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Remote Hybrid Controller with Adaptive

Environment Observer*

Yuki Kakizoe

Abstract

Along with the development and spread of information technology, remote
controlled manipulation systems using communication networks have attracted
attention in recent years. Such systems are expected to be useful for application
to work in dangerous environments such as nuclear reactors.

Bilateral tele-manipulation systems often become unstable because of slight
information transmission delay. The following elements under information trans-
mission delay cause instability to the systems: closed loop elements and direct
force feedback elements. However, it is difficult to design control systems to track
states of robots that do not include those two elements. Additionally, all systems
proposed until now do not achieve both stability and operability, and past studies
reveal that model based predictive feedback is required for improving the oper-
ability for the system under information transmission delay. In the research of
tele-robotics, operability depends on the tracking of both states of robots. For
tracking of forces and precise force presence, the system is equipped with an en-
vironment model that consists of spring and position, and because of that model,
the system can be adapted model based force tracking control.

Therefore, we propose a method of remote bilateral-control of master-slave

manipulators with an adaptive environment observer. The system performs real

*Doctoral Dissertation, Department of Information Systems, Graduate School of Information
Science, Nara Institute of Science and Technology, NAIST-IS-DD0661007, March 9, 2009.
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time estimation of actual characteristics of the remote environment, and real time
construction for a remote environment model. Therefore, the adaptive environ-
ment observer estimates the model of the remote environment. Because of these,
the system can give the presence of the environment precisely, and compensate
for the effects of information transmission delay at the point of operability. Fo-
cusing on improvement of operability and tracking states, the system is equipped
with position/force hybrid control. Because of that hybrid control and estimated
environment model, transparency of forces of the system is also improved.

The author proposes two types of adaptive environment observers, and com-
pares the performance. The first one is designed by simple Lyapunov function,
and the observer can be designed to estimate their gains simply. The framework
of the time scale transformation is used to design the second one, and the ob-
server can estimate their estimation parameters with no oscillations. Comparing
the two methods, the second one performs more precise position tracking than
the first, and the second method has superior environment presence.

However, the system requires some assumptions to achieve control objectives
as follows: it works only in a compliant remote environment and does not cause
network disturbances on the communication of each manipulator, and for simpli-
fication of the discussions, the authors only designed the system and confirmed
its experimental results for 1-dof motion of the manipulators.

The proposed system exhibits good operability and tracking when the slave
system presses a compliant wall under the condition of information transmis-
sion delay. We confirm the effectiveness and safety of the proposed system by

experiments using two robot manipulators and force-moment sensors.

Keywords:

bilateral controll] information transmission delay[d hybrid control, adaptive envi-

ronment observer
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3.4 JO00o0ooooon
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O0bOO00o0oDoD f,=0000000000000000. OO0O,00000
Jdogdooooooobbbbbooooooooooooboobbbbo.ooo
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googoooad.
f=0000,0000 (1700 (23)0000000.
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HEN x'mI:]DD,F_l(xm—éo)DDDDDDDDDDDDDD,DDDDDDD
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3.4.2 0000 O0OOOoOooobDOO

0000000000000000000000000000000.00,0
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e=z4q—T,000.0000,000000 (BHOOOO.
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000000 (51)000000000000000,e—0000.000,0
000 (24)000.

00 (25)00000000000. 00 (25)00000000004°100
0000000000,0000 £,0000 £00000.0000000 (25)
000000000000000000000 (13 000,0000 (2500
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0000000000000000000000000000 (27),(28)00
oooo.
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DDDk@@ﬁimSODD—@”ﬁ—@ﬁ>ODDDDDDDDDDDDDD
O00. 0000000000 (28)0000 2,=000000000 FilippovO
0D00,000000000000000000000000O000. 000,0
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ooooboooob. f,=00000000000D0060DOO.

Slave 571 4 Master
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3.5 Joooon
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e Constrained motion: 1000000000000 0000, 000000
0000000000000 0ooooO,0ooboooooooo.
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goog.gbbugboboodgbobs, buoggboooobbuoonoybogn
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02 0000000000000: Iy, ls, I
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3.5.5 Free MotionO OO OO
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Oobod,e0dgoboboOn e:fe—feDDDDDD. ki,ke >000000
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t—oo0O000,4'—=~t000O0O.

00
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)o=1000
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)4 1<~y 00 ez, <0000
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471 <~ 00 ei, <0,000000 (37)00 (38)0000.
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00 1)-3)000,00000000000oooooooooo V<000
ooO.obg,vooboooooobooboooo.
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5.3.2 00 0O0O0OOOO00O0O0OQO Constrained motionO OO O0O

gogbbbooobbboooboobboooboboboooobbo.ogon
Doobobgboobobobooboboboooobobobooobob
gbobbobbbouoooooobbbb,bbbbbooduood. oooob
gbobbdag33-38000,00bbobuooobboag,bbobuoogob
00000000 16-18000. 000000000000 6mm|00000,
gobboobboodooooo. gb,gobbbobbboddoooooon
goobboooooobobo,ggoobobbooooobobobboooon
gboo,o0dboooo. d

00,00000000020-60(secj00000000OOO0O.

23



016 U000oo00obob BOoOoobOoboboboboooooooboboo
gooo

0000 [m] | 0000 [m?
000000000 B | 5885 x107% | 8.398 x10~°
000000000 A | 1.523 x1072 | 1.030 x10~*

017 d000o0o0bdob BOoOoobOobOobobobooooooobooboon
goo

0000 N |0oo0 [N
000000000 B | -3.383 x1072 54.95
000000000 A |-2.720 x1072 48.04

018 000000000 BOODODOODOODOODOOOOOOOA Y, 32,0000
goo

0000 [sec] | D000 [sec]
01000000 z¢| 13.06 - 13.43 0.37
ooog 4t 13.06 - 13.46 0.40

o4



T
Position of master
—— Position of slave
— — Estimation of x0

0.6 [~

Positions[m]

01 i i i i i i
(o] 10 20 30 40 50 60 70

Time [Sec]

033 000000000 BOOODOOOLOODODOO0DOO @y, xs, 20000
00

60 T T
Force of master
Force of slave

50 [t ch Sl e

30

Forces[N]

1 1 1 1
-10
20 25 30 35 40 45 50 55 60

Time [Sec]

034 000000000 BOOODOOODOOODOOOO —f, fO000
00

95



35

25 -

n
o
T

=
[

Estimation of X0 [N]

[
o

Time [Sec]

03 0bobouogoooo BDDDDDDDDDDDDDDDﬂDDDDD

3500

3000

2500

8
8

Stiffness [N/m]
=
a
38

1000

500

20 30 40 50 60 70 80
Time [Sec]

03 000000000 BOOODOODOOOODOOOOOA'O0OO0OO

o6



Estimation of stiffness [N/m]
T

13 13.05 13.1 13.15 13.2 13.25 133 13.35 13.4 13.45 135
Time [Sec]

037 000000000 BOUODOODOODODOODOOOOOOA'00000O
go

Estimation of x0 [m]
o N IS I [
o ._\ N IS o © N
T T T T T T

o
<)
T

13 13.1 13.2 13.3 134 135
Time [Sec]

03 0oboooobobooBOoobobooobobooobooooz, 000000

o7



54 JUOUOOOOLOOOOOOOO

ggbbboooobbbuooobbobuoooboobob.oooobboooon
gbobogoobobogobobogobobo g, 40000 gubbuggn
goobooooobobooooboobog.

o8



0.7 T

T
—— Position of master
Position of slave

Positions[m]

I I I I I I
(o] 10 20 30 40 50 60 70 80
Time [Sec]

03 000000000 BOOOOODOOO00DO00000000000 z,,
2, 00000

100

T
Force of master
Force of slave

80 [ s B

60 [~ : | , B

20 AN

o

Forces [N]

-20 -

-80 1 1 1 1 1 1 1
(0] 10 20 30 40 50 60 70 80

Time [Sec]

040 000000000 BOOOOOOOOOOOOO000O0O00000 —f,
£,00000

29



5.5 JUUooooooooon

ggbobobooooobobobooooobobooooobobboood,
gbobobogoobbooogboobog. gobbbuooooboboooon
gooboo,dgoobbbbdoooobobboooooboobbuoooon
gobbbobobobobooooooooobbbbboo. oooodoo,00on
gbobobbuooogobbobooooobbb,ugoooobobobbuooon
gobboooboboodgd. oo, ooooobobbbobbbodoooooon
gboboboodgobbbooogboboogobobobooog.

gogoboobobo,ggobbobbdooobobbooooobooboboood
gbboboooobobbbooooobboboo,ogbobbbooooob. ob,
gbobbbouoogbobobobooooobobbbooooobbbboo,oon
gbooboodbbogbboobboobobooobboobboobboonon
goboobbooogoobbbobboudg. goboobboogo3uunn
gbooboooobob,ogobbbuoooobbobooaan.

gbobob,boooooooooooooooboobobobobgnD,bo
gbooboodgbbugboboogbbda. obboogb,o0,ug0bobogb
gboboobbooogboooboboog,bgobbuoooboobooo.bb,on
gobobobouoooooboboog,gbbobbuooooobobobbuoogn
gooboooobobboooooboo.

60



g

6. UL

gbboooboodbboobbuoooboboobboobbobbood
googooogdg, bbb, oo, ooooooobbo
gbooobbbobooddooooodo,1igougoooooooooobn
gobboobbougogooobobo. bo,bbbbboddooooonbn
gobobbooooob,bbodggoobobbbooooobobbuoooon
ooOd. oboobbgoobboooboobbooboooboo,0boon
gbbooooobboogobbobooan.
go0oo0o0obooOoboo0oobo0 sz, #400000000DOODDOODOO,
bb0z,=0000000000000000,00000000000000
gboogobood. gbbodgbboobboobboobboobboonon.
g, jgoooooooooobbobobbbbbbbbbbobooonogy
Constrained motion 0 O 000000000000, 000000000000
gobbooobobboouoooooooob,obbbobbboood. oooon
000000000 15-60mm|0000000O00O0OOOOOOODOOO, O
gobbuogoobbboooobobuoooobobuooobobo. oo
obO,0b000b000b000b0b000b0o0bo0booboboobboobon
gobbooO. bobbbo,bbbtbdoooooobbbbbbdooooogoon
gbbobuoodoobbod. ggbbobuooobbbuooobbbooogon
gobobooo. oboo,bbodudgoooooobobboodoooooon
goboobobobood. g, ggoooogoboboobbbobdooooooobooon
goobobooooobob,dggoobobbooooobbobboooon
gboobO.ouoodbobbooodgbbbuoooobboboooobbod.
gogdggoobbbobobob,1oobbbbbbbbuoooooooooon
gboboboobuooodgo,bbbodooobobobbuooooobobbuooon
gb. 0bood,ggggoboboobbdoogooobobooboogoo. ob,

61



gbobobbuooogobobobooooobbobboog,gbboboooaon
gboboboooobbooogbob.oooobbbuoooboboboooon
goboobobo,bbddgogggoboobbooggoo. goooo
gooboboooooboboooooobobobb,oooobobbboooon
gobbobbbouogooooobbbbboodoooooo. oo,00on
gbobobbuooogoboboog,gbbbbuooooobbobbuogoon
gbooO.bodgdobobooogbobobuoooobbbuooobobobooogn
go,gobobbobobbotbddd. gogooobboobbbodouooon
gbooodbboobboobbooobbooobboobboobboonon
g.ggbbbouoobbboooob.

62



Ooon

1]

T. B. Sheridan: Space Teleoperation Through Time Delay: Review and
Prognosis, IEEE Trans. on Robotics and Automation, Vol. 9, No. 5, pp.
592-606, 1993

R. J. Anderson and M. W. Spong: Bilateral Control of Teleoperators with
Time Delay, IEEE Trans. on Automatic Control, Vol. 39, No. 5, pp. 494-501,
1989

G. Niemeyer and J. J. E. Slotine: Designing Force Reflecting Teleoperators
with Large Time Delays to Appear as Virtual Tools, Proc. IEEE Interna-
tional Conference on Robotics and Automation (ICRA’97), pp. 2212-2218,
1997

G. M. H. Leung, B. A. Francis, and J. Apkarian: Bilateral Controller for
Teleoperators with Time Delay via p-Synthesis, IEEE Trans. on Robotics
and Automation, Vol. 11, No. 1, pp. 105-116, 1995

00 00,00 00,0000:0000000000000000000
000000,000000000, Vol. 18, No. 5, pp. 713 - 720, 2000

R. Oboe and P. Fiorini: A Design and Control Environment for Internet-

Based Telerobotics, Int. J. Robotics Res, Vol. 17, No. 4, pp. 433-449, 1998

Y. Tsumaki, Y. Hoshi, H. Naruse, and M. Uchiyama: Virtual Reality
Based Teleoperation which Tolerates Geometrical Modeling Errors, Proc.
IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS’96), pp. 1023-1030, 1996

T. Kotoku: A Predictive Display with Force Feedback and its Appli-
cation to Remote Manipulation System with Transmission Time Delay,
Proc. IEEE/RSJ International Conference on Intelligent Robots and Sys-
tems (IROS’92), pp. 239-246, 1992

63



[9]

[10]

[11]

[12]

[13]

[14]

[15]

Y. Kakizoe, H. Nakamura, and H. Nishitani: Hybrid Control of Remote
Controlled Bilateral Manipulation System, SICE-ICASE International Joint
Conference 2006, pp. 5345 - 5349, 2006

Y. Kakizoe, H. Nakamura, H. Nishitani: Remote Hybrid Controller with
Adaptive Environment Observer, SICE Journal of Control, Measurement,
and System Integration (SICE JCMSI), Vol.1 No.6, pp. 443-451. 2008.

00 00,00 00: 000000000000000000000 -0
00000000 -,00000000000, Vol. 22, No. 10, pp. 1030 -
1036, 1986

[. Polushin, X. Liu, and C. H. Lung: A Force Reflection Algorithm for
Improved Transparency in Bilateral Teleoperation with Communication
Delay, Proc. IEEFE International Conference on Robotics and Automation

(ICRA’06), pp. 2914-2920, 2006

J. Roy and L. Whitcomb: Adaptive Control of Position/Velocity Controlled
Robots: Theory and Experiment, IEEE Trans. on Robotics and Automation,
Vol. 18, No. 2, pp. 121 - 137, 2002

H. K. Khalil: Nonlinear Systems Third Edition, Prentice Hall, 2002

A. F. Filippov: Differential Equations with Discontinuous Righthand Sides,
Kluwer, 1988

64



HEN

gbboogobogbobg,bodboodbboobbooboo,guboon
gboobobgobooboboobobooboboobobooboobon
O odobbooobbboooooboo.

oo, gogooobbbobbbboboddoooo 0o oooooo
gooood.

gogobobo,ggbobboogoobbboooobbboo bbb oo o
oboboob 0b obooboobooobo.

65



Ooon

oooon

[1] Y. Kakizoe, H. Nakamura, and H. Nishitani: Remote Hybrid Controller with
Adaptive Environment Observer, SICE Journal of Control, Measurement,

and System Integration (SICE JCMSI), Vol. 1 No. 6, pp. 443-451. 2008.

oooon

[1] Y. Kakizoe, H. Nakamura, and H. Nishitani: Hybrid Control of Remote Con-
trolled Bilateral Manipulation System, SICE-ICASE International Joint
Conference 2006, pp. 5345-5649, 2006

[2] Y. Kakizoe, H. Nakamura, and H. Nishitani: Remote Bilateral Control of
Master-slave Manipulators with an Environment Observer, SICE Annual

Conference 2007, pp. 95-99, 2007

[3] Y. Kakizoe, H. Nakamura, and H. Nisitani: Remote Hybrid Controller with
Adaptive Environment Observer, 2008 IEEE International Conference on
Robotics and Biomimetics (ROBIO 2008), pp. 1503-1508, 20009.

[4] Y. Kakizoe, H. Nakamura, and H. Nishitani: Stable Hybrid Remote Ma-
nipulation System with Adaptive Environment Observer using Time-Scale
Transformation, The 48th IEEE Conference on Decision and Control (CDC
2009), 2009, O O O.

oooon

[1)0000,0000,0000,000:00000000000000000
000000000000,001600000000000000000
0000, ppl65-168, 2005.

66



20000, 0000,0000: 000000000000 OODOOODOOO
gbooboooooboboo,glbobbouooobobooodgn, pp.
393-398, 2005.

30000,0000,000,0000:0000000000000000
000000000000000000,050000000000000,
pp231-234, 2005.

40000,0000,0000,0000:00000000000000O
OO0D00DbO0obO,02400000000000000, 2021, 2006.

5)/0000,0000,0000:00000000000000000000
0000O0000,013000000000000,2008. 003000
000000000000, pp. 19-26, 2008

60000, 0000,0000: OO0O00D0ODODDOOOOOOOOOOOO
gogddddogogog,gobbbbboooooooooad, 2009,
TB4-3.

67



