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ABSTRACT
Positioning stages using piezoelectric stack actuators (PEA)

possess very high theoretical bandwidth and resolution. How-
ever, their tracking performance deteriorates as nonlinear dy-
namics due to inherent hysteresis starts to dominate when the
total length of travel increases. When tracking periodic trajecto-
ries, which is common in most industrial applications, the uncer-
tain nonlinearity from hysteresis also becomes periodic. Having
identified and separated the fast and slow dynamics of the to-
tal stage response, we adopt a simple first-order model assuming
the inertial dynamics of the stage is negligible in the low tracking
frequency range. By approximating the hysteresis mapping func-
tion with simple functions, the overall system model is linearly
parameterized for subsequent adaptive robust controller design.
Exploiting the periodicity of the uncertain hysteresis nonlinear-
ity, it is further parameterized as finite series of harmonic func-
tions, which eliminates the need for an exact inversion model for
hysteresis while achieving high tracking accuracy. Experimental
results from tracking control of sinusoidal and typical triangular
trajectories show tracking error close to the sensor noise level
and demonstrate the effectiveness of the approach.

INTRODUCTION
Positioning stages for high-precision positioning and track-

ing applications, especially atomic force microscopy that re-
quires resolution on the nanometer level, almost unanimously
use piezoelectric actuators, because they are capable of produc-
Address all correspondence to this author. 1
ing sub-nanometer displacements due to the inverse piezoelectric
coupling effect. And they are also capable of generating large
forces, which deliver very high bandwidth when fitted with low-
inertia platform and high-stiffness flexures in typical positioning
mechanisms [1].

When driven at small strain levels, the dynamics of piezo-
electric actuators can be described by the classical equation of
linear piezoelectricity [2]. 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 typically results from ferroelec-
tric phase transitions in most actuators made of lead zirconate
titanate ceramics (PZT). It leads to severe positioning errors if
not properly modeled and compensated.

To compensate the hysteresis effect and achieve higher po-
sitioning accuracy, various schemes have been proposed, most of
which employ both model-based feedforward and robust feed-
back control. For quasi-static or low frequency applications, the
classic Preisach model is a popular choice for feedforward com-
pensation, which approximates the hysteresis with a set of simple
relay operators [3,4]. Despite their success, the large set of oper-
ator parameters necessary for higher accuracy makes it difficult
to identify and implement online. The classic Preisach model is
also invalid for faster operations unless certain dynamic exten-
sions are made, but the inversion of existing dynamic Preisach
models are known to be difficult [5]. In addition, due to the
loading history dependence of the hysteresis, the actuator often
starts from an unknown initial state that differs from the one un-
der which the parameters were measured offline. Thus a different
Copyright c© 2005 by ASME



approach with less parameters and easy to adapt on-line is needed
for better tracking.

The difficulty for perfect tracking is much reduced when the
desired trajectory is repetitive. When a piezoelectric actuator is
driven by a periodic input, it converges to a steady-state hystere-
sis loop after a certain number of cycles, a phenomenon com-
monly known as “accommodation” [5]. Therefore for periodic
trajectories, the required input is highly periodic after the first
few periods. The input can thus be obtained by methods such as
iterative learning control (ILC), which updates the input signal
using the error signal from the previous period and avoids invert-
ing complex nonlinear models. This has been shown to achieve
exact tracking for a piezoelectric positioner in [6], but the conver-
gence of their method is guaranteed only for trajectories that sat-
isfy the classic Preisach model, which are slow or pseudo-static
trajectories. Though easy to implement, such a method require
large computer memory and are sensitive to noise because the
physical dependence of the unknown nonlinearity over the same
period is completely overlooked. The known dynamics of the
system is also hard to be incorporated. The tracking error in [6]
starts from 100% of the total travel and slowly converges to zero
after about 50 periods. This may be too long for real world ap-
plications.

A simple remedy to this problem for repetitive control is pro-
posed by Xu and Yao in [7]. By recognising the physical depen-
dence of the values of periodic uncertainties over the same period
and using certain known basis functions to capture such depen-
dence, only the amplitudes of the basis functions are needed for
parameterization, which can be easily adapted online. It also
overcomes the sensitivity to noise because the basis functions
naturally smooths out the effect of random noises. Incorporated
with the adaptive robust control (ARC) scheme, it guarantees
good transient performance, fast convergence, and perfect track-
ing when enough number of basis functions are used to parame-
terize the uncertain nonlinearity.

In this paper, we use a simple first order model that describes
the dominant relaxation dynamics of the hysteretic response for
a piezoelectric stage with negligible inertial dynamics in our de-
sired range of operation. The adaptive robust repetitive control
scheme mentioned above is applied to the model, which adapts
the unknown parameters using a discontinuous projection based
method, and the uncompensated nonlinearities are attenuated by
certain robust control laws. No exact model of the hysteresis is
needed, and the steady-state tracking error is reduced to almost
the sensor noise level for sinusoidal trajectories up to 100 Hz and
pseudo-triangular (with smoothed turnaround points) trajectories
up to 50 Hz. Transient error is less than 3 percent of the total
length and convergence happens within 2 periods, demonstrating
the effectiveness of the method.
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Figure 1. Open-loop system response to 0.1V/s 4Vpp triangular input
and a 2-volt step, both starting from the same initial position and loading
history.

MODELING OF THE PIEZOELECTRIC STAGE SYSTEM
The Positioning Stage System

The system to be controlled is a commercially available
nano-positioning stage driven by a piezoelectric stack actua-
tor with an integrated capacitive position sensor (Polytec PI
P753.11C). The unit has a total travel of 12 µm, which corre-
sponds to an applied voltage range of 0-100 volts. To avoid
possible saturation in the driving amplifier, we limit our range
of interest to about 2.4µm (0-2V of the sensor output). At this
range, the actuator already exhibits very noticeable hysteresis.
Figure 1 shows the response of the actuator to a pseudo-static
(0.1volt/sec) 4 volt peak-to-peak triangular input. For conve-
nience, the sensor output voltage is used for the dimension of
displacement throughout the paper.

Identification of the Plant Model
The total response of the stage consists of two components:

a fast response due to elastic displacement of the piezoelectric
material that dominates the dynamics in the short travel and
range, and a hysteretic response due to dipole domain switching,
which resembles a nonlinear relaxation process [5, 8].

Inertial Dynamics of the Stage The bode plot for the
inertial dynamics of the stage has previously been identified us-
ing a sinusoidal sweep excitation signal from 0− 12.8kHz [8].
The amplitude of the excitation signal is restricted to a maximum
of 30mV to avoid distortion from hysteresis as much as possible.
Different offsets (-1,0,2,3 V) has been added to the input signal
and the bode plots remain almost identical, implying the linear
Copyright c© 2005 by ASME
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Figure 2. Low excitation frequency response of the stage at different
offsets of the excitation signal.

nature of this dynamics (Figure 2). The stage has two resonance
peaks at about 5100 and 5800 kHz. Below 500Hz, there is negli-
gible phase delay and the gain stays almost constant. Therefore,
for operation frequencies in this range, it is safe to assume the
inertial dynamics is negligible and can be represented by an un-
certain constant gain. To be conservative, we limit our close-loop
bandwidth to 200Hz and our desired trajectories to 100Hz.

Relaxation Dynamics The pseudo-static response
curve shown in Figure 1 is measured after carefully driving the
stage to a full-range loop that returns from its lowest displace-
ment at -2 volt. If further input voltage does not exceed the
[-2v, 2v] range, the system always relaxes to a point within this
loop when the input is held constant. To identify the relaxation
dynamics, a 2-volt step input is applied to the system after
carefully initializing the actuator to the same starting position
on the loop. It is observed that response is very quick at the
beginning, and then slowly relaxes to a steady-state value of
2.45 volts, which coincides with the corresponding displacement
on the pseudo-static loop at the same input voltage.

Figure 3 shows the 2-volt step response in time domain dur-
ing the first 0.01 seconds. After filtering out the resonance from
the inertial dynamics and accounting for time-delays, we are able
to fit the relaxation response using two first-order transfer func-
tion in parallel, whose time constants are about 0.1 and 2 ms.
The bandwidth of the faster response is 2 orders of magnitude
higher than our desired bandwidth, therefore it is modeled as a
simple gain. The slower response thus becomes the only domi-
nant dynamics of the system. Combining this dynamics with the
instantaneous gain, the overall model is reduced to a simple first
3
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Figure 3. 2V step response of the stage in the first 0.01 seconds.

order system

τẋh = −xh +b1gt(u),
y = xh +b0gt(u), (1)

where gt(u) is a function that maps the input u to the steady-state
output of the system, which is hysteretic and history dependent,
b0 is the feed-through gain and b1 is the input gain for the first
order dynamics. Notice that b0 + b1 = 1, because the output y
should converge to gt(u) at steady state.

ADAPTIVE ROBUST REPETITIVE CONTROL OF
PIEZOELECTRIC ACTUATORS
Design Model and Assumptions

The hysteresis mapping function gt(u) in (1) can not be eas-
ily represented with simple functions, as it essentially describes
the internal state of dipole domains and thus depends on the past
history of actuator displacement. Since our desired trajectory is
periodic, the hysteresis nonlinearity also becomes periodic, so
an exact model is less critical for tracking control. Therefore, we
use an approximate linear relationship and leave the uncertain
discrepancy to online adaptation. Replacing gt(u) by the simple
linear function

gt(u) = kuu+dg(t), (2)

which is a straight line, the system equations are further simpli-
fied to
Copyright c© 2005 by ASME



τẋh = −xh +b1[kuu+dg(t)],
y = xh +b0[kuu+dg(t)]. (3)

The discrepancy term dg(t) of the linear relationship represents
the time-varying mismatch between kuu and gt(u). The parame-
ter ku 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. In this paper, since the
actuator output is always below 2 volts, the curve gt(u) is always
contained within the pseudo-static loop shown in Figure 1. The
initial estimate and possible range for ku and dg(t) is thus easy to
obtain from experiments.

Defining the system state vector [x1,x2]T = [y,u]T and using
v = u̇ as a virtual input (also noting the identity b0 +b1 = 1), we
may rewrite (3) as

1
b0ku

ẋ1 = − 1
τb0ku

x1 +
1

τb0
x2 +

1
ku

[
1

τb0
dg + ḋg]+ v,

ẋ2 = v, (4)
y = x1.

The term 1
ku

[ 1
τb0

dg + ḋg], representing the uncertain nonlin-
earity from hysteresis, is highly periodic with a known period T .
It can be represented by a finite Fourier series

1
ku

[
1

τb0
dg + ḋg] =

A0

2
+

m

∑
n=1

(An cosnωt +Bn sinnωt)+∆

= Φ
T
d θd +∆, (5)

where θd = [A0/2, A1, B1, · · · , Am, Bm]T repre-
sent the unknown Fourier coefficients, ΦT

d =
[1, cosωt, sinωt, · · · , cosmωt, sinmωt] are the basis func-
tions, and ∆ is the unknown variation between the series and
the true nonlinearity. Since the mechanical system has finite
bandwidth, the first few terms will be enough for a good
approximation in practice.

To use parameter adaptation, we define the unknown pa-
rameter set θT = [θ1, θ2, θ3, θT

d ] with θ1 = 1
b0ku

, θ2 = 1
τb0ku

, and
θ3 = 1

τb0
. The state space equation (4) is now linearly parameter-

ized in terms of θ as

θ1ẋ1 = −θ2x1 +θ3x2 +Φ
T
d θd +∆+ v, (6)

ẋ2 = v. (7)

We can make the following reasonable and practical assumption
on the parameters [9]:
4

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

θ ∈ Ωθ , {θ : θmin < θ < θmax},
∆ ∈ Ω∆ , {∆ ‖∆(x, t)‖ ≤ δ(x, t)}, (8)

where θmin, θmax, and δ(x, t) are known.

Under Assumption 1, the discontinuous projection based
ARC design is applied to (3) to solve the robust tracking con-
trol problem. Specifically, the parameter estimation θ̂ is updated
through a parameter adaptation law of the form

˙̂
θ = Proj

θ̂
(Γτ) (9)

where Γ is any symmetric positive definite adaptation rate ma-
trix (for simplicity, Γ is assumed to be a diagonal matrix in the
sequel), τ is an adaptation function to be specified later, and the
projection mapping Proj

θ̂
(•) is defined by [10]

Proj
θ̂
(•) =

0 if

{
θ̂i = θ̂max and •> 0, or
θ̂i = θ̂min and •< 0;

• otherwise,

(10)

which has the following properties:

P1. θ̂ ∈ Ω̄θ = {θ̂ : θmin < θ̂ < θmax},
P2. θ̃T (Γ−1Proj

θ̂
(Γ•)−•)≤ 0, ∀• .

(11)

ARC Controller Design
Defining e = x1−yd as the tracking error, the error dynamics

of the system becomes

θ1ė = θ1ẋ1−θ1ẏd

= −θ1ẏd −θ2x1 +θ3x2 +Φ
T
d θd +∆+ v

= ϕ
T

θ+∆+ v, (12)

where ϕT = [−ẏd ,−x1, x2, ΦT
d ]. The following ARC control law

is proposed, which consists of two parts given by

v = va + vs, va =−ϕT θ̂,
vs = vs1 + vs2 , vs1 =−ke,

(13)

where va is the adjustable model compensation needed for
achieving perfect tracking, and vs is the robust control law con-
sisting of two parts: vs1 is a simple proportional feedback used
Copyright c© 2005 by ASME



to stabilize the nominal system, and vs2 is a robust feedback used
to attenuate the effect of model uncertainties, which is required
to satisfy the following two constraints

C1. e[−ϕT θ̃+∆(x, t)+ vs2 ]≤ ε,
C2. vs2e≤ 0,

(14)

where ε is a positive design parameter representing the atten-
uation level of the model uncertainties. In (14), constraint C1
is used to represent the fact that vs2 is synthesized to dominate
the the model uncertainties coming from both parametric uncer-
tainties and unmodeled nonlinearities to achieve the guaranteed
attenuation level ε, and the passive-like constraint C2 is imposed
to ensure that introducing vs2 does not interfere with the nominal
parameter adaptation process. A simple form of vs2 that satisfy
(14) is

vs2 =− 1
4ε

h2e, (15)

where h ≥ ‖θmax−θmin‖‖ϕ‖+ δ(x, t). It is used in our experi-
mental implementation due to its computational simplicity. The
ARC design above has the following advantages:

Theorem 1. If the adaptation function in (9) is chosen as

τ = ϕ(x)e, (16)

then the ARC law (13) with the parameter adaptation law (9)
guarantees that [9, 11]

A. In general, all signals are bounded and the tracking error
is bounded by

|e|2 ≤ exp(− 2k
θ1max

t)
2|e(0)|2

θ1
+

εθ1max

2k
[1− exp(− 2k

θ1max
t)].

(17)
The exponential converging rate 2k

θ1max
and the size of the final

tracking error (|e(∞)| ≤
√

εθ1max
2k ) can be freely adjusted by the

controller parameters ε and k in a known form.
B. If after a finite time, there exist parametric uncertainties

only (i.e., ∆(x, t) = 0, ∀t ≥ t0), then in addition to the results in
A, zero tracking error is achieved, i.e., e→ 0 as t → ∞.

Proof. Defining a positive definite function Vs = 1
2 θ1e2 and dif-

ferentiating, also noting constraint C1 of (14), we have

V̇s = θ1eė

= e[−ke+ vs +∆−ϕ
T

θ̃]
≤ −ke2 + ε

≤ − 2k
θ1max

Vs + ε, (18)
5

therefore Vs ≤ exp(− 2k
θ1max

t)Vs(0) + εθ1max
2k [1 − exp(− 2k

θ1max
t)].

Substituting |e|2 = 2Vs
θ1

back leads to part A.
When ∆ = 0, define another positive definite function Va =

1
2 θ1e2 + 1

2 θ̃T Γ−1θ̃, whose derivative is

V̇a = θ1eė+ θ̃
T

Γ
−1 ˙̂

θ

= e[−ke+ vs−ϕ
T

θ̃]+ θ̃
T

Γ
−1 ˙̂

θ. (19)

Noting constraint C2 in (14) and the adaptation function (16), we
have

V̇a = −ke2 + vse+ θ̃
T (Γ−1 ˙̂

θ−ϕe)

≤ −ke2 + θ̃
T (Γ−1 ˙̂

θ−ϕe)
= −ke2 + θ̃

T (Γ−1Proj
θ̂
(Γϕe)−ϕe)

≤ −ke2

≤ 0, (20)

which leads to the asymptotic tracking in part B by easily verify-
ing ė ∈ L∞ and applying Barbalat’s Lemma. �

In addition, the system (4) has relative degree one, the in-
ternal dynamics for x2 needs to be BIBO stable for the actual
control input to be bounded and implementable. Substituting the
ARC law into the internal dynamics (7), we have

ẋ2 =−θ̂3x2 +[θ̂1ẏd + θ̂2x1−Φ
T
d θ̂d − ke− h2

4ε
e]. (21)

Defining a positive definite function V2 = 1
2 x2

2 and differentiating,

V̇2 = x2ẋ2 =−θ̂3x2
2 +

[
θ̂1ẏd + θ̂2x1−Φ

T
d θ̂d − ke− h2

4ε
e
]

x2.

(22)
Since all the terms in the square bracket are bounded, we denote
the upper bound of the entire term by b̄ and also notice that 0 <
θ̂3 < θ3min, therefore

V̇2 ≤ −θ3minx2
2 + b̄x2

= −(1−λ)θ3minx2
2−λθ3minx2

2 + b̄x2

= −(1−λ)θ3minx2
2−λθ3min

(
x2−

b̄
2λθ3min

)2

+
b̄2

4λθ3min

≤ −(1−λ)θ3minx2
2 +

b̄2

4λθ3min
, (23)
Copyright c© 2005 by ASME



where the arbitrary constant λ ∈ (0,1). Equation (23) implies
V2 ≤ Vb(t) = x2

2(0)e−(1−λ)θ3mint + b̄2

4λθ3min
[1− (1−λ)θ3mint] ≤

x2
2(0) + b̄2

4λθ3min
, therefore |x2| =

√
2V2 ≤

√
2Vb(t) ≤√

2x2
2(0)+ b̄2

2λθ3min
and so x2 is bounded. �

EXPERIMENTAL RESULTS
Experimental Setup

Figure 4. Experimental setup.

As illustrated in Figure 4, the experimental setup of the sys-
tem consists of four major components: the positioning stage
with integrated capacitive displacement sensor, its driving am-
plifier, a dSPACE DS1103 DSP controller card, and a generic
host PC. The base of the stage is screw-mounted on a massive
vibration isolation table to minimize induced vibrations in the
supporting structure. The signal returned by the capacitive sensor
has a maximum noise level of ±0.0025 volt, which corresponds
to ±3 nm. The driving amplifier (Physik Instrumente E501.00)
has an output range of -20 to 120 volts and a bandwidth much
higher than required to track the desired frequency range in this
paper, so its electrical dynamics is considered negligible.

The driving amplifier can operate in both open-loop and
closed-loop modes. In closed-loop mode, the stage is controlled
by a built-in PI servo controller. In the open-loop mode, the con-
trol voltage signal from the dSPACE card is amplified by a factor
of 10 and applied directly to the stage. This mode is used for the
experiments.

Controller Parameters
The dSPACE controller board executes the ARC algorithm

at a sampling frequency of 10 kHz. We will measure the
response to sinusoidal trajectories and triangular trajectories
with rounded corners. Since the trajectories are symmetric
in one period, only the offset term A0/2 and the odd number
harmonics are needed in ΦT

d θd , so n = [1, 3, 5, · · · ]. In the
experiments, using up to n = 5 is enough to get the error close to
6

the noise level, so ΦT
d θd has 7 terms. The initial values for the

parameters are set to θ̂(0) = [1.6, 600, 600, 0, 0, 0, 0, 0, 0, 0]T .
The bounds of the parameter variations are estimated as θmin =
[0.9, 180, 220,−500,−500,−500,−500,−500,−50,−50]T

and θmax = [2.4, 2400, 1670, 500, 500, 500, 500, 500, 50, 50]T .
The magnitude of ∆ is assumed to be less than dmax = 500.
The parameters used for the ARC controller are k1 = 8000
and ε = 1010. The adaptation rates are chosen as
Γ = diag{8, 8 × 105, 8 × 105, 2 × 106, 2 × 106, 2 × 106, 2 ×
106, 2×106, 2×106, 2×106}.

To reduce transient tracking error, the desired trajectory is
generated by filtering the reference trajectory with a second order
stable system

ÿd +2ζωnẏd +ω
2
nyd = ÿr +2ζωnẏr +ω

2
nyr, (24)

with ζ = 1 and ωn = 200Hz = 400π rad/sec. The initial condi-
tions are set to yd(0) = x1(0), ẏd(0) = ẋ1(0). This is important
for the experiments on the piezoelectric stage, because due to
hysteresis it is generally difficult to move the stage back to zero
position and maintain it without careful input planning before
the stage is shut off, so the stage often starts from an undesirable
position far from zero when it is first turned on. The filter initial-
ization ensures that the desired trajectory has a quick and smooth
transition from the initial position to the reference trajectory.

Tracking Performance
To quantify the performance of our controller, the following

performance indices will be used:

(I1) L2[e] =
√

1
Tf

R Tf
0 |e(t)|2dt, the scalar valued L2 norm of the

tracking error, is used as a measure of average tracking per-
formance, where Tf represents the total running time;

(I2) eM = max
t
{|e(t)|}, the maximum absolute value of the

tracking error, is used as a measure of transient perfor-
mance.

(I3) eF = max
Tf−2T≤t≤Tf

{|e(t)|}, the maximum absolute value of

the tracking error during the last 2 periods, is used as a mea-
sure of final tracking accuracy for periodic trajectories.

Sinusoidal Trajectories. Figure 5 shows the tracking
error in the first 10 periods for a 100Hz sinusoidal trajectory
r(t) = 1− cos(2π f t)[volt], which corresponds to a total travel
of 2400nm. The maximum error eM = 0.028volt, which is 1.4%
of the total travel. The average error L2[e] = 0.0036volt, which
translates to less than 0.2% of the total travel. The final track-
ing error eF = 0.0026volt is only 0.13% of the total travel and
almost the same as the sensor noise level. The estimates of the
Copyright c© 2005 by ASME



4 major parameters (θ1 through θ3 and the static component of
the harmonic approximation) are shown in Figure 6. The param-
eters have almost converged after the first period of the sinusoid,
despite the fact that the reference trajectory is a simple sinusoid
and we have as many as 10 parameters. It is worth noting that
the ARC algorithm used in this paper is the so-called direct ARC
algorithm, which aims only to reduce tracking error but does not
require parameter convergence. The desired trajectory generated
from the filter contains not only the reference trajectory but also
a decaying part from initial position, increasing the “richness” of
the signal in effect.

Figure 7 shows the trend of tracking errors as the number of
harmonic functions increases. The transient error is not affected
much, as it is determined mostly by the robust feedback gain, but
the average error and final tracking error decrease as we increase
the highest order of harmonics used to approximate the uncertain
nonlinearity.

Pseudo-triangular Trajectories. Figure 8 shows the
tracking error in the first 10 periods for a 50 Hz pseudo-triangular
trajectory. The constant velocity sections of the trajectory have
a length of 2 volts and take 80% of the period. The turn-around
points are connected by smooth constant acceleration sections.
The first 4 estimated parameters are shown in Figure 9. The
tracking performance is not as good as that of sinusoidal trajec-
tory, which is expected because the uncertain nonlinearity when
tracking triangular wave would take a lot more harmonics to ap-
proximate, but even with the same number of harmonics as be-
fore, the final tracking error is already down to 0.0060, or 0.3% of
the constant velocity scan length. If more stringent performance
is required, more harmonics should be included. The same de-
creasing trend in error is observed as we increase the highest
order of harmonics used, which is shown in Figure 10.

CONCLUSIONS
In this paper, an ARC controller is designed and imple-

mented to control a piezoelectric actuator tracking periodic tra-
jectories at low operating frequencies. By approximating the
hysteresis mapping with simple functions and exploiting the peri-
odicity of remaining uncertain nonlinearity when tracking repet-
itive trajectories, the system model is linearly parameterized for
subsequent adaptive robust controller design. Experimental re-
sults from tracking control of sinusoidal trajectories up to 100
Hz show tracking error down to the sensor noise level. Tracking
error for more useful trajectories such as a 50Hz triangular wave
is also at the same magnitude of the noise level. The final track-
ing error shows a steady decrease as the number of harmonic
basis functions increases, demonstrating the effectiveness of the
approach.
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Figure 5. Tracking error for a 100Hz sinusoid.
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Figure 6. Major parameter estimates for a 100Hz sinusoid.
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Figure 7. Tracking error v.s. highest order of harmonic functions.
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Figure 8. Tracking error for a 50Hz pseudo-triangular trajectory.
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Figure 9. Major parameter estimates.
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Figure 10. Tracking error v.s. highest order of harmonic functions.

R

[

[

EFERENCES
[1] PhysikInstrumente. http://www.physikinstrumente.com/.
[2] Kamlah, M., and Tsakmakis, C., 1999. “Phenomenological

modeling of the non-linear electromechanical coupling in
ferroelectrics”. International Journal of Solids and Struc-
tures, 36, pp. 669–695.

[3] Ge, P., and Jouaneh, M., 1996. “Tracking control of a
piezoceramic actuator.”. IEEE Trans. Contr. Syst. Tech.,
4(3), pp. 209–216.

[4] Kuhnen, K., and Janocha, H., 1999. “Adaptive inverse con-
trol of piezoelectric actuators with hysteresis operators”. In
Proceedings of the European Control Conference, Labora-
tory for Process Automation, University of Saarland, Im
Stadtwald, Geb. 13, Saarbrucken Germany; klaus@lpa.uni-
sb.de, p. F291.

[5] Mayergoyz, I., 1986. “Mathematical models of hystere-
sis”. In The IEEE Transactions on Magnetics, Vol. MAG-
22; No. 5, pp. 603–608.

[6] Leang, K. K., and Devasia, S., 2003. “Iterative feedfor-
ward compensation of hysteresis in piezo positioners”. In
Proceedings of the 42nd IEEE Conference on Decision and
Control, pp. 2626–2631.

[7] Yao, B., and Xu, L., 2001. “On the design of adap-
tive robust repetitive controllers”. In ASME Interna-
tional Mechanical Engineering Congress and Exposition
(IMECE’01), IMECE01/DSC-3B-4, pp. 1–9.

[8] Ramanujam, R., 2001. “Modelling and control of piezo-
electric actuators”. Master’s thesis, Purdue University,
West Lafayette, Indiana, December.

[9] Yao, B., 1997. “High performance adaptive robust con-
trol of nonlinear systems: a general framework and new
schemes”. In Proc. of IEEE Conference on Decision and
Control, pp. 2489–2494.

10] Sastry, S., and Bodson, M., 1989. Adaptive Control: Sta-
bility, Convergence and Robustness. Prentice Hall, Inc.,
Englewood Cliffs, NJ 07632, USA.

11] Yao, B., Jan. 1996. “Adaptive robust control of nonlinear
systems with application to control of mechanical systems”.
PhD thesis, Mechanical Engineering Department, Univer-
sity of California at Berkeley, Berkeley, USA.
8 Copyright c© 2005 by ASME


	Welcome Menu
	Track-10 Table of Contents
	Main Table of Contents
	About IMECE2005
	Author Index
	------------------------------------
	Search
	Print Article

