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ARTICLE INFO ABSTRACT
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Fine positioning stages based on piezoceramic materials have found widespread success in various applications
due to their attractive features. However, the inherent hard nonlinear behavior of piezoelectric actuators
complicates modeling, control, and synchronization processes. In this study, adopting an input-output
perspective, we propose and experimentally verify a model-free control and synchronization technique for
these stages. Specifically, our approach introduces a model-free trajectory generator that adjusts the desired

trajectory using position measurement data to minimize tracking errors. We validate this technique using a
representative precision motion system, consisting of a planner stage and a uni-axial fine stage, under step-
and-scan trajectories commonly employed in wafer scanners. Remarkably, despite its simplicity, the proposed
design procedure can be seamlessly extended to other robotics and automation applications.

1. Introduction

When aiming for nanometer precision accuracy in motion system
design, an effective strategy involves integrating coarse and fine posi-
tioning stages that complement each other in precision and tracking
capabilities [1]. In a dual-stage motion system, the long-stroke (LS)
stage handles extensive distances in the meter range, while its counter-
part, the short-stroke (SS) stage, operates within the micro-meter range,
creating a dynamic synergy [2-4]. Dual-stage motion system finds
widespread application with nano-precision movements, particularly
in critical sectors like robotics applications [5], micromachining [6—
8], and wafer scanners in semiconductor manufacturing [9]. Industries
like semiconductor manufacturing [10] have also embraced this setup.
Consider, for instance, producing nanometric integrated circuits (ICs)
utilizing wafer scanner machines. In this process, replicas of IC images
are projected onto a light-sensitive silicon disk, known as a wafer, using
quartz plate masks [9,11]. This intricate LS-SS orchestration plays a
crucial role in achieving the precision demanded by such applications,
showcasing the adaptability and efficacy of this motion system configu-
ration. In essence, step-and-scan motion trajectories take center stage in

scanning small rectangular areas, referred to as dies, on the wafer dur-
ing the scanning process. The transition between dies is accomplished
through a stepping process, as detailed in [12]. In the stepping phase,
speed is optimized under high acceleration motion profiles, whereas
scanning is executed at a predetermined constant velocity. However,
the challenge arises in maintaining precision at these high acceler-
ation rates, necessitating the incorporation of additional stages [9].
Introducing more stages, though, comes with the trade-off of increased
weight. As a solution, the quest for next-generation wafer scanners
involves integrating lightweight stages capable of swift and accurate
actuation. Notably, the contemporary trend leans towards the adoption
of piezoelectric actuators, commonly known as piezo actuators, to drive
flexure-guided piezo stages in the short-stroke (SS) domain, marking
a rising preference in recent developments [4,13,14]. This strategic
shift showcases the industry’s pursuit of speed and precision in the
ever-evolving landscape of wafer scanning technology.
Complementary short-stroke fine positioning stages are usually in-
troduced to enhance the precision of coarse long-stroke motion axes.
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For example, the long-stroke stage achieves a millimeter range of
motion with micrometer precision, while the short-stroke achieves a
micrometer range of motion with nanometer precision. Combining both
types of motion results in a millimeter range of motion with nanometer
precision thanks to the quick response of the short-stroke stage com-
pared to the long-stroke stage whose tracking error can be compensated
while in motion according to the herein proposed approach. As these
stages are mechanically attached, controlling and synchronizing their
motion becomes necessary.

Suitable model-based controllers for fine stages are typically de-
signed based on sophisticated models and identification techniques.
Integrating piezoelectric actuators in dual-stage motion systems ensures
nanometer-level precision and enables swift and accurate adjustments.
Recently, they have found use in high-acceleration motion scenarios
such as wafer scanners, where high precision is vital despite the in-
volvement of significant inertial forces. The long-stroke stage provides
the necessary reach and macro-scale motion, while the short-stroke
stage complements the overall system dynamics with finer control and
micro-scale precision. The short-stroke stage driven by piezoelectric
actuators stands at the forefront of achieving intricate positioning tasks
with unparalleled accuracy and efficiency in diverse applications such
as wafer scanners in semiconductor manufacturing [1,4,15,16]. While
piezoelectric actuators offer remarkable precision and responsiveness
in dual-stage motion systems, they have drawbacks. The piezoelectric
actuator exhibits inherent non-linear behaviors, such as hysteresis,
creep, thermal drift, and vibrations, which collectively degrade the
overall performance of dual-stage motion systems, including position-
ing accuracy and repeatability [17,18]. Balancing the advantages and
drawbacks of piezoelectric actuators is crucial when considering their
implementation in dual-stage motion systems, especially in applica-
tions demanding both precision and accuracy. The control system
significantly influences the overall dynamics, encompassing positioning
and tracking objectives, in a dual-stage motion system utilizing piezo-
electric actuators [18]. From a control standpoint, various methods,
including mixed compliance compensation [4], inversion-based feed-
forward control [19], adaptive feedforward/feedback combined con-
troller [20], and iterative learning control [21], are employed to govern
the dynamics of a piezo actuator. However, despite its notable advan-
tages, the piezo actuator is not without its challenges, contending with
creep, vibration, and hysteresis effects that demand effective compensa-
tion strategies [4]. Employing model-based control techniques involves
utilizing apt models capable of capturing the nonlinear behaviors in-
herent in nanopositioning actuators. Examples of such models include
the Rate-dependent Prandtl-Ishlinskii (RDPI) hysteresis model [22,
23], the Memory-Element-Based Hysteresis model [24,25], the highly
non-linear generalized Bouc-Wen mode [26] and the Dahl model-
based hysteresis compensation [27], which adopts a system structure
described by the Hammerstein system. This system structure com-
prises a linear dynamics subsystem flanked by input and output (hard)
nonlinearities [28]. While model parameters are identified in this pro-
cess [28], accurately pinpointing their values remains a challenging
task [29]. This challenge becomes a potential roadblock in achieving
seamless synchronization between the long-stroke (LS) and short-stroke
(SS) motions, where the LS tracking error is typically fed, as is, to
the SS controller [4]. Inversion-based feedforward controllers emerge
as crucial elements in motion systems [30], where the inverse of the
driven motion dynamics is acquired whenever possible. This inverse is
then harnessed to design a stable feedforward system primarily process-
ing predefined and supplied trajectory signals [30,31]. Meanwhile, to
address disturbance rejection, the incorporation of feedback controllers
becomes imperative [9]. This dual approach ensures the attainment of
acceptable levels of system robustness and disturbance rejection capa-
bilities, showcasing the intricate dance between model-based precision
and the practicalities of real-world control systems.

Model-free techniques can also be used when exact models cannot
be obtained. For example, in [32], an ultra-local representation for
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a three-axis coupled nanopositioning piezoelectric actuated platform
is proposed and used to design a model-free adaptive proportional-
integral controller that handles the actuation coupling effects and the
hysteresis. Strain gauge sensors are used to provide position mea-
surements of the platform, where some of the involved parameters
are estimated using numerical differentiation or observers. In [33],
an input-output data-driven, i.e., model-free, sliding mode controller
that controls piezoelectric actuators suffering from time delay is pre-
sented. The resulting control loop can handle external disturbances
and uncertainties. In [34], a robust tracking of force is achieved us-
ing a simple and model-free proportional-derivative controller that
handles nonlinearities, external uncertainties and disturbances in a
computationally efficient way such that safe human-robot interaction
is guaranteed. The involved time delay is estimated. The resulting
system is utilized to actively enable variable damping and to ensure
physical compliance of the mechanism actuated using piezoelectric
actuators. The time variation in the measured force is obtained using
numerical differentiation and suitable low-pass filters. Similar to [32,
33], in this study we propose a model-free technique that handles
existing nonlinearities, uncertainties and external disturbances found
in nanopositioning piezoelectric actuated platforms (stages). As in [32,
34], we utilize numerical differentiation and suitable low-pass filters
to obtain some of the needed signals where position measurements are
assumed available. While [33,34] can handle available time delays,
the herein proposed technique is not tested under such conditions.
Moreover, in [32-34] robust model-free tracking controllers are devel-
oped, while in this study a simple yet robust input—output data-based
model-free trajectory generator that acts as an input shaper is de-
veloped. Despite its applicability in various robotic applications, the
performance of the developed trajectory generator is validated using a
uni-axial piezoelectric actuated stage targeting mainly semiconductor
manufacturing.
The main contribution includes the following:

Adopting an input-output perspective, we propose the activator-
inhibitor trajectory generator as a model-free input shaper based
on output measurements to control the fine positioning stages
actuated by piezoceramic actuators.

Integrating the long-stroke (LS) of an existing precision motion
system with the piezoactuated short-stroke (SS) stage to construct
a dual-stage positioning system holds the promise of delivering
superior sub-nanometer accuracy,

Proposing a model-free active-inhibit trajectory generator that
modifies the desired trajectories such that the tracking perfor-
mance of the piezo-actuated SS is enhanced, and

Combining LS and SS stages results in enhancing the scanning
performance of the dual-stage system under a particular step-
and-scan trajectory used mainly in wafer scanners. The overall
performance will be compared to the model-based RDPI tech-
nique.

The remainder of the paper is summarized as follows, Section 2
includes the system description and the specifications of the long-stroke
and short-stroke stages and their interaction. Moreover, the modeling
of the short-stroke stage is formulated in this section using one model-
based technique to facilitate comparison with the herein-proposed
technique. Section 3 presents the mathematical formulation of the pro-
posed model-free trajectory generator. Then, the experimental testing,
validation, and comparison of the short-stroke stage performance using
the proposed trajectory generator and the model-based RDPI method
under different operating conditions are presented in Section 4. As an
industrial application, the integration of the short-stroke and the long-
stroke stages as a dual-stage motion system is presented in Section 5.
Finally, Section 6 concludes the paper and proposes future work.
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Fig. 1. (a) The dual-stage motion system considered in this study, (b) the used long-stroke LS, and the short-stroke SS aligned in the x-direction, and (c) a simplified model of

LS-SS mechanical and electromagnetic uni-directional interactions along the y-axis.
2. System description

The proposed dual-stage motion system considered in this study has
an integration of a Long-stroke (LS) stage and a Short-stroke (SS) stage,
as shown in Fig. 1.

2.1. Long-stroke stage

The LS stage depicted in Fig. 1(a) is the A-322 PIglide HS XY
Planar Scanner from PI (Physik Instrumente) L.P. This system boasts
a resolution of 1nm and includes the A-824 ACS Motion Controller,
which operates at a default cycle time of 0.5ms and a frequency of
400 Hz. It features three ironless, zero-cogging, brushless 3-phase linear
motors arranged in an H-configuration [35], along with an air bearing
levitation system. The entire setup is configured in a gantry design
and supported by a passive anti-vibration system from Thorlabs. The
feedback loop utilizes absolute encoders for position feedback, with
velocity and acceleration derived internally through appropriate filters.

2.2. Short-stroke stage

The short-stroke stage depicted in Fig. 1(b) is a nanopositioning
stage driven by a piezoelectric actuator. Specifically, it is the Nano-
OP30 uni-axial nanopositioning stage from MAD City Lab Inc., offering
a motion range of 30 um. This stage features internal positioning pow-
ered by the innovative PicoQ technology, capable of delivering absolute
and repeatable position measurements with a resolution of 0.06 nm. It
is driven by a Nano-Drive amplifier, which provides high-voltage up
to 150V and collects position measurements. The Nano-Drive has an
analog input range of +10V and an analog output range of [0, 10] V.

2.3. Combining long-stroke and short-stroke stages

Referring to Fig. 1(c), when the SS (piezo-actuated) stage is me-
chanically attached to the LS stage, it shares the motion kinematics

of m;g as detailed in [35]. The SS stage will be mounted on the x-
axis of the LS stage and can be aligned with either the x or y axis.
For step-and-scan profiles, the SS stage is aligned with the LS y-axis,
which is the scanning direction. It is important to note that during the
modeling, identification, and controller design steps, the SS stage is
handled independently from the LS stage, with no interactions between
the two.

2.4. Short-stroke stage modeling

In general, the SS stage can be modeled as the Hammerstein system
(Z,) depicted in Fig. 2, where the unknown dynamics is given as a
cascade connection of an input hysteresis nonlinearity M that usually
limits the system performance [28] and a linear dynamical part G,
which presents the damping ratio and natural frequency of the system.
Interestingly, X, presents the dynamic model of the SS stage with an
input signal r(r), an output position p,(r) and subjected to an external
unknown disturbance d(7). The main control objective of the SS stage,
it is intended to minimize the tracking error (e(t) = p;(t)—p,(1)) between
the desired position p,(#) and the actual system response p,(r). The
most popular control approach for the piezo-actuated stage is using
a feedforward (FF) compensation based on the inverse model of %,
where the FF controller act as an internal model controller that inverts
the Hammerstein system under the desired command intern see for
example [22,22,23]. Clearly, when d(¢) # 0, the performance under
only the FF controller will deteriorate, and as a remedy, closed-loop
controllers can be used instead, such as retrospective cost adaptive
control (RCAC) [36] especially when d(¢) is unknown.

In that case, model-based control techniques require and estimation
of ¥, dynamics, which might be limited due to the availability of
the measurements in the system. Therefore, this study investigates a
model-free control technique using the available measurements of the
system. Note that p,(r) along with any needed ith time derivative
(pg)) are externally supplied, u(r) is designed, v(r) are inaccessible,
i.e., unknown intermediate signals [28,37], d(r) is unknown, and p,(z)
is assumed to be observable along with any needed ith time derivative
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Piezo-actuated short-stroke stage

Fig. 2. Hammerstein system X, with unknown input nonlinearities, subjected to external disturbance d(r), and the system X, presents the system X, under the feedforward

controller FF with desired position p,(r) and output position p,(7).
(v being readily available for measurements or can be estimated
using model-free observers [38,39].

2.5. Industrial application

Among the possible applications that can be addressed by this study,
wafer scanners play a significant role in semiconductor manufacturing.
To increase their throughput while maintaining the performance, dual-
stroke motion systems are usually used where a combination of a
coarse long-stroke (LS) with sub-micro precision, and a fine short-
stroke (SS) with possibly sub-nano precision [9] is utilized. In this
LS-SS configuration, the tracking error of LS (e, ) is fed into the SS
to reduce the overall tracking error that happens to be equal to the
SS tracking error (egg). To meet the requirements of next-generation
wafer scanners, the use of piezoceramic actuated positioning stages as
SS is recently being investigated [4]. Additionally, since the dynamics
of piezoceramic actuated systems can be captured using ¥, depicted in
Fig. 2 [40] with possibly only input hysteresis [36], such system will be
the main focus of this study. Note that the herein proposed technique
was used to enhance the performance of linear flexible motion system,
simply because it requires very little-if any at all—information about
the driven motion system, i.e., it is model-free. In this paper, the FF
controller is realized as a simple static-gain controller to clearly reveal
the attainable performance boost under the proposed activate-inhibit
technique.

3. Model-free trajectory generation system

Adopting input—output perspective from p,(t) to p,(r) yields the
system X, depicted in Fig. 2. The proposed control approach mainly
involves a trajectory generator system (X3;) shown in Fig. 3, which
produces a modified version of p,(r), denoted as (p,(1)), instead of
adjusting u(f) directly. This method aims to minimizing the tracking
error e(t) = p,(t) — p,(t), as will be demonstrated here. Consequently,
maintaining or enhancing the performance of ¥, under F F—or other
used control techniques-when d(r) # 0 and/or X, dynamics are un-
known is made possible. This means that any existing control loops
are kept intact as long as %, is input-to-state stable [41]. The proposed
trajectory generation is a model-free technique since it does not require
any knowledge about the systems X, or X,. It is formulated based on
the available measured position p,(¢) or its derivatives.

The interaction between Inhibitor (Z,) and Activator (Z;) systems
is depicted in Fig. 3.

3.1. Error estimates

Let pij) = ¢;41, and = x4 with i = 0,1,...,n with n > 1. To
make X; aware of X, tracking error e = ¢; —x;, let the dynamics of the
tracking error estimates (¢;) be given according to the following state
estimator (observer)

=6 +p (x—q).i=12..,n-1 @)
b,=6+8, (xi—a1) + By (Xu41 — up1) 2
& =P (X1 —a1) 3
with constants f; > 0 € R,i = 0,1,...,n + 1 are chosen such that

A+ By)s" ' + By s" + Bos" ' + - + B,y = 0 is Hurwitz, where g, is
chosen to reflect the dependency on the available measurements (or
estimates) of X,. For example, when acceleration measurements are
available, 1 < n < 2 can be used in (3) under which X5 will activate X,
using the modified desired input (5,), and %, will inhibit X5 using é,
in an activator-inhibitor interaction.

Ultimately, it is desired to reduce the tracking error e¢; = p, — x| by
re-adjusting p, such that x = [x},x,, ..., x, +1]T meets any imposed mo-
tion requirements. Let q = [g,, 4. ... ,q,,H]T, and § = 4.4y, ... ,qu]T
with g4, be given as

Pa® =41 =q() -6, 4
and other modified kinematical quantities given as
G=qt)=6@0, i=2,...,n+1 (5)

Therefore, in the frequency domain and using the Laplace operator (s)
with zero initial conditions, (3) is given as

(Bo s+ By s+ By 8" e+ B ) (X — G))

L+ fo) s+ By s + o sm= L+ -+ B,y (6)
= G,(s)(x; —qy)
Using (4) in (6), yields

1-G,(s) | ,
x| =q + NAOH é, )

Consequently, the constants §; > 0 should be chosen such that 2,
is stable, and ||G,(j w)||, is ideally close to unity Vw in the frequency
domain of interest. Doing so results in x; = ¢, as required. Interestingly,
when f; in (3) is taken as §; = y;/e® with 1 > ¢ > 0,7, > 0 € R and
¢® denotes ¢ to the ith power, then the link with high-gain observers
is established where an estimate of the tracking error ¢, = p, — p,
under open-loop configuration can be used to adjust the desired input
as given by (4) under activator-inhibitor configuration [42]. Moreover,

é =
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Fig. 3. Block diagram representations of the controlled Hammerstein system under X; < X, interaction.

(3) seems to be linked to RCAC [36], with the exception that the former
can be easily designed off-line, especially when the operating frequency
range of the desired position signal p,(¢) is predictable as can be found
in repetitive motion profiles found in wafer scanners [43], for example.
Comparing both techniques is beyond the scope of this investigation.

According to lemma 4.7 in [44] and assuming %, to be input-to-state
stable under the used control technique, and the origin of %5 is globally
uniformly asymptotically stable, then the origin of the cascaded system
%, and X5 is globally uniformly asymptotically stable.

3.2. Desired motion profiles

Consider the generalized fillet motion profile depicted in Fig. 4,
which can be used to design the desired signal (p) as the step-and-
scan trajectory meant for wafer scanners, i.e. step along x-axis, and
scan along the y-axis. Using third-order polynomials with switched
coefficients:

o) i {xd (1) = af +ak 1, + a2 + ok zi ®
yd(ty)_ﬂ0+ﬂl y+ﬂ2 y+ﬂ3 y

with ¢ = (t-1¢ ) 1 denotes the trajectory time shift in the
{x.y} Oy} Ofx,y}

x, y motion, and the switched coefficients a;‘ , ﬁ," with [ =0,1,2,3 in the
k, q intervals are symbolically given in [45]. These switched coefficients
are functions of the maximum acceleration value (a"’S‘;;‘p scan)) given
in m/s?, the time interval of acceleration and deceleration (T}), the
interval of constant acceleration (73), the constant speed intervals
(D,d =T,) all given in s, and the scaling factors (s(yep scany > 0) that
are taken here as 1 and thus absent in the current formulation.

The step-and-scan trajectory can be characterized by several key
features—as discussed in [45,46]-among which the scanning phase pitch
size (P,.,,), and the constant scanning speed (V,.,,) given as [45]

P,

scan

=V,

scan

(2T, +T, + D) C))

Viean = a2 (Ty + T5), (10)

scan = Qgeqn

also the stepping phase pitch size (P,,,,) given as [45]

step

P,

trep (
step = Mep

T\ +T,) (2T, + T, +d) an

Consider the step-and-scan motion of 10 dies as shown in Fig. 5, where
P, —00623125m P, =0.026m, T} = 0.04285s, T, = 0.040476 s, D =

scan step
0123059 s, d = T,, = 0.020 s, a"%* = 2.14285m/s?, and a”% = 3m/s%.

Using these values, the tracking error of the LS stage (e; ) under the
realized fillet profile can be obtained. Its frequency contents will be

instrumental when (6) is designed, as will be discussed shortly.

4. Experimental testing and validation of the short-stroke stage

A uni-axial piezoelectric-actuated Nano-OP30 stage is used to real-
ize a nanopositioning SS motion system with a motion range of 30 um.
This stage has only a position sensor with a resolution of 0.06 nm that
provides clean measurements of p,(¢), and therefore, any needed p(’)
is obtained using numerical differentiation, i.e., no states estimation
is required, and signal filtering. In this study, Butterworth filters are
used to maintain an adequate quality of p’. The FF controller used in
%, is a static gain, i.e., 1/1.5045(V/pm). Knowing the desired position
signal p,(r) operating frequency, G,(s) in (6) can be designed, and its
bandwidth (BW{G,(s)}) can be assigned. According to Fig. 2, e¢; g can
serve as the input to %,, i.e., p,(f) = e;4(¢), in an LS-SS configuration.
However, in this section, harmonic command inputs will be utilized
with any desired pf? being available. Consider the test input signal
given as

m
P =) A cos (w1 +a,) 12)
i=1
where m >= 1 denotes the test signals involved each with frequency
w; € BW(G,(s)), and amplitudes A; € R such that max{|p;(1)|} < d.
with d,, denotes the maximum displacement, i.e., +15pm, and «; are
the phase shift angles used. Using the acceleration measurements with
n =2 in (6) results in G, (), and using the velocity measurements with
n =1 results in G, (), where both are given as

0.002 53 +5205% +0.35 +2
1.002 53 + 52052 +0.35 + 2
0.05 5% + 4255 + 100

1.05 52 + 425 s + 100

and their frequency response function and Bode plots are depicted in
Fig. 6. Note that when BW({G, (9} % BW{G, (5)}, the performance of
%, realized using G, deteriorates more compared to the one realized
using G, outside the de51gnated bandwidth. This may suggest the supe-
riority of using lower values of n provided that the desired bandwidth
can be achieved using the available number of coefficients, such that
|G,(s)] = 0dB and 2£G,(s) =

13

G, ()=

G, (5) = a4

4.1. Testing without disturbances d(t) = 0

Using (12) and G, (s) with d(r) = 0, the performance of *; «
X, interaction according to Fig. 3 is assessed. Starting with a single
frequency test signal, i.e., m = 1, with ¢ = —-0.57,A, = 5Spm, and
w; = 2z ft where f, € {5,15}Hz € BW{G, ()}, the time responses
of the ¥; « X, signals p,(t),e(t) = p,(t) — p,(t) are depicted in
Fig. 7. Similar to the attainable BW{G,(s)}, the transient responses
of p,(1),e(t) signals are dictated by the p; constants used. Designing a
tuning algorithm that ensures generating dynamically friendly modified
trajectories will be investigated in future work. The input—output
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characteristic of »; < X, interaction is depicted in Fig. 8, where X5
inverts %, at the frequency of the test signal. Having p, () = 5sin(2z f1)
with f € {5,10,15,20} Hz, G, (), and G, (), the performance under
¥; < 2%, interaction is summarized in Table 1, where G, (), and
G, (s) resulted in almost an identical performance in the mean-square
error (MSE) sense. Note that f = 20 Hz is slightly outside BW{G, ()},
which justifies the performance drop at that frequency. Now, using
(12), m = 4, G, (), and d(r) = 0, a mixed-frequency test input signal
is realized as p,(t) = A, sin(20zt + 1.57) + A, cos(30xt) + A3 sin(40xt +
1.57)+ A, cos(60xt) with A; = 0.75, A, = 2.25, A; = 1.5, A, = 1.05, where
Fig. 9 shows the resulting X; performance and its compensation. Using
the previous p,(r) signal with A, = 1.75, A, = 5.25, A; = 3.5, A, = 2.45,
X5 retains its performance over a larger range of motion while having
frequencies outside BW{G,, (s)}, as shown in Fig. 10.

4.2. Robustness of the activate-inhibit trajectory generation
This section aims to test and validate the robustness of the activate-

inhibit trajectory generation for the short-stroke stage subjected to un-
known load mass m,; variation and unknown external disturbances d(r)

Table 1
Comparison of ¥; < ¥, and X, control scheme with p,(r) =5 sin(2z /1) pm.

f (Hz) MSE {e, (1)} (pm) Max {|e; ()]} (pm)

3 o3, 5, 3 o3, 5,

Geu Ge,, Geu Ger
5 0.0018 0.0009 0.1282 0.1638 0.1275 0.5913
10 0.0100 0.0112 0.4913 0.2940 0.2618 1.1119
15 0.0562 0.0602 1.0988 0.6057 0.5113 1.6191
20 0.1513 0.1945 1.9416 0.9028 0.7806 2.1927

during motion. Consider the tracking error depicted in Fig. 11 where a
load mass of 0.5kg is added while the stage is in motion. Clearly, the
proposed techniques are capable of handling such a variation in the
load mass.

Recalling Fig. 2, the disturbance d(r) # 0V is realized using two
unit-step inputs and a harmonic signal 0.5 sin(50z¢7) with frequency
outside the bandwidth of Ggu(s) given in (14)—as depicted in Fig. 12.
According to Fig. 13, X5 successfully rejected the active disturbance
while maintaining the tracking performance. The mechanism by which
X5 can reject the disturbance manifests itself in the modified desired
trajectories, p,(f) as can be seen from Fig. 14.

4.3. Reference signals and disturbances with higher-frequencies

To show the ability of the proposed approach to handle reference
signals with higher operating frequencies, the involved parameters
given in (14) can be re-tuned to extend the bandwidth of the resulting
activator system. For example, compare the tracking errors of a refer-
ence signal p,(r) = 2sin(100xt) pm applied using Gev(s) given in (14)
and Gev(s) given as

0.0015 52 + 1750 5 + 100
1.0015 52 + 1750 5 + 100

G, (s)= 15)
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In Fig. 15, the Bode plots of both Ge“(s) and G~ev(s) are depicted
with the later has a higher bandwidth based on the newly tuned param-
eters given in (15). This increase in the bandwidth helps in reducing the
tracking error as shown in Fig. 16. This, in fact, motivates us to look
into the intertwining of the activator-related transfer function order
given in (6), the attainable bandwidth, and the parameters tuning, and
the achieved tracking performance, as well be covered in future work.

Welling to test the robustness under high-frequency disturbances,
we use a reference signal p,(f) = 2sin(100z ) pm and a disturbance
signal d(r) = 0.35 sin(2z f;#)V with f,; € {10,50,750} Hz. Using (15),
the tracking errors of the SS stage under the designated disturbances are
shown in Fig. 17. Note that d(f) with 10Hz is inside (15) bandwidth,
and d(t) with 50 Hz matches the reference signal p,(t) frequency, while
d(t) with 750 Hz is outside (15) bandwidth. Nevertheless, the robustness
of the SS under the aforementioned conditions is clearly maintained
under the proposed technique.

15Hz.

5. Application to dual-stage motion system
5.1. Synchronous operation of LS-SS integration

Let y,, ya denote the desired and actual positions of the dual-stage
system, {yS s, 5,555} the desired and actual positions of the SS and yaS
the actual position of the LS all in the y-direction. Setting yS d = ers,
the LS error e 5, the SS error (egg), and the total tracking error (e fy) are
related such that

eLs, (0= vy =y () 16)
ess, (1) = erg (1) — ¥5() a7
Ya® =y + y35 (1) (18)
ey, (1) = vy (1) = y,(1) = egs (1. 19

where similar relations can be derived for the motion along the x-
direction. Therefore, the SS errors egg and ess, can be used to assess
the performance of the dual-stage system under the herein- proposed
approach compared to the RDPI model. Fig. 18 shows the resulting
dual-stage positioning system.

5.2. Characteristic of the error

Using py(1) = M sin (2zfyt) pm with f, € {5,10,15,20} Hz and
M € {2,4,6,8}, the magnitude of the tracking error ¢, under >; & %,
interaction can be modeled, for example in the mean-square error sense
as

MSE,, :=MSE, (M,wy) = ayo,' (eyM> +a; M + ay) (20)

(3} *
where a; = 0.00092587,a; = 1.911,a, = 0.1011,a; = —0.5863,a, =
0.8176, w, = 2x f, € BW(G,(s)) denotes the desired operating frequency
of p,(t), and M < d,,,, denotes max |p,(#)|. The resulting error surface is
depicted in Fig. 19. Additionally, other parameters can be involved to
define MSEel . For example, in an LS-SS motion system, (20) can be used
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to define the total tracking error egg by using MSE,, := MSEgs(M, wy),
and p, (1) = e 5(t). Interestingly, let the frequency-position-dependent
statistical model of e 4(r) be given in the mean-square error sense as

q
MSE;5(x, y,0) = . 7;(x,%) @)
j=1

1

B

(21)

The low-frequency components of ey —for example—can be captured
using the error moving average (MAy) [11]. This metric reflects the
wafer scanner ability to expose two images on top of each other,
i.e., overlay error. At high frequencies, the moving standard deviation
(MSD,) is used instead mainly to assess the image contrast during
exposure [11]. In actual wafer scanners, typical values of a 38-nm half-
pitch lithography would be MA < 1 nm, and the MSD < 7 nm [11]
during the constant speed scanning motion. Similarly, in this study,
both MA, and MSD, are used to assess ess, during scanning motion
in the y-direction, and they are given as [47]

T
e

MA, (1) = % /_ : ss, (0 dt

N

(23)

L[ 2
MSD, (1) = || 7 [ , (ess, (0 =MA, ) ds
2

where T denotes the time interval of interest, which is usually taken
as the constant speed scanning motion [11]. Similarly, MA, and MSD,,
can be used to assess egg during stepping motion in the x-direction—if
needed.

5.4. Rate-dependent Prandtl-Ishlinskii (RDPI) feedforward controller for
short-stroke

For a given frequency range of interest, and by adopting an input—
output perspective, the piezo-actuated SS stage model is captured using
the Rate-dependent Prandtl-Ishlinskii (RDPI) hysteresis model that
comprises a plurality of n, weighted rate-dependent play operators
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(I') with real and absolutely continuous rate-dependent thresholds in
order to describe the input-output characteristic of the involved piezo
actuators [22,23]. For a monotone input v(f) over the sub-interval
[7;_1,1;] serving as the SS input signal, the output of the RDPI model
(P[v](1)) in the y-direction—for example—is expressed as [22]
Ny
yss(®) = P[010) = ago(®) + Y a; T, ) [v10), 24
j=1
where i = 1,2,...,k, 0 = {j) < f; £ - < [, = T, I' is the rate-
dependent play operator with the rate-dependent threshold 5; where
=12,....,n, ay and a ; are weights to be identified using available
SS position ygg measurements. The rate-dependent threshold is a real,
absolutely continuous function defined on the interval [0,7] as 0 <
m@ < m@ < < n,, (). Let the rate-dependent threshold be given
as n;(t) = o; + plo(t)|, where o; and f are positive constants to be
identified using the measured data. The operator I, over an interval,
t € [f;_,1;), is expressed as [22]

max{o(?) = n;, Fnj[v](f,-_l)}, o(t) > uv(f;)
I, ol = min{v(t) +n;, T, [IE_D}, o) <o) (25)
L, [0y, u(t) = v(f)

where r, (0)[0](0) max{v(0) — #;(0), min{v(0) + ,;(0),0}}.

To obtaln the RDPI model for the SS stage, the measurements yqq are
obtained under a harmonic input voltage of v(t) = 15sin(2zf1)+15 V at
excitation frequencies of f; = f € {18.9,31.5,41.6} C (F, J{1,10}) Hz
Then ygg presents the voltage-to-displacement characteristic as hystere-
sis loops at different frequencies. Fig. 20 shows these loops between the
given testing input v(r) with frequency f;.

Let X = {f, 0|, 03, ..., Oy, Qg Gy, Gy, ..., 4y } denote the associated
parameters of ¥ given in (24). Using ygg, X can be determined by
minimizing the cost function given as

L N,

2
> w,,(yss - v'[u](tk)) ,
=1 k=1

where 7 is the index related to the number of L excitation frequency,
w, is the weight for the #'* excitation frequency, and k is the index
that refers to the number of N, data points considered in computing
the error for one complete hysteresis loop. The minimization problem
is performed using the MATLAB-constrained optimization toolbox sub-
jected to g > 0, oy,..., o, 2 0. The identified parameters for the
RDPI model with n, = 5 are p = 0.0041, o; = 0.0042, 6, = 0.1031,
oy = 01628, 0, = 44314, 05 = 6.8909, a, = 0.0958, a; = 0.0309,
a, = 00159, a; = 00049, a, = 0.0019, and a5 = 6.7926 x 1074
The identification results of the RDPI model using f; are depicted in
Fig. 21, which shows the ability of the model to capture the piezo-
actuated SS stage response in the given range of frequencies. Now,
we can present the Prandtl-Ishlinskii-based feedforward controller or

J(X,?, k) = (26)

11

Mechatronics 104 (2024) 103257

5
. 4 r
g
i
= 3
R
8 —f=1Hz
8 —— f=5Hz
I 1! f=10Hz
2, ——f=139Hz
=z / —— f = 189Hz
A ok —;225}12
— = 41.6Hz
—— f =50Hz
-1

0 IIO 20
Voltage u (V)

30

Fig. 20. The voltage-to-displacement hysteresis loops due to a harmonic input voltage
with frequency f.

compensator. Having the parameters of the RDPI model-representing
the SS as in (24)—identified, we seek its inverse (¥~!) to realize the
feedforward controller based on inversion [22]. Therefore, we may
write ygg = Yo ¥~ ![e; s 1(t), and we have obtained u(t) that minimizes
eLs, — yss, Vi € [0,T]. As T goes larger, the involved parameters can
be updated online using, e.g. machine learning, as will be investigated
in future work. Note that, for mainly repetitive motions, e.g. step-and-
scan motion in wafer scanners, T = 4T, +T, + D +d is fixed, finite, and
known a priori [43].

5.5. Comparison results

Fig. 22 illustrates the block diagrams of the LS-SS integration with
the two proposed control approaches. Starting with the desired position
signals y,(t) and x,(r) depicted in Fig. 5, the associated frequency
contents can be determined using fast Fourier transform (FFT), and
consequently, the bandwidth of interest can be determined as pictured
in Fig. 23. Accordingly, G,(s) in (6) can be designed, and its bandwidth
(BW{G,(s)}) can be assigned. For example, as depicted in Fig. 23, the
frequency contents of both e; g and eLs, have a significant contribution
below 20 Hz. According to F1g 2, both ers, and ers, can serve as the
input to X, once the available SS stage is ahgned in their designated
directions, i.e., p,(t) = eps (1) or py(t) = eLsy(’)» based on the LS-SS
configuration depicted in Fig. 22(a).

Utilizing the block diagrams of the LS-SS integration shown in
Fig. 22, when no disturbance is active, i.e., d = 0, both the model-
free ¥; < %, interaction and the model-based RDPI model resulted
in almost a similar tracking error considering the motion along the
x-direction as depicted in Fig. 24. However, when d # 0, the model-
free ¥; < X, interaction outperforms the model-based RDPI model
due to the former’s awareness of the actual SS response through the
available feedback measurements. Similar results can be deduced about
the tracking error along the y-direction as can be seen from Fig. 25. The
disturbance d is imitated using a pulse of amplitude 0.3V, Vs € [4,5] s,
where the piezo amplifier internally provides a gain of 10 to this applied
disturbance. The effects on the desired signal in the x-direction can
be seen from Fig. 26, where interestingly the control signal r(¢) is not
affected by d(r). Recalling Fig. 2, ¥; changes the desired signal ¢, = p,
such that the resulting control signal r(t) = u(t) + d(¢) is not affected by
d(t). Note that this will not be the case when the disturbance appears at
the output side, i.e., p,. This case will be examined in a separate study.

Using (23) with T covering the whole range of motion, i.e., about
4 s, the performance of the dual-stage system under X; < X, inter-
action compared to the RDPI model is assessed when d(rf) = 0. As
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shown in Fig. 27, ¥; < X, interaction outperforms the RDPI model
at low frequencies as captured by the MA metric, while both almost do
nothing to e; g and ers, at higher frequencies as captured by the MSD
metric. Only a sampling rate of 1 ms was used in this study. The effect of
using a higher sampling rate and higher value of » in (6) on specifically
the MSD performance metric will be investigated in future work.

6. Conclusion

This paper introduces a model-free control approach for the short-
stroke stage, which is driven by a piezoelectric actuator. The proposed
approach employs an activator-inhibitor scheme, dynamically miti-
gating the nonlinearities in the short-stroke stage without relying on

12

2 T T T
g Without Disturbance M
=
7 O s
o
: )
=
_2 L L L L L L L
0 1 2 3 4 5 6 7 8
P N0 1 WSS
2 With Disturbance TVVY W VVITeVY V—LS error (erg,)
§ 2F —Proposed (egs,)| |
Sl L RDP ess)
0 1 2 3 4 5 6 7 8

Time (second)

Fig. 24. The tracking errors of the LS-SS system along x direction with and without
disturbance d.

g
=
=
=]
=

0 1 2 3 4 5 6 7 8
g8 0 b bl b b ] kL "
= . . R AR TN LS error (ers,)
] -2 - With Disturbance — Proposed (Essv)
el LRDPI (s

0 1 2 3 4 5 6 7 8

Time (second)

Fig. 25. The tracking errors of the LS-SS system along y direction with and without
disturbance d.



Y.M. Al-Rawashdeh et al.

o
~
7

Disturbance (V

-
o

Error (pm)
S

5 & —a1 = ers, —d(®)|
3 4 5 6 7

1F ] '
0.5
0
-0.5

o

r(t) (V)

2 3 4 5 6 7
Time (second)

Fig. 26. The (top) SS modified tracking error g, (blue) in the x-direction when d # 0,
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Fig. 27. The MA and MSD tracking error performance metrics of the LS-SS system
along (a) x, and (b) y directions, without disturbance, i.e., d = 0.

modeling or identifying its dynamics. The proposed approach is an
observer that shapes the desired input signal (tracking error) to meet
the dynamic requirements of the fine stage, even in the presence of dis-
turbances. The proposed activator-inhibitor approach is implemented
as a controller to enhance the tracking performance of the piezoelectric-
actuated stage. Experimental testing of the proposed approach is con-
ducted for the piezoelectric-actuated stage under desired positions
with varying amplitudes and frequencies. The experimental results
demonstrate the capability of the proposed control approach to reduce
tracking error and enhance performance. Additionally, it is observed
that the input-output characteristic of the activator-inhibitor scheme
acts as an inverse of the dynamic model. Moreover, the proposed
activator-inhibitor scheme exhibits robustness in achieving tracking
performance in the presence of external disturbances. For practical
applications, we integrate a dual-stage motion system that simulates
wafer scanners by employing the uni-axial piezoelectric-actuated stage
under the proposed technique, within an existing long-stroke motion
system. A comparison with the Prandtl-Ishlinskii inverse model under-
scores the advantages of our proposed model-free activator-inhibitor
control. Its performance surpasses that of the model-based method,
particularly at low frequencies of the command signal, as indicated
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by the moving average performance metric. Our future endeavors will
focus on refining the performance of the proposed activator-inhibitor
control at higher frequencies guided by the moving standard deviation
performance metric.
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