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Abstract—In this article, a novel signal-transformation-
based repetitive controller (STBRC) dedicated to the accu-
rate and fast tracking of spiral trajectory with a time-variant
amplitude is proposed and tested. To overcome the require-
ment of strictly periodic references of conventional repet-
itive controller, a mapping between spiral trajectory and
constant amplitude sinusoid is developed to provide mul-
tiple lower gains at the fundamental frequency and its har-
monics of the spiral trajectory to ensure zero steady-state
errors. The stability of the control method and convergence
of steady-state errors are analyzed with a lifted-system
representation, respectively, for its time-variant property.
Compared with internal model-based controllers for this
trajectory, STBRC has the advantages of a simpler struc-
ture, fewer parameters, and better performance. The appli-
cation to a piezoelectric nanopositioning stage verifies the
effectiveness of the proposed control method on suppres-
sion of cross-coupling errors and improving the tracking
performance of high-speed spiral trajectory in comparison
with other controllers.

Index Terms—Piezoelectric nanopositioning stage,
repetitive control, signal transformation approach, spiral
scan.
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I. INTRODUCTION

THE piezoelectric nanopositioning stage is a crucial scan-
ning device aimed at operating with nanometer or sub-

nanometer precision. It has the advantages of high stiffness
and fast response through employing piezoelectric actuators
and flexure-hinge-guided mechanisms [1], especially in the ap-
plication of scanning probe microscopes (SPMs) manipulating
matter at the molecular and atomic levels [2]. In general, the
raster-based trajectory has been widely employed to construct
the scanning image in the SPMs. The raster scanning involves
driving the fast axis with a triangular trajectory and the slow
axis with a staircase or ramp signal synchronously [3]. Due to
the indigenous lightly damped resonant dynamics, the frequency
of the triangular wave is typically restricted within 1 to 10% of
the first resonance of these stages, which limits the scanning
speed of SPMs significantly [4], [5].

To improve of tracking bandwidth for triangular waves, the
general closed-loop feedback control strategies, such as adaptive
control [6], sliding-mode control [7], [8], linear quadratic Gaus-
sian (LQG) control [9], as well as negative-imaginary damping
controllers, such as integral resonant control (IRC) [10], [11],
have been proposed to minimize the residual vibration errors.
In spite of significant improvements, the difficulties in tracking
high-speed raster scanning remain.

Alternatively, the scanning speed can be increased by im-
plementing nonraster patterns such as Lissajous, cycloid, and
spiral methods based on the harmonic waveform at the expense
of complex imaging processing in SPMs [4], [12]. In comparison
with Lissajous and cycloid scanning patterns, the spiral trajec-
tory can provide a uniform and well-defined image resolution at
each point of the scanning area without retracing any part of the
targeted area to achieve a higher scanning rate [13]. In the view of
controller’s design, the primary object for a triangular trajectory
is to improve the tracking bandwidth to achieve a fast scanning.
Generally, the bandwidth for a triangular trajectory should be
approximately ten times the scanning frequency when the first
five harmonics are considered. In comparison, the required
bandwidth of a spiral scan is approximately 30% lower than
the conventional raster scanning [12]. It should be noted that the
amplitude of the spiral trajectory increases with tracking time.
Therefore, the fast and precision tracking of spiral trajectory
with converged error poses new challenges to controller design
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in contrast to Lissajous and cycloid trajectories with constant
amplitude sinusoids. In [13], a positive position feedback con-
troller was designed to track spiral trajectory with a high closed-
loop bandwidth. A multi-input multi-output model predictive
control scheme with a damping compensator was proposed to
improve tracking speed [14]. In [15], a phase-locked loop-based
proportional-integral (PI) controller was implemented to main-
tain the exact 90◦ phase shift of the spiral trajectory with the
increasing scanning speed. However, the tracking errors with
these methods still increase with the varying amplitude so that
the scanning performance is significantly deteriorated.

In particular, the internal model controller (IMC) is a practice
approach to achieve asymptotic tracking of reference signals
with zero steady-state errors [16]. In [17], an IMC has been
developed to track a Lissajous trajectory with constant amplitude
sinusoids. Moreover, the internal model of a sinusoidal signal
was incorporated into LQG controller for spiral scanning [18].
However, the phase error between the input and output is still
significant because the built internal model was for constant
amplitude sinusoidal signals. To cope with the varying amplitude
sinusoidal reference, the IMC synthesized for spiral trajectory
was proposed in [19] and [20] to make the tracking error conver-
gent. Note that the nonlinearities such as hysteresis can result
in errors in the high-order harmonics of the references [13],
[21]. As a consequence, more than three IMC terms that contain
high-frequency internal models should be augmented to the
final controller, which increases the complexity of parameter
computation, and once the frequency of references changes, the
controller should be resynthesized.

The conventional repetitive controller (CRC) is also designed
based on the internal model principle [16]. The main benefit
of this controller lies in that it can provide infinite gains at the
fundamental frequency as well as its harmonics of the reference
or disturbance [22], [23]. The CRC has been successfully im-
plemented on the piezoelectric nanopositioning stages to track
raster trajectory [21], [24], [25]. It is notable that although
the tracking errors with CRC can converge to zero with the
increasing number of periodic motion, the anticipated reference
should be strictly periodic. The CRC is not suitable to track
spiral trajectory in spite that it can obtain infinite internal models
with a simpler structure and fewer parameters compared with
the mentioned IMC. In [26]–[29], a signal transformation ap-
proach was proposed and analyzed to improve the steady-state
tracking performance while limiting the projected measurement
noise. The method transforms the piece-wise linear (affine)
references like triangular waveform to ramp signal and de-
signs double-integrator to minimize errors. Although a signal
transformation control approach to tracking arbitrary references
has been proposed in [30], the reference signal must be con-
tinuous and periodic and, thus, is not suitable for the spiral
trajectory.

The main objective of this article is to achieve high-speed and
precision motion for piezoelectric nanopositioning stages with
spiral trajectory. Inspired by the signal transformation approach,
a signal-transformation-based repetitive controller (STBRC) is
proposed in this article. Compared with IMC in [19] and [20], the
proposed method has fewer parameters to be tuned, and is much

easier to implement with spiral trajectories at different frequen-
cies. Furthermore, STBRC also extends the application of CRC
that requires strictly periodic signals. The main contribution of
this article is three fold. First, the signal transformation approach
that converts between the spiral signal and constant amplitude
sinusoid, augmented into CRC, i.e., STBRC, is developed to
provide infinite gain at the harmonics of the spiral reference.
Second, the stability and convergence of steady-state errors of
the control method are analyzed with a lifted-system repre-
sentation for the time-variant property of the controller. Third,
the comparative experiments on a piezoelectric nanopositioning
stage are performed to elucidate the effectiveness of STBRC on
tracking spiral trajectory.

The rest of this article is organized as follows. The background
of the spiral trajectory and CRC is showed in Section II. The
controller design of STBRC as well as the relevant stability
analysis is presented in Section III. Section IV gives the detailed
experimental setup. Experiments on a piezoelectric nanoposi-
tioning stage and comparisons of the results are elaborated in
Section V. Section VI concludes this article.

II. PRELIMINARIES OF SPIRAL TRAJECTORY AND CRC

A. Spiral Trajectory

In this article, the spiral of Archimedes with a constant angular
velocity is adopted, which is generated for x- and y-axis by [12]

rx(t) = A(t)cos(2πft); ry(t) = A(t)sin(2πft) (1)

where f is the scanning frequency and A(t) is the amplitude
varying with time t, which can be expressed as

A(t) = pft (2)

where p is the pitch, the distance between two consecutive
intersections of the spiral curve, can be determined by

p =
spiral radius× 2

number of curves− 1
. (3)

From (1), the spiral signal is a sinusoid multiplied by a linearly
time-varying signal, which may lead to tracking error increasing
with time especially for traditional feedback control, such as
built-in PI controller.

B. Conventional Repetitive Controller

The CRC is an effective control algorithm based on internal
model principle [16] to provide high gains at the harmonics of
the reference trajectory to tracking periodic signals precisely
through employing a signal generator 1

1−z−N , where N is the
number of points per period of the reference. Considering a
discrete single-input-single-output linear time-invariant (LTI)
system P (z) with time-shift operator z, the block diagram of
discrete-time CRC with a plug-in implementation is demon-
strated in Fig. 1, where r(k) is the reference, y(k) is the output
of the plant, e(k) is the tracking error, u(k) is the control force,
and C(z), L(z), and Q(z) are the baseline feedback controller
(FBC), learning filter, and low-pass filter to improve stability of
CRC, respectively. z−m is the compensated time delay caused
by the nonminimum-phase characteristic of the piezoelectric
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Fig. 1. Block diagram of CRC with a plug-in implementation. In this
control scheme, C(z) is a baseline FBC and CRC can be plugged into
the control system without changing the exiting C(z).

nanopositioning system. For a minimum-phase system, m can
be set as zero. It can be seen in Fig. 1 that the CRC is plugged
into the control system without changing the existed baseline
FBC, which is easy to be implemented. From Fig. 1, the transfer
function of CRC is given by

CCRC(z) =
L(z)Q(z)z−N+m

1 −Q(z)z−N
. (4)

The sensitivity transfer function SCRC(z) of CRC from r(k) to
e(k) is obtained by

SCRC(z) =
1

1 + [1 + CCRC(z)]P (z)C(z)
. (5)

By substituting (4) into (5) and rearranging terms, it can be
deduced that

SCRC(z) =
[1 −Q(z)z−N ]Sfb(z)

1 +Q(z)z−N [zmL(z)Tfb(z)− 1]
(6)

where Sfb(z) and Tfb(z) are sensitivity transfer function and
complementary sensitivity function with standalone FBC C(z),
i.e.,

Sfb(z) =
1

1 + P (z)C(z)
;Tfb(z) =

P (z)C(z)

1 + P (z)C(z)
. (7)

According to Small Gain Theorem [31], the stability of CRC
can be assured if

∥
∥Q(z)z−N [zmL(z)Tfb(z)− 1]

∥
∥
∞

= ‖Q(z)[zmL(z)Tfb(z)− 1]‖∞ < 1. (8)

When r(k) is a periodic signal with N samples in one period,
SCRC(z) = 0 because of (1 − z−N )R(z) within the bandwidth
of Q(z), i.e., |Q(z)|=1, where R(z) is the z-transformation of
r(k). Furthermore, the learning filter L(z), cut-off frequency of
Q(z), and delay term m should be chosen properly to retain
the stability of CRC. It should be noted that the analysis of the
stability condition (8) is conducted in frequency domain that
requires the closed-loop system to be LTI.

III. CONTROLLER DESIGN

A. Signal-Transformation-Based Repetitive Control

Inspired by the method in [26], [29], and [30], where the
transformation between periodic piece-wise linear reference
signals and a ramp reference signal were designed, a mapping
between the spiral trajectory and constant amplitude sinusoid
is proposed in this article. For a discrete-time system, with the

Fig. 2. Illustration of the signal transformation approach for spiral
trajectory. (a) Desired references with the maximum amplitude Af .
(b) Transformed signals with the scaled constant amplitude As. The
amplitude of spiral trajectory rx(k) and ry(k) increases with the en-
velope A(k) and through the ΦST(k) the spiral trajectory is transformed
to constant amplitude sinusoid sx(k) and sy(k).

signal transformation term ΦST(k) for x- and y-axis, it can be
obtained that

sx(k) = Ascos(2πfTsk) = ΦST(k)rx(k) (9)

sy(k) = Assin(2πfTsk) = ΦST(k)ry(k) (10)

where Ts is the sample time of the system, As is the scaled
constant amplitude. Combining with (1) and (2), ΦST(k) can be
presented in the follow form:

ΦST(k) =
As

pfTsk
. (11)

Similarly, the transformation of constant amplitude sinusoid to
spiral trajectory ΦIST(k) is derived as

ΦIST(k) =
pfTsk

As
. (12)

An illustration of the signal transformation approach for a
spiral trajectory is demonstrated in Fig. 2. On the one hand, the
references of both x- and y-axis are converted to single-tone co-
sine and sinusoidal waves sx(k) and sy(k), respectively, which
facilitates the controller design significantly. On the other hand,
the original spiral trajectory can also be obtained via ΦIST(k).
This mapping between spiral trajectory and constant amplitude
sinusoid is utilized to develop the proposed controller.

Considering one of motion directions of the piezoelectric
nanopositioning stage, the proposed STBRC with a plug-in
implementation is illustrated in Fig. 3. The actual input of the
system is the scaled constant amplitude cosine or sinusoidal
wave that is converted by ΦST(k). The block ΦIST(k) between
the controller and plant does the reverse action to generate
spiral trajectory y(k). As a consequence, e(k) in Fig. 3 is the
error caused by the periodic cosine or sinusoidal wave that can
converge to zero via employing CRC.
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Fig. 3. Block diagram of STBRC with a plug-in implementation for
spiral trajectory. Through the implementation of ΦST(k), the controller
can be designed to track periodic signals and the usage of ΦIST(k)
makes the control force and output convert to the spiral trajectory.

To improve the convergence rate of STBRC, the design of
the learning filter L(z) is the inversion of the complementary
sensitivity function Tfb(z) in general. Note that the piezoelectric
nanopositioning stage generally has nonminimum-phase zeros
due to the noncollocated actuators and sensors [32]. Therefore,
Tfb(z) also contains nonminimum-phase zeros that limit the
direct application of CRC strategy. In this article, the term z−m

is added to adjust the effects caused by the nonminimum-phase
characteristic and L(z) is calculated by the zero-magnitude-
error tracking (ZMET) method [33]. For the nonminimum-phase
plant Tfb(z), the transfer function can be decomposed as

Tfb(z) =
Ns(z)Nu(z)

D(z)
(13)

where Ns and Nu compose of stable and unstable zeros, re-
spectively, and D(z) contains all the stable and identified poles.
Besides, Nu can be written as

Nu(z) = Nu,nz
n +Nu,n−1z

n−1 + · · ·Nu,0 (14)

where n is the number of nonminimum-phase zeros. According
to the ZMET method, the approximate inversion of Tfb(z), i.e.,
L(z) is given by

L(z) =
D(z)z−d

Ns(z)N ∗
u(z)

(15)

where d is the delay steps to make the transfer function casual
for practical implementation, and N ∗

u(z) is also a n-order poly-
nomial by flipping the coefficients of Nu(z), given by

N ∗
u(z) = Nu,0z

n +Nu,1z
n−1 + · · ·Nu,n. (16)

It can be seen that for the nonminimum-phase plant, the
learning filter always leads to delay in the error signal e(k).
Hence, an adjustable term m is added to STBRC design to
achieve the anticipated performance.

It should be mentioned that it is not possible to establish
a perfectly accurate model P (z) in practice. To improve the
robustness of the proposed controller to cope with model un-
certainties in the high-frequency region, a zero-phase low-pass
filter is employed as

Q(z) = az + b+ az−1 (17)

and a, b should satisfy 2a+ b = 1 to ensure a unit gain below
the cut-off frequency [34]. Although Q(z) improves the robust-
ness, the tracking performance is deteriorated, especially for
high-frequency errors. A tradeoff between stability and tracking

accuracy should be taken into consideration when selecting a
and b.

Note that the nonlinear hysteresis effect is treated as external
disturbances in this article. Generally, this nonlinearity generates
errors with the infinite number of harmonics in addition to its
fundamental component of the reference [17], [21]. Therefore,
through the signal transformation, the hysteresis can also be
mitigated through the proposed STBRC.

B. Stability and Performance Analysis

In this section, the stability and tracking performance are
analyzed. For a clear expression, all the vectors are written
as regular, lowercase, bold letters with the length N , and the
matrices are regular, capital, bold letters with the dimension of
N ×N .

Note that the time-variant terms ΦST(k) and ΦIST(k) are
included in the STBRC strategy so that the stability criterion
(8) is not applicable to this article. Inspired by the time-domain
analysis in iterative learning control [35], a lifted-system frame-
work is adopted to deduce the stability of STBRC in this article.
To construct the lifted-system representation, the plantP (z) can
also be expressed as a state-space model, i.e.,

xp(k + 1) = Axp(k) + Bu(k)

y(k) = Cxp(k) + Du(k) (18)

where xp(k) is the state vector of P (z) and A,B,C, and D are
the state matrix, input matrix, output matrix, and feedthrough
matrix, respectively. For a CRC system, the dynamics can also
be deemed over the finite periods with N samples. Hence,
the dynamics on the jth period of P (z) are described in the
equivalent lifted form as

y(j) = Pu(j) (19)

where j is the current number of period and

P =

⎡

⎢
⎢
⎢
⎢
⎣

D 0 · · · 0

CD D · · · 0
...

...
. . .

...

CAN−2D CAN−3D · · · D

⎤

⎥
⎥
⎥
⎥
⎦

(20)

u(j) = [u(jN −N) u(jN + 1 −N) , . . . , u(jN − 1)]�

(21)

y(j) = [y(jN −N) y(jN + 1 −N) , . . . , y(jN − 1)]�

(22)

where u(j) and y(j) are constructed by u(k) and y(k) with
k ∈ {jN −N, jN + 1 −N, . . . , jN − 1}. When a delay is
contained in the plant, a slight change of (20)–(22) should
be made to enhance the similarity of the frequency-domain
model [35].

To analyze the stability of STBRC, the block diagram of
STBRC with a lifted-system representation at period j is pre-
sented in Fig. 4, where Gd, L, Q are the lifted matrices of
P (z)C(z), L(z), and Q(z), respectively. M−N+m and M−m

are the lifted representation of terms with −N +m and m-step
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Fig. 4. Block diagram of STBRC with a lifted-system representation for
stability and performance analysis. This block diagram is a time-domain
presentation during the jth period.

delay. MST(j) and MIST(j) are diagonal matrices, defined as

MST(j) = diag[pST,1(j) pST,k(j), . . . , pST,N (j)]� (23)

MIST(j) = diag[pIST,1(j) pIST,k(j), . . . , pIST,N (j)]� (24)

where the symbol diag[·] means the diagonal matrix with the
vector · as the main diagonal. Based on (11) and (12), it is found
that

pST,k(j) =
As

pf [Tsk + (j − 1)Tp]
(25)

pIST,k(j) =
pf [Tsk + (j − 1)Tp]

As
(26)

with Tp = 1/f .
To check the closed-loop stability of STBRC, the control force

in the next period uRC(j + 1) is calculated according to that of
current period uRC(j) as

uRC(j + 1) = Q[Les(j) +M−muRC(j)]

= Q[LMST(j)e(j) +M−muRC(j)] (27)

and

e(j) = r(j)−GdMIST(j)[uRC(j) +MST(j)e(j)]

=r(j)−GdMIST(j)uRC(j)−GdMIST(j)MST(j)e(j).
(28)

Because MST(j)MIST(j) = I generates a identity matrix, (28)
can be rearranged as

e(j) = (1 +Gd)
−1r(j)− (1 +Gd)

−1GdMIST(j)uRC(j)

= Sfbr(j)−TfbMIST(j)uRC(j) (29)

where Sfb and Tfb are the lifted representation of (7). Substitut-
ing (29) into (27), it can be obtained that

uRC(j + 1) = Q[M−m − LMST(j)TfbMIST(j)]

× uRC(j) +QLSfbMST,jr(j). (30)

It is clear that for spiral trajectory, MST(j)r(j) is the same
sinusoid for each period and the lifted description of a pure
delay term is an identity matrix. Hence, the controller is stable
if

ρ(E) = ρ[Q(I− LMST(j)TfbMIST(j)] < 1 (31)

where ρ(·) is the maximum eigenvalue of the matrix. It should
be noted that L and Tfb are both with lower triangular Toeplitz

structures defined in [35], which indicates that the eigenval-
ues of these matrices are the diagonal elements. Combining
MST(j)MIST(j) = I and the property of diagonal matrix,
I− LMST(j)TfbMIST(j) remains a lower triangular matrix
so that ρ[LMST(j)TfbMIST(j)] = ρ(LTfb). When Q(z) is a
causal low-pass filter, it can be concluded that

ρ[Q(I− LMST(j)TfbMIST(j))] = ρ[Q(I− LTfb)]. (32)

As shown in (32), it is evident that the scaled constant ampli-
tude As and the transformation terms ΦST(k), ΦIST(k) have no
influence on the stability of STBRC.

In order to investigate the steady-state error of the proposed
controller, the steady-state command signal uRC,ss can be de-
rived from (30) as

uRC,ss =
QLSfbMST(j)r(j)

I−Q[M−m − LMST(j)TfbMIST(j)]
. (33)

Therefore, the steady-state output yss is given by

yss = GdMIST(j)[uRC,ss +MST(j)ess] (34)

and the steady-state error ess can be calculated as

ess=r(j)− yss = r(j)−GdMIST(j)[uRC,ss +MST(j)ess].
(35)

After simplification, the abovementioned equation can be rewrit-
ten as

ess = Sfbr(j)−TfbMIST(j)uRC,ss. (36)

Taking (33) into (36), it can be deduced as

ess =
I−QM−m

I−Q[M−m − LMST(j)TfbMIST(j)]
Sfbr(j). (37)

From (37), it can be obtained that for the error within the
bandwidth of the low-pass filterQ(z), |Q(z)|= 1, the amplitude
of the numerator is |I−QM−mSfbr(j)| = 0, i.e., |ess| = 0.
Therefore, if the condition (31) is satisfied, the steady-state
error will converge to zero. It should be noted that although
the reference trajectory r(j) still varies with time, the conver-
gence of tracking error will also be guaranteed according to the
abovementioned analysis through implementing the proposed
method.

IV. EXPERIMENTAL SETUP

A. System Identification

The nanopositioning stage (P-561.3CD, Physik Instrumente),
a piezoelectric stack-actuated platform based on parallel-
kinematic design is used to evaluate the proposed controller.
The experimental setup is showed in Fig. 5. The control input
voltage (0–10 V) is produced by 16-b digital to analog converters
of the data acquisition card (PCI 6289, National Instrument) and
subsequently amplified via a piezo amplifier module (E-503.00,
Physik Instrumente) to provide excitation voltage (0–100 V) for
the nanopositioner. The output (0–10 V), which is normalized
with respect to 0–100μm, is read via a capacitive sensor monitor
(E-509.C3A, Physik Instrumente) and is passed to the data
acquisition card (PCI 6289, National Instrument). The overall
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Fig. 5. Experimental setup of the piezoelectric nanopositioning stage.

Fig. 6. Identified and measured amplitude responses of the stage.

control system is built in Simulink real-time environment on the
host computer and executed real-time on the target computer. In
order to identify the linear dynamic model of the piezoelectric
nanopositioning stage, a sine-sweep input with a constant low
amplitude with the frequencies between 0.1 and 500 Hz is ap-
plied to the x- and y-axis. After being discretized via zero-order
holder method, the linear discrete transfer functions of x to x
and y to x are given as

Pxx(z) =
0.014z4 − 0.054z3 + 0.1232 − 0.128z + 0.056
z5 − 3.82z4 + 6.316z3 − 5.54z2 + 2.58z − 0.51

(38)

Pxy(z) =
0.002z4 − 0.009z3 + 0.016z2 − 0.013z + 0.004
z5 − 4.016z4 + 7.141z3 − 6.87z2 + 3.57z − 0.81

.

(39)

The first resonant frequency of both x- and y-axis is 210 Hz
from Fig. 6, which limits the motion within a low speed
when implementing the stand-alone FBC. In addition, there
exists cross-coupling effects according to Fig. 6 and it is
especially obvious near the first resonant frequency. In this
article, the cross-coupling error is considered as the exter-
nal disturbance to simplify the implementation of the pro-
posed controller. Note that although the nanopositioning stage
cannot achieve video-rate imaging, the proposed controller
can also be implemented on a stage with a higher resonant
frequency.

Fig. 7. Sensitivity transfer functions of the baseline FBC and
CRC/STBRC for x-axis with a 40 Hz reference.

B. Controller Implementation

For the baseline FBC, a notch filter with an integral controller
is designed primarily [36], where the notch filter’s characteristic
frequency is designed at 203 Hz to avoid the zero-pole cancel-
lation as well as suppress the effect of the resonant peak, and a
pair of poles are assigned at 2000 Hz to attenuate high-frequency
noise. Furthermore, to improve the tracking performance, an
integral gain 300 is cascaded before the notch filter. To facilitate
the design of STBRC, the FBC is obtained by discretizing via
bilinear transformation method as

Cx(z) = Cy(z) =
0.0103z3 − 0.0062z2 − 0.0065z + 0.01

z3 − 2.111z2 + 1.963z − 0.8519
.

(40)
For the design of CRC and STBRC, the learning filters are cal-

culated by the ZMET method using (15), and a = 0.25, b = 0.5
are chosen for the zero-phase low filter Q(z). Because the
nanopositioning stage is a nonminimum-phase system, the delay
term m is determined as 3 for both x- and y-axis for the sym-
metric structure of the stage. The sensitivity transfer functions
of x-axis for FBC, CRC, and STBRC are plotted in Fig. 7.
In this article, the FBC in the proposed controller is designed
with a sufficiently low bandwidth at 2.01 Hz to evaluate its
advantage to tracking the high-speed trajectory and suppressing
low-frequency disturbance, such as cross coupling and attenuate
noises. Taking a 40 Hz reference as an example, STBRC can
provide multiple lower gains at the fundamental frequency and
its harmonics to ensure zero steady-state errors. It should be
noted that when implementing CRC, ΦST(k) and ΦIST(k), given
as (11) and (12), are set as 1 and for STBRC.

In this article, a zero-phase low-pass filter is adopted to ensure
the robustness of STBRC. Hence, Q in (31) is a symmetric
matrix instead of a lower triangular one. In spite of that, the
stability condition is still correct for ρ(E) ≈ ρ[Q(I− LTfb)],
which can be concluded in Tables I and II, and the maximum
eigenvalues without transformation terms are 0.891 and 0.887,
respectively. Therefore, (32) can also employed to ensure the
stability and error convergence of STBRC with a zero-phase
filter for spiral trajectory. Besides, the maximum eigenvalues in
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TABLE I
MAXIMUM EIGENVALUE ρ(E) AT DIFFERENT PERIODS FOR

40 HZ SPIRAL TRAJECTORY OF x-AXIS

TABLE II
MAXIMUM EIGENVALUE ρ(E) AT DIFFERENT PERIODS FOR

50 HZ SPIRAL TRAJECTORY OF y-AXIS

Fig. 8. Block diagram of other controllers in this article. (a) IMC.
(b) IMLQG.

different periods are nearly the same, which demonstrates that
the time-variant transformation terms have no influence on the
stability.

V. COMPARATIVE EXPERIMENTS

A. Comparison With Internal Model Based Controllers

The IMC is also an effective method to track a known sig-
nal. In this section, an IMC in [19] and [20] based on H∞
mixed-sensitivity synthesis [37] is designed to compare with
the proposed STBRC. A stable sensitivity weightWS(s) = [1 +
2×10−4s

2πf + ( s
2πf )

2]−2 and constant control weightWU (s) = 5 are
used in MATLAB function mixsyn. After reducing the order, the
resulting IMC for 40 Hz spiral trajectory may be written as

Cm(s) =

0.27 s4 − 82 s3 + 25370 s2 − 7.9 × 106s− 2.5 × 109

s4 + 0.1 s3 + 1.26 × 105 s2 + 6350s+ 3.99 × 109
. (41)

An integral controller is also added to improve the steady-state
precision, and the block diagram of this controller is imple-
mented as given in Fig. 8(a). The final IMC controller is deter-
mined as

CIMC(s) =
100
s

+ 0.2Cm(s). (42)

Fig. 9. Experimental results of IMC, IMLQG, and proposed STBRC of
x-axis at 40 Hz spiral. (a) Spiral trajectory tracking. (b) Tracking errors.

Besides, an internal-model-based LQG controller (IMLQG)
proposed in [18] is also designed as a benchmark in this article
with block diagram in Fig. 8(b). In this method, the internal
model of the reference sinusoidal signal is combined into the
plant model, and an integrator is introduced with an LQG
controller to improve the tracking performance. Additional, a
Kalman observer with the variance of 0.002 and covariance ma-
trix 10−6I5×5 is employed to calculate the observer vector, and
subsequently estimate the states of the plant in order to imple-
ment the state feedback control [20]. In this article, the weighting
matrices are selected as QLQG = diag[107 0.008 1 1 1 1]� and
RLQG = 0.01, respectively. Then, the feedback and feedforward
gains are calculated as

KLQG,fb = [−3162.2 − 38.8 2.7 143.6 304.3 268.2]

KLQG,ff = [−17.7 3393.5]. (43)

The tracking results of 40 Hz spiral trajectory for internal
model based controllers with a maximum 10 μm peak-to-peak
amplitude are demonstrated in Fig. 9. Both the IMC and STBRC
can achieve convergence of the steady-state errors as the increase
of spiral amplitude, while the error of IMLQG increases with the
amplitude with the root-mean-square errors (erms) 124.21 nm.
This is because the model of the varying amplitude is not
taken consideration into IMLQG [20]. In this article, only the
fundamental frequency internal model at 40 Hz is built in
(42) so that the erms is 53.80 nm in contrast to 9.07 nm with
STBRC. The results show that the STBRC achieves the better
performance than the IMC. The better performance can also
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Fig. 10. Experimental results of the relations between actual displace-
ments and the desired reference of x-axis at 40 Hz spiral.

be obtained by IMC with more high-frequency internal models
contained in (42) at the cost of more parameters to be tuned,
especially for different tracking frequencies. In comparison, the
only parameter N is needed to be adjusted along with tracking
frequency in the premise of stability condition (31).

To investigate the effect of hysteresis nonlinearity on the
controllers, the results of the relations between the actual dis-
placements and the desired reference are plotted in Fig. 10.
The relative maximal errors (ermax) of the hysteresis loops for
different controllers are 10.71%, 38.32%, and 1.80%, respec-
tively, which demonstrates the proposed STBRC can mitigate
hysteresis phenomenon effectively compared with other internal
model based controllers.

B. Spiral Trajectory Tracking

1) Suppression of Cross-Coupling Effect: In this article, the
controllers are designed separately for x- and y-axis by taking
cross-coupling effects as disturbances. To validate the effec-
tiveness of STBRC on suppression of cross-coupling errors, a
50 Hz spiral trajectory with a maximum 10 μm peak-to-peak
amplitude is injected into the x-axis of the stage. It is clear
that the cross-coupling errors increase with the amplitude and
is drifting with time for open-loop (OL) result in Fig. 11. erms is
3.79 nm and 10.92 nm for standalone FBC and IMLQG, while
CRC and STBRC achieve lower erms with 2.46 and 2.41 nm,
respectively. The results show that the proposed controller can
compensate for cross-coupling effects substantially.

2) High-Speed Tracking Results: The tracking performance
of the proposed controller is tested with a spiral trajectory with
a maximum 10 μm peak-to-peak amplitude at 40 and 50 Hz,
respectively. The tracking results of XY spiral are demonstrated
in Figs. 12 and 13. It can be concluded that both the OL and FBC
have less scanning areas than the references (Ref) for the lower
gains and higher delay at closed-loop high-frequency regions.
The tracking errors of 40 Hz, 50 Hz for x- and y-axes are given
in Figs. 14 and 15. It is evident that STBRC can make the steady-
state error convergent after several circles through learning the
last circle’s error while the error of CRC remains the same with
the increase of reference amplitude. This is because the error
in the previous period is not repetitive in the current period,
resulting in less control force of CRC. The error of IMLQG
increases with time although its performance is better than OL
and FBC.

The erms and maximal errors (emax) are tabulated in Tables III
and IV in detail. It should be noted that the error of FBC is larger

Fig. 11. Experimental results of cross-coupling effect for y-axis at
50 Hz spiral. (a) Cross-coupling errors of y-axis. (b) Zoomed-in view
of the tracking errors.

TABLE III
STATISTICAL RESULTS OF STEADY-STATE TRACKING ERRORS WITH

40 HZ SPIRAL TRAJECTORY (UNIT:NM)

TABLE IV
STATISTICAL RESULTS OF STEADY-STATE TRACKING ERRORS WITH

50 HZ SPIRAL TRAJECTORY (UNIT:NM)

than that of OL due to the sensitivity bandwidth of the designed
FB controller of 2.01 Hz in order to suppress disturbances and re-
duce projection noises. For the tracking performance of STBRC,
erms and emax of x at 50 Hz are 6.46 and 15.84 nm, respectively,
in comparison with 148.72 and 209.53 nm of CRC, 318.95
and 486.22 nm of IMLQG. Also note that when the tracking
frequency varies from 40 to 50 Hz, the statistical errors of
STBRC are all within 6.5 and 18 nm, i.e., 0.065% and 0.18% of
the maximum amplitude, respectively. A similar conclusion can
also be drawn from the tracking performance of y-axis, which
validates the effectiveness of STBRC. Besides, the hysteresis
loops of different controllers at 50 Hz spiral with steady state
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Fig. 12. Tracking results of different controllers for 40 Hz spiral trajectory. (a) OL. (b) FBC. (c) CRC. (d) IMLQG. (e) STBRC.

Fig. 13. Tracking results of different controllers for 50 Hz spiral trajectory. (a) OL. (b) FBC. (c) CRC. (d) IMLQG. (e) STBRC.

are also given in Fig. 16, where the ermax of STBRC achieves
1.60%, showing the best performance among these controllers.

Note that in this section, two scenarios with 40 and 50 Hz spi-
ral trajectories are tested to show the flexibility and adaptability
of the proposed method at different frequencies primarily. The
further improvement of the tracking speed on the nanoposition-
ing stage in Fig. 5 is limited by the mechanical design and driving
principle, and the system in this article is employed to verify the

effectiveness of the proposed controller on spiral tracking. The
disturbances or uncertainties within the unmatched frequency
regions as shown in Fig. 7 also deteriorate the performance of a
higher speed tracking. In spite of this, the tracking frequency
of 50 Hz reaches 23.81% of the first resonant frequency at
210 Hz, which achieves the best performance among the values
of 21.57% in [15], 17.57% in [18] with piezoelectric actuator
under fair comparisons.
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Fig. 14. Tracking errors of 40 Hz trajectory for x- and y-axis.

Fig. 15. Tracking errors of 50 Hz trajectory for x- and y-axis.

Fig. 16. Experimental results of the relations between actual displace-
ments and the desired reference of x-axis at 50 Hz spiral with steady
state.

VI. CONCLUSION

In this article, the STBRC was proposed for high-speed
and high-precision tracking of spiral trajectory. Different from
the signal transformation approach to map between piecewise
reference signal and ramp signal, a transformation for spiral

trajectory to constant amplitude sinusoid was designed. Through
integrating with CRC, the STBRC can provide infinite internal
models of spiral trajectory, even at high-frequency harmonics,
to achieve convergent steady-state errors. The proposed method
extends the application of CRC that requires strictly periodic
signals. Due to the time-variant property of the overall system,
the stability and error convergence of the STBRC is proven in
a lifted-system representation. The experiments on a piezoelec-
tric nanopositioning stage were also performed. Comparative
results demonstrated that the proposed controller achieves the
better performance than internal model based controllers with
a simpler structure and fewer parameters. Furthermore, the
cross-coupling erms was suppressed to 2.41 nm, and erms and
emax of both x- axis and y-axis are below 0.065% and 0.18% of
the maximum amplitude for high-speed spiral tracking, showing
the best performance through comparisons.

Despite that the proposed method can handle low-frequency
disturbances effectively, the controller may amplify the distur-
bances that do not match with the fundamental frequency and its
harmonics of reference, as is shown in Fig. 7. The future work
will concentrate on dealing with this by employing disturbance
observer technology.

REFERENCES

[1] M. Ling, J. Cao, Z. Jiang, M. Zeng, and Q. Li, “Optimal design of a
piezo-actuated 2-dof millimeter-range monolithic flexure mechanism with
a pseudo-static model,” Mech. Syst. Signal Process., vol. 115, pp. 120–131,
2019.

[2] S. M. Salapaka and M. V. Salapaka, “Scanning probe microscopy,” IEEE
Control Syst. Mag., vol. 28, no. 2, pp. 65–83, Apr. 2008.

[3] S. R. Moheimani, “Invited review article: Accurate and fast nanopo-
sitioning with piezoelectric tube scanners: Emerging trends and future
challenges,” Rev. Sci. Instrum., vol. 79, no. 7, 2008, Art. no. 071101.

[4] M. Rana, H. R. Pota, and I. R. Petersen, “Improvement in the imaging
performance of atomic force microscopy: A survey,” IEEE Trans. Autom.
Sci. Eng., vol. 14, no. 2, pp. 1265–1285, Apr. 2017.

[5] G.-Y. Gu, L.-M. Zhu, C.-Y. Su, H. Ding, and S. Fatikow, “Modeling and
control of piezo-actuated nanopositioning stages: A survey,” IEEE Trans.
Autom. Sci. Eng., vol. 13, no. 1, pp. 313–332, Jan. 2016.

[6] J. Y. Lau, W. Liang, and K. K. Tan, “Adaptive sliding mode enhanced
disturbance observer-based control of surgical device,” ISA Trans., vol. 90,
pp. 178–188, 2019.

[7] J. P. Mishra, Q. Xu, X. Yu, and M. Jalili, “Precision position track-
ing for piezoelectric-driven motion system using continuous third-order
sliding mode control,” IEEE/ASME Trans. Mechatronics, vol. 23, no. 4,
pp. 1521–1531, Aug. 2018.

[8] Q. Xu, “Precision motion control of piezoelectric nanopositioning stage
with chattering-free adaptive sliding mode control,” IEEE Trans. Autom.
Sci. Eng., vol. 14, no. 1, pp. 238–248, Jan. 2017.

[9] H. Habibullah, H. Pota, I. R. Petersen, and M. Rana, “Tracking of triangular
reference signals using LQG controllers for lateral positioning of an
AFM scanner stage,” IEEE/ASME Trans. Mechatronics, vol. 19, no. 4,
pp. 1105–1114, Aug. 2014.

[10] M. Namavar, A. J. Fleming, M. Aleyaasin, K. Nakkeeran, and S. S. Aphale,
“An analytical approach to integral resonant control of second-order
systems,” IEEE/ASME Trans. Mechatronics, vol. 19, no. 2, pp. 651–659,
Apr. 2014.

[11] J. Ling, M. Rakotondrabe, Z. Feng, M. Ming, and X. Xiao, “A robust
resonant controller for high-speed scanning of nanopositioners: Design
and implementation,” IEEE Trans. Control Syst. Technol., to be published,
doi: 10.1109/TCST.2019.2899566.

[12] Y. R. Teo, Y. Yong, and A. J. Fleming, “A comparison of scanning methods
and the vertical control implications for scanning probe microscopy,”
Asian J. Control, vol. 20, no. 4, pp. 1352–1366, 2018.

[13] I. A. Mahmood, S. R. Moheimani, and B. Bhikkaji, “A new scanning
method for fast atomic force microscopy,” IEEE Trans. Nanotechnol.,
vol. 10, no. 2, pp. 203–216, Mar. 2011.

Authorized licensed use limited to: Universidade de Macau. Downloaded on October 06,2022 at 02:41:37 UTC from IEEE Xplore.  Restrictions apply. 

https://dx.doi.org/10.1109/TCST.2019.2899566


1644 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 25, NO. 3, JUNE 2020

[14] M. Rana, H. Pota, and I. Petersen, “Spiral scanning with improved control
for faster imaging of AFM,” IEEE Trans. Nanotechnol., vol. 13, no. 3,
pp. 541–550, May 2014.

[15] H. Pota et al., “Reduction of phase error between sinusoidal motions and
vibration of a tube scanner during spiral scanning using an AFM,” Int. J.
Control Autom., vol. 14, no. 2, pp. 505–513, 2016.

[16] B. A. Francis and W. M. Wonham, “The internal model principle of control
theory,” Automatica, vol. 12, no. 5, pp. 457–465, 1976.

[17] A. Bazaei, Y. K. Yong, and S. R. Moheimani, “High-speed lissajous-scan
atomic force microscopy: Scan pattern planning and control design issues,”
Rev. Sci. Instrum., vol. 83, no. 6, 2012, Art. no. 063701.

[18] H. Habibullah, H. R. Pota, and I. R. Petersen, “A novel control approach for
high-precision positioning of a piezoelectric tube scanner,” IEEE Trans.
Autom. Sci. Eng., vol. 14, no. 1, pp. 325–336, Jan. 2017.

[19] A. Bazaei, M. Maroufi, A. G. Fowler, and S. R. Moheimani, “Internal
model control for spiral trajectory tracking with MEMS AFM scanners,”
IEEE Trans. Control Syst. Technol., vol. 24, no. 5, pp. 1717–1728,
Sep. 2016.

[20] A. Bazaei, Y. K. Yong, and S. R. Moheimani, “Combining spiral scanning
and internal model control for sequential AFM imaging at video rate,”
IEEE/ASME Trans. Mechatronics, vol. 22, no. 1, pp. 371–380, Feb. 2017.

[21] C.-X. Li, G.-Y. Gu, L.-M. Zhu, and C.-Y. Su, “Odd-harmonic repetitive
control for high-speed raster scanning of piezo-actuated nanopositioning
stages with hysteresis nonlinearity,” Sensors Actuat. A-Phys., vol. 244,
pp. 95–105, 2016.

[22] T. Tang, S. X. Niu, T. Yang, B. Qi, and Q. L. Bao, “Vibration rejection
of tip-tilt mirror using improved repetitive control,” Mech. Syst. Signal
Process., vol. 116, pp. 432–442, 2019.

[23] Z. Zhang, X. Yang, and P. Yan, “Large dynamic range tracking of an xy
compliant nanomanipulator with cross-axis coupling reduction,” Mech.
Syst. Signal Process., vol. 117, pp. 757–770, 2019.

[24] H. Tang et al., “Development and repetitive-compensated PID control of
a nanopositioning stage with large-stroke and decoupling property,” IEEE
Trans. Ind. Electron., vol. 65, no. 5, pp. 3995–4005, May 2018.

[25] Z. Feng, J. Ling, M. Ming, and X. Xiao, “Integrated modified repeti-
tive control with disturbance observer of piezoelectric nanopositioning
stages for high-speed and precision motion,” J. Dyn. Syst., Meas. Control,
vol. 141, no. 8, 2019, Art. no. 081006.

[26] A. Bazaei, S. R. Moheimani, and A. Sebastian, “An analysis of signal
transformation approach to triangular waveform tracking,” Automatica,
vol. 47, no. 4, pp. 838–847, 2011.

[27] T. Tuma, A. Pantazi, J. Lygeros, and A. Sebastian, “Comparison of two
non-linear control approaches to fast nanopositioning: Impulsive control
and signal transformation,” Mechatronics, vol. 22, no. 3, pp. 302–309,
2012.

[28] A. Bazaei, S. R. Moheimani, and Y. K. Yong, “Improvement of transient
response in signal transformation approach by proper compensator initial-
ization,” IEEE Trans.Control Syst. Technol., vol. 22, no. 2, pp. 729–736,
Mar. 2014.

[29] A. Bazaei, Z. Chen, Y. K. Yong, and S. R. Moheimani, “A novel state
transformation approach to tracking of piecewise linear trajectories,” IEEE
Trans. Control Syst. Technol., vol. 26, no. 1, pp. 128–138, Jan. 2018.

[30] A. Bazaei and S. O. R. Moheimani, “Signal transformation approach to
tracking control with arbitrary references,” IEEE Trans. Autom. Control,
vol. 57, no. 9, pp. 2294–2307, Sep. 2012.

[31] J. C. Doyle, B. A. Francis, and A. R. Tannenbaum, Feedback Control
Theory. Chelmsford, MA, USA: Courier Corporation, 2013.

[32] C. Lee and S. M. Salapaka, “Robust broadband nanopositioning: Funda-
mental trade-offs, analysis, and design in a two-degree-of-freedom control
framework,” Nanotechnology, vol. 20, no. 3, 2008, Art. no. 035501.

[33] J. Butterworth, L. Pao, and D. Abramovitch, “Analysis and comparison
of three discrete-time feedforward model-inverse control techniques for
nonminimum-phase systems,” Mechatronics, vol. 22, no. 5, pp. 577–587,
2012.

[34] J. Li and T.-C. Tsao, “Robust performance repetitive control systems,” J.
Dyn. Sys., Meas., Control, vol. 123, no. 3, pp. 330–337, 1998.

[35] D. A. Bristow, M. Tharayil, and A. G. Alleyne, “A survey of iterative
learning control,” IEEE Control Syst. Mag., vol. 26, no. 3, pp. 96–114,
Jun. 2006.

[36] K. K. Leang and S. Devasia, “Feedback-linearized inverse feedforward
for creep, hysteresis, and vibration compensation in AFM piezoactuators,”
IEEE Trans.Control Syst. Technol., vol. 15, no. 5, pp. 927–935, Sep. 2007.

[37] S. Skogestad and I. Postlethwaite, Multivariable Feedback Control: Anal-
ysis and Design, vol. 2. New York, NY, USA: Wiley, 2007.

Zhao Feng (Student Member, IEEE) received
the B.S. degree in mechanical engineering in
2010 from the School of Power and Mechanical
Engineering, Wuhan University, Wuhan, China,
where he is currently working toward the Ph.D.
degree in mechanical engineering.

He is currently a Visiting Ph.D. Student with
the Department of Electrical and Computer En-
gineering, National University of Singapore, Sin-
gapore. His research interests include vibration
control, iterative learning control, nanoposition-

ing and robotics.

Jie Ling (Member, IEEE) received the B.S. and
Ph.D. degrees in mechanical engineering from
the School of Power and Mechanical Engineer-
ing, Wuhan University, Wuhan, China, in 2012
and 2018, respectively.

He was a Joint Ph.D. Student with the
Department of Automatic Control and Micro-
Mechatronic Systems, FEMTO-st Institute, Be-
sanon, France, in 2017. Since 2019, he has
been a Joint Postdoctoral Researcher with the
Department of Biomedical Engineering, Na-

tional University of Singapore, Singapore. Since 2018, he has been a
Postdoctoral Researcher with the Department of Mechanical Engineer-
ing, Wuhan University. His research interests include mechanical design
and precision motion control of nanopositioning stages and micromanip-
ulation robots.

Min Ming received the B.S. degree in me-
chanical engineering in 2014 from the School
of Power and Mechanical Engineering, Wuhan
University, Wuhan, China, where he is currently
working toward the Ph.D. degree in mechanical
engineering.

Her research interest covers hysteresis
compensation, iterative learning control, and
nano-positioner.

Wenyu Liang (Member, IEEE) received the
B.Eng. and M.Eng. degrees in mechanical en-
gineering from the China Agricultural University,
Beijing, China, in 2008 and 2010, respectively,
and the Ph.D. degree in electrical and computer
engineering from the National University of Sin-
gapore, Singapore, in 2014.

He is currently an Adjunct Assistant Professor
with the Department of Electrical and Computer
Engineering, National University of Singapore.
His research interests mainly include robotics,

mechatronics and automatic, precision motion control, and force control
with applications in medical and industrial technology.

Authorized licensed use limited to: Universidade de Macau. Downloaded on October 06,2022 at 02:41:37 UTC from IEEE Xplore.  Restrictions apply. 



FENG et al.: STBRC OF SPIRAL TRAJECTORY FOR PIEZOELECTRIC NANOPOSITIONING STAGES 1645

Kok Kiong Tan (Member, IEEE) received the
B.Eng. and Ph.D. degrees in electrical and com-
puter engineering from the Department of Elec-
trical and Computer Engineering, National Uni-
versity of Singapore, Singapore, in 1992 and
1995, respectively.

Prior to joining the National University of Sin-
gapore, he was a Research Fellow with the Sin-
gapore Institute of Manufacturing Technology,
Singapore, a National R&D Institute spearhead-
ing the promotion of R&D in local manufacturing

industries, where he was involved in managing industrial projects. He
was a Professor with the National University of Singapore. He has
authored or coauthored more than 200 journal papers to date and has
written 14 books, all resulting from research in these areas. His current
research interests include precision motion control and instrumenta-
tion, advanced process control and auto-tuning, and general industrial
automation.

Xiaohui Xiao (Member, IEEE) received the
B.S. and M.S. degrees from Wuhan University,
Wuhan, China, in 1991 and 1998, respectively,
and the Ph.D. degree from the Huazhong Uni-
versity of Science and Technology, Wuhan, in
2005, all in mechanical engineering.

In 1998, she joined the Wuhan University,
Wuhan, where she is currently a Full Professor
with the Mechanical Engineering Department,
School of Power and Mechanical Engineering.
Her current research interests include mobile

robotics, high-precision positioning control, and signal processing.

Authorized licensed use limited to: Universidade de Macau. Downloaded on October 06,2022 at 02:41:37 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


