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Abstract

Ensuring the stability of teleoperation systems is a challenging problem in the field of
robotics, since such systems are in contact with human operators and environments.
Passivity, i.e. a system does not output extra energy than that is input, is an effective
property for such teleoperation systems. If a controller is designed to be passive under
the condition that the operator and environment are passive, the passivity of the whole
system or the system stability is guaranteed. In this thesis, control methods of several
teleoperation systems are designed based on passivity.

First, controller of variable-scaled teleoperation system is designed. Variable-scaled
teleoperation allows the operator to adjust the velocity scale and force scale between
the master arm and the slave arm. The control method is based on scattering trans-
formation, which deals with the passivity condition as a H., control problem. Gain-
scheduled H., control is introduced to guarantee the robust stability against the
change of scaling parameters. A systematic way to adjust the weights on control
objectives is proposed to obtain a controller with good performance.

Usability tests on variable-scaled teleoperation are conducted in order to confirm
if it is still effective even with extra burden on the operator to adjust scaling during
the task.

Next, a method to compensate for the position drift in wave-variables-based bilat-
eral control is proposed. Wave-variables guarantee stability against arbitrary length
of communication time delay if it is constant. If the time delay is not constant, how-
ever, the system may be unstable or position drift occurs due to the distortion of
the waveform. A conventional position drift compensation using wave-integral-error
feedback is reformulated so that the compensation terms include the absolute position
error. By using the proposed method, not only the position drift due to the time-
varying delay but also that due to the numerical integration error are compensated.
Experimental results show the effectiveness of the proposed method.

Finally, multilateral teleoperation system, which allows the transmission of position
and force information among three or more manipulators, is designed. A multilateral
control method is proposed based on wave-variables. A wave node, which connects
multiple wave-transmission-lines, is introduced so that the operators can manipulate
the remote object as if the operators are touching the environment using a branched
soft rod. A method to set the priority of each master is also proposed. It simply

inserts a virtual nonlinear spring to limit the input force from the operators. The



best form of nonlinear spring is determined experimentally.
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Fig. 2.1 1DOF master-slave system model

22 0D0OOO0OOO0ODOO
221 0DDOOOOOO

Figure 2.1 0 0000000000000 ¢, 00000000 e0O00OD0DODDO
ggooobboooouoobboooouoobbboooooobbbooooobo
gobobooooobuoooobobuoooobobooouobobboooobboooooboo
OO0O0000C000O0O000DODO00DDOe¢0 eODOOODOOOUODODOOODDOO

Em(t) = ¢(t)2s(t)
fm(t) = 5(t)fs(t)

000000000, 000 2,000000000000000000000000
fmO0000000000000000000f000000000000000000
000000000000 (21)000000000 2,(t) =¢t)z(t) 0000000
0000000000000000000 ¢00000000000000000000
0000000000000000000000000000000000000000
0 (21)0000000

(2.1)

222 00O00OO0O0OOO

0000000 [18][61]00000000001 000000000000 0O00O0

OO0D00O000O0bD0b0O0o0bO0D0bOFg 2100000000000 D00ODOO
gobobdoodoobobuoooobbuoooobbbooobbbooobLbbooobo
gobobooodgooooa



22 0D0O0O0O0O0O0O0O

21

Jin = Jop fo + oo
Z op Zenv
+ —
fOP + J f;nv + J

Um Vs

+ f m 7fg

+

Um  + Y Zw_ql Us + Z‘:?_l

Fig. 2.2 Block diagram of coupled master/operator and coupled slave/environment

U (t) + frn(t) = M@0, () + B ()

us(t) — fo(t) = Myis(t) + Byiy(t) (2.2)

000 Oum,u, 00000000000000000000000O000M,,, Ms, B, Bs
0D000000000000000000000000000000000000000
000000000000 0000000000000000000000000000
000000000000 000000000000000000000000000

Fop(s) = Fin(s) = Zop(s)Vim(s)

Fenfu(3> + FS(S) = Zen'u(3>‘/s(8) (23)

0oooo0Z,000 Z,, 000000000000000000000F,, 00000
0000000000000000000000F,,, 000000000000000
000000F,, Fs, V,,, V, 00000 fm, fs, im, 2, 0000000000000
00 fop, fene 00 00000000000000000000 f,,000000000
000000000000 0000000000000000000000000000
0000000000000 00000000000000000000000 £,00
0-f,0000000000000000000000000000000000 f,p,
fo 000000000000 DODO0OCOOO Fig. 220000000 Zum, Zs
0000000000000000000000000000000

Zm(8) = Mps+ B, ,  Zs(s) = Mgs+ B, (2.4)

oo0oooobo00u, =2, ,vs=2, 0000

223 000OO0O0ODDOOOODOODODOO

gogobobooooboboooobboooobbboooobbboooobbooon
gooboboooobbtbooobobboooobbboooobboooubbbooon
gogoboboooobobbooobobbooobobobooooboboooobbooon



22

020 00000000000000000000000000000000

OO0bO0o00O0b00OH ,O0O00O0O0DOO0OOO0ooOoboobooobooboboooobooo
00 [63]00000000Fig. 230000000000000000000000O0OO
0 a,,e 000000000000 0000O00CO by,,bs 00

am Z{(fop—fm) +am} /2, s Z{(fenot fs)+is}/2 (2.5)
bmé{(fop_fm)_im}/2 ) Sé{<fem;_fs)+x.s}/2 (2'6)
ood0ooooooooooon
Am, |1 1 b | bm
PR R ] e e e

{fs ; f] - E ﬂ [z] =T, m (2.8)

0000000000000 Fig. 23000000000000000000OFig. 2.30
Sop,Seny 10000000000 Dby, = Sepam, bs = Senva, 000000000000
goboboogoooboooon

Z. —1
Sop = =L~ 2.9
P Zop + 1 ( )

Zorw — 1
Sepp = —2 2.10
Zenv + 1 ( )

000000000000 (25)0(26)000000000000O00ODOOODOOOOO
0000000000000000 Zyp, Zen, 00000000000 OO0OO 2A00

el = Il = | T a2 ()t - / TR (e
- / T Font) = P ()t

>0

(2.11)

000000|bnll2/llaml|s < 10000L, 0000 H,O0OOOOOOODOOOO

1Soplloc = SUPyq,, 1,20 1e2l2 00DDOOOOOOO

llamll2

[Sopllec <1 (2.12)

000000000000 000000 ||Semllee 1000000000000 0OODO
000000000000 SO00U000o0oooooooo (670

b, Am, S, 0 a

|:b8:| |:a'8:| |:O Senv aS ( )
0000000000000 00oDoD0o0ooo00oob00oO0oD0 Ssoooooooooos
0 H.,OOOO 10000000000 00000000000000000000a

000000000 SO |[Sepllee <1, [[Semv]le <1 000000000000000
00000000



22 0D0O0O0O0O0O0O0O

am bm as bs
Sop Se'n/U
T
fop _|_+
Um + Jm Z_1 i'm\ is .
+ m

Fig. 2.3 Operator and environment after scattering transformation
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(a) System achieving Ideal responses

(b) System with intervening spring

Fig. 2.4 Ideal and spring-anchored teleoperation systems
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Structured Uncertainty
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Fig. 2.6 Closed loop system with a structured uncertainty
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Fig. 2.9 Simulation result using naive controller interpolating four constant-

scale controllers
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Table 2.1 Parameters in simulation

Parameter Value Parameter Value
M,, 1.0 (kg) M 0.1 (kg)
By, 1.0 (Ns/m) By 0.05 (Ns/m)
Mop 1 (kg) Meny 0.1 (kg)
bop 0.4 (Ns/m) benw 3 (Ns/m)
Eop 1 (N/m) kenw 50 (N/m)

O000000K,0000000000000500000000000

- max min 2 - max min 2
Kp(¢7e,n)={K¢¢ Ef _:f). 24 g2 et fom)] }Kn (2.50)
K, =10"10%2 (n=1...50) (2.51)
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Table 2.2 Parameters of master arm and slave arm

Parameter Value Parameter Value
M,, 5.83  (kg) M, 0.019 (kg)
B,, 13.3  (Ns/m) By 1.158 (Ns/m)
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Fig. 3.3 An overview of the master console
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Table 3.1 Success rate (%)

Subject No | Mode LF  Mode HF  Mode V
1 75 75 75
2 75 100 100
3 75 100 75
4 50 75 75
5 100 50 75
6 50 75 50
Average 70.8 79.2 75.0
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Table 3.2 Success rate (%)

Subject No | Mode LF  Mode HF  Mode V
1 50 83 67
2 0 67 100
3 50 67 100
4 50 100 67
5 67 83 67
6 0 83 67
7 33 83 83
8 17 83 67
9 67 67 67
Average 37.0 79.6 75.9
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Fig. 3.12 Task completion time

Table 3.3 Questionnaire data 1
Scale mode LF 1st LF 2nd | HF 1st HF 2nd | V 1st V 2nd
Penetration subtask 4.2 4.4 2.4 2.8 4.0 4.0
Contact subtask 4.2 3.2 3.6 3.4 3.8 3.2
Identification subtask 2.7 1.6 3.8 3.0 3.4 2.6

Average numbers of answers of the five subjects who participated in both first and

second experiments are shown. A higher number indicates that the tasks were easier.
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Table 3.4 Questionnaire data 2

Question Old device New device
Is the scale adjustment device easy to use? 2.4 3.8
Is the velocity-scale displaying intuitive? 3.4 3.6
Is the force-scale displaying intuitive? 2.0 3.8

A higher number means positive answer, and a lower number means negative one.



66

030 0000000000000000000000000

33 0O0OO

gooboooobbbooobbboooobbboooobbboooobbbooon
goooooooboboooooboobodoooboboboooooobobbbooooooo
gooooobbbioooooooobbiboooooboboooobobboooooo
googuoobbobooooobbobobbodooobbooooobbboboooobo
gobobooodooobuoooobbuoooooboboooobbboooobLbboooono
gobbooooobuoooobobuoooobboooobbboooobbooogoboo
ggoooooobobobbbbbboobooboddldddooooooood
gogooobbodooobbboooouoobbboooooouobbbboooooobo
gobobooooobuoooobobuooooboboooobbboooobbbooogooboo
0ooobooooboboooobboooooboooobobooooboboooooo
gobboodoobobuoooobbuoooobbboooobbbooobLbbooobo
goooooaon

goboboooobbbooobbboooobbbooooboboooobboood
goboboodoobobuoooobbuoooobobbooobbbooobbbooobo
goboboodooobuoooobobooooboboooobbbooobLbboooono
gobobogoobobboooobbbooooboboboooooboooobobooon

gdoboboooobbboooobbtbooobobboooobbboooobbobooon
gobboodooobuoooobobuoooobobboooobbboooobLbboooono
gobobooooobuoooobobuoooobobooouobobboooobboooooboo
0ooobooooboboooobboooooboooobobooooboboooooo
gobboodoobobuoooobbuoooobbboooobbbooobLbbooobo
gogoobbboooobobbooooouoobbooooobboooooobooboo
goboboogobobuooobbooooboooboood



67

3JA 00000000 0000o0ooooon

OO0 3A 0D0D0000000oooooooooo

3.230000000000D000000000O00O0DOAO Fig. 3.130Fig. 3.140Fig. 3.15

ggoo

TR YEIHUGCEHE WO X (<)

GeuEy SewH

S 14 €

z L
SN DHWE T D ZLIEAD RMWD— (A (L)

RSE ] e

S 14 € 4 I
S UYL HMTIOZ LD ¢ TR HHEZ — (2K ()

shezw BTVt 1
S 14 € c I
SN 2RI ¢ LI % — (AT E (L)
QNG —4 L BE O (T =0 1
EAE ) 2.3 [e] ETINE
S 14 € 4 l
e —

DG HEOEE e —

L7

=LA LOINCEgEDRE - L ALH—TO 1SA

Fig. 3.13 Questionnaire sheet (Page 1)



030 0000000000000000000000000

68

ARG YREI FVRCEE PO (T)
PASEn 1] PNk 1
S ¥ € z 3
SN AR T T O L E RBO— [ AN (4)
EIE ) PASNgk 1
S ¥ € z L
SN HMEI O Z LD ¢ TR TEZ — (a1 (V)
PE ) SGewnH
S ¥ € z L
S UYL HMTIH LI Z— ( AL HE (L)

DG — L L Fu

TR DY EI PRI WX ()

PR ) SGewnH
S 14 € 4 3
W HIE R T Z LT RO — (a1 (4)

ey Sewn
S 14 € 4 3
NN 2O S LTEEN ¢ T AL VT — ( A ()

e mEn ey
S 14 € 4 3

SN QBRI C LT % — ( A% (L)
Qe — 4L AE O ( 01=9

K4

Fig. 3.14 Questionnaire sheet (Page 2)

TUNENRICIW QU

TR DYEI PR I NTVELNER SRR YT 0T LL A

0w

(BT srex
S 14 € z 3

S UEQL N LY WU 9T (HE) £ VL2 (EE) 1A )4
(2O HURNG NGEEEI) ()
R GewnRa
S 14 € 4 3
SN E R LB E A — L2 QL (4)

%22 egnga
S 14 € 4 3
ENELE RO BN BA— 4 OFTL (J)

EUNE VD ZINE
S 14 € C 3

S YEDNLS TR S LR T — L7 (L)
QNGB O — 42

Fig. 3.15 Questionnaire sheet (Page 3)



1 4 [

Jooboboboboboboodddd
Joooboobooon

4.1 0OODOO

gogobobooooboboooobboooobbboooobbboooobbooon
gooboboooobbtbooobobboooobbboooobboooubbbooon
0000000000000000000000 Anderson O Spong[l] 0000000
0000000000000000000000000000Niemeyer O Slotine[41] O
goobboooobbtboooobbbooobobbdoooboboooubbboooo
ggoboboooobooooo

ggoboboooooboooobbooooboboooobbboooobbooon
gooboboooobobbooooobboooobboooooboooobobooon
0000000000000 DO0ODKosuge D OO OOOOOODOODOODODODODO
0000000000 [32[000000000000000000000O000O00O0
0000000000 0000 Niemeyer O Slotine0 000000000000 0O0OO
0000000000000 0000 43|J0000Lozano0000000O0OOOOO
0000000000000000000000000 [37/000000 Berestesky O
0000000000000000 [50000Yokokohji0ODOODODODOODDOOO
gobobboodoogobobbobooooobobbbooooobbOooooOoobboo
0000000000000 000000O00DO0O0UOO0ODOoOOoOoUoOn
ggobobooooboboooobobbooooboboboooooboooobobooon
gogobboooobbboooobbbooobobbooonooboooobbooon
goobboooobbtbooobbtbooobbbuoobobbuoooobo

gboobooooboboooobobobooboboboooobobOooDo

69



70

040 0O00000000O000O0000O00O00O0O00000000

OD0D000O0O0OONiemeyer 0000000000 DODOOOODODOOOODODDOO
0000000000 [42[0000Chopra 000000000 DOOO0OOOODOO
0000000000000000 [10j0000000000o00D0oUOUoOOoOOO
0000 9000000000 0oo0o0o0ooo0o0no BsjOo0oooooooo
00000000000000000000000000 [42)900000000000
000000000 [10]hs|0 00000000000 0UDO0O0O0DO0ODOUDOOOOO
gobboodoobobuoooobbuoooobbboooobbbooobLbbooobo
goboboooooobooooobooon

gogooooboboobbbbobbbobobboobbbbbboboooooooaad
googuoobbodoooobbboooodbobb oo bbboooooob o
Hannaford 0 [22] 00 000000000000000O0O0O0DOOOOOOOOOOO
00000000000000000000000000 9000000000 o0OO
goboboooobobuoooobbuoooobbboooobbbooobbbooooboo
gogouobbboobooooouooobbooooobbbooooobbbooooobo
gobobooooobuoooobobuoooobobooouobobboooobboooooboo
0ooobooooboboooobboooooboooobobooooboboooooo
000000000000 0000000 4jojo0oo0oo0o0ooooooooo
00000000000000000000000000000000000000 [66]
gobbooooobuoooobobuoooobboooobbboooobbooogoboo
goboboodoobobuoooobbuoooobobbooobbbooobbbooobo
gobboooobobbooooboboooobobobooooboboooooo

gobobooooboobboooobboooobobobooooboboooobbooog
gobobdooobobuoooobbuoooobobboooobobbooobbboooooboo
gogoooboobobobbobobobboboboboboobooodddododooooooood
gobobooooobuoooobobuoooobobooouobobboooobboooooboo
gobbogooobuoooobboooobbboooobbbooobbboooobo
goboboodoobobobuoooobbuoooobbbooobbbooobbbooobo
goood



42 00000000000000O0

71

Master Side Slave Side
fm + 1 Um x 1
Us ,Tl sd_ o~ Ts
| +[V2b L1 1 5] ,T T
| fm = KnTm + Bmi'm .fs — _Ksis — Bsa;:s
o s S —y
T ~ Tmd IL, + \/Tb &, fs

Wave Variable Communication Wave Variable
Transformation Delay Transformation

Fig. 4.1 Symmetric-type wave-variable-based teleoperator.

42 0O0O00O0OO0OO0OO0OO0OO0OOOOOO

gogobbuoooobobtooouobbuoooobbboooobbbooobbboooo
ggoboboooooobooboooan

_ bz (t) + fn(t)

U, (t) = NGT (4.1)
o bms(t) - fs(t)
v,(t) = 75 (4.2)

000 &,(t)0 &,(t) 00000000000000000000 f,(¢) 0000000
000000000000000f()0000000000000000000000
b0000000000D00D00D00000000000ONNONDNDNDNDDN00000O
0000

_ bas () + £5()

ug(t) = o = Uy, (t —T1) (4.3)
b)) = ful)
v (t) = NGT: = vs(t — T3) (4.4)

ooonobooboooobobooooobob,0b0ooob0oboboboooo 410
goo00o0ooO0obo0ooO0obO0d0oOo0oU0ooOU0DOoobOO0ooOOobDOoOo pPDOODOOODODO
ggoboboooobobboooobobboooobobobuooooboboooobbooon
ooooooooopbOobCOOCO0OObODODODbDODOOOOOOOODOODODOD
000000000000 DO0DO0bO0oOoPDODODOOODOODODOODODOODODO
o0oo00ooO0obOO0bOOo0oboOoboobD 4200000000000 0DOOOOOODOOn
ggooood



72

040 0O00000000O000O0000O00O00O0O00000000

K, Tnd

Fig. 4.2 Physical interpretation of symmetric-type wave-variable-based teleoperator.

Time-Varying Delay

Um Us
> R —
, T]_ (t) \\
/ \
/ \
/ \
/ \
/ \
/ \
u // u \\
y A R
U, Us
time time
Transmitting Side Receiving Side
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(a) Overview of the system
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Fig. 4.5 Master-slave system for experiment
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Fig. 4.9 Experiment result with the wave-integral-error feedback and initial offset.
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Table 5.1 Controller parameters for masters

Variable Value | Variable Value
b 100 K 1.0
K, 300 | K; 10
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Table 5.3 Confidence and correctness patterns

Operator 1 Operator 2
Pattern | Conf. Corr. | Conf. Corr.

1 ++ v |+t Y
2 ++ v + v
3 ++ -
4 ++ v -
5 ++ v |+t
6 + |+
7 - ++

++ : Certain (Displayed in master console in black),

+ : Uncertain (Displayed in master console in blue),

- : Unknown (Hidden), v': Correct

Table 5.4 Control parameters

Name Variable Value

Master P gain K,
Master D gain Kq
Master 2nd gain Ko
Slave P gain K,
Slave D gain Ky
Force threshold  fy,

500 N/m
2 Ns/m
20N/m
100 N/m
10 Ns/m
1N
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Table 5.5 Success rate of the task (%)

Pattern | PD control Input satulation Two-step gain
1 100.0 95.8 97.9
2 100.0 100.0 100.0
3 93.8 97.9 97.9
4 95.8 100.0 97.9
5 64.5 89.5 87.5
6 95.8 97.9 100
7 79.1 41.7 72.9
Avg. 89.9 89.0 93.5
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