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ABSTRACT This paper introduces a novel control scheme to achieve precise repetitive motion within a
dual-input-single-output (DISO) system consisting of course-actuator and fine-actuator. Repetitive motion
stands as a crucial operation in various applications, particularly in manufacturing processes. Designing a
control system capable of accurately tracking reference signals during repetitive motion is imperative for
DISO systems. The proposed method focuses on adaptive feed-forward cancellation (AFC) to effectively
compensate for position error signals related to the reference signal. A typical control scheme implements
AFC for the entire control loop. In the control system, the same characteristic of AFC works for both
actuators in the DISO control system. The same AFC output is working to both actuators. On the other
hand, the proposed control scheme implements AFC to each actuator. It can generate suitable AFC output
for the course-actuator, fine-actuator, respectively. That is, the major contribution of proposed control
scheme individually optimizes the AFC in the course-fine control system. This design approach significantly
enhances the control performance of DISO systems, considering the distinctive characteristics and stroke
limitations of the actuators. Experimental implementation of the proposed control system validated its
efficacy, affirming the improvement of control performance in DISO systems.

INDEX TERMS Dual-input-single-output (DISO) system, repetitive control, adaptive feedforward
cancellation, loop shaping.

I. INTRODUCTION
Control design methodologies play a pivotal role in achieving
desirable dynamics in mechatronic systems [1]. In the
pursuit of enhanced control performance, certain mecha-
tronic systems incorporate dual actuator systems, including
piezo-electric dual-stage tape [2], head positioning control
systems for hard disk drives [3], servo systems for optical
mechatronic applications [4], and wafer stage control systems
in manufacturing [5]. These systems are characterized as
dual-input-single-output (DISO) systems.

One of the common functionalities in these mechanical
systems involves repetitive motion, found in patterned
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movements, manufacturing processes, and various applica-
tions [6], [7]. In such scenarios, precise tracking of a reference
signal during repetitive motion is crucial. Given that the
reference signal exhibits periodic frequency components,
minimizing periodic error signals becomes imperative for
enhancing tracking performance.

This study centers on adaptive feed-forward cancellation
(AFC) to mitigate periodic error signals [8], [9]. Developed
to compensate for position error signals induced by periodic
disturbances, AFC’s efficacy has been validated in previous
mechatronic system studies. To optimize its effectiveness,
a critical consideration involves the apt design of parameters
within the adaptive algorithm. Various sophisticated design
methods for AFC implementation in single-input-single-
output (SISO) systems exist, rooted in classical control
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theory, modern control theory, and the like [10]. Con-
trastingly, addressing narrow-band disturbances, particularly
periodic disturbances in DISO systems, often relies on the
Youla-Kucera (YK) parametrization [11], iterative learning
control (ILC) [12], and the AFC [13]. This design method
allows the transformation of DISO system structures into
SISO system block diagrams. In this transformed SISO
system, servo engineers can apply established SISO con-
troller design methods, facilitating the design of a unified
controller for both actuators [14], [15]. This approach
proves effective in compensating for position error signals,
offering manageability in DISO system control design. While
servo engineers can evaluate the overall control system
performance, designing controllers that account for the
unique characteristics of each actuator remains a challenge.
The introduction of dual-actuator systems aims to enhance
control performance through coarse-fine motion control,
utilizing actuators with distinct characteristics. Consequently,
the control system can be tailored to accommodate different
controllers for each actuator.

In this paper, we propose an AFC design method tailored
for achieving precise repetitive motion in DISO systems.
The previous control scheme implements the AFC to entire
control loop [11], [12], [13]. The parameters of AFC are
designed to the open loop characteristics summing up the
that of course actuator and fine actuator. In the control
system, the same characteristic of AFC works for both
actuators in the DISO control system. The same AFC output
is working to both actuators. On the other hand, the proposed
control scheme implements AFC to each actuator, namely
course actuator and fine actuator. The parameters of AFC are
designed to each open loop. In the proposed control system,
the AFC is individually optimized for each actuator which
has different characteristic (frequency response). The suitable
AFC output works for each actuator, respectively. As a result,
the proposed control scheme can control the DISO system
finely with comparison to the previous control scheme. The
proposed control scheme employing AFC and design method
for individually optimization method for each actuator are
presented in this paper.

The proposed method emphasizes three key aspects to
enhance positioning performance during repetitive motion.
First, it asserts that AFC effectively reduces position error
signals in repetitive motion. As the reference signal of
repetitive motion consists of specific frequency components,
AFC works to compensate for the position error signal
caused by these frequency components. Second, the method
considers the stroke limitations of each actuator in the
DISO system. Each actuator in the DISO system has a
different stroke for coarse-fine motion control, with the
coarse actuator having a large stroke and the fine actuator
having a small stroke. The proposed design method avoids
performance degradation due to system uncertainty and
operates each actuator within its stroke limitation. Third,
the entire control system with AFC demonstrates robustness
against uncertainties in system variations. Mass production
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FIGURE 1. Experimental system of the DISO system.

systems, such as disk drives, exhibit individual variation, and
wafer stage systems must maintain consistent performance
across diverse operating conditions. The effectiveness of this
approach was verified in the experimental system.

Il. EXPERIMENTAL SYSTEM

This section introduces the experimental setup, depicted
in both a picture and a schematic figure, as illustrated in
Fig. 1. For the development of the DISO system, distinct
types of piezo actuators are employed: the lower piezo
actuator MF-120 and the upper piezo actuator MF-20, both
manufactured by MESS-TEK Co., Ltd. The displacement
sensors used are PU-03 from AEC, measuring the stage
displacement on the upper piezo actuator. The system
operates with voltage as the input signal to the piezo actuator
and measures the resulting displacement using sensors. The
lower piezo actuator serves as the coarse actuator with a
larger stroke of 120um for coarse adjustments, while the
upper piezo actuator functions as the fine actuator with a
smaller stroke of 20um for fine adjustments. The control
objective is the positioning of the displacement of the upper
piezo actuator, and both actuators move in the same direction,
as depicted in Fig. 1(b). he displacement of the lower piezo
actuator and the upper piezo actuator is denoted as y;, and
Yup» respectively. The total displacement y is calculated as
Yp0 = Yip + yup- The displacement is generated by the input
signal of the lower piezo actuator, uj,, and that of the upper
piezo actuator, u,,. Note that, the displacement signal yj, is
used for system identification, and this characteristic is not
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FIGURE 2. Frequency responses of control objective.

leveraged directly for the positioning control. A digital signal
processor (DSP) generates the voltage signal based on the
measured total displacement signal, y,.

In this study, the main design strategy for the control
system is the loop shaping method. Consequently, the
performance of the control system is designed based on
the frequency transfer function and evaluated through the
frequency response. These responses are derived from the
amplitude spectrum of input and output data obtained via
a sine sweep test. The frequency responses of the lower
and upper piezo actuators are illustrated in Fig. 2. Resonant
modes are evident in both actuators, with differences in
frequency responses under 300 Hz. Especially, the frequency
and gain of the lowest resonant frequency in each actuator
exhibit distinct forms. The transfer function of the lower piezo
actuator, Py, is defined as the following function.

4

Pps) = i )

52 + 2L piwppis + wfm.

i=1

The transfer function of the upper piezo actuator, Py,
is defined as following function.

5
Pupls) = Y 5! @

. . 2
o st t 2L ypiwypis + Wy
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TABLE 1. Parameters of Pjy(s).

i Wipi Qpi Clpi

1| 112 X 27 1500 0.015
2 | 387 x 2w | 240000 | 0.025
3 | 425 x 27 | -100000 | 0.05
4 | 467 X 27 150000 0.02

TABLE 2. Parameters of Pyp(s).

Wupi Qypi Cupi

i

1 55 X 27 50 0.5
2 | 225 x 27 1000 0.01
3| 395 x 27w | -5000 | 0.01
4 | 450 x 2w | -15000 | 0.01
5 | 470 x 2 | 60000 | 0.02

The parameters, @i, Sipi» Wipis Qupis Supi> and wyp;, are listed
in Table 1 and Table 2. These parameters are obtained through
curve fitting for the frequency responses of the lower piezo
actuator and upper piezo actuator. The frequency response
of P(s), Pyy(s) is plotted in Fig. 2 as a dashed line. These
frequency responses are matched to the measurement data.
Fig. 4 illustrates the time responses of direct motion ranging
from uy, to y; and from u,, to y,,, along with those of
coupling motion, ranging from uy, to y,, and from u,, to
yip- The amplitude of coupling motion is significantly smaller
than that of direct motion. Therefore, the coupling motion can
be ignored in this experimental system.

1Il. BASIC CONTROL SYSTEM OF DISO

This section presents the proposed design method aimed at
achieving precise repetitive motion in the DISO system. The
fundamental block diagram of this system is illustrated in
Fig. 4. Herein, r is the reference signal, e is the position
error signal, Cy, is the feedback controller of the lower piezo
actuator, Cy, is the feedback controller of the upper piezo
actuator, and K is the displacement sensor. As the controller
is implemented in the DSP, Cj, and C,, are discrete-time
controllers. The sampling time of K is 7y, = 0.0005, k is
the sample number, and ¢ is time. We design the controllers,
Cjp and C,p, with enough margin for the stability criteria.
Py(z) and P,,(z) are the discretized transfer function of
Pip(s), Pyp(s). Cip(z) and Cyp(z) are defined as following
function.

Cip(2) = Crip(2N)p 3)
186 —1.1477' — 186772 +1.14 773

C ) = 4
mip(2) 1—-2527714204772-05273 @
Cup(Z) = Cmup(Z)Nup ©)

74.85 —59.07 77! —74.85 772 4+ 59.07 73

Cmup(z) =

1-210z71 +1.4572-0.3372

(6)
Herein, Cyy, and Cy,,p are the main feedback controllers
of the lower and upper piezo actuators, respectively. The

one-step delay operator is denoted z 1.
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FIGURE 4. The basic block diagram of the DISO control system.

Njp and Ny, are notch filters of the lower and upper
piezo actuators, respectively. In this study, the basic control
system is designed to have sufficient stability performance
for validation of the AFC, and it is designed not to excite
the mechanical resonance of the piezo stage. Specifically,
the maximum gain of sensitivity function is targeted to
be less than 3dB in the frequency range of 100 - 500Hz.
In addition, the sensitivity function gain is to be 0dB
at the frequency where mechanical resonance exists. For
ease of understanding, the notch filter is represented by
continuous-time transfer functions as following equations.

N ( ) 24: S2 + Zé‘lpniwlpnis + a)lzpni (7)
Ips\S) =
ps pu 52 4 20 ppaiwipdis + wlzpdi
4 2 2
5%+ 28upni@upnis + @,
Nups(s) = Z . ®)

2
i—1 s2 + 2§updiwupdi5 + Dypdi

=
When implementing, use the transfer functions are dis-

cretized by the matched z-transformation as following
equations.

4 -1 -2
Ripai + NiphiZ + NipciZ
Nlp(Z) _ Z Ipai Ipbi Ipci 9)

o1 1+ nlpdiZ_l + nlpe[Z_2

(10)

4 -1 -2
Nupai + NupbiZ~ + NupciZ
Nup(Z) = E

i1 1+ nupdiz_l + ”upeiz_2
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Roll i | Cpni | Cipdi Wipni Wipdi
Mechanical 11002 | 040 | 112x27w | 112 X27
resonance 2 1 002 | 050 | 387x2mw | 387 x2m
compensation | 3 | 0.02 | 0.50 | 467x27m | 467 x27
Loop shaping | 4 | 0.01 | 0.50 | 230x27 | 230 x2m
(b) Parameters of N, (discretized of Ny,s)
Roll i Nipai Nipbi Ripci Nipdi Nipei
Mechanical 1] 0878 -1.64 0.866 - 1.65 0.755
resonance 2 1 0595 | -0.404 | 0566 | -0.539 | 0.297
compensation | 3 | 0.544 | -0.110 | 0.513 | -0.284 | 0.231
Loop shaping | 4 | 0.718 -1.07 0.707 -1.13 0.486
TABLE 4. Parameter of notch filters for upper piezo actuator.
(a) Parameters of Ny
Roll l Cupni Cupdi Wupni Wupdi
Mechanical 1 ] 0.005 | 050 | 225x27 | 225 X2mw
resonance 2 0.03 0.50 | 395x27w | 395 x27
compensation | 3 0.02 0.50 | 470x27 | 470 x27
Loop shaping | 4 | 0.10 0.50 | 160x27 | 160 x27
(b) Parameters of N, (discretized of Nyps)
Roll i Nupai Nupbi Mupci Nupdi Nupei
Mechanical 1| 0.719 -1.09 0.715 -1.15 0.493
resonance 2 | 0600 | -0.373 | 0.554 | -0.512 | 0.289
compensation | 3 | 0.542 | -0.099 | 0.511 | -0.275 | 0.228
Loop shaping | 4 | 0.826 | -1.38 0.747 -1.41 0.605

The design procedure of four notch filters for each actuator is
as following.

« Lower piezo actuator: Ny, N,
Three notch filters are designed to compensate for the
mechanical resonances at 112Hz, 387Hz, and 467Hz as
shownin Fig. 2(a). The center frequencies wjpn; and wjpg;
are set to match these frequencies. The parameters ¢y,
and ¢&jpg; are set to achieve a sensitivity function gain
of 0dB with reference to the width and depth of these
mechanical resonances [16]. Furthermore, one notch
filter is designed for loop shaping, and the parameters
are set the sensitivity function gain around 230Hz less
than 3dB.
« Upper piezo actuator: Ny, Nyp
Three notch filters are designed to compensate for the
mechanical resonances at 225Hz, 395Hz, and 470Hz
as shown in Fig. 2(b). The center frequencies wypni
and w,pg; are set to match these frequencies. The
parameters ,,,; and §,,q; are set to achieve a sensitivity
function gain of 0dB with reference to the width and
depth of these mechanical resonances [ 16]. Furthermore,
one notch filter is designed for loop shaping, and the
parameters are set the sensitivity function gain around
160Hz less than 3dB.
The parameters of Ny, Nyps, Njp and Ny, are listed in
Table 3(a), Table 3(b), Table 4(a), and Table 4(b).
The design results of the control system are depicted in
Fig. 5, wherein, Ly, Ly, and L;, denote the lower, upper, and
total actuator loops, respectively. Sy, denotes the sensitivity
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of the total actuator loop.
Llp(Z) = Pdlp(Z)Clp(Z)a Lup(Z) = Pdup(Z)Cup(z)s
Ltp(Z) = Llp(z) + Lup(Z),

9T ,0

where Py, and Py, are the discretized transfer functions of
Py, and P, respectively. The design results of the control
system are illustrated in Fig. 5. The gain margin and phase
margin of the control system are satisfactory: 17.39 dB and
79.87 deg, respectively. Particularly, the maximum gain of Sy,
is less than 3 dB, indicating a sufficient stability margin [17].

IV. PRECISE REPETITIVE MOTION IN DISO SYSTEM
IMPLEMENTATION OF AFC

This section demonstrates the implementation of Adaptive
Feedforward Control (AFC) for achieving precise repetitive
motion in the DISO system. To showcase repetitive motion,
a 10 Hz square wave signal is set as r in the control system,
where the objective is to follow the signal, namely r = y,.
The time responses of 7, y,, and e are depicted in Fig. 6. The
shape of y, deviates from the square wave signal due to e,
which primarily includes odd harmonics of the fundamental
frequency of r. The amplitude spectrum of e is presented
in Fig. 6(b), and the control system aims to compensate for
these harmonics to improve positioning accuracy. The criteria
for compensation is set to an amplitude spectrum e less than
0.3 pum, as shown in Fig. 6(b).

To address harmonic compensation, AFC is employed to
generate compensation signals for the periodic error signal.
The AFC dynamically updates learning coefficients at each
sampling time, and the algorithm is governed by the following
equations:

Uqi(k) = pai(k) cos(waiTk) + qai(k) sin(wq;iTk), — (11)

k
Pai(k) = D hai e(m) cos(@qi Tm + Oai), (12)
m=1
k
qaitk) = dai €(m) sin(@ai Tm + 0,), (13)
m=1

where u,; is the compensation signal, p,; and g,; are learning
coefficients, A,; is a step size parameter, 6,; is the phase
parameter, w,; is the angular frequency of u,;, and k is the
sample number. i denotes the i—th AFC. Multiple instances
of AFC are employed to compensate for harmonics up
to 210 Hz, as shown in Fig. 6(b). For this AFC algorithm, it is
crucial to design the parameters wg;, Aq4i, and 6,;. In particular,
an adaptive algorithm can be transformed into a transfer
function using convolution theory [10], [18].

c08(64i) — cos(wai T + 04i)z "
Fal(z) — )\’al ( al) ( at — 01)72

1 —2cos(wgiT)z7' 4+ z
Researches have suggested that these parameters be designed

based on the frequency response of Fy; [19], [20]. Specif-
ically, wg; should match the harmonic frequency of r, A,

(14)
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FIGURE 5. The characteristics of basic control system.

controls the convergence speed of the adaptive algorithm, and
the value is decided by the specification with reference to the
previous study. 6,; determines the stability of the learning
algorithm, and the value is controlled by the frequency
response of the control scheme. The design strategy adopted
for 6,; is discussed in the following subsection.

A. DESIGN OF 64, IN PREVIOUS CONTROL SCHEME

04 is designed based on the previous control scheme [11],
[12]. The block diagram is described as shown in Fig. 7,
where Ly, = Pj,Cj, denotes the open loop of lower piezo
actuator, L,, = P,,Cy, represents the open loop of upper
piezo actuator, and L,, = Ly + L,, characterizes the
total open loop. The control system is conceptualized as an
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FIGURE 7. Block diagram of the DISO control system with the AFC.

implementation of the filter for L. In this case, the control
scheme is applied to the AFC, given that these methods
are representative compensation methods for the periodic
disturbance. Starting from the AFC output, u,, to the total
displacement, y,, the control system can be treated as a SISO
system. Therefore, we can apply the SISO controller design
method for design of 6,;, which is a major advantage of the
control scheme.

Previous studies have focused on the optimal value of 6,;
dependent on the phase characteristics of the open loop and
the control object. In this control scheme, the optimal value
is described as the following equation:

Ltp(e_./waiT)

Q= — L—2—
ai ]—I—Ltp(e*]w‘”'T)

15)

60304

40 .
= 20f
=
= Or
'3
O 20k
-40
180 w <3 o
R — P! 1
E e ——— i i
g 0 S 1 "
< X I
£ 90 4 LS Sl v
-180 ‘ S st
1 2
10 10
Frequency [Hz]
(a) Open loop: Lyp, Lyp, Lipa
1
0.5
0 o
-0.5
2 I
o -l !
<
g 1
15 !
1
2 1
1
25 !
1
-3 1
2 1 0 1 2
Real axis
(b) Vector locus: Ly, Ly, Lipa
10 T I
5L 1
ol
=
=
= -5
'z
&}
-10
-15 ¢

20 | |

10! 10*
Frequency [Hz]

(c) Sensitivity function: Sy,

FIGURE 8. The characteristics of control system with AFC based on
previous control scheme.

When 6,; is set as eq.(15), the vector locus of L, is far away
from the unstable point [—1, 0]. The designed parameters are
shown in Table 5. The frequency responses in the previous
control schemes are shown in Fig. 8. The open loop of
total open is denoted as Ly, = (1 + lezl 1 Fai)Lyp, and
the sensitivity function is Sy, = ﬁ Sharp peaks are
evident at wy; in the gain characteristic of the open loop. The
Nyquist diagram indicates a circular shape in the vector locus
of F,;, with the circle’s direction far from the unstable point,
[—1, 0]. The control system demonstrates satisfactory gain
and phase margins: 15.92 dB and 74.29 deg, respectively,
with a sensitivity function exhibiting a sharp drop in gain at
wgi.- The maximum gain is less than 6 dB.
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TABLE 5. Summary of design results Fg;.

i | wailrad/s] | 6, [deg] Aai
1 10x 27 -11.23 | 25%x10°3
2 3027 4326 | 25x1073
3 5027 -50.04 | 25%x10° 3
4 70x27m 4672 | 2.5x1073
5 90X 27 -55.16 | 2.5x1073
6 110x27m -70.19 2.5%x103
7 | 130x*2m 9456 | 25x10°3
8 15027 -117.16 | 2.5x10~3
9 1702w -119.38 | 2.5x1073
10 | 190x2mw -128.45 | 2.5%x10°3
11 | 210x27 -150.40 | 2.5x10°3
\---- AFC for upper piezo ---
: Paus
icos(wm,sTk)
' Gans
} sin(w,,,sTk)
1
i Pat
1 cos(@0,, TH)
I Gamt
 sin(e, 7F)
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o
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Gant +
sin(e ,; Tk)

FIGURE 9. The block diagram of the DISO control system with AFC
designed by the proposed method.

B. DESIGN OF 64, IN PROPOSED CONTROL SCHEME

In this study, we propose a novel control scheme for
implementation of AFC in the DISO control system. The
block diagram of the control system is shown in Fig. 9.
The proposed control scheme employs a novel approach for
implementing AFC in the DISO control system. Notably,
different AFCs are used for each actuator, with the subscript
al referring to the lower piezo actuator, and au indicating
the upper piezo actuator. The adaptive algorithm and
transfer function of AFC for each actuator are expressed as
follows:

Ua(l,1)i(k) = Pa,u)i(k) cos(@aq,u)iTk)

+ Ga,wi(k) sin(wq, )i Tk) (16)
k
Pattitk) = D hatt.wi €(m) cos(@a(t.uiTm + Oat i) (17)
m=1
k
Gatt.0ik) = D Matt.wyi €(m) sin(@a,wiTm + Oag i) (18)
m=1
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TABLE 6. Summary of design results of Fg;, Fqyi-

i | weailrad/s] | Oy [deg] Aati

1 10x27m 48.27 33%x10°3
2 3027 32.71 33x10°3
3 50%27 -3.80 33%x10° 3
4 7027 -64.82 3.3%x10°3
5 90X 27 -96.23 33x10°3
6 21027 -122.47 | 33x10°3
i Wayi [rad/s] eaui [deg] )\aui

1 110x27 -69.90 24x1073
2 130x27 -101.63 | 2.4x10°3
3 15027 -11536 | 2.4x103
4 170 %27 -83.48 24x1073
5 190x27 -84.61 24%x10-3

c08(Ou(t,ui) — oS @a(twi T + Out,upi)z "
1—2 cos(wa,uiT)z 1 +272
(19)

Fo,wi(2) = Aag,wi

The designed parameters are listed in Table 6 and the total
number of AFCs is eleven, matching the previous control
scheme. This proposed method optimizes the value of 6,;; and
O4ui Tor the open loop of each actuator based on the following
equations:
—jwaiiT
Oali = —ZL;_)T (20)
1 + Ly (e~/®@aiil)
—jwauiT
i = — 1w ) @1
1 + Lyp(e7/®auil’)
Two key features of this design include Stoke-oriented design
and robust design:
« Stoke oriented design
The AFCs designed to compensate for lower harmonics
up to 90 x 2w are applied to the open loop of
the lower piezo actuator. This choice is driven by
the relatively large amplitude of lower harmonics,
as evident in Fig. 6. The necessity for a large stroke
to track r and compensate for e in the lower har-
monics makes it suitable for the lower piezo actuator,
which has a larger stroke. Conversely, the upper
piezo actuator is engaged in handling higher harmon-
ics with relatively smaller amplitudes. This design
approach aligns with the concept of coarse-fine motion
control.
« Robust design
Referring to Fig. 2, the lower piezo actuator exhibits
a mechanical resonance at 112 Hz, while the upper
piezo actuator’s resonance occurs at 225 Hz. In the
presence of mechanical characteristic variations leading
to changes in resonance frequency, the optimal values
of 6,; and 6,, calculated by Eqs.(20) and (21) are
also subject to change. To mitigate the impact of
mechanical variations, the proposed design imple-
ments AFCs around 110 Hz for the upper piezo
actuator and around 220 Hz for the lower piezo
actuator.
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FIGURE 10. The characteristics of control system with AFC based on the
proposed control scheme.

The frequency responses of the proposed control scheme are
illustrated in Fig. 10. In this representation, the open loop of

the lower actuator is denoted as Ly, = (1 + 21-6:1 Fai)Lyp,
the open loop of the upper actuator is expressed as Lypq, =
a1+ Zle Faui)Lyp, and the total actuator’s open loop is
characterized by Ly, + Lyps. Additionally, the sensitivity

function is captured by # While the frequency

T Lupa
response of the total actuator’s open loop and sensitivity
function align closely with those of the previous control
scheme, variations arise in the frequency response of each
actuator’s open loop. These discrepancies stem from the
distinct design concepts employed for the AFC in each
actuator.
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FIGURE 11. Experimental Results of the Tracking Control: The upper
figures provide an overview of the time responses of e, the middle figures
display time responses of r and yp with a focus on the interval between
30 s and 31 s, and the lower figures present the amplitude spectrum of r
and e.

TABLE 7. Summary of standard deviation of the displacement signal.

Control scheme | oofy, | cofyy | oofyy,
Previous 9.09 5.47 491
Proposed 7.80 2.98 4.93

Differential rate -14% -45% 0%

V. EXPERIMENTAL VERIFICATION

In this section, we conducted an experimental comparison
study between the previous control scheme outlined in
Section IV-A and the proposed control scheme detailed in
Section IV-B, focusing on the repetitive motion tracking of
a 10 Hz square wave signal denoted as r.

First, we address the fundamental performance of both
control schemes. Figs. 11(a) and (b) depict the time responses
of e during the convergence of the adaptive algorithm of
AFCs, which stabilizes in approximately 30 seconds. Sub-
sequently, both control schemes exhibit enhanced tracking
performance for r, as evident in Figs. 11(c) and (d). Moreover,
they effectively compensate for the harmonics of e up
to 210 Hz, meeting the criteria for the amplitude spectrum,
as illustrated in Figs. 11(e) and (f).

Secondly, we verified the stroke-oriented design within
the proposed control scheme. The time responses of the
displacement for each actuator are presented in Fig. 12. While
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FIGURE 12. Experimental results of the actuator displacement are
depicted in the upper figures, showcasing the time responses of yj,, yup,
and the total displacement yy, = yp, + yup. In the lower figures, the
amplitude spectrum of y, and yyp is illustrated.

‘Weight on the upper piezo actuator

FIGURE 13. Experimental system of the DISO system with weight.

the total displacement y;, = y; + yup remains almost
identical in both control schemes, a noticeable disparity
emerges in the displacement of each actuator, namely yj,
and y,,,, between the previous and proposed control schemes.
In the previous control scheme, the AFC is applied to
the open loop of the total actuator L,; consequently, all
AFCs function for both actuators. In contrast, the proposed
control scheme employs separate AFCs for each open
loop, aligning with the concept of a coarse-fine motion
system. This approach prevents unnecessary movement for
the actuators, particularly minimizing the motion of the upper
piezo actuator in the low-frequency range. The summary of
standard deviation o is detailed in Table 7. Although the value
of o for y,, is nearly the same in both control schemes, the &
values for yj, or y,, are reduced when utilizing the proposed
control scheme.
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FIGURE 14. Experimental results of the gain of sensitivity function of
without AFC, with AFC previous control scheme, with AFC proposed
control scheme: 0g, 200g, 350g, and 400g from the top.

TABLE 8. Maximum gain of the sensitivity function.

Control scheme Og 200g 350g 400g
wlo AFC 540dB | 5.68dB | 9.01 dB 15.02 dB
Previous 545dB | 5.58dB | 13.06 dB | unstable
Proposed 542dB | 554dB | 9.36dB 21.55dB

Thirdly, we assessed the robustness of both control
schemes. To conduct this evaluation, additional weight was
applied to the upper piezo actuator, as depicted in Fig. 13.
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The gain of the sensitivity function was calculated through
sine sweep tests carried out with weights of 0, 200, 350, and
400g. The sine sweep signal was utilized as the input signal
denoted by r, and the gain was computed using the following
equation.

Flek)]
Flr()]

where Fle(k)] and F[r(k)] denote the Fourier transforms
of e and r, respectively. The results of the calculations
are depicted in Fig. 14, where the nominal case (without
weight: 0Og) is also included. Furthermore, a case without
AFC, as discussed in Section II1, is presented for comparison
purposes. Figs. 14(a), (b), (c) and (d) indicate the gain of
the sensitivity function calculated from the experimental
data with weights of 0, 200, 350, and 400g, respectively.
In all control schemes, the gain of the sensitivity function
experiences an increase around 220 Hz with the addition
of weight. This phenomenon is attributed to the reduction
in the resonance frequency of the upper piezo actuator,
originally at 225 Hz, as the weight is augmented. In the
previous control scheme, the optimal value of 6,; deviates
from the designed value in the nominal case. Specifically,
the value of 6,11 for the 11th AFC, which compensates for
the 210 Hz harmonics, is notably affected by mechanical
variations. Consequently, the control system fails to maintain
stable operation in the presence of the attached 400g weight.
Conversely, the proposed control scheme allows for the inde-
pendent implementation of AFCs for each actuator. In this
setup, the AFC compensating for the 210 Hz harmonics
is specifically applied to the lower piezo actuator, which
lacks mechanical resonance. Consequently, the optimal value
of 646 is less influenced by mechanical variations. The
maximum gain of the sensitivity function is shown in Table 8.
That of the values of proposed control scheme remains nearly
identical to that of the control scheme without AFC up to
350g. In addition, the proposed control scheme can sustain
stable operation even with 400g weight attached.

In summary, AFCs contribute to enhancing the tracking
performance for repetitive motion in both control schemes.
Importantly, the proposed control scheme exhibits improved
robustness with reduced actuator movements compared to the
previous control scheme.

20log;, (22)

VI. CONCLUSION
This study introduces a novel control scheme designed to
achieve precise repetitive motion within the DISO system.
The proposed control system incorporates AFC to effectively
compensate for position error signals induced by repeti-
tive motion, thereby enhancing tracking performance. The
outlined control scheme offers several notable advantages.
Firstly, the integration of AFC into the control sys-
tem successfully diminishes position error signals during
repetitive motion, leading to a substantial improvement in
tracking accuracy. Secondly, the control scheme considers
the stroke limitations of each actuator, allowing for the
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optimization of control performance suitable for coarse-fine
motion control. This aspect is particularly advantageous in
applications where such considerations are crucial. Thirdly,
the proposed control scheme demonstrates robustness against
uncertainties inherent in the system, a critical feature
for real-world applications where mechanical variations in
system parameters are commonplace.

Experimental results underscore the effectiveness of the
proposed control scheme. Notably, it showcases improve-
ments in tracking performance, a reduction in the displace-
ment of each actuator when compared to the previous control
scheme, and the ability to maintain stable operation despite
the influence of mechanical variations. The proposed control
scheme, thus, emerges as a valuable enhancement for control
performance in DISO systems, especially in applications
demanding precise repetitive motion, such as those found in
manufacturing processes.
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