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Model-Free Control of a Class of High-Precision Scanning Motion
Systems with Piezoceramic Actuators

Yazan M. Al-Rawashdeh! Mohammad Al Saaideh’

Abstract—To enhance the precision of coarse long-stroke
motion axes, complementary short-stroke fine positioning stages
are usually introduced. Being mechanically attached, the motion
of the combined positioning stages needs to be controlled
and synchronized. Therefore, typically suitable model-based
controllers of fine stages are designed according to the so-
phisticated models and identification techniques used. Due to
their appealing features, Piezocermamic-based fine positioning
stages were successfully utilized in many applications, which
recently sparked their use in high-acceleration motion found
in wafer scanners, for example, where high-precision motion
is required despite the resulting high inertial forces involved.
Unfortunately, hard nonlinear behavior is associated with piezo-
electric actuators, which adds to the complexity of modeling,
control, and synchronization processes. To overcome such a
burden, in this study, the design procedure of a model-free
control and synchronization technique of piezocermamic-based
fine positioning stages is introduced and verified experimentally
using a representative precision motion system comprising a
planner stage and a uni-axial fine stage under step-and-scan
trajectories commonly used in wafer scanners. Despite its sim-
plicity, the herein proposed design procedure can be seamlessly
extended to other robotics and automation applications.

I. INTRODUCTION

When designing motion systems with nanometer precision
accuracy, it is possible to combine coarse and fine positioning
stages that complement each other precision and tracking
capabilities. For example, in a dual-stage motion system, the
coarse stage travels long distances in the meters range, and
therefore, is known as the long-stroke (LS), while the fine
stage travels shorter distances in the micro-meter range, and
therefore, is known as the short-stroke (SS) [1]-[4]. From a
robotics perspective, the resulting LS-SS motion system can
be viewed as an open serial chain [5], and correspondingly,
further analysis can be carried out if needed. Note that in a
LS-SS configuration, the end-effector or payload is attached
to the SS stage. Many applications have benefited from
such a configuration, such as haptic feedback [6]- where
the user establishes the LS motion and the piezo-actuated
stage establishes the SS motion-, and chip industries [7]. For
example, nanometric integrated circuits (ICs) are produced
using wafer scanner machines, where replicas of ICs images
are projected onto a silicon disk coated with a light-sensitive
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material [7], known as a wafer, with the ICs patterns located
on a quartz plate mask [8]. In principle, step-and-scan motion
trajectories are used to scan small rectangular areas of the
wafer, known as dies during the scanning process. Next
dies are reached through stepping, i.e. stepping process, [9].
While the stepping phase can be done as fast as possible
under high acceleration motion profiles, scanning is done
with a predetermined constant velocity. To make up for the
precision loss at high acceleration rates, additional stages
might be needed or used. The involvement of more stages
means more weight to add, and therefore, in next-generation
wafer scanners, for example, the integration of lightweight
stages actuated in a fast and accurate manner is being sought.
Recently, the use of piezoceramic actuators (piezo actuator)
to actuate flexure-guided piezo stages as SS is becoming
more popular [3], [10].

Due to its lightweight construction, a piezo actuator can
move with subnanometer resolution very fast [11]. From
a control perspective, a piezo actuator is controlled using
mixed compliance compensation [3], and inversion-based
[11] feedforward controller [12], just to name a few. Despite
its associated advantages, a piezo actuator suffers from creep,
vibration, and hysteresis effects that need to be compen-
sated for [3], [11]. Model-based control techniques adopt
suitable models that capture the nonlinear behaviours of the
nanopositioning actuators such as Rate-dependent Prandtl-
Ishlinskii (RDPI) hysteresis model [13], [14], and Dahl
model-based hysteresis compensation [15] with a system
structure described by the Hammerstein-Wiener system. The
Hammerstein-Wiener system structure comprises a linear
dynamics subsystem sandwiched by input and output (hard)
nonlinearities [16]. Consequently, the involved model param-
eters are identified [16]; however, their values are hard to
identify accurately [17]. This will hinder the synchronization
of the LS and SS motions, in which the LS tracking error is
usually fed- as is- to the SS controller [3].

II. RELATED WORK AND MAIN CONTRIBUTIONS

In this study, we utilize the activator-inhibitor trajectory
generator developed in [18] as a model-free input shaper
of the SS stage, realized using piezo actuators. Its synchro-
nization with LS motion will also be discussed. Moreover,
its performance will be compared to the model-based RDPI
model studied in [19]. Detailed dynamical modeling of dual-
stage systems can be found in the literature [3], [20].

Mainly, in this study we consider:

« the integration of the LS of an existing precision motion

system with the SS stage to build a dual-stage position-
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ing system that can provide enhanced sub-nanometer
accuracy,

e proposing a model-free active-inhibit trajectory gen-
erator that modifies the desired trajectories such that
the tracking performance of the piezo-actuated SS is
enhanced, and

« enhancing the scanning performance of the dual-stage
system under a particular step-and-scan trajectory used
mainly in wafer scanners.

III. PROBLEM FORMULATION
A. Short-stroke system description

Consider the Hammerstein-Wiener system (X;) depicted
in Fig. 1, where the unknown dynamics is given as a cascade
connection of an input nonlinearity M, a linear dynamical
part G, and an output nonlinearity \V. Interestingly, 31 can
be used to model the dynamics of motion systems exhibit-
ing non-smooth nonlinearity such as hysteresis, dead-zone,
saturation, and backlash that usually limit the system perfor-
mance [16]. The system >3 is controlled using a feedforward
controller (F'F'), and is subjected to an external unknown
disturbance d(t¢). Other controllers can be used, including
feedback-based controllers [21]. In general, it is intended to
minimize the tracking error (e(t) = pq(t) — pa(t)) between
the desired position p4(t) and the actual system response
pa(t). The FF controller can be as simple as a static gain,
or a more sophisticated internal model controller that inverts
the Hammerstein-Wiener system under the desired command
input, py(t) such as done using RDPI hysteresis model [13],
[14], and Dahl model-based hysteresis compensation [15].
Clearly, when d(t) # 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) [21] especially when d(t)
is unknown. In that case, model-based control techniques
that depend on estimates of ¥; dynamics might be limited,
especially under open-loop control configurations. Therefore,
a model-free control technique is investigated in this study.
Note that py(t) along with any needed i*" time derivative
(pg)) are externally supplied, u(¢) is designed, v(t), w(t) are
inaccessible, i.e., unknown intermediate signals [16], [22],
d(t) is unknown, and p,(t) is assumed to be observable
along with any needed 7*" time derivative (p,(j)) being readily
available for measurements or can be estimated using model-
free observers such as high-gain observers [23], [24].

Hammerstein-Wiener system ¥,

'
» Feedforward Nonlinear Linear Nonlinear
'

palt): u(t) r(0) v(0) w(®) pal)

FF @ N(w(t))

.................................................

Fig. 1: Hammerstein-Wiener system >:; with unknown input
and output nonlinearities, subjected to external disturbance
d(t), and controlled using a feedforward controller F'F.
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Fig. 2: Block diagram representations of the controlled Ham-
merstein system under >3 <+ X5 head-to-tail interaction.

B. Model-free trajectory generation system

Adopting input-output perspective from pg(t) to pe(t)
yields the system X, depicted in Fig. 1. According to the
herein proposed approach, instead of adjusting u(t) directly,
a modified version of p4(t), i.e., (P4(t)), obtained by the
trajectory generator system (X3) is utilized, which results in
minimizing the tracking error e(t) = pq(t) — pq(t) as will be
demonstrated here. Consequently, maintaining or enhancing
the performance of X5 under F'F'- or other used control
techniques-when d(t) # 0 and/or ¥; dynamics are unknown
is made possible. This means that any existing control loops
are kept intact as long as Yo is input-to-state stable [25],
[26]. The head-to-tail interaction between Yo and X3 systems
is depicted in Fig. 2.

Remark 1: Interestingly, the herein proposed approach
can be applied to the LS as well. However, this will be
investigated in future work.

1) Error estimates: Let p((j) = @i+1, and p((f) = Tit1
with 7 = 0,1,---,n with n > 1. To make X35 aware of X,
tracking error e = q; — x1, let the dynamics of the tracking
error estimates (€;) be given according to the following state
estimator (observer) [18]

b=+ B (x1—q1), i=1,2,---,n—1

bn=56+Pn (1 —q1) + Bo (Tnt1 — Gnr1) (D

0= But1 (z1 — q1)

with constants 3; > 0 € R,¢ = 0,1,---,n + 1 are
chosen such that (1) is stable, where (35 is chosen to
reflect the dependency on the available measurements (or
estimates) of X;. For example, when acceleration measure-
ments are available, 1 < n < 2 can be used in (1)
under which X3 will activate Yo using the modified desired
input (pg), and o will inhibit Y3 using é; in a head-to-
tail activator-inhibitor interaction. Ultimately, it is desired
to reduce the tracking error e; = pg — x; by re-adjusting

pa such that © = [x1,x9, - -,2,11] meets any imposed

. . T .
motion requirements. Let ¢ = [q1,42, -, qnt+1] , and ¢ =
[G1, G2, - ,(jnH]T with ¢; be given as [18]

Pa(t) =q1 = qi(t) — é1(?) (2)

and other modified kinematical quantities given as [18]

G =q(t)—é(t), i=2,---,n+1 3)

Therefore, in the frequency domain and using the Laplace
operator (s) with zero initial conditions, (1) is given as [18]
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(Bos" 4+ B1s" 4+ Bas" M+ + Buir) (1 — G1)
(14 Bo) s"+! + Brs™ + Pas™ 1+ + fupa
=Ge(s) (1 — q1)

€1 =

“4)
Using (2) in (4), yields [18]

LG,

Ge(s) )

1 =q + {

Consequently, the constants 3; € R should be chosen
such that (1) is globally uniformly asymptotically stable, and
[|Ge(jw)||oo is ideally close to unity Vw in the frequency
domain of interest in which |G.(s)|= 0dB and ZG,(s) = 0.
Doing so results in x; = ¢; as required. Moreover, 3; € R
must yield a dynamically friendly ¢;,¢ = 1,---,n+ 1 given
in (3) such that any imposed kinematical constraints on 3
are met. Interestingly, (1) seems to be linked to RCAC [21],
with the exception that the former can be easily designed
off-line especially when the operating frequency range of the
desired position signal py(t) is predictable as can be found
in repetitive motion profiles found in wafer scanners [4], for
example. Comparing both techniques is beyond the scope of
this investigation.

2) Stability of the activator-inhibitor system: According
to lemma 4.7 in [27] and assuming Y to be input-to-state
stable under the used control technique, and the origin of
X3, 1.e., (1), is globally uniformly asymptotically stable, then
the origin of the cascaded system Yo and X3 is globally
uniformly asymptotically stable.

C. Long-stroke desired signal

Consider the generalized fillet motion profile [28] depicted
in Fig. 3, 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, p can be given
as [19]

zq(ty) =af +akt, +akt2 +akt3

plt {yd (ty) = B3 + Bty + B3 L, + B3 L3, ©
with £, .1 = (t—to{w}), to,,.,, denotes the trajectory
time shift in the x,y motion, and the switched coefficients
ar, B with 1 = 0,1, 2, 3 in the k, ¢ intervals are symbolically
given in [28]. These switched coefficients are functions of the
maximum acceleration value (aﬁ‘égp,scm}) given in m/s?,
the time interval of acceleration and deceleration (7}), the
interval of constant acceleration (7%), the constant speed
intervals (D, d = T,,) all given in s, and the scaling factors
(S{step,scan) > 0) that are taken here as 1 and thus absent
in the current formulation.

The step-and-scan trajectory can be characterized by sev-
eral key features- as discussed in [28], [29]- among which the
scanning phase pitch size (Pscqrn), and the constant scanning
speed (Vieqn) given as [28]

Light
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Fig. 3: Fillet acceleration trajectories along with the light
source activation timing, resulting in a step-and-scan motion
of one die [28].
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Fig. 4: A Step-and-scan motion profile of 10 dies [19].

Pscan = ‘/scan (2T1 + T2 + D)

(7)
‘/;can = agégi (Tl + TQ)a

also the stepping phase pitch size (Pgtcp) given as [28]
Poep = aliey (Th +To) 2T + T2+ d) 8)

step

Consider the step-and-scan motion of 10 dies as shown
in Fig. 4, where Pscqn, = 0.0623125m, Py, = 0.026m,
T, = 0.04285s, T, = 0.040476s, D = 0.123059s, d =
Ty = 0.020s, aljee = 2.14285m/s%, and al4r = 3m/s?.
Using these values, the tracking error of the LS stage (ers)
under the realized fillet profile can be obtained. Its frequency
contents will be instrumental when (4) is designed, as will

be discussed shortly.

D. Problem Statement

As in [19], and given the previous information, introduce
a piezo-actuated SS stage along with its controller to the
existing LS stage such that the positioning error of the
resulting dual-stage system is minimized during the step-
and-scan motion, at least along the scanning direction.

IV. DUAL-STAGE MOTION SYSTEM
A. Long-Stroke and Short-Stroke Stages
The LS stage used in this study is A-322 Plglide HS
XY Planar Scanner with a resolution of 1nm, A-824 ACS
Motion Controller, three ironless zero-cogging brushless 3-
phase linear motors in an H-configuration [20], and air bear-
ing levitation system, all arranged in a gantry configuration
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Fig. 5: The used long-stroke LS, and the short-stroke SS
aligned in the z-direction.

Activator lnhlbnor

pd Pa= ya

LS

jCOntroller LS Ya
Pa = y d Pa= a
|—'| 22
YVa
Vi’
Controller

Fig. 6: The block diagram of the LS-SS integration under
(a) X3 <> X9 interaction, and (b) RDPI model [19], in the
y-direction, where Y denotes the SS piezo-actuated stage.

supported by a passive anti-vibration system. The available
feedback signals are the position, velocity, acceleration, and
tracking error in x and y directions.

The SS stage used in this study- due to availability- is
a Nano-OP30 uni-axial nanopositioning stage driven by a
piezo actuator with a motion range of 30 um; the stage has an
internal position sensor with a resolution of 0.06 nm. When
the step-and-scan profile is involved, the SS stage is aligned
with the LS y-axis, i.e., the scanning direction. Note that the
effect of the LS motion on the SS motion was thoroughly
studied in [19]. The LS-SS stages used in this study are
shown in Fig. 5. Despite being applicable to SS stages in the
z-direction, only motion along the x and y directions will be
studied separately due to available hardware components.

B. Synchronous operation (short-stroke desired signal)

Let yq4,y, denote the desired and actual positions of
the dual-stage system, {y5°,45°} the desired and actual
positions of the SS, and yas the actual position of the LS all
in the y-direction. Setting y = eLs,, the LS error erg, the
SS error (ess), and the total tracking error (ey,) are related
by [19]

eLs, (t) = ya(t) — yy>(t)

ess, (t) = evLs, (t) — y5°(t) )
Ya(t) = ye () +y>(t)
ef, (t) = ya(t) — ya(t) = ess, (1)
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Fig. 7: Single-sided amplitude spectrum of ers, and erg, of
the 10 dies scanning profile depicted in Fig. 4.

where similar relations can be derived for the motion along
the z-direction. Therefore, the SS errors ess, and ess, can
be used to assess the performance of the dual-stage system
under the herein-proposed approach compared to the RDPI
model [19].

C. Performance assessment

The low-frequency components of egsgs, - for example- can
be captured using the error moving average (MA,) [8].
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
[8]. In actual wafer scanners, typical values of a 38-nm half-
pitch lithography would be MA < 1 nm, and the MSD
< 7 nm [8] during the constant speed scanning motion.

Similarly, in this study, both MA,, and MSD,, are used to
assess esg, during scanning motion in the y-direction, and
they are given as [30]

(10)

MSD,,(t) = % / (ess, ) —MA,)% dt

where T denotes the time interval of interest, which is
usually taken as the constant speed scanning motion [8], i.e.,
D shown in Fig. 3. Similarly, MA, and MSD,. can be used
to assess egg, during stepping motion in the z-direction.

V. EXPERIMENTAL RESULTS

The SS dynamics were modeled in [19], and since the
stage has only a position sensor with a resolution of 0.06 nm
that provides clean measurements of p,(¢), any needed p,(lz)
is obtained using numerical differentiation. The same applies
to pa(t). Also, the F'F' controller used in X is a static gain,
i.e., 1/1.5045 (V/um), based on [19].

Starting with the desired position signals y4(t) and z4(t)
depicted in Fig. 4 and given by (6), 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. 7. Accordingly, G.(s) in (4)
can be designed, and its bandwidth (BW{G,.(s)}) can be
assigned. For example, as depicted in Fig. 4, the frequency
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Fig. 8: The Bode plot of G utilizing the velocity estimates.

contents of both ers, and erg, have a significant contribu-
tion below 20 Hz. According to Fig. 1, both ers, and erg,
can serve as the input to Yo once the available SS stage is
aligned in their designated directions, i.e., p4(t) = evg, (t) or
pa(t) = evs, (1), based on the LS-SS configuration depicted
in Fig. 6(a).

Using the velocity estimates with n = 1 in (4) yields

_0.055% + 4255 4+ 100
10552 44255+ 100

and its Bode plot is depicted in Fig. 8. The same G.(s) given
in (11) will be used to handle ers, and eLsg, .

Recalling Fig. 6, and by utilizing the block diagrams of
the LS-SS integration under X3 <+ Yo interaction, and RDPI
model [19], the tracking errors associated with the fillet
profile shown in Fig. 4 are depicted in Fig. 11. According
to Fig. 9(a), when no disturbance is active, i.e., d = 0,
both the model-free >3 <> X interaction and the model-
based RDPI model resulted in almost a similar tracking error
considering the motion along the x-direction. However, when
d # 0, the model-free X5 <> 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. 9(b). The disturbance d is imitated using a pulse of
amplitude 0.3V,Vt € [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. 10, where interestingly the control signal ()
is not affected by d(t). Recalling Fig. 1, X3 changes the
desired signal q; = p4 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 (10) with T' covering the whole range of motion,
i.e., about 4 s, the performance of the dual-stage system under
Y3 <> Yo interaction compared to the RDPI model [19] is
assessed when d(t) = 0. As shown in Fig. 11, 33 < X5
interaction outperforms the RDPI model at low frequencies
as captured by the MA metric, while both almost do nothing
0 emathrmLs, and €mathrmrs, at higher frequencies as
captured by the MSD metric. Only a sampling rate of 1ms
was used in this study. The effect of using a higher sampling
rate, and higher value of n in (4) on specifically the MSD
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Fig. 9: The tracking errors of the LS-SS system along (a) z,
and (b) y directions, with and without disturbance d.
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Fig. 10: The (top) SS modified tracking error ¢; (blue) in
the z-direction when d # 0, and (bottom) the corresponding
control input r(t) = u(t) + d(t) both compared to the case
when d = 0 (black).

performance metric will be investigated in a future work.

VI. CONCLUSION

A model-free input shaper of a uni-axial fine positioning
stage was introduced. The integration of the fine stage with
an existing long-stroke stage resulted in a dual-stage posi-
tioning system whose tracking performance was enhanced
under the proposed technique. Simply, the proposed tech-
nique shapes the desired input signal, i.e., the tracking error
of the long-stroke stage, to meet the dynamical requirements
of the driven fine stage even when disturbance is present.
A comparison with the Prandtl-Ishlinskii inverse model
revealed the advantages of the proposed model-free input
shaper whose performance was relatively better than the
used model-based method especially at low frequencies of
the command signal as revealed by the moving average
performance metric. A design procedure for the proposed
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without disturbance, i.e., d = 0.

method was also provided. Future work will be directed
towards improving the proposed input shaper performance
at higher frequencies of the command signal based on the
moving standard deviation performance metric.
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