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Predictive Antiwindup Compensation for Repetitive Control
Supporting Nanoscanning

Peng Yan , Senior Member, IEEE, Pengbo Liu , and Hitay Özbay , Fellow, IEEE

Abstract— Ultrahigh precision scanning has emerged as a
promising and challenging technology in nanoscale measurement
and manipulation. Besides the requirement of dynamical tracking
of periodical references, the existence of control saturation,
due to the limited stroke of microactuators, poses additional
challenges for the control of such systems. To address this
problem, we propose a repetitive control structure with predictive
antiwindup compensation to support nanoscale repetitive track-
ing/scanning with a minimized impact of actuator saturation.
In particular, the proposed antiwindup compensator is activated
by the time-lead control output ahead of saturation due to the
time-delay block in the repetitive control structure. According
to the input/output (I/O)-based equivalent representation and
sector bound criterion, stability conditions for the antiwindup
compensator are derived, which are further formulated as an
H∞ optimization problem with the robustness against model
uncertainties, where the optimal compensator is developed. The
effectiveness of the proposed tracking control architecture is
further verified in real-time experiments on a piezoelectric-
actuator-driven nanostage, where significant improvements are
demonstrated comparing with the existing results.

Index Terms— Antiwindup control, H∞ optimization, nan-
otracking, repetitive control, time delay.

I. INTRODUCTION

NANOSCALE scanning has been recognized as one
of the key enabling technologies in nanomeasure-

ment and manipulation instruments, such as atomic force
microscope (AFM) and scanning tunneling microscope
(STM) [1]–[3]. The accuracy and speed of the scanning
motions fundamentally determine the quality and efficiency
of these instruments. In past decades, most of the research
efforts in the area of nanoservo systems have been devoted
to nanopositioning (see [4]–[6] and references therein). With
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the emerging demands on scanning applications, the design
and control problems associated with nanotracking attract
significant research in recent years [7]–[9].

Note that during the operation of nanoscanning, the motion
system is required to precisely follow specific repetitive sig-
nals, such as the triangular wave. To address the challenge
of dynamical tracking of periodic references, the repetitive
control methods were developed with successful applications
in motion systems [10]–[12]. In such a control structure, high
accuracy tracking can be achieved by introducing a time-delay
element corresponding to the reference period in the positive
feedback loop, which leads to an infinite-dimensional internal
model whose frequency response presents resonance peaks
in all integer multiples of the fundamental frequency of the
periodic signal [10]. In particular, the repetitive control method
has been introduced to the control of nanostages in recent
literature, such as [13] and [14].

It should be noticed that the direct implementation of repet-
itive controllers on nanoscanning can easily trigger actuator
saturation due to the microscale stroke of piezoelectric actua-
tors in the nanostages, where the existence of multiple integra-
tors involved in the repetitive controller [15] deteriorates the
saturation issue, which may have significant adverse effects
on system performance and possible mechanical failures [16].
Therefore, nanoscanning control in the presence of actuator
saturation is still a challenging and open problem.

Various control approaches have been explored to deal with
the saturation nonlinearities, e.g., parametric discrete-time
periodic Lyapunov equation-based method [17], nested switch-
ing control [18], antiwindup compensation [19], [20], and
internal model compensation [21], to name just a few. Note
that most of the existing results on saturation control are
discussed in a general control framework without considering
the specific structure of the repetitive control, which cannot be
used to optimize the compensation performance for tracking
purposes. It is also worth noting that several representative
results investigated the antiwindup problem in a repetitive con-
troller setting [15], [22], [23], where antiwindup mechanisms
are taking effect once the actuator saturation occurs. However,
recent results [19], [24]–[26] indicate that activating the anti-
windup mechanism in anticipation of actuator saturation may
lead to significant improvement of tracking performance in
comparison with the immediate antiwindup design.

Due to the time-delay block in the repetitive control struc-
ture, it is possible to obtain the time lead control output and
compensate for early saturation before it is occurring. With
this motivation, we propose a predictive antiwindup design
taking advantage of the repetitive control structure, which
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Fig. 1. Repetitive control structure with input saturation.

allows for the tracking of periodical signals in the presence
of actuator saturation. Different from the existing antici-
patory antiwindup schemes with virtual saturation element
with reduced limit [19], [24]–[26], the proposed antiwindup
design achieves anticipatory compensation of saturation on
top of the predicted controller output. Real-time experiments
implemented on a piezo-driven nanostage demonstrate that
the proposed control architecture significantly improves the
scanning performance and saturation compensation capability
compared with representative results in the literature.

The rest of this brief is organized as follows. In Section II,
the repetitive control structure is briefly discussed, and the
saturation problem is formulated. The predictive antiwindup
design on top of the repetitive controller is proposed with
a detailed design procedure in Section III. Real-time experi-
ments are conducted on a nanostage in Section IV to verify the
performance enhancement of the proposed control structure,
followed by some concluding remarks in Section V.

II. PROBLEM FORMULATION

A. Preliminaries on Repetitive Control

We first recall the basic repetitive control structure [10]
shown in Fig. 1, where P(s) is the control plant (assumed to be
stable and minimum phase1). The repetitive control structure
includes a time-delay unit in a positive inner feedback loop
such that the repetitive control is capable of tracking periodic
signals with a fixed period L.

In repetitive control applications, Q(s) is selected as a unity
low-pass filter to limit the bandwidth of the signal model and
guarantee the stability of system, and B(s) is designed to
approximate the inverse of plant to obtain a good performance.
Theoretically, the design requires both B(s)P(s) and Q(s) to
be ideal unity low-pass filters with very sharp roll-off [11]

B( jω)P( jω) ≈ 1 ∀ ω ≤ ωb (1)

B( jω)P( jω) ≈ 0 ∀ ω > ωb (2)

Q( jω) ≈ 1 ∀ ω ≤ ωq (3)

Q( jω) ≈ 0 ∀ ω > ωq . (4)

The cutoff frequencies ωq and ωb are determined from
performance and stability robustness requirements. We shall
see that to achieve these requirements, we need ωq � ωb.

For the cases without actuator saturation, the repetitive
controller can be designed to guarantee the bounded-input
bounded-output (BIBO) stability of the closed-loop sys-
tem [11], with the capability of tracking periodic signals com-
posed of various harmonics of base frequency 1/L. Therefore,

1It is a viable assumption, which can be realized by a stabilizer if the original
system does not satisfy this condition [10].

Fig. 2. Repetitive control structure with predictive antiwindup compensator.

the repetitive control method has been successfully applied to
the periodical scanning of nanostages [27], [28].

B. Control Saturation Issues

Due to the microscale stroke of piezoelectric actuators in
the nanostages, control saturation is frequently experienced
in tracking/scanning applications, where the integral property
of the controllers (mainly for the purpose of low-frequency
disturbance rejection) deteriorates the saturation issue.

In the presence of actuator saturation, the control signals
are constrained by

um = sat(u) =

⎧⎪⎨
⎪⎩

σ1, u < σ1

u, σ1 ≤ u ≤ σ2

σ2, u > σ2

(5)

where um is the actual control input to the plant, as shown
in Fig. 1, u is the controller output, and σ1 and σ2 are
the saturation limits. Note that the piezoelectric actuators in
nanostages usually have asymmetric voltage limits moving
forward or backwards. Therefore, |σ1| and |σ2| are usually
different for such systems.

The difference between the controller outputs and the
actual plant inputs may result in significant performance
degradations, such as slow and oscillatory transients, as well
as stability issues [23]. In the sequel, a novel antiwindup
compensation scheme for repetitive controllers is developed
to handle the saturation nonlinearity. Due to the time-delay
element in the repetitive control structure, the proposed anti-
windup mechanism can be activated in anticipation of actuator
saturation to improve the saturation compensation capability
and the tracking performance.

III. ANTIWINDUP COMPENSATION DESIGN

We propose a predictive antiwindup compensation structure
on top of the repetitive controller, as shown in Fig. 2, where
the antiwindup compensators θ1(s) and θ2(s) adjust the con-
troller outputs and system outputs, similar to the antiwindup
framework proposed in [16]. Compared with existing results,
a major innovation of the proposed compensators is the
effective use of saturation anticipation by taking advantage of
the time-delay unit e−Ls in the inner loop of the repetitive
controller. Due to the existence of time delay e−Ls in the
inner loop of the repetitive controller, the signal ur can be
regarded as the time-lead control output u, which offers the
opportunity to predict possible saturation. In order to achieve
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Fig. 3. Equivalent representation of the predictive antiwindup structure with
dead-zone operator.

antiwindup compensations in anticipation of actuator satura-
tion, an additional saturation function with the same saturation
limit, as shown in (5) (i.e., um1 = sat(ur )), is introduced in
the control loop. The antiwindup compensators θ1(s) and θ2(s)
are activated by the difference between ur and um1 to adjust
the controller outputs and system outputs ahead of actual
saturation occurrence, for better handling of saturation. In what
follows, we would like to detail the design procedure of the
proposed predictive antiwindup compensators for repetitive
control structures.

A. Equivalent Transformation of Control Structure

Referring to the design method for antiwindup compen-
sators [17], [29], [30], we first formulate the antiwindup
compensator design as a control problem with dead-zone
nonlinearities. To this end, we have the following condition
according to input/output (I/O) relationships.

Proposition 1: The closed-loop control system with two
saturation blocks shown in Fig. 2 can be transformed into a
control system with one dead-zone block shown in Fig. 3 if
the following relationship is satisfied:

θ2(s) = P(s)
(
1 + θ̃1(s)

)
(6)

where

θ̃1(s) = Q(s)θ1(s)

1 − Q(s)e−Ls
. (7)

Proof: According to the proposed control structure shown
in Fig. 2, we have the following relationships under the
condition of (6):

ylin = P(s)Q(s)

1 − Q(s)e−Ls
ulin + P(s)(um − um1) (8)

ur = Q(s)

1 − Q(s)e−Ls
(ulin − θ1(s)ũ) (9)

ũ = dz(ur ) =

⎧⎪⎨
⎪⎩

ur − σ1, ur < σ1

0, σ1 ≤ ur ≤ σ2

ur − σ2, ur > σ2

(10)

yd = θ2(s)ũ (11)

where dz(·) is the dead-zone operator.
It is worth pointing out that the delay can commute with

the saturation operator, that is

um = sat(u) = sat
(
e−Lsur

)=e−Lssat(ur )=e−Lsum1. (12)

Fig. 4. Simplification of the block diagram in Fig. 3.

Fig. 5. Dead-zone operator.

Substituting (12) into (8), we derive

ylin = P(s)Q(s)

1 − Q(s)e−Ls
ulin + P(s)

(
1 − e−Ls

)
(ũ − ur ) (13)

which is identical to the I/O relationship in Fig. 3 and
completes the proof. �

B. Stability Condition

According to the I/O relationship, the control structure
depicted in Fig. 3 can be further simplified to Fig. 4, where

A(s) = 1

1 − Q(s)e−Ls(1 − B(s)P(s))
. (14)

Note the fact that A(s) is stable if B(s) and Q(s) satisfy
conditions in (1)–(4) as long as ωq � ωb. Accordingly, the sta-
bility of the original control structure can be determined by
the feedback structure composed of the dead-zone nonlinearity,
which can be guaranteed by the following theorem.

Theorem 1: The feedback structure (as shown in Fig. 4)
with the dead-zone nonlinearity is stable if there exists an
ε > 0 such that

Re

{
(1 + εs)

[
θ̃1(s) + A(s)Q(s)B(s)P(s)(

1 − e−Ls
)(

1 + θ̃1(s)
)]

}
+ 1

K
> 0 (15)

where s = jω, ω ∈ (0,+∞).
Proof: Recall the definition of the dead-zone operator

in (10). The dead-zone nonlinearity fulfills a sector condition

∀σ ∈ R, dz(σ )(Kσ − dz(σ )) ≥ 0 (16)

where K = 1 and ρ = Kσ is the boundary of the sector
domain, as shown in Fig. 5.

Referring to the Popov criterion [31], [32], the feedback
structure composed of �(s) and dz(·) is stable if there exists
an ε > 0 such that (1 + εs)�(s)+ 1/K is positive real, where

�(s)= θ̃1(s)+ A(s)Q(s)B(s)P(s)
(
1−e−Ls

)(
1+θ̃1(s)

)
. (17)

This completes the proof. �
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According to the theoretical design of Q(s) and B(s),
we would like to examine Theorem 1 in the following three
cases.

1) For ω > ωb, we have B( jω)P( jω) = 0, Q( jω) = 0,
and A( jω) = 1. In this case, (15) holds if∣∣(1 + jεω)θ̃1( jω)

∣∣ < 1, ∀ ω > ωb. (18)

2) For ωq < ω ≤ ωb, we have B( jω)P( jω) = 1, Q( jω) =
0 and A( jω) = 1. In this case, (15) holds if∣∣(1 + jεω)θ̃1( jω)

∣∣ < 1, ∀ ωq < ω ≤ ωb. (19)

3) For ω ≤ ωq , we have B( jω)P( jω) = 1, Q( jω) = 1,
and A( jω) = 1. In this case, (15) holds if∣∣M(ω)(1 + jεω)θ̃1( jω)

∣∣ < 1, ∀ ω ≤ ωq (20)

where

M(ω) =
∣∣∣∣ 2 − cos(Lω) + j sin(Lω)

2 − cos(Lω) − εω sin(Lω)

∣∣∣∣. (21)

It is a simple exercise to show that if ε ≤ 1/(3ωq), we have
M(ω) ≤ 3/2 for all ω ≤ ωq (in fact, for a fixed ωq , as ε → 0,
we have max0≤ω≤ωq M(ω) → 1).

Combining (18)–(20), we can conclude with the following
closed-loop system stability condition for antiwindup design
shown in Fig. 2:∥∥W1(s)θ̃1(s)

∥∥∞ = ∥∥λ(1 + εs)θ̃1(s)
∥∥∞ < 1 (22)

where W1(s) = λ(1 + εs), λ ≥ 3/2, and ε ∈ (0 , (3ωq)
−1).

Remark 1: Due to the sufficiency of conditions (6) and (22),
there are multiple choices of the antiwindup compensators
θ1(s) and θ2(s). A straightforward solution is θ1(s) = 0
and θ2(s) = P(s), which corresponds to the classic internal
model-based antiwindup. However, it is still an open problem
to optimize the compensator design in the presence of system
uncertainties for robustness considerations, which will be
discussed in Section III-C.

C. Antiwindup Robustness Condition

We recall the fact that the scanning operations of nanostages
are usually with various sample loads, which results in uncer-
tainties of system dynamics. Therefore, it is crucial to consider
the antiwindup robustness in the applications of nanoscanning.

We consider the plant model uncertainties in additive form
described by 	P(s), which is bounded by the weighting
function W2(s)

|	P( jω)| < |W2( jω)| ∀ω ∈ R. (23)

Accordingly, the actual plant model can be written as

P	(s) = P(s) + 	P(s). (24)

By substituting the actual plant model into (6), we can
derive

θ2	(s) = P	(s)

(
1 + θ1(s)

1 − Q(s)e−Ls

)
= (P(s) + 	P(s))

(
1 + θ̃1(s)

)
. (25)

Note that the antiwindup unit θ2(s) designed for the nominal
plant model P(s) has an error of 	θ2(s)

	θ2(s) = |θ2	(s) − θ2(s)| = ∣∣	P (s)
(
1 + θ̃1(s)

)∣∣. (26)

In order to eliminate the adverse effects caused by plant
uncertainties on saturation compensation performance of the
proposed control scheme shown in Fig. 2, the design of the
antiwindup compensators should satisfy [29]∥∥W2(s)

(
1 + θ̃1(s)

)∥∥∞ � 1. (27)

D. H∞ Optimization of Antiwindup Compensators

Combining the conditions (22) and (27) for the antiwindup
compensators, we formulate the antiwindup design as the
following H∞ optimization problem for the time-delay system:

γopt = inf
θ1(s)∈H∞

∥∥∥∥
[

W1(s)θ̃1(s)
W2(s)

(
1 + θ̃1(s)

) ]∥∥∥∥∞
(28)

where γopt is the optimal index.
We further define

G(s) = 1, (29)

C(s) = − θ̃1(s)

1 + θ̃1(s)
. (30)

The H∞ optimization problem (28) can be transformed into
the following mixed sensitivity optimization problem:

γopt = inf
C(s)∈H∞

∥∥∥∥
[

Ws(s)(1 + G(s)C(s))−1

Wt (s)G(s)C(s)(1 + G(s)C(s))−1

]∥∥∥∥
∞

where

Ws(s) = W2(s) (31)

Wt (s) = −W1(s). (32)

The standard H∞ control theory, as readily implemented in
the robust control toolbox of MATLAB, can now be applied
to this particular problem. The optimal filter C(s) can be
achieved based on the optimal H∞ index γopt.

Correspondingly, the optimized antiwindup compensators
can be further derived as

θ1(s) = −C(s)
(
1 − Q(s)e−Ls

)
1 + C(s)

(33)

θ2(s) = P(s)

(
1 − C(s)

1 + C(s)

)
. (34)

Remark 2: Note that the theoretical analysis supporting
the proposed antiwindup compensator design is based on
the requirements on B(s)P(s) and Q(s), obeying (1)–(4).
In real applications, appropriate nonideal low-pass filters can
be implemented [as opposed to the ideal case of (1)–(4)]
to derive the antiwindup compensation for repetitive control
structures. In the application to nanostage (see Section IV),
we will provide the design and implementation details, where
the experimental results also demonstrate the stability and
performance with the low-pass filter approximation.
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Fig. 6. Experimental setup of a piezoelectric-actuator-driven nanostage.

IV. APPLICATION TO A NANOSTAGE

In this section, the proposed predictive antiwindup design
for repetitive control structure is evaluated using real-time
experiments on a piezoelectric actuator-driven nanostage.

A. Experimental Setup and Model Identification

We first briefly describe the experimental apparatus,
as shown in Fig. 6. The proposed flexure-based XYZ piezo-
electric nanostage consists of a parallel XY nanostage and
a Z nanostage mounted onto the XY platform. For more
details of the mechanical design, please refer to the previous
result [33]. The design motivation of the XYZ nanostage is
to support the ultramicroscopic imaging of surface plasmon
confocal microscope [33], where the XYZ nanostage adjusts
the sample along the Z -direction to the focal plane and then
carries the sample to accomplish the XY planar scanning by
following triangle-wave signals. Note that we will focus on
the scanning motion of the XY stage, where the Z-stage is
serving as a constant load for the parallel XY stage. Due to
the symmetric design in the X- and Y -directions, we will limit
the following experiments on the X-direction only, while the
couplings of X–Y motion are considered as disturbances to
the control system of the X-direction.

The machined nanostage is mounted on an air-floatation
platform to reduce the external effects, including vibrations
and disturbances on the experimental results. Two piezoelectric
actuators are used to drive the nanostage to achieve planar
translations. Considering the high bandwidth and high pre-
cision requirements, high bandwidth voltage amplifiers are
designed to drive the piezoelectric actuators. Accordingly,
linear encoders (from MicroE Systems) with a resolution
of 1.2 nm are instrumented as the displacement sensors to
generate real-time position signals. Feedback control imple-
mentations are deployed using MATLAB/Simulink real-time

Fig. 7. Frequency responses of the plant.

control package xPCTarget with National Instruments (NI)
PCI-6259 I/O hardware with a sampling frequency of 20 kHz.

By applying swept sine signals ranging from 0.2 to 850 Hz,
we can obtain the corresponding frequency response data (blue
solid line in Fig. 7), with which the plant model can be
identified by a second-order model (red dashed line in Fig. 7)

P(s) = 40.28

s2 + 141.21s + 7.38 × 106
. (35)

B. Controller Design

We would like to sketch the design of the proposed control
architecture by studying a 50-Hz triangular wave tracking
example of the nanostage, which is representative in high-
speed-scanning applications. Therefore, the repetitive con-
troller is designed with the parameter L = 0.02. Referring
to [10] and [11], we design Q(s) and B(s) in the following
implementable forms as:

B(s) = P−1(s)

(τ s + 1)n = s2 + 141.21s + 7.38 × 106

40.28
(

1
2000π

s + 1
)2 (36)

Q(s) = 1

ατ s + 1
= 1

1
400π

+ 1
. (37)

Recall the H∞ optimization problem for the antiwindup
design. We need to determine the weighting functions W1(s)
and W2(s) to design the antiwindup compensators. Partic-
ularly, the weighting function W2(s) can be experimentally
determined by observing the discrepancy between the actual
dynamics (measured experimentally) and the nominal model.
The weighting function W1(s) is determined by the parameters
λ and ε, where λ ≥ 3/2, 0 < ε < 1/(3ωq), and ωq = 400π .
In this design, we select λ = 2, ε = 1 × 10−4, and W2(s) to
have high pass to accommodate system uncertainties at high
frequencies. Accordingly, W1(s) and W2(s) are determined as

W1(s) = 0.0002s + 2, (38)

W2(s) = 1.51 × 10−2s2 + 18.85s + 2.37 × 104

s2 + 304.62s + 9.10 × 106
. (39)

We derive the optimal filter C(s) with index γopt = 1.44 ×
10−4 by utilizing the MATLAB function “mixsyn”

C(s) = 2.25(s + 100)
(
s2 + 191.51s + 1.29 × 107

)
(
s + 1.82 × 105

)(
s2 + 304.62s + 9.10 × 106

) . (40)
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Fig. 8. Experimental results of tracking a 50-Hz triangular wave without
saturation.

Note that the optimal filter C(s) exhibits the feature of a
high-pass filter, whose gain trends to 0 at the low-frequency
range and turns to be greater than 1 at the high-frequency
range, due to the effect of plant uncertainties. The small value
of γopt is obtained due to the accuracy of the identified model.
As a matter of fact, a larger system uncertainty will lead
to a higher gain of C(s). By substituting the optimal filter
C(s) into (33) and (34), we further derive the antiwindup
compensators as (41) and (42), as shown at the bottom of
the page.

C. Experimental Results

We start with the case of tracking a 50-Hz triangular wave
without saturation. As clearly shown in Fig. 8, the designed
repetitive controller demonstrates excellent tracking perfor-
mance, where the maximum error (ME) is 99.01 nm and the
root-mean-square error (RMSE) is 58.11 nm.

We further increase the tracking range of the
piezoelectric-driven nanostage to 55 μm in order to
trigger the actuator saturation to verify the antiwindup
performance of the proposed predictive antiwindup method.
Note that due to the characteristics of piezo actuators, only
the positive voltage can be applied. Accordingly, we set the
saturation limits as σ1 = 0 and σ2 = 5 such that the driving
voltage applied to the piezo-driven nanostage is limited in
0 ∼ 100 V. As shown in Fig. 9, the designed repetitive
controller cannot guarantee the stability of the closed-loop
system due to the large initial controller outputs, where huge
oscillations of system outputs are observed. With the action
of the antiwindup compensators, the commanded inputs
converge and the system outputs achieve asymptotic tracking,
as shown in Fig. 9.

It is also interesting to compare the proposed anticipatory
antiwindup method with the traditional immediate antiwindup

Fig. 9. Tracking of 50-Hz triangular wave with an amplitude of 55 μm.

Fig. 10. Tracking of 50-Hz triangular wave with gradually increasing
amplitude.

strategy. Particularly, we designed the well-known immediate
antiwindup compensator on top of the repetitive controller
according to the results in [16], for the same tracking problem.
As shown in Fig. 9, the designed immediate antiwindup com-
pensator cannot handle the saturation well because the initial
controller outputs are saturated severely. However, the repet-
itive controller with immediate antiwindup compensator can
guarantee the stability of the closed-loop system if the ampli-
tude of triangular signals gradually increases to 55 μm,
as shown in Fig. 10. The comparison results demonstrate
that the predictive antiwindup method significantly improves
the transient performance (including convergence speed, sat-
uration recovery time, and RMSE) than the immediate anti-
windup scheme. As listed in Table I, the proposed predictive
antiwindup compensation improves the tracking accuracy by
49.62% compared with the immediate antiwindup scheme.

θ1(s) = − 0.69(s + 100)
(
s2 + 191.51s + 1.29 × 107

)
(
s + 5.58 × 104

)(
s2 + 351.52s + 9.12 × 106

)(
1 − e−0.02s

7.96 × 10−4s + 1

)
(41)

θ2(s) = 68.17
(
s + 3.29 × 104

)(
s2 + 398.03s + 9.16 × 106

)
(
s + 5.58 × 104

)(
s2 + 141.21s + 7.38 × 106

)(
s2 + 351.52s + 9.12 × 106

) (42)
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TABLE I

TRACKING ERROR OF DIFFERENT CONTROL STRUCTURES

Fig. 11. Comparisons between the proposed control structure and the existing
control methods.

Fig. 12. Tracking of 50-Hz triangular wave in cases of different loads.

Moreover, the existing repetitive antiwindup control meth-
ods [15], [22], [23] are also deployed on the nanostage for
comparisons. Although these control methods can guarantee
the tracking performance in the presence of actuator satura-
tion, the proposed repetitive control structure with predictive
antiwindup compensation demonstrates the minimum tracking
error, as well as the least saturation recovery time, as shown
in Fig. 11. Compared with the control methods proposed
in [15], [22], [23], the proposed control structure improves
the RMSE by 72.38%, 80.70%, and 81.36%, respectively,
as shown in Table I.

To further verify the robustness of the proposed predictive
antiwindup architecture, different loads (ranging from 0 to
300 g) are imposed on the nanostage to change the system
dynamics. From Fig. 12, it is straightforward that the repetitive

TABLE II

ROOT-MEAN-SQUARE TRACKING ERROR WITH DIFFERENT LOADS

TABLE III

EXECUTION TIME COMPARISON OF DIFFERENT CONTROL STRUCTURES

control-based predictive antiwindup tracking architecture can
handle both saturation well under the influence of system
uncertainties such that good performance with an RMSE less
than 0.97 μm is achieved, as listed in Table II.

It is also interesting to check the implementation complexity
of the proposed algorithm compared with other algorithms.
Therefore, we collected the execution time of the controllers in
the process of real-time control implementations. As depicted
in Table III, the average execution time (AvgTET) of the
proposed scheme is increased by around 19% compared with
the conventional antiwindup scheme in [16], which is quite
acceptable for implementations.

Remark 3: Note that due to the hardware configurations, all
the experiment results are based on one side saturation (posi-
tive voltages), which is the common practice in nanoscanning
applications. However, the proposed predictive antiwindup
method is applicable to two-side saturation (with positive and
negative control inputs) shown in Fig. 5.

V. CONCLUSION

Large-range nanoscannings with repetitive controllers are
prone to windup problems due to the existence of multiple
integrators and the limited travel range of the microactuators,
which may result in significant performance drop and stability
issues. We proposed a predictive antiwindup design on top of
the conventional repetitive control structure to deal with the
saturation problem. Due to the time-delay block in the control
loop (to reflect the periodic reference), the time-lead controller
output was obtained such that an additional saturation function
was introduced to activate the antiwindup compensators in
anticipation of actuator saturation. According to the I/O-based
equivalent representation and sector bound criterion, stability
conditions for the saturated closed-loop system were provided,
where the design of robust antiwindup compensators was for-
mulated as an H∞ optimization problem that can be solved by
mixed sensitivity optimization. Real-time experiments of the
proposed method on a piezo-driven nanostage demonstrated
significant improvement of the saturation compensation capa-
bility and tracking performance, outperforming representative
existing results.
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