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Fig.3.4.1. Block diagram of tracking control. The continuous-

time system G is controlled by the discrete-time controller F with
sampler S and zero-order-hold . The objective is to minimize

the continuous-time error e(?).
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Fig.3.4.2. Block diagram of multirate feedforward control with additive decomposition.
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Fig.3.4.3. Block diagram of multirate feedforward control with multiplicative decomposition.
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Fig.3.4.4. High-precision positioning stage with input current u
[A] generating force with linear motor and output displacement y

[m] measured by linear encoder.
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Fig.3.4.5. Bode diagram of controlled system: continuous-time
model G, (—), and discrete-time model G; (—). Nyquist fre-

quency is shown in a vertical black dotted line (---).
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Table 3.4.1. Root Mean Square error eryps in each approach.
T, is the reference sampling time. G, and G, are the
continuous-time model for the multirate and single-rate inversion.
Case | Line Approach T | Gemr Gesr | erms [um]
1 —_ Single-rate 0 - G, 1.1454
2 — Multirate 46 G - 0.3292
3 — Additive 26 | Geamod.1 - 0.3868
4 Additive 26 | Gegmod2 - 13.4153
5 — | Multiplicative | 26 | N1/Dy | N2/D; 0.3688
6 — | Multiplicative | 26 | N2/Dy | N1/D; 1.1555
7 - = | Multiplicative | 26 | Ni/Dy | N2/D; 0.3688
8 - = | Multiplicative | 26 | Na/D> | Ny/D; 1.1555
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Fig.3.4.6. Performance frequency gain of the continuous-time
tracking error. Nyquist frequency is shown in a vertical black dot-
ted line (-+-+).
31/ - BEXH
(1) Tomizuka, M.: Zero Phase Error Tracking Algorithm for Digital

(2)

(3)

(4)

Control, Journal of Dynamic Systems, Measurement, and Con-
trol, Vol. 109, No. 1, p. 65 (1987).

Steinbuch, M., Oomen, T. and Vermeulen, H.: Motion Control,
Mechatronics Design, and Moore’s Law, IEEJ Journal of Indus-
try Applications, Vol. 2, No. 4, p. 21006010 (2021).

Poot, M., Portegies, J., Mooren, N., Haren, van M., Meer, van M.
and Oomen, T.: Gaussian Processes for Advanced Motion Con-
trol, IEEJ Journal of Industry Applications, No. 41, p. 21011492
(2022).

Hayashi, T., Fujimoto, H., Isaoka, Y. and Terada, Y.: Projection-



7 [pm]

& ‘ B
0 0.04 0.08 0.12 0.16
t [s]

347 EHERE 4 RSEXPERRE r0. ¢), ©)> 0 IF
ENENG, 26, 46 DYV TV VI RZETRT,

Fig.3.4.7. Continuous-time 4th order polynomial trajectory ref-
erence r(1). (¢, (0), and (x) show sampling points every ¢, 26, and
46.

— 4 T T

E (\ /\ N

% ZWW@VLAWM\A%\%\?@@&@\@W
—_ T T T

g

=

vy ! ! !

— 4 T T \

g

=

[\

,g, 4 ’ T T T

o O N
v ’ ! ! !

e [pm]

g
=
©
E T T T
A (060870008 Y 810,80 BB R (GO @, B+ D4
© Yy | | |
—_ T T T
E Ofo-e-ormerdipioleipioitiSrbioierora o
) vl e Oy

4 | | |

0 0.04 0.08 0.12 0.16

t [s]

348 KR 016=04ms D ZTal—>avicsEF
BRE e)o ()5 0> () WEENENS, 26, 46 DY TV
JRETRT,

Fig.3.4.8. Error e(f) in simulation with sampling time 0.16 =
0.4ms. (9, (0), and (x) show sampling point every ¢, 26, and
49.

based Iterative Learning Control for Ball-screw-driven Stage
with Consideration of Rolling Friction Compensation, /EEJ

Journal of Industry Applications, Vol. 9, No. 2, pp. 132-139

(2020).

(5)

(6)

(7

(8)

(9)

(10)

(11)

(12)

(13)

(14)

Astrém, K., Hagander, P. and Sternby, J.: Zeros of sampled sys-
tems, Automatica, Vol. 20, No. 1, pp. 31-38 (1984).

Zundert, van J. and Oomen, T.: On inversion-based approaches
for feedforward and ILC, Mechatronics, Vol. 50, No. November
2016, pp. 282-291 (2018).

Fujimoto, H., Hori, Y. and Kawamura, A.: Perfect tracking con-
trol based on multirate feedforward control with generalized
sampling periods, IEEE Transactions on Industrial Electronics,
Vol. 48, No. 3, pp. 636-644 (2001).

Ohnishi, W., Beauduin, T. and Fujimoto, H.: Preactuated Mul-
tirate Feedforward Control for Independent Stable Inversion of
Unstable Intrinsic and Discretization Zeros, IEEE/ASME Trans-
actions on Mechatronics, Vol. 24, No. 2, pp. 863-871 (2019).
Ohnishi, W. and Fujimoto, H.: Multirate Feedforward Control
Based on Modal Form, in 2018 IEEE Conference on Control
Technology and Applications (CCTA), No. 2, pp. 1120-1125,
IEEE (2018).

Mae, M., Ohnishi, W. and Fujimoto, H.: Multirate Feedforward
Control based on Modal Form with Mode Selection Applied to
Multi-Modal High-Precision Positioning Stage, in 2021 IEEE In-
ternational Conference on Mechatronics (ICM), pp. 1-6, IEEE
(2021).

Zundert, van J., Ohnishi, W., Fujimoto, H. and Oomen, T.: Im-
proving Intersample Behavior in Discrete-Time System Inver-
sion: With Application to LTI and LPTV Systems, IEEE/ASME
Transactions on Mechatronics, Vol. 25, No. 1, pp. 55-65 (2020).
Mae, M., Ohnishi, W. and Fujimoto, H.: Review on Multirate
Feedforward Control with Mode Decomposition for Intersample
Performance in Multi-Modal Motion Systems, in The 9th IEEJ
international workshop on Sensing, Actuation, Motion Control,
and Optimization (SAMCON 2023), pp. 271-276 (2023).

Chen, T. and Francis, B. A.: Optimal Sampled-Data Control Sys-
tems, Springer London, London (1995).

Gawronski, W. K.: Advanced Structural Dynamics and Active

Control of Structures, Springer, New York (2004).



