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" Unilateral

'* Bilateral

"°Stability

¥ Task Performance
v Constant delay

" Time Varying delay
'* Random delay
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" Endoscopy
" Angiography
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# Radial Basis Function Neural Network (RBFNN)

Yo



\ig



5} ]‘/‘J» : Yf



dordio V-Y

Sl Sl 5] ey 5| IS 59 ol 5] 55 s 5 S S b s

Laogi ouilep 0l 51 ol Coaabyn 45 i liae agomn 5 (bl JUS cylesp 5 ol 3
o el il i o 5 A 35 e 03 e 5l oo 4 ol ) JUS
Sbsy 595 (S Jad jo (rizman 090 s0 eSais 0aileyd Gk ) Slul gl ] 4 00
Cedlad 5 gl el jolie 4 Jad (nl o b plo plaptees i sl g3t JS
(Sloy b 750 j9am 3 48)bgs ye 0, S 7 G Sl (Seolind Joo S &l 51 e

20,5 (o0 (b eaniSogazme Beibld b b pliiay plSs p (S (el (558 005 515 S

A2 oo ol |, 60‘}T 4,0 90 b ad bogs ja0 ol 51 S5 o s SO (Sl Jaw (V-Y) USSS

Tm
—
Y sy
25 | m | > Juts % o
gt () [ | ) || O [ | |
——
Ts

,_séb“‘- da)égél.gd.é)bgé)gé o|))’| JPW)L«}L»\-YJ&

25 D350 & s (i 4y bgypo piilejd g oaile B glacl, THLSY - Ll o8 > ¥l

0700 o o

 Euler—Lagrange
YA



Mm (Qm)(?m + Cm(CIm» C.Im)c.Im + Gm(Qm) + Fm‘?m + fcm(Qm) + Tam (\ _Y')
=Tn + Fh

M (qS)EjS + Cs(Qs: 4s)qs + Gs(Qs) + Fsqs + fcs(qs) + Ty =1, F, (V_V)

Ran Rn><1

! ol Mi(qi) € e logil QLS g Cepe wusBge She S @
59teS lop Gi(q) € RVNGS e 5l 5 9 edsn)sS o msle Ci(Qi, @) € RV Mep >
)l plizel Tgs € R iadsS SISl fi (1) € R 58y SWSasl o po Fy o il §
by 4 Gl 5 Lag Jloel g5 Fy € RPNyl 10 g IS Jims T € R s gome
oo Lii N g okiwn yiled by a4 Slles Lo lawg Jles! (69,0 F, € R 4 00ilo 3
S50 olil ax 0 90 b 1) i [0F]alie a5 ol ol (5950 sol3] a0 b S olaws

S s

1gdso Chpii ) JSB 4 e slo )l (Seelis Ll

_ [Mi11 Miqz y.v
Mi(a:) = [Mi21 Mizz] (™)

_ [lizzmiz + 174 (myy + myp) + 2l lymipcos(qiz)  Upmip + Linlizmizcos(q;2)
IZamiy + L lizmipcos(q;2) I7my,

.~ _ [Ci11 Cirz —lirlizmiz sin(qi2) Giz - —linlizmiz sin(qi2) iz (f-v)
Ci(CIir CIL) ~|c. C

i21 iz2] lirliomip sin(q;2) G 0

_ [9 Liamyz cos(qix + qi2) + Lin(myy + myz)cos(qi) O-Y)
Gi(q;) = I om. , ,
g LixMj3 COS(Qll + qu)

oxile B slacl; 595b slp S 93 2 2 Mup sy 5 S 93 p2 Jsbo ligslip YL Ll s

Y4



1390 o0 5 ) 5B 4 s Je )0 9290 SSasl

- Y = g : : .~ _ [fardia + K1 sgn(dia) (7-%)
Figi + fei(q) = Fa; + fe(q) = Fa; + fc(q) = Fiodi + 1y Sg1(d)
~_[0.3 gi1qis sint (V-¥)
Tai =10.3 g;,q;, sint
(R0 UO‘P \-Y-Y

“59':’6"&5'?) LQOT@°MJJLSG>‘)"‘)°‘\SG'°5I?&WQYQ[‘“WU"‘?}‘ 65):’
{0F]wss 0 Olo 225 )90 &
a> ghlo g o)lite Cue ame (g Sl ilep g 0sile B Glacl) ey (cwiil Gl )
0< Am(Mm (Qm))lnxn < Mm (Qm) < AM(Mm (Qm))lnxn (/\-\“)
A o.,\JLo).‘J ul.») =g (5...:)..\." wa).»LA aQ b}))..c o).)j)JbLD.oJ.AS‘AD-j JSL\} g.,u..’).: AJAM 9Am
0 < As(Ms (q9))Inxn < My (@) < As(Ms (5)) lnxcn A-1)
i yiloyd Sy iy gyl G le a4 bgiye oy polie Sl g PBlao i 4 Ag 5 A
ool Sy 535k 99 2 Sl (ol i ple bt Sl b Slew G e goaams Las |

i)l VjSde Soll 28,5 515 50 g G XY polie ples slil 4 Y

Il Ci(gu X))y N<vlx Iyl (V+-%)

L ye Mi(q:) = 2C;(Gi ) s s yilo (3052 7 0y lie ol bl v sl Sing 5 (S ¥

¥ Skew-symmetric



n"(M;(q) — 2Ci(q5,G:))n =0 (M-¥)

SOl oussS J S 2lb Y-V

fV‘S).Lé I . . . V_y_y

Sk Slr rges Sy plpie 4008 b 4 atddS ol o 658 slaptans
(S5 loptan ailboad solitnl ALl 38 Jow L Seelus lapiues oanS S
ar STl (sl S 5l eols g9 5 3l ST s st 380 Gy b olapi
S3B 655 297 b (ul b S o0 g |y (aeinli g (oS e slaonssy (651 slapiac
Bl se 38 (5 98 S

e S Sl £9,5 alali CES Glgs o0 45 aie 2B b S (e (51 slapians
S50 elgd pl s Al o 0 4T el (551 oS - 1 aelgd 5l slacgeme 43 ,] Cws w558
R g N N

S 3,5 00lihns] iy Akl 5 5L il 005 55 st & g0 |y 538 sl
Gillae s 9005 a1y J7S sl il (odm Ygome Gl ddl> oS J 25 Glgie 4 (518
S8 oolitul 050 dty ddlo oS J 55 lgie 4 (551 i a5 Gloj S (o0 IS b il )l cnl b
ans oo plil 1) J S Sldes g 48,5 olasl |; sl b slo 2y 5 lojen jobo 40 S oo

5 bl g3l gl jgige (3l weld oGl ol i Yz Jeld (65 s S
K0 £ plas 5l asl conl Ll glgil glils (65 i G sl w5l plaS e sl g5,

19950 5 oolaiul AR oy Iy aos (oS oolawl lugle e b g slus;le &9 (abS Y o |

Jolaie (pwsS Cogac wilgs g 3T (w85l jluslyue 0 ite Lol « Slawe © ozl

" Fuzzy Logic System
Y



LOV] el (636 s S5 5 ool JS5 o 3

S 4 a8 el (518 olSST - 51 elgB acgazme | JSiise (5 s S (iS5 5boylos
o9 o0 2T g

IF x,(t) is A} and ...and x,,(t) is A}, THEN y(t) is B/ (YY)

T 9 5095 Samite i 4 Y 5 X (53l Gladegaze i 4B g AT AL b, G
(7712, L)l (551 e aelgd olaws [ Silo 5 ] g .0iiwd (551 e

&l 9 ST oSl Sle 6588 i jlusil (Slaes 0 po gliul jgige ) eslinul b
1l 0 s &y alaly Bllae (G50 s (Z9)5 cmasS Cugele

j=1 7 (H?ﬂ ﬂA{(Xi(t))> (Y-Y)

y(x(®) = et Ty 1 (i)

e X(8) (538 ke Capde s Sk iy (i (D) o

il p) Ojpo & uwgS Cogae plg JS e )8

_I\ 2

_ (xi_xl) (\f-Y)
l
wi(x () =exp \
s 8,5kas 3 45 Biand prwsS Cugac @l pdats BB g ol g cute ol b o} o X a5
Okt |y Cagde wlys JSB Gab de b3 oliee @8l 50 unl (il )ly Sl 0] 5yl 3G (o3
...\.Qb‘j.o
o pl 45285 I 50 (ages Sca s Glaie 4 Gl on ) (651 s 0285 45 b lea

oS o0 Ol ) ey IS a0,

vy



l 1y’< uA,;(xi(@)) 10-1)
iy Ty ﬂA{(xi(t))

y(x(®) =

v (H?=1 UA}(xi(t))) .. (Hn 1 .UA"(xz(t)))
T Ty g (a®) S T 1y Ga0)

y(x(®) =

P =¢Ty
}—/l

(IIPEAG)) (H? 1 uAn(xi(ﬂ)) r_l
T (e (®) Ty T, ()

ETY 53 s S g0 g Wi il 103 T g (59959 o 5 omli §Tala; ol 5o
Sy abal) Gllae € sl a Sy las o adan Sl o iy y0 a5 cul y(x(D) b Joles
e oo

y(x(®)=¢&"y+¢ (\£-Y)

s (5316 S Y-r-¥
L S Conbad pae S &5 S o0 S il 50 51 sleoniS J S a5 0sd oo 258
L g B pae el ool (S 45 0,5 0575 s slo il o b jall o aolasli &l s
S e 3 Sles (A1 4S5 Wl jelaie 4 Sjge (nl )0 09 SRS Cou pitenn )3 55l
Olsse nlale 09 e ety (ke S8 gl pasioli Sliii b g lacualad pos (ul
Ol o 285 S5 el el (e b 58S s Su ) (el 58S e
Rk Oyge cnl o il ek Wb sllae 5,Shes 4y oy sl byl (5B S AT S
Syge | 631 eansS 7S sla el )l B ogd adlal s Lsbe 4 Gadad 00eld o 4y 52 S
IS Glapians 3l Cujo 59 J50S St phmms I a8 G110 5y 9)Sles 05l oplais (3]

b aslg oo S slogsilyinl 5 (oot LIS s ki pd 656 4y S ke g3l

AR}



18 3 513 50 ST (ead 1S st jo Lol sl oS 5 (el (g5 slaoanss JuS
ol S5 (el dy S ekl (55 7S Ca e 9 Dol () Fekes E9050 (nl Mg o3
Ol G Bl e 00 USG9 5SS e G s Jlas S w50
D958 ol J 5SS 5 (calns RIS s 90 4y J5US el SO0yl (50 G
9D 50 ol Aasd A & Sl (538 J 7S ggd90 4 azg L b
&6 S aslsd a5 el s il p (e hg)y ol i ekl 556 S O

S5l B b (J S Jos dx (Camdg 0 40 WS o0 adiee

-1 aelgd a8 Cunl et IS 2 (e b9, (nl e i (kal 5B ST (Y
a2 o 7 | s )35 (5516 oSS

ool (golonns 9 (JyuS WIS 95 50 (e Ghsy (nl il yuf —plios (oS 5 g, (F

Jold 1) pofitns o8 g s (B9, 98 5l o jlogysy bawgie G &)ge sauiS 1S g

fAﬁ‘s’ .:J ...s‘u_‘u_‘u

5 o> Lt JyuS 5 mebad (ol glp JS SO oty AlLdS aes sz o

&b Se SBill oS cl iS5k (b (s, Sl 5SS s, el ol (B yae (a3 s
O 1) S0d sloptanns (gl oo (oiilime (gl «Soad oS S L o] BLs,l g Bl
(Sl (pwaige wile (plooje 10 00 job 4 g el (pegee (LB plRy A WS (e
J18 sl 8550 gl slaptus § (cnac sloaSid (a8 laptuns (§p owiiges «SSL

=

P s

* Backstepping Control
Y¥



Ploussssgume Byl &b F-Y-v

Gl 29,5 Sasgaze Sy jslaie 4 aS Wl 392y (cege Yl S5 (b sl by,
a5 s 50 ot ) 52 45 01555 game bl @ 1 s oo aler 5] lon
WS oo e Cold o e digd SHO ol (ay S oosmc\gdi L;LQQLQ;)TASQLQ})@&UQ?;?
L ol o Slee Gandl 4 oo Conl (Ko Sldos > 10 09250 lacudgass | Jasw
5 Olte Cobf eaiiSagaze Sgibl) ol » (Sl J5US laSeiSS L ogh pluces 4 Sllus
9 bl slacusgase b lapiac ) iz glgil (g lub vl sl gloy b piie oLl
Mg s Sloidey
So 50 X f(X) piaw 4 a2 g b a5 cl V(X)) oo mlb SO oaiSsgame Beibld &b
Gdes 3 0991 e oo g Ay 45 (65 5bods (g o iy y3 kil so Tos Julis a5 D 5L 4>l
Caows a0 X STV (X) 2 00 ST iman il oo atwgn D asl bl plas jo o] Jol a5
V>0 V(x) b dal, &= f(x) dolee & by ye slaJ>ol, ,LS 10 g wiS o Jo D >l

139 o0 oolaiwl oy S 4 Bl s é.’t" 3l eyl ol Covgase S sl

1 a’a (\V-Y)
V=3ld i a>|z|

o, 8wl Jlaie il @ = [Z] &5 Sloy aibse obo, sl Z 5 cote el o @ ] oS
s abal, oT aiS 6n,0l 0 1, @ > 2] Lo a5 il atils sexe Z S5 A Cuie 2ol gl S

255 o0 513

* Barrier Lyapunov Function
Yo



a a < a a (\A_\“)
atTa—2zTz ala-—2zTz

szlog

SOy ouals J s 2k g 5yl wlilo-v-v

spa ;0 a8,bgs 95 ol ) | S5 i Slp Bl g (gl redl Bua b i (pl o
sirelad (6518 00isS 7S SO (V-T) 5 (V) Lalgy 0 el (Sealos Jow b colh Sl Joes

o2 S o0 A 50 p) Bllae caiiSogasme Beibld Wb g oy p3lSe (e

{Zml = qm = qs(t = Ts) (V4-1)

Zm, = Qm — Um,

{Zsl =qs — qm(t — Trp) (Y+-Y)

Zsy = (s — Qg

Ol [y yile g onilep slacl; 4 bgyyo (2bo) slhas Sesld ol i 4 Zs19 Zmy e i
ab iled g oaile g ol 5o Gilagloyen s (g (J 7S Bas (ud Bioe sl o5 0S8 (o
Lly) crl po el il plas S35 S (g oe Coles 10 &5 WS oo Hho S i LS
oy 36 T g pilap oy 4 oaile p oy Cons 5l (Bl JUS oy 5B ik Ty it
L9y Olyie 4 s, 5 Uy S yitte Cowl 0ile 8 Dby 4 5l 8 Dby Caos I (LS LK
gy go 2 puileyd g oaile b slaly gl Py 05l 4 bgyye (5lme
25 e @]y Jol piaes pj lp Sobld cotie @b wia ail> g)lwl STl J-

(oS o0 olpiinn

1 r 1 a; (YV-Y)
V1 = 5 ZmiZm, + Zzlogﬁ a; > |zgy;l

:M)lo o..b.uuu).u dﬁ.,bl_.,] é,L, )| 6)3 L’

Ys



by =20 am + Z Zs11 Zs1i (YY-Y)
1 e a _Zsll
:M)b on)” LSU°5 ‘]mb) ).| 6):5 b
{2m1 = qm — qs(t — TS) (d‘-““"vv_v)
Zs, = s — qm(t — Tpp)

:M)L) Ao o

- ] " Zesi (20, + @ = 4, (6= T) (Y¥-1)
= V3 =2z, (Zm2 + —qs(t—Ts))+Z pra——
l St

i=1
19 o0 Slgidin ) Sy w1y Asy 9 Ay S purie «Bgibl) Wl Flive (ol ke (urepss Sy

if {am1 = _kmlzml + QS(t - Ts) (YO-Y)
as, = _kslzsl + qm(t — Tp)

5 Biome Syl Ll Fite 0 shie pmape B il St 59 0 Ky 3 Kint el

el 25 Soge al, (V1) alal) coled )0

n

. T T k Sll Zs51iZs2 (¥7-7)
= V1 = K1 Zp1Zm, t Zim Zm, T > >+ >
1 19my
— A —Zsi A — Zgy

e300 Sy |; Boibld coiie Wl pgd i 5 sl J>

1 1
T T (YVY-Y)
v, = vy + EZmZMmZmZ + EzszMszs2

oS 0 i a5 Bgibld ol ) (6 S iee b

. . 1, 1 : 1 . . -
UV, =Vt EZZ;QMmZmZ + Ezr’l;lemZmz + Ezrj;lemZmz + EZ;ZMSZSZ (AT

1 T T .
+ EzszMsZsz + EzszMsZsz

25 I8 4 plgiee ) Yh alal) ol s bgy o Voo jlods Cols @b 5 (Y-T)alal) o IS0l L

: = &5-;
: k kS1Zsll Zs1iZs2 T (Ya-Y)
Uy — mlzmlzm1 + Zmlzmz + _ + 2 __ 2 + Zm2tmZm2
a ZSll a; Zs1i

. T .
+ ZsZCsZSZ + ZszmZmz + z5,MgZ,

v



il o Cowd ) abal) 98 By pjuilSe 4 Loy po Laulg, 5l (6 S Giie b

{Zmz = Gm — dml (Y+-Y)
Zs, = 4s — Us1

:b)j" wéd.s).») C))}‘o

{qm = MT_nl(qm)(_Cmélm =Gy — Fmélm - fcm ~Tim t T + Fh) ¥\-Y)
'ds = Ms_l(qs)(_cséls - Gs - Fséls - fcs —Tgs + T — Fe)

il «Bgbld b glie o o] Cawdds Ly, 6,05l L e

. K kslzsll Zs1iZs2 T (¥Y-Y)
Uy — mlzmlzm1 + Zm12m2 + ) +— — 2 + ZimalmZmz
Zs1i A T Zg,

+28,CoZsp + Ziny (—Cmflm = Gm = FnQm — fom — Tam + T;m

+ Fy — Mypbimy) + 28, (—Csqs — Gs — FsGs — fos — Tas + 75 — Fe

— M)

kslzsll Zs1iZs2 (¥Y-v)

a _Zsll a _Zsll

- v, = km1Zm1Zm1 + Zm12m2 + z

+Zm( CQO'I'CmZm _Gm_ _fcm_Tdm+Tm+Fh
_Mmaml) + Z;;(—qus + CsZsz - G SqS fcs Tast+Ts — Fe - Msdsl)

)5 ot 0 D30 4 3o |y Y abuly ooyl oy &Yoo 5 oliil 5 (g 3luosles b

k kslzsll Zs1iZs2 (vf-v)
= U, = — mlzm1Zm1 + Zmlzm2 + >— 1+ —
—Zsi A T Zgy

i=
+Zm2 (_Cmaml - Gm mqm fcm Tam + Tm + Fh_Mmdml)
+Zsz( C s®s1 — Gs sCIs fcs Tast+Ts — F;z - Msdsl)

ssbiie 4 g a3 oo (LA 1) (651 plan (09 (eges Syl Cools o5 (V0-T) e, Gl
e (g5 oo ol ot (IS (e &S e yuf hadal (g3 caiS S S b
A 50 polaeli ctunl il 8 g ouile Db 95 o (6l a5 il e iils bl &S, 5

05 i |y il (636 s Sy b5 85
YA



_Mmdml - Cmaml - Gm - qum - fcm = Qm(Xm) = anwm(xm) (Yo-Y)
_Msdsl - Csasl - Gs - Fséls - fcs = QS(XS) = 9§<PS(XS)

oS (o0 o xS p5 Oygo ) uileyd g eileyd slacl, Glp (651 piess slasog9

{Xm = [Ejs(t - Ts)r QS(t - Ts): Am> Qm]T Y'7-Y)
Xs = [fjm(t - Tm)J Qm(t - Tm); qs, qs]T

wlo slaidn p JSb 4 yuile B g 0aile s slagil sl 1) JyuS (6B ()lgs o 4S50
Tm = —km22m2 ~—Zm, — Qm(Xm) — Upm — Fp (YVY-Y)

n

Zs1i A
Tsi = _kszzsz - Zaz—z - QS(XS) — U+ F,

=y 1 “su

DAL Sade b g0 5o K, g Koy, ol o

5wl slb ol jshiie g cul jlapglie o5 S 7S 05l )0 ead aBlS Upp s
oSl 4 ple by OV 0-akal) 3ok 09,00 )15 4 yley8 5 0uile 3 555k 99 12 )0 K00 slo el
2 0ol 3B e (eSS ey WAL (gilwosly BB g e b J5ST g8 lap s
oS oo ooliisl S o8 4o 1, (FO-F)aka,

@ 5 Sebld e mb et (LS goluk 5 wollae (JS 0 Ses 4y Sl ¢l I
gd g0 Slgidan y) O yg0

1.

1. S L (P ]
Vs =V, + 5 004510 + 5 074570, + 5 85V 6 + 5 8TYT16 (FA-T)

[\S]
N =

silosd 5 oailod soils 55 slasinel OIS T (e 4 bgrye ST e 90 VL bl 5 o8
Wi s e Uy cLs a4y oS A
:m)b S Bebld e ab S Eie b
. . ~T 1% T 1% ~T 1% ~T 1%
Vao=V,4+0,4,,6, +0,A;°0,+8,Y, 6, +6Ys 6 (¥a-Y)
=355 25 g Vb ally golpig JS 9l g 56 o g (FF-Talal, (6,051 L

P9

YA



S k. A2 . (F--Y)

s1%sli Zs1iZs2
Vs kmlzmlzm1 + Zm Zm, + 5 5 5 >
=4 T2 T 2
+ Zmz(Q (X ) - kaZmZ “Zm1 (X ) - urm)
Zs
+ Zsz (QS(XS) —Tds — kSZZSZ I (X ) )
a a-— Zslzsl

+ é,TnA,‘nlém + 5:/1;155 + S,ZY;}(Sm + 65 Y, 165

: T ks, Zov; (F1-Y)
- V3 = _kmlzmlzm1 k ZmZZmZ 2 2 k ZSZZSZ

A — Zsy
+ 205 (0, = 0,60 + 27, (0,(x) - 0,(x,))
~T 14
+ Z;rnz( “Tam — urm) + ZSZ( —Tgs — urs) + BmAmlem
+BATE, + 3Ly IS+ 5yv1s,

1Sk )l
{é=9*—@—>9*=§+@ (FY-1)
§=6"-6-6=5+6

Sy (FF-T) el @0 g5 oo 2y S jg0 40 o 85 Gl a5 b g
{wm =Q, -0 (X, 16;5) (FY-Y)
wy =Q, —0,(X,16})

Q. @m—Q(X 1 6,,) —Q, + w, —H(X)ga + w,(X,,) (F¥-Y)
Q as S(Xs l 95) - QS + ws = 95 (Xs)¢s + (‘)s(Xs)
:M)b U
. T kg Zsll T r =T (FO-Y)
- V3= _kmlzmlzm1 k ZmZZmZ - CLZ——ZZ - kSZZSZZSZ + Zmzem(Xm)(pm

i sli
T ~T
+ Z5, 0 (Xs)q)s + Zr-l;lz (_Tdm — Uy + wm)
T =T 1% ~T 1% =T 1%
+ z,5(—Ty — U + w,) + 0,410, + 8,110, +6,Y, 15,

~T 1%
+6,Y;15,



gh iy pal g5 e (eael oS STl

{” Wiy = Tgm 1= 5:;1 (f7-v)

” Ws — Tgs I= 6:
PO =70 ciS e nlple w580 sho ol Bt 5 ol aigy soliiiny 0 o5 ol
29 g0 gy 1) 8 4 Baelal (uled Az

2300, — A0 = 02 (0, = 4,250, FY-v)

.
A

ZIZ(pS - As_las =0 = Hs = AsZ;rZ(pS
A Godal ol o Glea Vb alal,) o aid) IS 4 Ay Apesl o

oyl (IS Beibld ml Giie )0 (6,10 5 Lailg) cpl 5l eslanul b

2
ks, Zs1i (FA-Y)
. T T s17s1i T T % T A
Vs < _kmlzmlzm1 - kaZmZZmZ - az 42 - kSZZSZZSZ + Zm26m + Zm26m
i~ 4sii

+ ZIZSS + 23—285 - ZrTn2urm - ZSTZurs + gzwnyr_nlgm + gzys_lgs
oSt B 50 55 S a4 | (Ur) slopslio o & bgsye alasly STYL alall; Gl (1555]

5 = ViZm, = U, = 8 Nz, (Fa-1)

65 = Yszsz = U = (Ssllzgz”

129 00 4l 25 8 4 (IS Bebl) ot 1l Fde oles 5o

2
k. z; 0--Y)
. T T S1 sli T
V3 < _kmlzmlzm1 - kaZmZZmZ -2 /2 - kSZZSZZSZ <0
i 4sii

Ws)lmbgdmulfdybUWeb QQ%&AMW{,}OMTMQQW&L

Dy go DL LIS s )90

R



Al



J)L%Juéﬁ)d]b.;: \‘f



doddo V-¥

adybogo 590 ol 5l 15> Glaptus o Sae Co8lal 5 (g)lk et jolate 4 LS Jab jo
JrS o esalil az s 90 b pled 5 ouiley sl o3k slp ooy b ol 15l jpa> 5o
ibad (nl )o ok (b saSagamme Seibl @b b ples p5le 5 (e (el (5518 oS
DA s s 1 bgrye sla el by polie 5 (V-F) IS8 Gillas (golpiiny JymS bl
ooy Sl ools plas jelate ) s 5 99800 Wl w0ad Ly S Jad o o] Ly, oS s
g so sy 3 B il ancd I ol s (golerinn (J S

Tt = Tin)
Gt = Tn)
‘?m(r - Tm)

s (t - Ts) L\_L“_:
.s t— Ts qa Cder
Eir B Tj e Sy S J S

Ty 4

60LQ.~M ouaS J oS gylw oéL@ Y-¥

5 (V-1) Lailg, 5o 00l iy ya3 590 oy 5l (S 1o et (Soolon sl yal b ol ise (pl 5o

JrsS 05 Gloyully coizmen 5 (V-F) g olie (wluly (giluancd o a8, )5 4 (V-T)
oilap oy 4 bl )l g Jlosl b aalsl 1o g igdico 1) (Y-F) Jguz polia Ll
S gy Sl esis Jlesl g9 Sliles Lanmme Caon 5l aSiul (58 4 5 (V-F) IS4 illas

D9 en oy WL 5 )lie ploj b <ol 52U Sl g o (goleiny

A



[AF]a8 kg0 590 ofy 31 (&5 o poimnmmw G ol yly  V-F Jguo

Parameters Value

mip =m; 1 (kg)

lin =1l 0.5 (m)
g 9.81 (m/s?)
fa1 3
faz 4
K1 5
Kz 4

qm(0) [0.2r  0.17]" (rad)
qs(0) [0.17  0.127]" (rad)
qm (0) [0 0]"(rad/s)
qs(0) [0 0]"(rad/s)

S o9l sla piolyly 1 V-F Jgux

Parameters Value
Ko 10
Kz 30
ks 11
k2 20
Y 7

Y, 5
A 10
A 5
a 0.5

g0 9)lg oaile g Sl ay (Gludl )l Caos SIOTV-F) UKD 4 (095 &5 09500 (59

O



55 T T T T
5 Fh1| |
........... Fh2
4.5 E
= 4 i
<
© 3.5 9
2
o
L 3r .
c
@®
£ 251 .
T
2 -
15 4
1 - -
05 1 1 1 | 1
0 5 10 15 20 25 30

Time (seconds)

Sl yo3lpl Jloel 595 : V-F JC&

ool Cob ju U jguan jo (golesin J s gy @ bo V-V-F

9y el ol Sloj o3l (28 b 5w 00 J RS g i sl el )l polie il
dgbise G5 25 Bllas byb Lasly (VN-Y) ala, by Cole; Sl 90 0 s (Jyus
T,=0.1s , T, =0.3s
by s owile by o 3 (bl JU Sboy 5B Sko Ty e ol M3 a5 obo Lo
Jloel bl oilo 3 by a4 yule s Sl Caos 51 bl JUS ey 53l Sl Ty 5 yolejd
S iS5 Cundse b, lhs dacl, Labs g3l Comdye pimms & 6530 Oloj ez

g aimlss 5 SlaJSE Bllas 5 4 sile g ewlep slacl 4y el

2



Position (rad)

Position (rad)

07 F '

qm1

= qsi

05}

04F

0.3 f

0.2

1 1 1 1 1

0 5 10 15 20 25
Time (seconds)

soloy8 g oniloyd syl Jol SO Cumdgo Lo, F-F IS

30

0.4 r

qm2

eee qsz

0 5 10 15 20 25
Time (seconds)

il yd g ouilod Gl pgs SO CaxBgo (gbio, 1 F-F S

TV

30



Error of master:1
o6r Error of master:2| |
0.4} b

£)
g 0.2 -
o]
=
w Q0 NNV
-0.2 H R
|
04 F B
1 1 1 1 1
0 5 10 15 20 25 30

Time (seconds)

oo 3 &y, Condge cllas : O-F IS

06F T T T T T ]
0.4 Error of slave:1 |
---------------- Error of slave:2
= = = upper bound
o2y e lower bound .
<)
@
=
= 0 & RAA
o WNV v
=
Lu
0.2 i
-0.4 .
06 1 1 1 1 1 7]
0 5 10 15 20 25 30

Time (seconds)

plesh 2l s sllas: £F S

Gl 5 ime pieemw 6k e 4 236 Jlosl b cal Jasin mls 51 a5 jeb oles
hato Caxdae Sbo; Ko Jile 4 il onl [ Rep oo Caow 4y (Lo €IS L CnBge b,
F) o JSs a5 Wload Gulaie vy 295 A g Cowlond 3o yuled g oaile g ol so3k

St aes ol ke (F-F) o (¥
A



L OF-Talal) Glhae GewsS Cogae @b 05,5 4w (551 Bhte pium 6399 2 sl ST

il (oaiS i, 0 = 0.6 g% = [—1.25,0,1.25] 5,8

1r
datat
09 data2
data3
08
c 071
i)
©
= 06
~—
a
< 05
2
3
[ 04
2
03
02
01
0 L 1 A L J
-5 -4 -3 -2 -1 0 1 2 3 4 5
Xi
‘S}lé ul . . - Q.l - e|9..’. :v-f ’s &
T T T T T
ta_m:1
20 tam2|
£ 1
E 100
B
o O[tAe
0
°
£ 100} .
o
(&)
-
2 200 .
0
©
=
-300 b
-400 1 L 1 1 I n
0 5 10 15 20 25 30

Time (seconds)

ouilod il oy JUoms 1 A-F S0

4



200 st

150 f b

100 7

(%]
o
1

(=]
ES

Slave Control signal (Nm)
g

-100 | :

-150 & L 1 1 1 1 -
0 5 10 15 20 25 30

Time (seconds)

il b ol (538 S 4-F JS

loads ol glrgel (paiz g Gloj uidS Sl o

20 - 4

30 1 1 1 1 1 —

suilo b by Jal Sl 281y e b 65 cowess dumglio 1 Vo-F S



Q_m:2
EEmEmaEEd Qhat_m2

5 10 15 20 25 30
suilo s ) pas Siud oxly yladio b 551 (et duansUio 1 W-F S
Q_s:1 .
EEsEEEEE Qhat_s:']
5 10 15 20 25 30

il sy Jgl Sid (5Bl okin b (5316 (rpacis dmmlio : 1Y-F IS

O)



10 | Q_s:2 7

........ Qhat_s:2

20 -

-25 A

30 B 1 L 1 | | _

loyd Ol pgs SCd (28l Hludio b (631 (ol dunn Lo : 1Y-F S5

2 a5 CF s (eges S Glsie a plgiee |y 65 Blate s miild o0 a5 j5bles
Sl dss sl as e Glas 1) alie o)L8) 5 il (LS eeds Jlade 5 (ABly jlade Wb Cole
285w, e Gl (IT-D) - (1)

590 oy 31 &8 o st 4 00l (b oS JisS Jleel b idu cpl 5o sdwlcanod =l b
e S Shaal o 5 Sha dlad 5 (s arl i e (liali sy o35 g 5 4 g
Wload )Xo jho 4 b 595k 99 2 4 barye (b3 lalhas 5 wload 3o wog piuasns
Cole, by cpl S b el ool Cass 4y ol 15, (VY -Yalal, b s oS b 0 YU mls
plaa=02 o5 amlswil i a el by ool cyms aliw] ) e lade § 0gis

Wgad oo )l O jge

oy



Position (rad)

Position (rad)

qm1
= qgsi

0 5 10 15 20 25
Time (seconds)

30

p30 Sl 30 yuiloyd 5 ol b Sl Jgl Sl Capmigo lys  1F-F S

qm2

0.5

TN

HE

0 5 10 15 20 25
Time (seconds)

95 o 35 o yd g onilod B pgs Siud Curbgn Sy 10-F Kb

oY

30



Error (rad)

Error (rad)

Error of master:1
o6r e Error of master:2 | ]|
0.4} 4
0.2 i

0 H
-0.2 H -
|
04 F -
1 1 1 1 1
0 5 10 15 20 25 30
Time (seconds)
95 o 43 ouile b Wy Candgn glas 1 19-F i
T T T T T
Error of slave:1
061 Eo e Error of slave:2 | |

0 5 10 15 20 25 30
Time (seconds)

£90 Cdl> 5o yileyd Wby Cardgo glas : \V-F s

OoF



Master Control signal (Nm)

Slave Control signal (Nm)

200

ta_m:1

PETTTRTITTTr T ta_m:z

100 H

100 H*

-200

-300

-400 I I I 1 1

0 5 10 15 20 25
Time (seconds)

gl 45 suileyd iy o S JUKw 1 VA-F S

30

200

150 |

100

50

-100 |

-150 H 1 1 1 I 1
0 5 10 15 20 25

Time (seconds)

ﬁgéub)éﬁh}ékbl{)éﬂg)w:‘%'fﬁ

AN

30



Oolie Cob 3 jgdn 30 Goleiuiay J 05 by gl Y-Y-¥
S (Y-F) 5 O-Flglo sz 5 b b 1o ookel Canss 4y 00isS J S g pimmns S¥olae 3ab
Jleel L g opjlite Sl Sloj 53l (255 b 5 aid 008 J S 5 wiasas (sl )y polia il
JUS s Gilizee loj o5l o sz o (S8 g, A1 Y-S illae Glasl IS (5505
o 9 (V=Y abaly b yd cole, cdl> o lal ol 5 g plasw (59 2 S8 0 g 28, (bl

W9 0 (yp b ph LAl Sl o

asli ood Slojy sl (W) eIl V-F-Y-F

qm1
0.6 QS1 7

0.2 b

Position (rad)

-0.2 A

04 F i

0 5 10 15 20 25 30
Time (seconds)

il oo B ilo) yuil (gl mile )3 g onileys Gl Jgl Sl Coxge bioy 1 YouF S

\g



Position (rad)

©
~

o
w

o
N}

o
.

qm2
eee qsz

5 10 15 20 25
Time (seconds)

30

46 0B gilo3 U (g puiloyb g oilo b Al pgd i CopBig (b0, VI-F UK

Error (rad)

0.7

0.6

0.5

0.4

03F

0.2F

01F

Error of master:1
---------------- Error of master:2

1 1 1 1 1

5 10 15 20 25
Time (seconds)

il v 00 Sloj pul (gly onile 3 by caxdgn gllas : YY-F Ui

oy

30



Error (rad)

Master Control signal (Nm)

0.6

0.4

0.2

200

100

-100

-200

-300

-400

C T T T T T .
r Error of slave:1| 7
---------------- Error of slave:2
= = = upper bound
1 RRELLLEELL lower bound 7
C 1 1 1 1 1 J
0 5 10 15 20 25 30

Time (seconds)

4l 0B gilo) 3l (gly puiloyd Oy Candgo gllas : YY-F UK

T T T
ta_m:1
i PETTLR LIy ta_m:z N
C L 1 1 | | _
0 5 10 15 20 25 30

Time (seconds)

4l e B Gloy Sl sl oiloyd Sl (IS JUSpw s YF-F S

OA



_ ta_s:1| |
200 ta_s:2
€ 150 F |
<
® 100} 7
c
o
2 s} _
°
<
S o
o
>
& 50 |
%)
-100 _
-150 & : ) ' ' l :
0 5 10 15 20 2 *
Time (seconds)
4_"4'[_';‘ oo&@l.o} )-:’.is ‘5‘)-2 ).:JLO)S ‘:’Lf)é oS J|»§" ,:Yé-f .S IS
ol Q_m:1
--------- Qhat_m:'l
5
N
-5F
-0 -
15 F 7
20 + _
-25 |
30 & : ' l I I ;
0 5 10 15 20 2 *

4l e b Sboj J.»:L Glyonilod Wby Jol SO (2819 Hladio b (6518 podtd ds Lo 1 YF-F SO

AR



10 +

15 i

20 - i

-30 1 1 1 1 1 -
0 5 10 15 20 25 30

il o8 o pui b gl oiley Siliy o9 S 2Bl ylkiin by (658 cymos dusny o 1 YV-F S

10 Q_s:1 .

........ Qhat_s:1

-10 i

-15 i

-20 -

-25 -

-30 | 1 1 | 1 E

Al o.oB Sloj il gly miloyd iy Jal S o281y o b 631 ki dunws Uio 1 YA-F S
Wy b Gl by by U AP S8 (e



T T T T
10 } Q_s:2 7
........ Qhat_s:2
15 + 4
20 1
25 .
30 B 1 L 1 | | _
0 5 10 15 20 25 30

46 000, Sloj 73l gl piloyd oy pgd i (o2Blg Hladlo b (5315 (o dumylilo : YA-F JS
plaa=02 o5l asl o a b g ool iy abs] ) s luds 51 >

Wgd oo OIS &)y90

Position (rad)

1 1 1 1 1

0 5 10 15 20 25 30
Time (seconds)

Sl 53 4l v B loj w61y yiloyd 5 onileyd Ll Jgl S CumBgo (o) ¥emF IS

p3o

£



qm2

-

Position (rad)
o

'
-

-2

0 5 10 15 20 25 30
Time (seconds)

Sl 53 4l v B giloj ;s g1y yiloys g onileyd L) pgd S Cumigo (o) YI-F SO

£9°

07 L T T T ]
Error of master:1
espr e Error of master:2 |
05} B
04rF b
0.3 b

Error (rad)

Time (seconds)

pgd cdlo 40 4l «. 08 by yus T (gly onile d Wby Cumdgo glas @ FY-F o

Y



Error of slave:1

---------------- Error of slave:2

-15F |

0 5 10 15 20 25 30
Time (seconds)

P90 <l 50 4l ¢ 08 oy 13l sl yilo 3 by Copxlge sllas @ FY-F UK

200

100

-100 R

-200 B

Master Control signal (Nm)

-300 .

-400 t J ! ! . L 3
0 5 10 15 20 25 30
Time (seconds)

P30 Sl 53 4l 4l e B Gloj ;o (s oileyd Bl (I S JUSCous 1 TF-F Yl

FY



200

150 [
100

S0 [

Slave Control signal (Nm)

-100

-150

Time (seconds)

p9s o 45 aili +od Sloj sl (gl pile 3 by I oS JUKww : FO-F JSo

ail +) Sboj sl (0) b Y-Y-Y-f

0.7 1 b
qm1

06| SR B

05F 4

Position (rad)
o
[\%]

0.1 A

03k 1 L 1 1 I -
0 5 10 15 20 25 30

Time (seconds)

il v Gl yu b (gl oy g onileyd ol Jol S canxdge oboy: FF-F IS

Al



Position (rad)

e
~

o
w

o
N

o
.

o

| qm2 1
wne qsz
0 5 10 15 20 25

Time (seconds)

30

4l eV Giloj 3l (sl yiloyd g oilo b Sl pgs S CaumBge oyt FV-F U

Error (rad)

0.7

0.6

05

04F

03[

0.2 f

0.1

Error of master:1
---------------- Error of master:2

15 20 25
Time (seconds)

a6 ) il b sl 0uile b Oy g sl : FA-F IS

70

30



Error (rad)

Master Control signal (Nm)

0.6

0.4

0.2

200

100

-100

-200

-300

-400

C T T T T T .
r Error of slave:1| 7
---------------- Error of slave:2
= = = upper bound
T LELLLLERELD lower bound 7
C 1 1 1 1 1 J
0 5 10 15 20 25 30

Time (seconds)

46 ) Gloj 33 sl il Oy CopBige slas 1 FA-F S

ta_m:1
PETTLR LIy ta_m:z

C L 1 I 1 1 ]
0 5 10 15 20 25 30

Time (seconds)

a0 ) Gloj 3l sl ouile b Bl (S JUSw s o S

£5



_ ta_s:1| |
200 ta_s:2
T 150} |
<
®© 100 |
c
o
? 50 _
°
<
S o
o
>
& 50 |
%)
-100 _
-150 & : ) ' ' l :
0 5 10 15 20 2 *
Time (seconds)
ol Q_m:1
--------- Qhat_m:'l
5
0 Feecunnnas
-5
-10
15 F 7
20 + _
-25 |
30 & : ' l I I ;
0 5 10 15 20 2 *

il o) Gloj puili (gl ouiloyd ) Jol Siod 28l oo b 65 cywascs s Uio : FY-F i

Y



Q_m:2
......... Qhat_m:2

-10

20 F i

30 1 1 1 1 1 —
10 15 20 25 30

o
w

4l vV Sy yus T gl oailo d by pgs S (2Blg yladio b 651 cpods duanlio : PY-F S

10 Q_s:1 A

........ Qhat_s:1

i mll

-10

-15 7

-20 - -

-25 -

30 1 1 1 1 1 —
0 5 10 15 20 25 30

a6 N o el (gl yuilayd by gl Sind 8Bl ko b (6306 cpmoskd aumglhin : FF-F S

A



Q_s:2 7

........ Qhat_s:2

-15 A

=25 A

4l o) Gloj w3l (glpr ileyd by pgs Sl (SaBlg yladio b (631 (puods dumyliio : FO-F JS

25 =02 584 mls wil i @ el dawg ool iy e ailin] ) as lade ST

Wil o o9 Dyge nl 4 al ) Sl

1.5F T - -

qm1
1F QS1 4

0.5 ! E ]

05 -‘. | \ .-. E f ':. 3

Position (rad)

-1.5 3] R

1 1 1 1 1

0 5 10 15 20 25 30
Time (seconds)

Sl 53 a4l o) Gloj 3l (sl iloyd g ouileyd Gl Jol ool Cambyo Sy 1 FE-F IS

p3o

£



Position (rad)

0 5 10 15 20 25 30
Time (seconds)

Sl 53 4l o) Gloj U (sl piloyd g ouileyd Gl pgd Sl Cambyo Sy 1 FY-F Ui

£9°

0.7 r 7

Error of master:1

06 e Error of master:2| 7

0.5} b

03} b

Error (rad)

0 5 10 15 20 25 30
Time (seconds)

pgs o 4o 4l o) Silo) sl gy oilo b by Coxige gl 1 FA-F S



Master Control signal (Nm)

o
~
T

Error of slave:1
Error of slave:2

0 5 10 15
Time (seconds)

20

25

30

P90 <l 50 4l o) Sloj y3 b (sly yile,d Sy ComBge glhas 1 FA-F IS

o

L
o
=}

)
=]
]

-300

-400 & ) ! L

0 5 10 15
Time (seconds)

20

25

30

P9 el 3 awli v gilo) sl (gl oiloyd by oy JUKuw 1 Bo-F JSi

A



| ta_s:1 |
200 e (812

150 | 4

100 | 4

50 §

Slave Control signal (Nm)

1 1 1 1 1 =

0 5 10 15 20 25 30
Time (seconds)

P90 Clo 50 il 4l + ) Gilos b (g puiloyd Wy (IS S : O)-F S

S5z ¥-¥

1390y 3 5 slarinr il (ke 58,5 0 53 5 (solgiiay oS S5 Jlacl oy
s (S5l 5 ilajd g osilayd Dby 90 Cumbye (b3 S 00,8 canlin Gloy ;3L om
&L 5L Hlanl Bdo g Wisd oo [Ken jao 4 Bl 90 ;0 Camlge (oL, slalhas el o Bie
G S 5 23y Sl s (79,5 O] 4 bgrye byd Cole) 5 caiiSdgue SgibL]

B3 s yieS (7S JiSw Sllag g wiilese (B ddie 5 Sgune
e o5 Ko Jay caiiSogame Baibld &l b i (e cll> )0 aS 30,5 casliv puzes
g o 3he Hlaie J S Sloal 5l plaS s 0gd i @ el,b bawgd eod Ly e alisl

doo Saliie 4 (IS JbSm 2,0 (Shis b 9 )l 1, (BB 80 5 wogllas o Sles s

S e

\Al



IS Blaal a8 ol Laseiie (o lite ol Gloy 23U (sl oo guy g Sl diz ol 5 uizeen
230 ooy Gl b Lol gl o Gime Sglite ol slagyle) ply 50w glbae o Slas

boo (R3S s Gy Oloj (Ll JUS

Yy



\Al



&/)L%)djch : Of



SO o> V-0

ssboles (L8S 1B cw)p 9550 5 (Byre adybgd 90 ol 5l (25> lapians aslipll (ol o

9590 abols 1 Gludl )5 dlewg 4 Sl iz b S5 90 ol 5l (S glapiias )0l Lo &S
i 5 sl e e B 53 by Ll JUS laie o baly Lame (5,05 54 |
3 K2 Spdeoe Jitio (o) JUS baugs yle,b 5 ouile p (slocnlyy ey SAed g a5
Olay b yeia b ooy b ol ©j90 4 az o3l ele 052 59 o, 5l (5 2 (slapiammas SIS
R e g0 & 236 ol (e 3529 a5 Ll JUB o Bolad &g 4 ax Ly
D900 s 53 nlial 0 ,Shes 9 (6 5lbU 9 el g 9,18 15U Sl 3550 s (7S Sloal
Sobld &b 5l eoliiul b pliey pile 2 (e (hwlad (631 5 LSl S asbiplly cnl o

93 L a8 bogs ye0 ofy 51 S5 lapias sl Codlad g ()l redl Hshaie 4y 0l Sgue
by g odile,d Db, Comw (gl 0aiiS a8 g0 coolpiin JLSle (pl jo 0l &) 6oyl a0
o plosl o Ll g opylite ol Gloy 23l Sl 55 Gl s (53lodcs il (b il
QLS o534 ]y Cumdge Glojen g 0 Shee Codlad 5 syluly (JpuS Blaal ios o @bs oS
Oy ss zult duslie 5l a5 098 oo Jlasl Sgliie cdlo cpaizr oy liie Sloj b cdls 40 ans

28,5 A ) s (JyS Slaal Sl 52U e

Ololgaian Y-0

D9 o0 Sledan 35 95lg0 599 ofy 51 (55> lo s de 5o Sliidod asbdl jelaie o
7S OB sla el )l e polie cgleninn S8 )l e o Shos 35 $ln Ol ()
3591 sy (g3laige calisee sl by, b1,
0,8 03l ol g i St na ol & S i, ) (1

\td



\A%



&/

[1] Hokayem, P.F. and Spong, M.W., 2006. Bilateral teleoperation: An historical survey.
Automatica, 42(12), pp.2035-2057.

[2] Sheridan, T.B., 1995.Teleoperation, telerobotics and telepresence: A progress report.
Control Engineering Practice, 3(2), pp.205-214.

[3] Goertz, R.C. and Thompson, W.M., 1954.Electronically controlled manipulator.
Nucleonics (US) Ceased publication, 12.

[4] Sheridan, T.B., 1989. Telerobotics. Automatica, 25(4), pp.487-507.

[5] Ferrell, W.R. and Sheridan, T.B., 1967.Supervisory control of remote manipulation.
IEEE spectrum, 4(10), pp.81-88.

[6] Ferrell, W.R., 1966.Delayed force feedback. Human factors, 8(5), pp.449-455.

[7] Nuho, E., Basafiez, L. and Ortega, R., 2011.Passivity-based control for bilateral
teleoperation: A tutorial. Automatica, 47(3), pp.485-495.

[8] Smith, A.C. and Hashtrudi-Zaad, K., 2006.Smith predictor type control architectures
for time delayed teleoperation. The International Journal of Robotics Research,
25(8), pp.797-818.

[9] Zhu, Y., Aoyama, T. and Hasegawa, Y., 2020. "Enhancing the Transparency by
Onomatopoeia for Passivity-Based Time-Delayed Teleoperation”. IEEE Robotics
and Automation Letters, 5(2), pp.2981-2986.

[10] Bucur, B.G. and Oprea, M., 2019.Development of a prototype remote controlled
multifunctional mobile robot for applications in hazardous environments. Journal of
Electrical Engineering, Electronics, Control and Computer Science, 5(2), pp.11-16.

[11] Hung, A.J., Chen, J., Shah, A. and Gill, I.S., 2018.Telementoring and telesurgery for
minimally invasive procedures. The Journal of urology, 199(2), pp.355-369.

[12] Su, H., Shang, W., Li, G., Patel, N. and Fischer, G.S., 2017.An MRI-guided
telesurgery system using a Fabry-Perot interferometry force sensor and a pneumatic
haptic device. Annals of biomedical engineering, 45(8), pp.1917-1928.

[13] Taylor, R.H., Funda, J., Eldridge, B., Gomory, S., Gruben, K., LaRose, D., Talamini,
M., Kavoussi, L. and Anderson, J., 1995.A telerobotic assistant for laparoscopic
surgery. IEEE Engineering in Medicine and Biology Magazine, 14(3), pp.279-288.

YA



[14] Kim, K.Y, Song, H.S., Suh, J.W. and Lee, J.J., 2011. "A novel surgical manipulator
with workspace-conversion ability for telesurgery”. IEEE/ASME Transactions on
Mechatronics, 18(1), pp.200-211.

[15] Funda, J. and Paul, R.P., 1991, October. "A symbolic teleoperator interface for time-
delayed underwater robot manipulation”. In OCEANS 91 Proceedings (pp. 1526-
1533). IEEE.

[16] Niemeyer, G. and Slotine, J.J., 1991. "Stable adaptive teleoperation”. IEEE Journal
of oceanic engineering, 16(1), pp.152-162.

[17] R.J. Anderson and M. W. Spong, 1989.Bilateral control of teleoperators with time
delay.IEEE Transactions on Automatic Control,34(5), pp. 494-501.

[18] Huang, P., Dai, P., Lu, Z. and Liu, Z., 2018. Asymmetric wave variable
compensation method in dual-master-dual-slave multilateral teleoperation system.
Mechatronics, 49, pp.1-10.

[19] Chen, Z., Pan, Y.J.,, Gu, J. and Forbrigger, S., 2018. A novel multilateral
teleoperation scheme with power-based time-domain passivity control. Transactions
of the Institute of Measurement and Control, 40(11), pp.3252-3262.

[20] Aziminejad, A., Tavakoli, M., Patel, R.V. and Moallem, M., 2008. Transparent time-
delayed bilateral teleoperation using wave variables. IEEE Transactions on control
systems technology, 16(3), pp.548-555.

[21] Hu, H.C. and Liu, Y.C., 2017. Passivity-based control framework for task-space
bilateral teleoperation with parametric uncertainty over unreliable networks. I1SA
transactions, 70, pp.187-199.

[22] Sun, D., Naghdy, F. and Du, H., 2015. Wave-variable-based passivity control of
four-channel nonlinear bilateral teleoperation system under time delays. IEEE/ASME
transactions on mechatronics, 21(1), pp.238-253.

[23] Ryu, J.H., Kwon, D.S. and Hannaford, B., 2004. Stable teleoperation with time-
domain passivity control. IEEE Transactions on robotics and automation, 20(2),
pp.365-373.

[24] Venkateswaran, D.B. and Qu, Z., 2020. A passivity-shortage based control design
for teleoperation with time-varying delays. IEEE Robotics and Automation Letters,
5(3), pp.4070-4077.

[25] Tanner, N.A. and Niemeyer, G., 2006. High-frequency acceleration feedback in
wave variable telerobotics. IEEE/ASME Transactions on Mechatronics, 11(2),
pp.119-127.

[26] Boukhnifer, M. and Ferreira, A., 2006. Wave-based passive control for transparent
micro-teleoperation system. Robotics and Autonomous Systems, 54(7), pp.601-615.

A



[27] Ryu, J.H. and Kwon, D.S., 2001. A novel adaptive bilateral control scheme using
similar closed-loop dynamic characteristics of master/slave manipulators. Journal of
Robotic Systems, 18(9), pp.533-543.

[28] Ji, Y. and Gong, Y., 2021. Adaptive control for Dual-master/Single-slave nonlinear
teleoperation systems with time-varying communication delays. IEEE Transactions
on Instrumentation and Measurement.

[29] Chopra, N., Spong, M.W. and Lozano, R., 2008. Synchronization of bilateral
teleoperators with time delay. Automatica, 44(8), pp.2142-2148.

[30] Nufio, E., Ortega, R. and Basafiez, L., 2010. An adaptive controller for nonlinear
teleoperators. Automatica, 46(1), pp.155-159.

[31] Hosseini-Suny, K., Momeni, H. and Janabi-Sharifi, F., 2010. A modified adaptive
controller design for teleoperation systems. Robotics and autonomous systems, 58(5),
pp.676-683.

[32] zhang, S., Yuan, S., Yu, X,, Kong, L., Li, Q. and Li, G., 2021. Adaptive Neural
Network Fixed-Time Control Design for Bilateral Teleoperation With Time Delay.
IEEE Transactions on Cybernetics.

[33] Yang, X., Hua, C.C., Yan, J. and Guan, X.P., 2018. Adaptive formation control of
cooperative teleoperators with intermittent communications. IEEE transactions on
cybernetics, 49(7), pp.2514-2523.

[34] Kim, B.Y. and Ahn, H.S., 2013. A design of bilateral teleoperation systems using
composite adaptive controller. Control Engineering Practice, 21(12), pp.1641-1652.

[35] Li, Y., Yin, Y. and Zhang, D., 2018. Adaptive task-space synchronization control of
bilateral teleoperation systems with uncertain parameters and communication delays.
IEEE Access, 6, pp.5740-5748.

[36] Hua, C.C., Yang, Y. and Guan, X., 2013. Neural network-based adaptive position
tracking control for bilateral teleoperation under constant time delay.
Neurocomputing, 113, pp.204-212.

[37] Kazerooni, H., Tsay, T.l. and Hollerbach, K., 1993. A controller design framework
for telerobotic systems. IEEE Transactions on Control Systems Technology, 1(1),
pp.50-62.

[38] Liu, Y.C., Dao, P.N. and Zhao, K.Y., 2019. On robust control of nonlinear
teleoperators under dynamic uncertainties with variable time delays and without
relative velocity. IEEE Transactions on Industrial Informatics, 16(2), pp.1272-1280.

[39] Sadeghi, M.S., Momeni, H.R. and Amirifar, R., 2008. Hoo and L1 control of a
teleoperation system via LMIs. Applied Mathematics and Computation, 206(2),
pp.669-677.



[40] Al-Wais, S., Khoo, S., Lee, T.H., Shanmugam, L. and Nahavandi, S., 2018. Robust
Hoo cost guaranteed integral sliding mode control for the synchronization problem of
nonlinear tele-operation system with variable time-delay. ISA transactions, 72,
pp.25-36.

[41] Mohammadi, L., Alfi, A. and Xu, B., 2017. Robust bilateral control for state
convergence in uncertain teleoperation systems with time-varying delay: a
guaranteed cost control design. Nonlinear Dynamics, 88(2), pp.1413-1426.

[42] Alfi, A., Bakhshi, A., Yousefi, M. and Talebi, H.A., 2016. Design and
implementation of robust-fixed structure controller for telerobotic systems. Journal
of Intelligent & Robotic Systems, 83(2), pp.253-269.

[43] Alfi, A., Khosravi, A. and Lari, A., 2014. Swarm-based structure-specified controller
design for bilateral transparent teleoperation systems via p synthesis. IMA Journal of
Mathematical control and Information, 31(1), pp.111-136.

[44] Alfi, A., & Farrokhi, M. (2008). A Simple Structure for Bilateral Transparent
Teleoperation Systems With Time Delay. Journal of Dynamic Systems,
Measurement, and Control, 130(4), 044502.

[45] Bowthorpe, M., Tavakoli, M., Becher, H. and Howe, R., 2013. Smith predictor-
based robot control for ultrasound-guided teleoperated beating-heart surgery. IEEE
Journal of biomedical and Health Informatics, 18(1), pp.157-166.

[46] Langson, W., Chryssochoos, 1., Rakovi¢, S.V. and Mayne, D.Q., 2004. Robust model
predictive control using tubes. Automatica, 40(1), pp.125-133.

[47] Pan, Y.J., Canudas-de-Wit, C. and Sename, O., 2006. A new predictive approach for
bilateral teleoperation with applications to drive-by-wire systems. IEEE
Transactions on Robotics, 22(6), pp.1146-1162.

[48] Lu, Z., Huang, P. and Liu, Z., 2017. Predictive approach for sensorless bimanual
teleoperation under random time delays with adaptive fuzzy control. IEEE
Transactions on Industrial Electronics, 65(3), pp.2439-2448.

[49] Shen, S., Song, A. and Li, T., 2021. "Bilateral motion prediction and control for
teleoperation under long time-varying delays". ISA transactions.

[50] Alfi, A. and Farrokhi, M., 2008. Force reflecting bilateral control of master—slave
systems in teleoperation. Journal of Intelligent and Robotic Systems, 52(2), pp.209-
232.

[51] Slotine, JJ.E. and Li, W., 1991. Applied nonlinear control (Vol. 199, No. 1).
Englewood Cliffs, NJ: Prentice hall. pp.326.

[52] Hao, S., Hu, L. and Liu, P.X., 2019. Sliding mode control for a surgical teleoperation
system via a disturbance observer. IEEE Access, 7, pp.43383-43393.

AN



[53] Moreau, R., Pham, M.T., Tavakoli, M., Le, M.Q. and Redarce, T., 2012. Sliding-
mode bilateral teleoperation control design for master-slave pneumatic servo
systems. Control Engineering Practice, 20(6), pp.584-597.

[54] Ganjefar, S., Sarajchi, M.H. and Mahmoud Hoseini, S., 2014. Teleoperation systems
design using singular perturbation method and sliding mode controllers. Journal of
Dynamic Systems, Measurement, and Control, 136(5), p.051005.

[55] Huang, F., Zhang, W., Chen, Z., Tang, J., Song, W. and Zhu, S., 2019. RBFNN-
based adaptive sliding mode control design for nonlinear bilateral teleoperation
system under time-varying delays. IEEE Access, 7, pp.11905-11912.

[56] Yang, Y., Hua, C. and Guan, X., 2015. Synchronization control for bilateral
teleoperation system with prescribed performance under asymmetric time delay.
Nonlinear dynamics, 81(1), pp.481-493.

[57] Wang, L.X., 1996. A course in fuzzy systems and control. Prentice-Hall, Inc. pp.1.

[58] Yang, Y., Hua, C. and Guan, X., 2016. Adaptive fuzzy synchronization control for

networked teleoperation system with input and multi-state constraints. Journal of the
Franklin Institute, 353(12), pp.2814-2834.

AY



AY



Abstract

In this thesis, in order to guarantee the stability and transparency of teleoperation systems in
the presence of constant time delay in communication channel, nonlinearity and
uncertainties, an adaptive fuzzy backstepping controller for the master and slave robots is
separately designed . The proposed method has a good transparency in view point of
synchronization error between the master and slave robots and guarantees the stability of the
closed-loop system based on the Lyapunov theory. Simulation results show the proper

performance of the proposed control structure.

Keywords: Teleoperation System, Adaptive fuzzy backstepping control, Time delay,
Stability, Synchronization, Transparency
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