estimated as

and .
The magnitude of is assumed to be less than .
The parameters used for the ARC controller are
and . The adaptation rates are chosen as

.
To reduce transient tracking error, the desired trajectory is

generated by filtering the reference trajectory with a second-
order stable system

(20)

with and Hz rad/s. The initial condi-
tions for the desired trajectory are set to

. This is especially important for the experiments on the
piezoelectric stage, because it is generally very hard to move the
position back to zero and maintain it without careful input plan-
ning before shutting off the stage. When the stage is first turned
back on, it usually starts from an undesirable nonzero initial po-
sition that is different from that of the reference trajectory. We
do not require that the stage be driven from the same initial po-
sition with completely know prior loading history. The desired
trajectory generated by the filter provides a quick and smooth
transition from the initial position of the stage to the true ref-
erence trajectory in the first 0.01s, such that we have no initial
error. The initial error is an important component of the upper
bound for transient error (16). Eliminating the initial error with
the filter gives us the best transient performance and still guar-
antees perfect tracking of the reference trajectory after a very
short time.

B. Tracking Performance

To quantify the performance of our controller, the following
performance indices will be used.
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Fig. 8. Tracking error and parameter estimates for a 100-Hz sinusoid.

TABLE I
TRACKING ERROR FOR A 100-HZ SINUSOIDAL TRAJECTORY

(I1) , the scalar valued
norm of the tracking error, is used as a measure of av-
erage tracking performance, where represents the
total running time.

(I2) , the maximum absolute value of the
tracking error, is used as a measure of transient perfor-
mance.

(I3) , the maximum absolute
value of the tracking error during the last two periods
of the experiment, is used as a measure of final tracking
accuracy for periodic trajectories.

Sinusoidal Trajectories: Fig. 8 shows the tracking error in
the first ten periods along with the estimated parameters for a
100-Hz sinusoidal trajectory (unit:
nm), which has a total travel of 2400 nm. The performance in-
dices are given in Table I. The maximum error nm,
which is 2.1% of the total travel and occurs during the first pe-
riod when the parameters are far from their converged values.
The average error nm is only 0.3% of the total
travel. The final maximum tracking error nm is less
than 0.5% of the total travel and on the same magnitude of the
sensor noise level.

From the estimated parameters and , the “physical” pa-
rameter is back calculated and overlayed on top of the stage
response in Fig. 9. The average slope of the loop is success-
fully captured by the estimated parameter, demonstrating the
effectiveness of the adaptation. There is, however, no guarantee

Fig. 9. Input–output loop for the 100-Hz sinusoid.

Fig. 10. Tracking error and parameter estimates for step-like trajectories.

that the parameters will converge to their true values, because
our trajectories do not usually provide enough persistent excita-
tion and the adaptation is very slow when error is too small. We
are able to use very fast adaptation rates without destabilizing
the system, because the robust feedback law in ARC guaran-
tees stability as long as the parameters are bounded in the pre-
scribed range, regardless of how they change. The good adap-
tation shown here is also facilitated by the filtered trajectory.
Being a combination of the sinusoidal reference signal and the
transient response of a second-order transfer function, it gives
a persistent excitation of enough order during the initial period
than just the sine wave itself.

Point-To-Point Step Trajectories: Fig. 10 shows the tracking
error in the first ten periods along with the estimated parameters
for a 2400-nm peak-to-peak square wave trajectory with 50%
duty cycle and a period of 0.1 s. The error given in Fig. 10 is for
the filtered desired trajectory. It shows how well the actuator re-
sponse follows the response of a second-order transfer function.
Fig. 11. shows the first 20 ms of the response. The stage follows
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Fig. 11. Magnified step response of the stage.

the desired second-order response almost perfectly with a set-
tling time less than 10 ms. The stage response converges to each
new set-point after about 20 ms with no steady-state error.

V. CONCLUSION

In this paper, we first analyze the dominant dynamics and
hysteresis nonlinearities for a piezoelectric actuator in the fre-
quency range for which the inertial and amplifier dynamics of
the stage can be neglected. Experimental results show that, even
at low input rates, the hysteretic nonlinearity is rate-dependent,
and the dipole domain switching, the cause of this rate-depen-
dence, cannot be assumed to occur instantaneously and inde-
pendent of input-rate. Instead, the switching dynamics should
be explicitly accounted for if high-precision closed-loop control
is desired. Subsequently, a simple control-oriented nonlinear
first-order model is presented to achieve a balance between the
significant engineering efforts needed for detailed rate-depen-
dent hysteresis modeling and compensation and the achievable
overall control performance via advanced model-based controls.
The model captures the major characteristics of various piezo-
electric effects including the rate-dependent hysteresis nonlin-
earity, the drifting, and the broad spectrum of domain switching
time constants. The model is linearly parameterized by only
four parameters so that online fast parameter adaptation can be
used to effectively compensate for the effect of unknown hys-
teresis model parameters and the slowly changing rate-depen-
dent physical terms which would be rather difficult to obtain via
conventional offline hysteresis modeling techniques. An adap-
tive robust controller (ARC) using discontinuous projection-
based online parameter estimation is then synthesized and im-
plemented to complete the integrated overall modeling and con-
trol design objective of this research. Experimental results from
tracking control of sinusoidal trajectories up to 100 Hz show
tracking error on the magnitude of the sensor noise level, which
demonstrate that good tracking accuracy is possible without

exact knowledge of hysteresis or offline identification of a com-
plex model when advanced adaptive robust controls are used to
generate better dynamic compensation via online adaptation and
to reduce transient error via robust feedback.
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