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Visual Servoing Based on Multirate Sampling Control
— Stability Improvement by Intersample Observer and Periodic Disturbance Rejection —

o Hiroshi Fujimoto (Nagaoka University of Technology), Yoichi Hori (The University of Tokyo)

Abstract- In this paper, novel multirate sampling controllers are proposed for digital control systems, in which the sampling
period is restricted to be longer than the control period. The proposed feedback controller assures perfect disturbance rejection
(PDR) at M intersample points in the steady state. Moreover, the intersample observer is developed in order to reduce the
phase delay caused by zero-order hold and to increase the stability margin by estimation and compensation of the intersample
response. Next, the novel scheme of repetitive control is proposed based on the open-loop estimation and switching function,
which enables the rejection of periodical disturbance without any sacrifice of the closed-loop characteristics. Finally, the proposed
controllers are applied to visual servo system by introducing the workspace controller and nonlinear perspective transformation.

The advantages of these approaches are demonstrated by simulations and experiments using a robot manipulator.

Key words: multirate sampling control, disturbance rejection, repetitive control, visual servoing
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Fig. 5: Two-link DD robot with camera.
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Table 1: stability margin. (fnyq = 5.0[Hz])

Closed-loop poles fq [Hz] | 1.0 1.0 | 2.0 2.0

Input multiplicity N 4 1 4 1
Gain margin [dB] 10.9 | 10.9 | 5.02 | 4.47
180 deg cross-over [Hz] 1.13 | 1.14 | 1.46 | 1.47
Phase margin [deg] 59.4 | 59.4 | 38.7 | 35.5
0 dB cross-over [Hz] 0.37 | 0.38 | 0.83 | 0.89

Feature Feature

»
<]
»
<]

Multirate
----- Single-rate

Multirate

---- Single-rate

©

<]
Now
o o

N
<]

N

o

Epixe]
5

 pirel]
o

o
M
o

o

o
N
o

@
<]

N
o
N
]

2 a 6 8 10 h 2 a 6 8 10
tis] tis]

(a) fa = 1.0 [Hz] (b) fa = 2.0 [Hz]
Fig. 9: Multirate vs. Single-rate (experiment).

3.2 ODOOOOODOOODOODOODOO

0000000 23000000000000000000
00000000000000000000000000000
0000 (13)0000000000000 {0o0010000
00000000

Table.1 000 220000 230000000000000
0000000000000 000000000000000
exp(—27faT,) 000 000Table.1 00 fu O 1[Hz) 00000
00000000 (N=1)00000000 (N=4)000
0000000000000 000000000000000
fayg =5[Hz] 000D fu O 2Hz) 00000000 DOODOODO
0000000000000000000000000000
0000000000

Fig900ODODOO0OO0OO00O0DODO0ODO0O0O000000
00f.01[HZ000000000000000000000
00000000000000000000000000000
00000000000000000f.0 2Hz 000000
0000000000000000000000000000
00000000000000000000000000000
00000000000000000000000000000
00000000000000000000000000000
00000000000000000000000000000
00000000000000000000000000000
0000000000000

33 ODOO0bOOoOobDOobDOoOobDoOoOon

00000000000000000000 2400000
00000000000000000000000000000
0 Ty=05|0000 (32)0000 k=1,3,5000000
ooooooooo

Fig.30O0OO0O0O000 (FB)OOOOOO Fig4a00OO0OO
00000 (FF)OOO0DO0OO000000000000 Figl000O
000 () 000FBOOOOOOOOOOOOOOO0O0OOO
00000000000000000000000000000
0000000200000000000 FFOOOO0O0OOO
00000000000000000000000000000
C.[-]00000000000000000000000 (b) O
00000000000000000000000000

Fig.1100OOOOODO 05s)00000000000000

60 30

. Gain[dB]
Gain[dB]

107* 107" 10°
fHz] fHz]

(a) Feedback (b) Feedforward

Fig. 10: Frequency responses (S[z] and T'[z]).

Error

0.5

: Feedforward
0.4 -- Feedback
osf !

ozf!

0.2 P

0.3

o4 i

0.5
)

s 10 15 20
sl ts]

(b) Multirate vs.

Single-rate

(a) Feedforward vs.
Feedback

Fig. 11: Position Error X, — X, (simulation).

Feature

50

—— Feedforward
---- Feedback

¢ [pivel]

-50
5 10 1s 20
=1

Fig. 12: Feedforward vs. Feedback (experiment).

X,—X.000OU0O0O0O0OUOoo0oUoo0O (a)000FBODO
gobbooboobooobooobooobooobooo
O0O0O0FFOODOOOOOt=10-00000000000O
000000000000 U0oO0ooooDUD (b)ODOoOOoOoOo
gobodooooboboobooboobooboooobooboooboo
gobodobooooboobooboobooboooooboo
0 M=2)00000000000000000000000
gbbobobobooboooooooboboboboo

Fig.12,1300000000°%0Fig1200000FBOOO
goooboboooobooooobobobooobobDbo
Fig.ll(2) 0000000000000 00O0O0O0O0O0O0OOOO
00000000000000o0oU0oooooOD t=28[sj0
oooooooooooooooobobooboooobb FFOOD
00000t =10s)0000000000O00O0ODOODODO
gobodoobooobooboobooboobooboooboo
00000000000000000 Fig.13000O0OO (a)0O
goooooobooboobooboboooooboooboo
goboooobooooobooobooooobooboooboooboo
000000000000000000O0D00O (bh)oooo
gobdoobooboobooboboooooooooboooboo

S30000000000000000 Fig.1300000O0OO0OD0OO
00000000D000000 Ty=400ms]0000D00O0O0OO
0 100ms]00000D00D0D0DD0OO00O00O0O00OOOOOOOOOO
000000000000 00O00O00O0oO0ooDoo0OT, = 100[ms] O
ooo



Feature

Control input

Camera position

Multirate: N=4
Single-rate

& [pivel]

Multirate: N=4
--_Single-rate

Multirate: N=4
Single-s

“as 20 25

tIs]

20 ES) a0 16

(a) Error in &,

17
tis]

(b) Control input X7¢f

20 16 17 18

tis]

19 20

(c) Camera position X,

Fig. 13: Multirate vs. Single-rate (experiment, T, = 400 [ms], N = 4).

Error Ratio

a
¢}

—e— Multirate: N=4 N
- - - Single-rate

Emor Rafio [%]
W 1Y
o o]

N
¢}

"
o
\

e
e el

o 2 a 6 8
Kk (order)

Fig. 14: Error ratio Er(k).

0

00000000000 (e)000000000DO000000
gbobobo

Fig.1400O0O0OO0OUOOOO (O0O0OO)oOoooooooo
goobooooooobooobooobobobooooboooo
0 Fr(k)D0D00DO00O0D X,()ODODOODOOOOOODO
gboboooboooboooooboboboboboooo

s +ET
o ST (Xo(t) = Xe(0))Pdt
- ts+kTp
P GO

Eg (k) (36)

goodt, oooooooooooo0o0o0ooooobOFig14
000000000000 00o0oD0ooDUoooooo (k=10
0000)00oo0ooo0ooo0ooUooooooooOooo
goboooooboooboboooboobobooboobo
goboobooboobooboobbobobooobooo
god

4 00O

oooodT,<T,0000b00b0o000oooooDbog
gobgoobooboobooboobbobboobooo
gobooboobooboboooboooooooobooo
gobdoobooooboboboooobooooooooooooooo
gboboooboboboooooobobooboboboooo
gbobooobobobooooooboboboboboooo
goboooooobooboobooboobooboboobobo
gobobooboobooboobooboobobobooobon
oobooooooooboooobo0o 2000000000
oooogo 3gooooooooooobboooboboooboD
oobogoeb0bOO0OOOODDLDOODOODOODOOOUODDOO
gooo

gooo

[1] H. Fujimoto: “General Framework of Multirate Sampling
Control and Applications to Motion Control Systems”, PhD
thesis, The University of Tokyo (2000).

2] OO,00“000000000000C0O0O0OODODOO”, 000
oooooOooOooUooooOoooo, O 10, pp. 67-72 (2001).

(3]

(4]

(5]

[6]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

K. Hashimoto and H. Kimura: “Visual servoing with nonlin-
ear observer”, IEEE Int. Conf. Robotics and Automation, pp.
484-489 (1995).

M. Nemani, T. C. Tsao and S. Hutchinson: “Multi-rate analy-
sis and design of visual feedback digital servo-control system”,
ASME, J. Dynam. Syst., Measur., and Contr., 116, pp. 44-55
(1994).

J. T. Feeddma and O. R. Mitchell: “Vision guided servo-
ing with feature-based trajectory generation”, IEEE Trans.
Robotics and Automation, 5, 5, pp. 691-700 (1989).

H. Fujimoto and Y. Hori: “Visual servoing based on multirate
sampling control” , IEEE Int. Conf. Robotics and Automation,
pp. 711-716 (2001).

W.-W. Chiang: “Multirate state-space digital controller for
sector servo systems”, Conf. Decision Contr., pp. 1902-1907
(1990).

T. Hara and M. Tomizuka: “Performance enhancement of
multi-rate controller for hard disk drives”, IEEE Trans. Mag-
netics, 35, 2, pp. 898-903 (1999).

H. Fujimoto, Y. Hori, T. Yamaguchi and S. Nakagawa: “Pro-
posal of perfect tracking and perfect disturbance rejection con-
trol by multirate sampling and applications to hard disk drive
control”, Conf. Decision Contr., pp. 5277-5282 (1999).

00,0,00,000“0000000000000000000
000000000000000000000”, 000 D, 120,
10, pp. 1157-1164 (2000).

Y. Hori, T. Umeno, T. Uchida and Y. Konno: “An instanta-
neous speed observer for high performance control of dc servo-
motor using DSP and low precision shaft encoder”, 4th Euro-
pean Conf. on Power Electronics, Vol. 3, pp. 647-652 (1991).

S. Hara, Y. Yamamoto, T. Omata and M. Nakano: “Repeti-
tive control system — a new-type servo system”, IEEE Trans.
Automat. Contr., 33, pp. 659668 (1988).

C. Kempf, W. Messner, M. Tomizuka and R. Horowitz: “Com-
parison of four discrete-time repetitive algorithms”, IEEE
Contr. Syst. Mag., 13, 5, pp. 48-54 (1993).

00,000“N-delay 0000000000000000007,
000 D, 117, 5, pp. 645-654 (1997).

M. Araki and T. Hagiwara: “Pole assignment by multirate-
data output feedback”, Int. J. Control, 44, 6, pp. 1661-1673
(1986).

H. Fujimoto and Y. Hori: “Vibration suppression and opti-
mal repetitive disturbance rejection control in semi-nyquist
frequency region using multirate sampling control”, Conf. De-
cision Contr., pp. 691-700 (2000).

H. Fujimoto and Y. Hori: “Visual servoing based on intersam-
ple disturbance rejection by multirate sampling control — time
delay compensation and experimental verification =, Conf.
Decision Contr., pp. 334-339 (2001).

go,000«gop0o0oO0ooo0oooooooooooooooo
gooooooooooooooooooor,00o b, 1138-D,
5, pp. 639-646 (1993).



