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Algorithm Worst Mean Best SD

GA 0.92477866654 | 0.79642364416 | 0.75133083417 0.02624569222
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BBO 11.83210922518 | 12.68032570286 | 13.45327100821 | 2.52180022173
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Algorithm Worst Mean Best SD
GA 4.44385254437 | 4.26433275538 | 4.16870915567 | 0.011521066643
PSO 4.26646823351 | 4.25841617542 | 4.14867785654 | 0.041844543322
BBO 4.47609611736 | 4.17043892895 | 4.12886423220 | 0.112669497311
ABC 4.38918394387 | 4.16119459131 | 4.12602643361 | 0.012783780028
IC 4.21468235892 | 4.15027073781 | 4.11585645165 | 0.030526217178
CO 411685190779 | 4.11585899413 | 4.11573298985 | 3.25341820614E-04
ICO 411626155652 | 4.11575126659 | 4.11573272318 | 2.63329730518E-05
ACO 411573768043 | 4.11573399157 | 4.11573298977 | 1.48421885777E-06
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Algorithm Worst Mean Best SD
GA 10.44677043323 | 12.82480723753 | 12.299810327535 | 1.611864435491
PSO 13.03157413335 | 12.97806324456 | 12.563441246763 | 0.571265433744
BBO 14.04215675001 | 13.19090766164 | 13.498321042164 | 0.013172964121
ABC 9.984S67648555 | 14.17747583429 | 14.808630313258 | 1.570205685578
IC 13.65265948358 | 14.33025202006 15 0.465191358961
CO 13.28645400911 | 14.51565498722 | 15.734786445671 | 0.003246761175
ICO 15 15 15 0
ACO 15 15 15 0
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Algorithm Worst Mean Best SD
GA 5.22216933418 | 6.15990517541 | 7.13770086509 0.80324687333
PSO 6.47946612865 | 6.58724535668 | 7.28718524468 0.29145607434
BBO 7.02391593242 | 6.49189604076 | 7.24592231839 0.12443714683
ABC 4.99459479530 | 6.53431878116 | 7.41137195305 0.78398435712
IC 6.79693507477 | 7.16450348631 | 7.49528174890 0.25606607537
CcO 7.48225733589 | 7.31964411615 | 7.49995548154 0.00332551395
ICO 7.50628865508 | 7.50075434156 | 7.49166784457 0.00534245469
ACO 7.50003046974 | 7.50006888534 | 7.50007438690 | 4.35181205967E-04




R GA
65 - e A S, b PSO
TN T ~--- BBO
6 il T ABC
N L N, T = IC
i 4.15} \ . . CO I
' Ico

Cost Function
(6]
(6]

Y
5L ‘E\_‘ 20 22 24 26 28 Y- S
<"-_"|'\.“
LN
4'5 L e - |
4 [ [ [ f f
5 10 15 20 25 30

Iterations

y2 2l GL GbVY o anie aali 50,5 aiseS 4y bas e ol Ses (loged annlias (A-Y) SO

i 595!
(oles &5 )

16 L L L L L

15

14
S 131}

¢
12
11

10°

Iterations

MS)}) “alis 6Lﬁ)‘)ig BL csg.L.Q_S )iol.&n Ay Kp ).I.A‘)Lg: k57‘~|)§‘°"¢ .).55) =L.w.g'Ls.A (%—Y‘) Ji_w

(ewlod

A



4 [ [ [ [ [
5 10 15 20 25 30
Iterations

alise GLQ)‘)SK 5o LS’iLQI’; Jiélﬁ.A LW Kd )3..‘0‘)[.:1 Lsi‘Ji""Q Ay, d..w..il.ﬁ.,o (V-Y) JSM

1.2 L L L 3

Position Tracking (Rad)

0.6F -
] am
............. gs
0.4r, | -
0.2 [ [ [ [
0 2 4 6 8 10

Time (Sec)

(LS'“)LAS MSJ>) Jf..;l..‘c).é 9 o».\jl..a)é &L@A'_‘)L.}) C«.a‘.:j}.a LS"’L'E»O) (\ '-Y) Js.w

Y



200 : : : :

150 A

100 iy

50 4

T

Forces (N)
T
D

_50 r r r r
0 2 4 6 8 10

Time (Sec)

(Ls.o.uL.o.s M5J>) ).f..;L‘o)é 9 OAJLA)é LgL.QU_‘)L..\) 65).;.3 LS"’L'E»O) (\Y—V) Js.w

4.2

T

3.8 y

T

3.6,

Parameter Estimation
<
3
T
!

3.4 1

T

3.2 r r r r
0 2 4 6 8 10

Time (Sec)

(‘Sml.‘oﬁ MSJD-) gs*é‘ﬁ )g..bLfL.a 4 ).:.Jl.a}.é 9 od.jl.a}.é 6LQQL4) LSL‘Q);A‘)L?, LSi‘Ji'o‘b (\Y—V) J.S.w

Y






f las
oly 31 0,5,5 sbalboln gl p solosuinn jLslu
Ol b e b loy yede jo 590



JUE 50 09250 )-'-’b 4 0,5 o0 )8 sy 9550 bl (pl 5l (6,500 g5 Juad ol 5o
by Bd> 0 ol Cuje 9 Soge b sl eolatwl b asbels ol jo el loj b e LS
(s § 9 00 395y (LI JUT 50 29290 250 50 g Sge 4 ploy b it £y
S Gy 3l eoliinl b (rizmen el Sl loj b st o5 3929 o8 le oS S5l o By
Slnl rad poodle &S 39 48,5 iy bl ol sl bl Tewigd IS5 5ol
Sl alele JyS JUSew 28,5 e b oda S5 Galidl b (bsy glas 0l jho 5 gl
@ )5 GRlBl L Casdae 2bs) ol sadsl Sy JWSe Ol 4 Soge fros Lawgs oad
Gyl pj D)yso ar Jad (pl jo Slaal g o o8 wyo ol dales Ghze 8 4 Cowd (g ellas 5k
Py s
(S Blaal g 590 0ly 510,55 sailels (10,5 Jow ) Gloado =)
Szge b 55900 Y
0Xgl)| S5 S0l S8 » )90 Y
Gliiny (IS sla )izl -F
&l -0
Olovdo V-F
oo S0 ) gy Jad s o
R := (—o0,0)
R" :=(0,)
R? := [0, 0)
P Gl ool pslite 4 e e plis Ly ||, 5 a8l oy saimailis |l
e e ( q=q(t) Skw) S oo B> lagS )T ()] anly (laJuSew adS” leoS )T ¢ Lt
 cl oloy b lls i QUE-T) Sio) atas o s 1) Sboj pusl &5 lo LK
s g ase olis 1) ploj b seite Sloy 30 b JuSews G(E-T() 5 va e i
ole logS,l cnl 45 05 0 (258 5 g o0 Bi> 5 JISHI JBls sla S (lesS ) alis
o Xdo =[ X (0)d0 Sew) 55 58 o S5 4l Sl (55 J1, 551 oS ]
390 oly 31 0,5, dble Solos Juo V-V-F
Dgd (o0 s Jgo B p) SYolee Bk il g onile 8 slacly,
M . (4y) 8y, +Crr (A G )Gy + 9 (A) = 70 — 7, -9
M, (a,)d; +C,(q,.4,)d, +9,(a,) =7, — 7, (v-)
5 ombed g odiled ook, ssmsplis iy 4 I={M,SYE Glawal T o &S

. . n
M (G) e R aiS oo atein |, Jolie Glid 5 S clusdse iy 4 0.0 0 € R

'Iterative learning control

\i2



S 25 5 owdens Gl S slem e Ci(g,0) € R sl G il
& T T € R ol o 5 S la i T € R il F lagy oy i(0) € R
s ool 4y (azed Sl eo)ly (5955 5 Lanmee 5l oo)lg (55,5 S S

il (oo ) eler sl b e Sl

sl o 1y 55 Jl s a5 ()l (are Codie o o M () (o] e ile )
Agln <M, (qi) < Aplpun (*-%)

a2 oo Glid 1) M s 5le oy polie iSTas g Blas polie cod i s Ay 9 4

gy sl oy latesly M(@)=2C(0,0) ey Lo C(0,0) Lo ilo 51 onslin iy poi G L =Y
S5 s 3 Yo F

el lginl 5 led 3 lue p Jad cpl o oad &l JyuS )b

Dl Sllee e g (Sl Ko -

1S’ 6)9"9 ] Q)L) 99 km,s € RS -Y

I; 4z, do> -k, (f-)
- j; Gz, do>—k, o)
S S bawss (215 slag i o Jad cal ol Bam (55, 3le ool jslare 4 Y
@ s
Wed (o Ol S5O
T = T+ 9 () %)
7, =7,—9,(q,) (V-F)
1S g0yt )y S0 & bl opl (Seelins Joe onl plsy
M, (@) G + Con (O G )Gy = 70 — 7, A-F)
M, (a,)4, +C, (. G,)d; =7, — 7, A-H
el 2y S5 4y atie (mly 9 Y oz lls los b pite 53U Lo - F
O<T,(t)<T, <oo 0

RRJCSTENPERING
el 00,5 Slpin 1) pj IS Glo 7,k ailels opl oS sl SSlawl [AD] 5o
Gy 35 50 Jlasl SIS 5505 0aiiS SIS nl 5o fismelid s 0ukiiS S )
il B, cuyo odle 4 Sl sl b aciis caolin jiled g ouile 3

v



D (IM :.:': T (r) K

OHpLg;;:gr Master EBZ| :;Comcrp]::;c;tion EB;I Slave Environment
4_1, O RO o
7 T * q, q
sl M:f";‘;r;iﬁs Sasle O-F) Jss
Tm = Km[qs(t_Ts(t))_qm:I_qum A \—\c)
7, =K [, -, (t-T, (1)) ]+ B, (\Y-)
WS oo kel o Wl (JyS slee,p o KB R &S (ol 465 4
4B B, > (T2 +T.°)K K, AOY-)
JUS 53 smse (Glos b smite o35 3525 Wbl ooy Sl iy & T 5 Tt ol o o5
sl o bl
O d@‘j? )‘A.:L: W 9 9o u.u.‘ﬁ}n 6Ua.> 90 Q"‘ L
g, — 0, (t-T,(®)| e L, OF-F)

g9 A s g 09d oo Bhme CoaBge oL, Wil jho b g Sles glog s S Jige j0
s g Wl lul il
‘qm —q, (t—Ts(t))‘—>O, t—> oo (O 0-¥)
Sy dmles (V-F) IS a4y J s Ll

Gt 3l (Fole ol (J S JiSs S 1 puSiilin = (owlid Al 0udlS J s Y
O o ansS pSElie - el Al eainS RS ol 4 Djge cnl ol 50wl sl
e 5 S8 4 pile 3 g eniled Byb g o Jleel (J S glag i & j50
7 =Ky [ 76, (t-T. () -6, |+ K, [ 0, (t-T, ) -0, |- B g, (#-%)
7, =K, [0, = 7,0, (t-T, (1)) |+ K[ 9, —a,, (t-T, () |+ B, (OV-¥)
B, >B, K, >K_ #*=1-T () {K, K, B}eR" a5
Ol yegdle aiS Gae (VY=F) alal) o JyuS slae o0 b uizen
|'I;i (t)| <1 OA-F)

A



(M0
kM
Human Communication
Operator Master Channel . Slave

Environment

)ti.al.i..a - ‘STML.:.: 4..:....':'4 ‘SJ)I.J.S )L*?LM (Y—f) J.S...u

9 099 5l s 5 Sg0me Cumlge gl ool Al 0aliS S aibe Ojganl o

Coxdge by il yao laie g Slos Glog,s a5 (Jys0 5o 5 05 saly= 1,8, (VF-F) ala,

Sl 05l ge Gazme (10-F) dlal) g g dales Il (oilre job @ plas 9 950 50 Fioro
Dy dwles (V-F) S 4y Jus

'Soge b 2 5950 Y-F
@L».wi 9 dxzw )l \-Y-¥

Loliol 45,58 59 00ls iuled 00,28 5 ool (gl 0t a3 F(X) b S aSST (gly a8ly 5o
590 Ol 4 ol aslee @iy 5l bl glacgeome SeS 4 1) al lgs o a5 0, b
5 e & Sl @ aer ol dlewy @ Ol 1) F(X) @b So oS sls las w68
Lol gl il Ohgoas 45568 slo 4l ol iuled cos(ax) g sin(ax) g a4  cwgivns
S @l 3l soanie gl Gales slp 1 il ool o psle o Slyie odlall (355 slas )l
Al oy o plaiedsls Moo wd plhled 4,68 slo wly Gxs loj CBIST L g,y 0 G Ol
Vol bt & cpslas oo sz la i 9550 50 Jly (gt @l (laled 5 458 lo
L3S la)bizle haled a4y o8 (oel)5 ISt a4y JLoo (lgim wij90 wsllae Lyl 5l asy wuis
k&l sl b a8 hiod wiad azrgie Ll ezmen wiia pslal o sgzge slajye ki
5ol L VRS o o andlcans dal S 4l 8 alsi gl g 9,65 (o0 ,8 onliul S )5e
(0l Jo S5t ooy (gl oymty (5 0598 o 4y e o5 csl 0,y ilys

1A le Jlo o 0,8 o)Ll by Soge 4 a5 35y S sl Ll 120 Lo o
OaSG5ds5s SO VAV Jl jo o1 5l an g aislidl 4568 gla aly ol S8 4 llasl,
Gy s SBLEIST )0 (S Il e 498 sl il 4S5 wd azgie aljse Gl pU 4 (g5l 3
08 AiS ) delite (Sarge o il GriedS (seil B sl el VA Lo e o
ey JWSms 3BT (6l Sl o lgim 1) Srge hiad 5 Szge pogio dljse b Jlo ot 50
031 Gy Srge bad sl |y (Sals Jses® 55 il (65l GlaSisd el S g 0,5 5 ls 03

'"Wavelet transfer
"Haar

¥4




g Nilew |, (SSE aix LT aiiily delite Soge sl al 5l e g g VAVE L o
Jeo 5o 21 2320 (S5 aiz 5T o IS LT, sl sle ool 5 Lo Srsa a3
20l oS o0 aml b plalad 4 e g o g0 |y by Soge gl b ol jod (655,90 12
RS JPSCPHRRE SVERT PRSI

2 e 85 A Slesl ) 1Sl lad 5 wae b lasjslius 5 S Sage 5L
9 Bl pwdige g pole sla aLh) Gl gl )3 (cots Sl 09 0l (el gy and (i
2 el o ol 8 e 5 nalE 55 s o] oby sl asr S gl g S
9050 ol oIS ok 5l ey gy (md9e (Sloj L) (i DMLl 5 5 gaky Jsest
o A IS Gl es 6 aaloe Gl @ 300 Glo pi sl 5 gl 9 JUSew (3l
(33955 — 0905 5 Sy S35 k) G2y 5 Jlo Be Jols Sage Ul 5 liS
Jos 0 by jo sl sy op 5 ool a4 ols il [0 a5 Wi @ azg Loyl (b aS ol
TAY g AP] wsos &8l (65 el pdy Cllansl gltil> wouils 099 4,98
Mo LA ;0 Sog0 Jod 0,5 Y-V-F

Pl g e slo s a5 bl (n i s (S8 4 Srge Lo 035!
2g B> 50 Jawd ol 25 Srge howd Loly> 4 axgi bl ool howd pgal g UK
ax b oads gilusl JiKw o5 cl (pl pg Bdo jo Lol Gus [A] cal oo, L3l &y 55
po Q] 6)‘9-"-“ Q‘)'.:..A O Jl.,.i,..w kg.,a\ ua‘9>'- Je Ol ) g 00g S0 GLol Jtiw 4 Ql&a‘
L ogsle 5 929390 Lawgs Srge 0j92)8 pgi Bl dine) ;0 She Sl B (sl 09l Lade
) bl ol e, ol po [0 AQ] ot ails T Srge culys ojlil el g, (B yee
~agdige 43,5 A asly (g lake Lot sl 0 Sage il plod (sl a8 =gl
o S5 e planil 6,135 Al Jos «Soge b T eall culpd (55, 52 e 00 dnslore
o (6,108 aliwl 3B G 55 5 Ty calps g ol i w@ilin] 5l 5 S eS Colys a5 s
50 8b a5 L S 08 ailiw] Wlg e 90590 (solaiiun LBy, 40 (5,108 wliw] gl aiS
38wl o g alogs (Bl i sy il 51 55 55 050l b el il s IAE ailin
Dy op dialS aliw] jlade s wilin] 5l 5 5,50 ol po ojlal 5l oy

'Wavelet analysis
"Donoho

"Johnstone
"Wavelet shrinkage
“Universal threshold
"Details



I ALwl 3wy Sl «Sgo 5l ooliinl b g B> sla by, drwss pgd die)
oolaiul PSP LSQL?{““‘-’ D99y 0 aS Py g Cow Lgl.:b)‘.:).f alew! )‘ r:‘..)f Jr.S Lol e gl
S5 Sop bl Gl gy 138 wlin] s e olgie 4 aiied colee g ble lls o
Sade a1y albial 5l 5 55 calpo ojlail A5 aliwl pl 5wl Corw 35 ailiwl @ s
eosls 13 (252 Dl s o Cmad o 03,5 bl Bilgs o g atisls (6,555 il ,lg I35 Al
o &l amdlas aS 5y o SEMI-SOFt 5> Llacs JaSalin] CMSiw (pl a8, sl ol Lol

TSl gl has cnl sadsl ol wlolp Soge b (e g Sd>
odos &5 WS oo Hlo (gilwes pid Cusls cl S (65,80 il 0088 Cools (ple oyl
Jade sl)ls Baes culps auiy g 035 35 peite Sge b 3l cu s wim 4o L JUSew 65,
D o0 0 S Sge 039> 10 cul o plad o g8 (65 &S cunl Jb o pl o 52l
oo sl S aS I j0 0,8 Bix 1) pe 5l gob; Jlade g co b ailiw] Gl b 13

e Srge Lol colgls g mhaw J 4 A g g Soge ml bl ey e -

¢
5 db) " 5=ols
33 3925 JuSms 53luile 5 5 B ol (SYM) "o
qe - Lof

gl 328 o j2 sl oS Ojpanl 4 Sage (YL (el B calp o1 g Sl Y

&l
g oo Jlesl YU (il 18 ol o g 0als Sl

iy i3 b w5l ol o8 culys ol g3kl analre gl <Y
Yo o554

v o3 5 0550 5 i e 5 Soge all GBSl Wb e Bi> glp Sile @

Szge b 0 pg B> o oolgls (\-F) Jsox

Wavelet family Wavelet function with order
Daubechies db2, db4, db5, db6, db7, db8, db9, db10
Symlets sym3, sym4, sym5, sym6, sym8

Decomposition

Daubechies

Symlets

Denoising

Discreate wavelet transform

L T S

A



odigi, S5 Sob Jy0S p 90 V-F

5 S o 505 s il ol oy s 0053 Slogrge elo bl 5 S, (555l
Foo 0,809, Sy edigh S5 S0l S5 000 by 5 cwiige Slapienw @ 1) (55 0b &)
aos oo pbal 1) alby 6,5 Ojgpe a4 &5 ABb o obe piaew 5 banlE JpuS e
2,55 S ST 69955 mee s 5 el o it 5 Laaia )8 Sl J s 5l Bae [47590)]
Cel 00y 00ls gllas yws 5l (zg)5 (Aol (0 G 3l g 2l pokite &y gams 1S
O 00,5 oo ol gamy ;S5 4 1S5 S 5l s (5999 O Bebo 4 (ol alals [1453Y]
iy S5 Soly S sla o ) JelS 25 [ 5 e el oy S5 Sty 5
0igdy S5 S0l el Sy alSKen Lulyd wojls vgzg [AV] o (s if g a3 poesye
99 1o i 4,15 sl p (SBg, [VN] jo el a3 S 18 aalllas 0y90 [Ve 0] o ik
Slr Gz 255as, o VoV ] ool ond @l owiss S5 150l S8 (b gl o
DS ol 5o [1-7] 55 ol oo 8 sl o LS5 55l J55 it s b
Sl sl s ) s b ite 6l s LS sl it 55 sgt S5 55l
(IS oS szl e 5o Wl o a5 sl g0y 0igd S5 p S0l J5S slaps
ot s 5 IS o anls 8 ms om clb 5ol DBl 5 ol S5 50
3 ,Skee sges g Uas LialS jlite 4 o 0,5 ledlbl ol 5l 095 so 0,05 i dlibl> o
2 g ge ol (S0l ok )sS 45 Gl Gab AL TE (609 (el (6l A il s
e 4 sk ay an b calie (9999 LS5 Wiz Sl am Calgs 5o 00,8 e eslil THL IS
ail> S iy a4 (F-F) UK 5 (-F) JS il (o cawss 305 (o ogllae (9,5 sl @
A oo lid 1) ool onigd | ST LTl J S dals S g ool J S

u V
Y D) | Controller —— 1 Plant }» s

+

ooluw Jyuis ddl> S (V-F) s
Memory

i

+
+, 4+

Ya { Controller (. — Plant

Memory -

ooles onigd | S5 LaFoly J,niS ail> Sy (F-F) JSo

'self-tuning

oY



VY0 WK Ll 1y p) e g Sl Vol b (Selns e 1) dwdd

-0
X = f(X,t)+Bu (04-%)
Y =CX (Y--%)

o layeiie Joy Xz 5 6995 sl puple w4 Cy Byl » oS
el Gloj gl sla e o 5l ot i Gl FOXD) IR X0t |5 R 5 e
oS (o0 R 5
& (t) =Y, () - Y. (t) (V)-F)
A5y 1, (D g5 oigd |5 S0l S8 o538) (VY-F) ool 1S5 poSoly (Jyus ()58
Sl 0l Jlog! i 4 4 (00,5 o
U (1) =, (1) + B (1), Vte|Ot, ] YY-¥)
@ Soop b Gho b)) olgids wilgh o a5 Cawl adsl S (695, Ui(t) ol ,o a8
5 (V=5 5 O-F) Laly) b ool chogi s (sl 0l gl sl cogllan (J S JUSons
Ll (8,5 s by (TV-F) ala) b 0wl )5 S0l oS (0

p<1l for vte[0t,] (YY-%)
Q] 4o S

p=|1,-CBA, (VF-¥)
aslo p...b|9.> ol

&l < e, (8-%)

2 by b o ey e, s THL LSS o oboy s oA ey ey, &

Sl 1,185
alg> o oo 4 d >0 85 A I, S olul 4 polde lp obo, sl (ol pogdle
slos i >0 a5 olSin P<LaS 05 ciyw oysh (B )Tl ope S cplpls 5,8
Pl opl b (0-F) UK 0g velys a8 THL 1SS o Jbe,y sl 5l el 1SS 0 oo,

W23 o GLES Agel s SG (69, 1y 0ig )| S5 S0k

e.(n) — 4
| Memory

i+l

u
i

Learning .

e(r |
V(0 , DI | Control Law Plant

yn»l([)

‘Q-:;M.;-AAJ (5‘)'3 o-\.)').:fali J)I..I.S u}JLS C)Jc (&—\‘) Jim

oY



Oty (IS gl yls b F-F
& Sosege Sl b g pelosd 4y awlep 1 o5 i 495 ol 5 3,58 (slapienes 5
28l e b it b ol Wi Slos o5 cal 5 w3y 3l (gl (bl JUIS a5 el
Jiom o (-F) S8 Jle sl aiS o0 pedzn 1) e Oloj b pie S0 092y &S
Sl g S oSS 4 AF) 5 (-F) St 5 e bloy 5o3b g (ompinm
S e osliw ) Ty(t) oloj b pite 35 s (s JuSem S5 Ty(t) 2ol Gloy 130

s oo Hlad 1) ile 3 a4 onile B o

T,(t)=0.5 (Y5-%)
T, ()=0.5+0.02sin(100t) (YV-f)
1
0.5F i
3
£ 0 1
()
ET
-0.5- \/ 1
-1
0 1 2 3 4 5 6 7 8
Time (S)

(hol JUSaw) oilo; ,oa U aas odile,d gy Gaddss cwsiom Jliew (P-F) JSb

1
0.5F 4
i
8
c 0 ]
‘®
Il
(o)
0.5F 4
-1
0 1 2 3 4 5 6 7 8

Time(s)
Tl(t):OS MJL) LSSLA). )..".5[3 6‘)‘.) ).:..;Lﬁjé 4 OAJLA)é )‘ 0L OQLI..NJ)é Ls.w}.}..z.m JL».i.»..w (V—\‘) Ji.w

Of



sin(2t-T(t))

q:

-0.51 i

-1
0 1 2 3 4 5 6 7 8

Time (s)
uLA) l..g )¢.ilA ]¢.>'l.§ 6‘)‘0 J+3LA)—§ 4 OAJLA)é )‘ W) oél:..w].é (S Gzt JLa.i»..w (A—f) Jim

T, ()=0.5+0.02sin(100t)

S 288, (lasel b ng plee 41, Gloj b piie 23U ploj Gl oo Sl 5o
ol lgiie ae Bi 5 Sarge Jadd 0,05 5l eolitiasl b ensl 00 lgs Lol Jiiws g5, 5
Seop (V-F) S8 JiSw ) A-F) IS8 JiSw 99,5 B (IS jsb 4 b g 25 ) g
S,5

&lp [AO] jo oo &Iyl JpuS slajisle jo wd lo (F9)-F) 2w 0 &5 jshilea
s Sk g Camdae 2oy lp SEEe -l Al g ol At Gla csiS S
Coley e 4 09250 i WSS (2,8 el oul 48,8 lais S plie jeb 4y (WW-F) dlal,
Alas Gk ol 485 18 g)labl Llyd o loj b piie o5 dlanly 4 OV-F) abal) (yois
Ly axd,S lains pgi ploie a4l oud pis ()IMLL crge a5 1) (loj b pite o5 Dlgi oo (S
oy B oy om I WL g ols als |y ol o5 cnl (bl JUB 5wy Soge o Jlosl
el 4l (JpS Sl Gl 4 (lgior o pa 005 il plte g 998 Sule, (VT-F)
-F) 58 il — el 4l JpS )l Gl a5 (-F) S ksl (O-F) JS8)
b S s | (Vo) s sl (Y

2 St — ol 4l g el A eolgiiny JpuS clo,lisle Y amdd
alal) o |55 Sl JpS el 5) ool b g Sy s 1, VY-F) 5 (1-F) gla IS
4l oanS IS sl OV-F) 5 (N-F) Lily; Spge 4 adl S5 slagsgys 5 (VV-F)
GBS s g S = el 4l oaiS S sl OV-F) 5 (V7-F) Ly, 5 onls
25 Soge @ osllhe (25,5
Yy = (@, (t =T, (©), G (t =T, (t))) (YA-)
o, .Ab‘j.‘} Joo yoo @ L53Li°) sla>

AN



q, .
1(f) Wavelet
New
Human Communication H i
Mast i s Environment
Operator aster Channel
— ’\Lj Wavelet <——|1'A(f) |r _."' :
T ¥ H 9q. I
bl JULS o Srge Jiasd 052 s by omlis and golgiing 28 lisle (A-F) S
4, i
q —
I 1.0 Wavelet L0 d
I ‘ —F - T
Human New
Operator Communication Slave Environment
Channel
- P
Wavelet I((f)
|

JLSLS)O s_i?}.a ‘_J.g...x.:.s S99 L.g ):.i.&ll..&..o - ‘5.,.,..4[.2.3 4..:...:'; ‘_gbl.e,.....u.....» GJ)LL.LS )L..>L...u (\ ‘—f) Jiw

bl

o (A-F) 9 (A-F) Lulg, 4y az g5 L oLl

M, ()G +Cp, (A, G )b + 70 =7, (Ya-f)
-M,(q,)4; —C,(q,.4,)d, + 7, =7, (x--%)
oS 50 e 3l ) JSS 4Ty Bed Ly, I

Dy (G )b + Vi (U Gn) = 7o (*1-%)
D, (a,)4; +V;(as,4,) =7, (rY-%)
14555k 4

D, (a,)=M,(a,) (FY-%)

I\



Vi (@ G) = Cy (A G ) + 7 (¥-F)
D, (q,) =—M(q;) (*o-¥)
V. (a. 6) = —C(0,,4,)d; + 7 (rs-%)
oo,k (YY-F) 5 (Y)-F) Ly, 5l
b = Dy (0 ) (Ve (G G) + 7) (YV-¥)
=D;*(q,)(-V,(a,.6G,) +7,) (FA-¥)
S o0 s s S a ]y Cdle e e oy
X =Gy, 95, Gy G5)' (*a-¥)
‘o
X; =0y Xp =0, X5 =0y, X, =0 -
X, =0, X, =0, X3=0,, X, =(;
L ot 5o
[02n><2n I2nx2n]X Onxn Onxn
% =| D)V, (X)) [+] O One {T} (F1-F)
D 00w, | [P0 O T
) ) Opn  DI(X)
el Y = (00, G) IS5 & (g 5 5285 Sl by
Y =[0,000  lonen] X (FY-¥)
o2l (FY=F) 5 (F1-F) L, L (V+-F) 5 (V4-F) Ll anlio L
[02n><2n 2n><2n] X
f(X) =] D (X)(-V,,(X)) (FY-%)
D" (X)(-V, (X))
[0, 0, |
B=| e (FF-F)
D,'(X) 0,
| O DJ(X)
u= [z‘m,rs ]T (fo-Y)
0, 0rn
B= Ona O (F5-¥)
D,'(X) 0,
| O DJ(X)
C=[0szn lomean] (FV-¥)
oXg )5 Sl JpS gl 285 iy o (F-F) isu jo ) andd ply axt )
Gy OY=F) 5 OV-F) Luly, IS5 4 adgl JuS slasg,g 3 eslizal 5 ((YY-F) alay) )

oy



2,5 dely> o yho & obo) glax (YA-F) dal) & 00 4 Collas 29,5 (28,5 Hlai o

e

t Memary ‘
O+ esl lzr
. . Learning
i "'»._ Control Law ‘
4, G, ,
T (0) ] wavelete
i New
Human H Communication H .
Operator Master Channel Environment;
\—_’(g“ Wavelete [«{7.(f) +
T 4, I

Learning
Control Law

”m f emi

4 Memory L

>
L)

Ll JULS o e Jross 9z g by ol and oolpiigy Jymas lsle (V1-F) S5

e;).j}.\i))‘).ix )ﬁ.fdli GJ);..LS u})[ﬁ JLA.C‘ 9

—_—3 Memory |}
|—>( > >
i 5

q, . : | T | wavelet

New
Hurman Communication
Operator Master B, H Slave Environment|
H Channel i

—E- Wavelet 1) | L

em,_‘

JULS )0 Szge Joawd 0929 b juSalie - el and golpiins Jyuas [Lisle (VY-F) U
bl
oigd )|, uSoly J,2iS eild Jlael
S Ghsy b sloas Jyu8 loy b ye0 oy 5l 05318 albeles 6l J8 slacand o
S eob bl 5l oS ol> jalaie & Soge 0p)5 uized g wl (b saigd IS S0l

OA



s 5 1S G5 st 4y S il o Jlo s b JUS 5 ol b ek o5 05
(Slwdads ;0 05l oo (5ilwand dlas )|}51f»).2 © sk cole )l ol o olpiy sl
{AB] 00 oo ) 25 Dygo @ e b g 0ailep gln 1) 50l 4z )0 50 L laclyy

+20 o, +
M. Q)= o, + Acos(qzi) ,+/5’,cos(q2i) AT

5, + B cos(a, ) 5

Ci(q,6)4 = i Sm(qu )q.Zi 7 SI:(qzi )q]i * (Ya-1)
Bisin(a, )d

Iigai cos(ay, +0, )+|£(04i ~4)cos(g, )

0.(q)=| - ’ @)

Iigd cos(, +0, )
,

SS9y 9 WS o Oy eailep by o p 1y 29 Shee @bl (pl o (pisen
IS by ys silwand 0 cal g pSolal LB G o 55 lase b ile 3 2, Jesdl oSe
g hos HeliS a4 29515 e Sle Jawgd Wb Wigh o 0)lg 25 L g Jae )b

Th = ‘]:1 (Qm) fh ©)-1

=37 (q,) f, Y-
—I, sin -1, sin(qg, + -1, sin{q, +

W(w)= (8)~ksin(a +6,) 55, a,) (OF-¥)

1, cos(q1i )+I2i cos(qL +q2i) 1, cos(qL +q2i)

o =1imy 12 (m, 4 m, ) S e lade Cuadge ke{L2)5 g o oS
S=km, 5 f=hLL,m,

A sl glopyz 5 0.38M Ly 5 gl by 2 0]y 5 S 5o 8 sk

05 “ =L,
bl m, =39473kg, m, =0.6232kg, m, =3.2409 kg, m, =0.3185kg
295 0 ly owlosd 4 (1) S & (9508 950 2% [V F] Gllao (izeon [AD] wigis oo

AR



3 T T T T T
2.5|- .
z ]
(]
o
L 15 i
C
®
E 1 ]
T
0.5 i
0 r r L L L L
0 5 10 15 20 25 30 35 40

Time (S)
Slae Jlogl 9w (VY-F) JS

alols o Veee s N/M S oo @ S glo SO puilo B by Caom j0 Cyuicmed
25 dS 4y g Dglitte oo b yuile$ g owileyd by adsl Coadge o)ls gz (B jeme 51V CM
|
q,(0)=[0,0]", q,(0)=[-1/97,-1/8x]
als &bl 5 Soge gl igd oo 43S Ao as e adgl ol g e w
solarwl (SOft) o, g4 5l 5 heursure o laSalinl o, 3 0 42 zhw L (db10) V-
o] 00 03 59] Caonnd 90 40 (6 ludr bl oS o0
sl A 0uiiS S (sl solerinn LSl )
e = (gl Al 0SS (6l eolpiiny LSl =Y
b Al ouilS J oS ol solpaiin LS L V-0-F
g oo QL ) &0 a o cul o (Srge Sl pols plis
K,=1 B, =09, K, =28 B, =15
Gllae i 5 4y 2S5 28 Sl i o Gl b it 12U @S o0 B eigee
g wolg> (BO-F) 5 (OF-T) Lailg,

T, (t) =0.95+0.1sin(20t) (OF-¥)

T.(t) =0.85+0.15sin(15t) 0O-¥)
:M)‘.)

T =(0.95+0.1)* =1.1025 (05-Y)

T. =(0.85+0.15)* =1 (BV-Y)



I8 et iz Gl Il byl aS 0el o cdwlive (VY-F) dlayl) 4y axg5 L 1A

SIS SR 5 Condse sllas ((silodind g pienms 4§33 B ooy iz Jlosl b

a5 (1-9) 5 VF-F) (sla IS illan oot & e 5 oaile b slocly, (slockid & lacl
9 .,\JL»GA w‘)s‘ ULQ) i ds L» u.u.‘)a.a 6Ua.‘> 09*“’(50 osalin (\f—f) JS.»J )‘ as )9.’a.|Lo..b Ogs
zlsel Gl JaS Il 0gd oo cvnlice (VO-F)USS 5l e el LU piws

A 5ok

06 U U U T U U N
0.3F
E
S 0
o
&
= -0.3
(%2}
o
a
-0.6 .
_09 r r r L r r L
0 5 10 15 20 25 30 35 40
Time (s)

JL»LS o &?944 J.g.A_:.S u_».B)f )JQ'.J)O 9™ )_:.)'Lc)é 9 OJ.J.‘.A)é GLQCALg) CA.?:.§9A 6Ua.> (\f—f) J\im
(V=) U)ol ans Jyuas jlisle jo (bl

w
o

L L

L —Torque,,,

T

= N
P aNn O w

Torque (N.m)
o
a1

_2. [ [ r [ [ [ [
50 5 10 15 20 25 30 35 40

Time (s)
AR Hedy yuile,d g oaile ) slaclyy slaSi) a4y Jleel Jyuis leJliZew (V0-F) S
(OV-F) USa) gwmlis and Jyxas Jlizle o Jbla )l JUlS 0 Soge Joawd 28,5

£y



oals Jaw U loj £98 (! b ol U 4 Szge o Jlesl b ol ol a5 jshailen
5 83908 oS 5 005 B JiSs 31 S & o L i 05 (((BO-F) 5 (OF-F) L )
el Sobs 4ol aelgs Seop wls 1y ol 3 e b oS JUSew 4 bLS,1 U
T  =0.95° =0.9025 OA-¥)
T, =0.85° =0.7225 04-¥)

sl b o 13 g 0095 51,8 5 (VWW=F) alaly by (09-F) 5 (0A-F) Loy, 5.l 14

oS oo Gilwdnd 1) (A-F) ISG L illae el 4l ocausS S jlisle delsl o
(V5-F) U5 5l a5 jshilan ol o 00l 5Lis (V=) 5 (VF-F) sl IS 1 (g jlmdanss gl
o S &y Lusdge (glas 5 005 Il piaens VY-F) aball,y (0l 155 s 4y conl (asein
GUESPE PRV -SSR WE PR ISERPI TR RYPI SIS WP ey
Soge Jias 33y s 4 Jlacl J5 sl i o 35dn sanlie (1V-F) JS
Alosls caws 5l 55 1y 095 Zlogel

) alul)) 0igd)| S5 pSol JyuS (gl ((bLS)T JUB 0 Sorge b 0929 4 axgi b
M=) Lils, IS sladbSem 5 g5 096 ol Jloel 39 10 (oo Jlos! e 0 1, (VY
5 OVF-F) Glass (ke 4 piS (oo oslainl adsl [, JuSes sloesg g olse 4 (VY-F)
S Sd o ilwand @i 2885 Jlas adgl JiuS WS 3l Jol> mls Glyee ) VV-1)
JrsS 058 ) Jleel L 0gds oo cawline o S (] 51 a5 jglaslen .conl odal (YV-F) G (VA-¥)
glas OS5 Gl b il 4 ol al gy pes ly bS5 Gl L s
L orizmen Sl 0ad oS gl Sllagh Gutzmed g 03,5 Joo o Ceoms ) fimp el
00 ole 4 0gd ce cadlie Ful S (WV-F) 5 (VF-F) o S0 L b Ss () anslis
b agdg) S IS Jlosl § Jols b OV-F) 5 (15-F) clo IS al aiS o5 jghailon
opl o SGop g JUKw ol vguge 5l Jols s (YV-F) B (VA-F) slo Ko 5 sl pitacas
Cambae oL, (VV-F) S0 o il Cgllae (255 4 ol sl cgllae JUSs & ( JUSws
&S johailen .l ol ools ylis 8l jgme liwl, o iy ST o yule,d g ouile,d slacly,
Ve om alols jo a5 S5 mlo 4 ¥ sl U adl jl jole,d Ol 09l oo ovalin S0 ol
Sl j3 Crizmed ul 0ad Gime (2b, ol am g 00,5 095 ails B &l oo
5 G390 jse SLiwly 5o pileyd g ewile B slacl; Cundge 2L, i 4 (YY) 5 (VY-F)
Sl 0ol oaly lis oy SIS o Sl g laoe sla,glinS ol

Y



o
o

— X
A R Y
0.3, A
E
é N
o
c
Q i
1)
o
a
-0.6 §
_09 r [ [ [ [ r [
0 5 10 15 20 25 30 35 40
Time (s)

JLJLS B u_i?},c J..{u\.:.l' U"'SJf )Ja...;).) Lg Jf..;l..‘c).é 9 On.\.;l..d)é GLDQL.‘:) L‘«.:.:.é}a 6“a.> (\?—f) JS»J
(adgl Jyaa8 JUSaw 5l Jols azais) ((A-F) JS&) gawols and Jyxas jlisle jo bls)l

35 3 3 L 3 3 L L
3 —Torque,, |
2.2* ------ TorqueSl i
—TorquewI2
A 1.5¢
Z, L TorqueS2
o 05 g
)
S ofl
SIY) o e
1 I“" 4
-1.51 7
20 A
_25 [ [ r [ [ [ [
0 5 10 15 20 25 30 35 40

Time (s)
Qié)f )Jé.})o Lg )...\.J.LAJé 9 OAJLA)é 6‘.9&)[.3) 6leg_i;#.l s ‘SJLAQ‘ ‘SJ).S._LS LSLQ'JL*i*“’ (\Y—Y’) Ji_w
5 ol azis) ((F) USb) amlis and 1,258 Hlisle ,o Lbla,l JULS o Szge Jsous
(axdgl J xS JL&am

4



o
o

o
w
1

Position error (m)

_0.9 [ [ [ [ [ [ [
0 5 10 15 20 25 30 35 40

Time (s)
JLJLS B u_i?},c J:{Af.:f u.‘.SJf )Ja...;).) Lg ).?..;LAJQ 9 OAJLAJQ GLDQL}) C«.:.:.éj.ﬁ LgUa.> (\/\—\c) Jiw
bl

(OVV-F) US2) emlis and J,mi8 Jlisle o onigd, 1S5 o8oly J,2a8 sl Jsl 1,55 s

35 L L L 3 3 L L
3 —Torque,,, -
2.2* ----- Torqueg 1
—Torque,,,
e 15 T i
L orque,
o 0.5F & .
=i ) a3
S 0F 7 e S
2 o5 N -
-4/ i
-1.5 y
-2 -
_25 [ [ [ [ [ [ [
0 5 10 15 20 25 30 35 40

Time (s)
Qié)f )Jé.})o Lg )...\.J.LAJé 9 OAJLA)é 6‘.9&)[.3) 6leg_i;#.l s ‘SJLAQ‘ ‘SJ).S._LS LSLQ'JL*i*“’ (\ ‘\—f) Ji_w
w218 sl o edigd S5 8ol U,niS osls Jsl LS5 5 obla,l JULS o Sazge Jyas
(OV-F) JSb) omolis

4



o
o

o
w
1

o

Position error (m)
o
w

o
(<2
T
1

[ [ [ [ [ [

5 10 15 20 25 30 35 40
Time (s)

-0.9
0

JLJLS B u_i?},c J:{Af.:f u.‘.SJf )Ja...;).) Lg ).?..;LAJQ 9 OAJLAJQ GLDQL}) C«.:.:.éj.ﬁ LgUa.> (Y‘—\c) Jiw
bl

(OV-F) JS8) pawolid and JyuaiS [lisla 5o oaigd )I,85 8ol J,0iS eild pamiy 1,55

35 U U T U U N N
3+ ——Torque,,, -

2 g* ------ TorqueSl 1
_ 15l —Torquew|2 |
E e Torque
> 1+ S2
q) —
>
<4 =
o
— -

r r r r r r

10 15 20 25 30 35 40
Time (s)

i, Shaio b yuile,d g oaile s slacly, glaSal) a4 Jleel Jyui8 gleliSaw (YV-F) JS&
S sl jo eied 1,85 S0l J,maS el iy (1S 5 bl ] JULS jo Sge Jaaus

(OV-F) JS2) eamlis 4l

20



0.8

—MASTER
""" SLAVE
0.6+ Y
04 1
E
X
0.2 i
0
-0.2 r r r r r r r
0 5 10 15 20 25 30 35 40
Time (s)
JLJLF o &S?}A J:{A.f.s uAS)f Jja...;)») Lg ).f..;L‘o)é 9 OAJLA)é 6[.@ Q‘:l..g) C«ﬁ.&s}.‘o L5'~’L'~’~'>) (Y Y—\c) Jiw
GJJLLF )L:.5 (W ) LS'QB‘ )§7RR 6[1».:‘) ) o..\i&..:})‘)is Jﬁ.f»)[.'{ J):.J.S Q}.; 13 ) JIJSS 9 6.]0 L:..'s')l
(OV-F) JS2) eamlis apd
O 3 3 3 3 U L L
—MASTER
""" SLAVE
-0.21- .
E 04 |} .
> i
0.6~ | :
_0.8 [ [ [ [ r [ [
0 5 10 15 20 25

30 35 40

Time (s)
JLJLS o ‘_i.?-}.a J‘i‘)“:s u.,.B}f )Jé.i).) Lg }.,..3[.4)5 9 oJ.SLajé LSLDC)Lg) CA:.JL§9.4 ‘5..»[;.&) (YY‘—\‘) J.i.m
[«

J);L,:S )L».>L~.: )0 SO0 gE Hgre LgL;.M:‘) B o..\J’}&)l)iS ):.foti JJ:..LS u};ls ] )‘JSJ 9 Gblfs)l
(OVV-F) JS8) amlid ans

55



w
o

3+ ——Torque, -

25- e Torque_, 1

2r —TorquehZ*

A 15 T i

e L orque,, |

A A f

5 YR\

= -0.5%7 g

AR i

-1.5 g

-2 -
_25 [ [ r [ [ [ [

0 5 10 15 20 25 30 35 40

Time (s)
bl l JULS o Sage Juaws 38,5 Lhije b ,Slee g bagme sla,glzad Llis, (YE-F) JS&

(ONV=F) USS) oowlid 4l 0aniS J,maS )0 oied )| ,S5 ,u8oly J,maS eild paiy 1,50

Sl — U3 dls 0050 J 505" 6l 2 (o0l H LS L V-0 F
W-O-OS‘SQ s_)l?w‘ ) d.)UaA gS.‘>9.o ).a‘ uolo ul.w.s L‘;‘)" |) LQOJ.Q) w‘)..a
Ky;=03 K, =1 B, =11 K =25 B,=11
(F+-%) Lly, Gillao oo 4 el p g 28, o JLKw 10 ploj b patte 230 imen

T, (t) =0.95+0.1sin(t) -
T, (t) = 0.85+0.15sin(5t) *\-F)

oo, 09 (1,8 5 (VA=) alal) b yoi U onds Sl paS o uils )8 x| o
T =(0.95+0.1)* =1.1025 *Y-9
T. =(0.85+0.15)* =1 *Y-%)

L )85 (ot iz Sl oIl byl (OV-F) dlaly 4 azgi L
S SIS 5 Cuabso sl silotird 5 plaes 4 5255 o) iz Jloel L
S2lez (YF-F) 5 (VO-F) Gla S llae s 5 4y juile 3 5 onile,d slacl, slacsid 4 Jlos!
g wboo Gl Hley clbdS L Comdee slas 04 oo cdalin (YO-F) S 5l a5 jshilen .04

zlsel Gllo S LIl 0ad o onnlin (YE-F) JSo 5l e Conl LU pew
A (g0l

Y



0_6 T T T T T T T
— X
S Y
0.3}, '
E
S
o
c
2
1%
o)
o
-0.6 1
_0.9 r r r r r r r
0 5 10 15 20 25 30 35 40
Time (s)

).,3Lo).§ 9 c;).ﬁl.ojé LSLQC)LQ) Cz.?ag}.a LsL.]a.} (Y&—\c) Jim
geSRaiiie - paewlid and JynaS lizle jo Gbla,l JULS o Soge Joaws 28,5 i s auy

(Y-%) Js&)

w
[

o = N
o Uk N U W

Torque (N.m)
o
&)

]
|!_‘|
N O -
1

_2.5 [ [ [ [ [ [ [
0 5 10 15 20 25 30 35 40

Time (s)
oy ads yuile,d g onile,d slaoly, slacSid 4 Jlael xS oledliem (YF-F) S5

((Y-F) JS2) pefande - owlis ard a8 Slsle jo bLa,l JULS 5o Sage Jyawd 28,8

blg, ) Vb &y w0 0ads Jow p3b b g9 (0l il Gl i 4 S>ge Jlosl b

Jl.;lf )'1 SoE LSLQJL&&“ g ol Bd> Jl.,i_m )'1 «515 4 QLo)’ L Jee oy o #\-9) 3 #--9
ety pealyd e 4 b dalss ooy ails |y ol 5B o5 L oS JUiSew 4 bl

Tr: =0.95% =0.9025 #¥-%)

T, =0.85? =0.7225 #0-%)

ZA



Sl e 1 g 0092 )85 (OV-F) alasly byl (70-F) 5 (PF-F) Laly) 4 axg5 b

oS oo Silwad 1 (Vo= F) 5o sillae poSKiiie — ol and oS 1S sl Jb ool
(YV-¥) IS 5l a8 jahailon .ol oals ools las (YA-F) 5 (YV-¥) o S jo (gilwand gl
o0 Ceow 1 ConBye slas g 0nd Il aes (VY=F) alal, (ol 850 s 4y ol Laseioe
Orzred ol 0als 3ize yuileyd g 0dile,d (lapium Cumdse (Db, Ko (J)le a4 ol 4,
glrsel Szge b S92 s 4 Jloel JyS Ll o5 595 e snalie (YA-F) ISs |

il eols Caws i |y 095

0_6 T T T T T T T
— X
S Y
0.3 %,“ A
g Y
5
@
c
e i
A7)
@]
o
-0.6+ 8
_0'9 r r r L r r r
0 5 10 15 20 25 30 35 40

Time (s)
JLJLS o &?9@ ‘_J‘:’."\‘.": U‘.Sj.f ).E.S)Q L} J..‘».SLA).é 9 OJJLA)é dlmﬁblg} &t.&é}.o 6[]4} (YY—\°) Ji.w
U558 JUiSams 51 Jeols azents) (V- F) US) ,aSitie - gawlis dnd ),208 [z le o bl

(4.:..]5‘
35 L L L U U N N
3 —Torque, |
25+~ e Torqueg, T
2ﬁ
—TorqueN|2
o 1.5+ i
é 1 o~ T Torque82 |
- XE; f
= 0 l’»-s_ 5
° o547 ]
-1 -
-1.5 .
-2 -
_25 [ [ [ [ [ [ [
0 5 10 15 20 25 30 35 40

Time (s)
518,85 phaiie b juile,d g saile,d slaoly, sla i 4y lesl a8 sledliaw (YA-F) S
(Vo =F) JS) puSinie — oewlts and Sy lisle jo blo,l JUIS o S>ge Joous
(adsgl J 228 JliSaw 51 Juols azui)

£



F) et i S5 S5l 55 (ol o b JUIS 5 Sorge Jpd Sy 4 458
§ O0F-F) by, 55 sla JiSims ) 555 06l el 5 S g el i 421, (Y
5 (TV-F) la s ik oS oo ooliinl aldgl o8 JLSes slagog s olse a2 (VY-F)
SLSS 3 giluand @l @85 Jla s adsl S8 LS 3l Jol> mls Ol 1) (TA-T)
JrsS 585l Jlesl b 0gui oo saalive o S (] 51 a5 jglailes .ol odel (YY-¥) b (YA-¥)
sl LSS Gl b Sole a cul aidl, dge pie ol b)lSS Gl b s @
L eizren Sl oad a8 Gy Sllags (pizmen 5 03,5 oo jho Caow e e
500 ol o dgbige calie gl g (YASE) 5 (TY-F) (la St L b IS ol dumlie
b adsl Uy Jiaw Jloel 5l Jol> mmlis (YA-F) o (TV-F) (slo ISt ab 4iS a5 jhailen
ol ot o0 g S cpl ogge J Jol> @l (FY-F) b (YAF) (sla IS5 g s it
Sandge (b, (TV-F) S8 0 el Ogllas (29,5 4 (ol sl ogllae JUSew 4 JUSns
i solailan el oad ools i 8l jgmme slil, 15wy LS5 55 pulajd 5 owiley s lacsly,
Ve OM alols o a5 i o 0 F sl b ) aslh ) ,ila )b b, o o oanlia JSE ol 5|
Sl j0 Crizmen ol 0ad Gima (2b) o] dm g 00,8 095 ails 8 &l 9o
9 695ee jeme sliwly o 1o B g onile d slacl, CoaBoe 2L, cud 4 (YO-F) 5 (VF-F)

e go Hlad | ety JLSS 50 Sles 5 lanse slajsliss b,

0.6 3 3 U U U U U
— X
A Y
0.3F, :
E
2
o
c
S ]
G
o)
o
0.6 :
_0.9 r r r r r r r
0 5 10 15 20 25 30 35 40

Time (s)
JLJLS o &?9.@ ‘_J‘:’."\‘.": U‘.Sj.f ).E.S)Q L} ).:.Jl..oj.é 9 o\.\."l..o].é dlmﬁblg} &t.&é}.o 6LJ4> (Y ﬂ—f) Ji.w
bl
-F) US8) aRanie - eewlid 4l JynaS LSl jo enigd )8 L Soly JaaS el ol 1S5

oy

(&



35 L L U U U N N
3+ ——Torque,,, -
2.2* ------ TorqueSl I
_ 15l —Torquew|2
g A Torque,,
o 05- Q .
-] h
g 0l 7%
2 0.5 ]
_1 .,/ -
154 :
ol ]
_25 [ [ r [ [ [ [
0 5 10 15 20 25 30 35 40

Time (s)
oed 8 Shaio b juile 8 5 cnile 8 slaoly, gla S 4y Jlael 028 gl i (V--F) JSS
and Gynas LS e jo eaied 1,55 Sl J,naS el ol 1,85 g bl JULS jo Soge Jaaws

(( VY-¥ ) J.i.w) J.::.i.a:l...f..,o— S L

0-6 L L U L L L L
— X
A Y
03", |
E
S
o
c
S 1
G
O
al
0.6~ -
_0.9 [ [ r [ [ [ [
0 5 10 15 20 25 30 35 40

Time (s)

JLJLS o &?540 J.‘{\.\f.s L)"‘SJf ).B.S).) L.» Jf..;LAJé 9 D\.\.;LAJé 6LQQLg) Qﬂ.—té}.n 6Ua.> (v\_\c) Ji.w
bl

JX8) aXaiie — ewlid and JyaaS s le (o onieds ) |,S5 S0l JynaS eild ety (1,85

\y-v)

\A



3+ ——Torque,,, -
25+~ e TorqueSl 1
1?: —Torque,,,

L Torque82

Torque (N.m)

r r r r r r r

5 10 15 20 25 30 35 40
Time (s)
53,5 Sk b juile,d g cnile,d slaly, sl Saw 4y Jleel 58 ledliSam (FY-F) JSo

iS sl o owind, 1S5 uFoly J,2iS oeild mamiy 1,85 5 bl JULS Js Sarge Jyaws
((VY-F) JS&) ,.Kanie -

w5 AL

(&
——MASTER
""" SLAVE
E
X —
_0.2 [ [ r [ [ [ [
0 5 10 15 20 25 30 35 40

Time (s)
JLJLF o t_i?}.‘o J.g'.\.f.s U’“S)‘f Jja...;)») l..g ).f..;LA)é 9 OAJLA)é ‘5L.®QL.3) &:\.‘?&594@ 6.}[10) (Y‘Y‘—\c) Ji.w
‘SJJS.J.S )L*>L~J o LS'QB‘ g LgL;.M:‘) B o..\J’}&)l)iS ):.foli JJ:..LS u};ls ] )‘JSJ 9 Gblfs)l

((VY-F) US5) ,eSitie

el A

\Al



— MASTER
----- SLAVE
0.2+ 4
E .04 |} ]
> a
06~ {1 -
_0.8 [ [ r [ [ [ [
0 5 10 15 20 25 30 35 40

Time (s)
30 Szge Juawd 38,5 a0 b yuile,d g oiled slacly, Cuadss lis, (YO-F) JS&
Szl [0 goges jomme liwl, ;0 ouied 1,55 W Foly J,xiS eild iy 1,85 gabla )l JULS
(OVY-F) JS&) jafanine - el and Juas

35 L L U L L L L
3+ ——Torque, -
2 gﬁ ----- Torqueel 1

N,
~

o
ol
)

A3

Torque (N.m)
o
o O
‘ A
A Y ﬁ
|
_|
o)
=
o)
C
D
N
1

~—

_2.5 r r r r

0 5 10 15 20 25 30 35 40
Time (s)

bl l JULS o Sage Jsowd 528,5 Lhiyo b ,Sles o hame glayslesd b, (FF-F) JSo

Ji.w) )z.i.s..'l..il.ao - 6.¢.ML.1.3' 4..:...2: Gj)li.f )L».>l.~; o o\.\jyb)ljil' )tfolg‘ JJZ.;S U?"Ls ] )‘JSS 9

((\Y-%)

vy






b as
J 00...
Ololgaiion 9 595 42



S S axuis V-0

S osb w4 S8F B gy 9y5e a85bgs o0 oy IS slaailels (giioS nl o
55l G0 A — ddls v yluk sl Lol Gas g0 a0 oy 5l 0,58 slaptian
hne St L (5 ol i ) polep i s, 5 (bl JUS s il
3 Sledbl Jlall pe 4y 1y conl bls)l JUIS o b 092y j90 ol 51 0,55 slapinn
aalys &, Sledbl Jlojl o Gl 536 Sy o)lgen oSl 5yl s @y 0ile )8 pinns
20,5 aibls pl 10 G lubl cow sl (Ko il )8 g 0nile,d o 53U ey cpl ol
e s, glln) ot 5 Shas LUl JUS 5 556 olej spmy o & sgmizas
b bl JUS 5 serge 5l ailels ol 5o ibige alS (osiles mimms 3 yiloys
@l aS abo)ls 25105 o0 )18 gwyp 0y90 Oloj b yesite 23U S8 a0 b5 Coll ;36 50
b wloss ol g8 o, 0,55 ol gy & olaedisS S 5 ead bl >
Ol ele Ghoy Bedod (nl o wlaislsy Cslas Cuadae 2o g ikl Bas 93 (o sazdlas
a bbb cpl )0 55 1) Candge 2loy 90 ol 51 0,5 w5 Il el ogdle aS Wb
S5l o ol B gl 50
ol ol sl )T JE cwyy ppe ol 3 b slailole ol g cpl o
258> 53 e Condse (2L, i - Al glul Geedl s &S AL By s B
W dieder (silwatag ol )sNll Sl jskite aay gl e el 5 Ty s S 50 (sl
s Oy Slalele iz aslsl jo .0y0,5 colaiwl ouisS S culyo s gl 0ol 3yas
b ailobs cpl jo i a8 )5 05 50 oy b it (L)l JUI 0 05250 55l ol 0 a5 cd)5 )l 8
boyeiie oy b aS ad ab s ks o lpd g Bl o ol Cue 5 Szge haw ) eolinl
OO S b aS ol (Brre (gLl s 5 0l 0555 g Dyge a bLI U e oo
ol Sl @il 0igl S5 S0l S8 g, 5l eoliiwl b (rizmen 00 5 ol Srge oS
s, als o 5 il e malS b, sl Lo )5 slaws LimliEl b a5 0 olb laailla
el p3¥ g 6l oS sladgl oansS S JUSew sl oGhe) orl 5o 0D B CuaBoe
b Spgans] 5 . Widg oad Jaul Sage s 5| ool b a5 b eslitl (gl JyuS JUSiem
| Carbe o, 85 il s S i & 5 458 gy gl JUKw LS5 i

Ololguioy Y-0

130,50 oloion 15 9,090 90 3l 0,515 slaailelss Aoy o IS dalsl jslais

\i4



b Ll sl o1z S o, Jan 3 s Jua b 45 glosileba sl e @
Slobgma ;5 el oal 1 o3l 51,2 (it 1 000 (sl S i 5 o
5,5 oolictl by ololids slo_bs, 51 olsise 4x5Lsk

5 Sy oyt oNgl, 1SS S0l J S s, 5l Glsiee seo N S, slaalels alkST 0 @
sl g, 3l sz gl izmen ol I8 dalllas 950 Coxdge b3, 25me 50 |y o
275 )8 addllan 850 sl 51 S5 po 5l (lgiee 45 310 3529 0y S0l J S

2ol 45 el w8 S L o sl Sl (gl Slodgame eaiiS S b o @
cd, JUS o 5 oS lasilols (gl Logass ol 4135 & 90 bosgame oyl ol
odgaze (il 3l 2L Dlie Sl Sen Coadly 0 Jy wsde B ol iS5
B Obey o el i ol plo adls Sy el g cd) JUI o S L g aiS el
bl 2 (b g 0gd eoliial 20 S b g s pSoilal cuz 6 Bl ) e
Ol b pite 5 SIST Sorge hos Joo (229, Ll g 05 ploxl louzme dyu polis
ol uals |y

A4






&

[1] T. B. Sheridan, “Telerobotics,” Automatica, vol. 25, no. 4, pp. 487-507, 1989.

[2] E. Nufio, L. Basafiez, and R. Ortega, “Passivity-based control for bilateral
teleoperation: A tutorial,” Automatica, vol. 47, no. 3, pp. 485-495, Mar. 2011.

[3] P. F. Hokayem and M. W. Spong, “Bilateral teleoperation: An historical survey,”
Automatica, vol. 42, no. 12, pp. 2035-2057, Dec. 2006.

[4] zZ. Li, L. Ding, H. Gao, G. Duan, and C.-Y. Su, “Trilateral Teleoperation of
Adaptive Fuzzy Force/Motion Control for Nonlinear Teleoperators With

Communication Random Delays,” IEEE Transactions on Fuzzy Systems, vol. 21, no. 4.
pp. 610-624, 2013.

[5] H. Du, “Brief paper -H,, state-feedback control of bilateral teleoperation systems
with asymmetric time-varying delays,” Control Theory & Applications, IET, vol. 7, no.
4. pp. 594-605, 2013.

[6] X. Liu, D. Constantinescu, and Y. Shi, “H,controller design of networked bilateral
teleoperation system with Markovian time delays,” Haptics Symposium (HAPTICS),
2012 IEEE. pp. 491-496, 2012.

[7] R. Moreau, M. T. Pham, M. Tavakoli, M. Q. Le, and T. Redarce, “Sliding-mode
bilateral teleoperation control design for master—slave pneumatic servo systems,”
Control Engineering Practice, vol. 20, no. 6, pp. 584-597, Jun. 2012.

[8] A. Forouzantabar, H. A. Talebi, and A. K. Sedigh, “Bilateral control of master—slave
manipulators with constant time delay,” ISA Transactions, vol. 51, no. 1, pp. 74-80,
Jan. 2012.

[9] A. K. Bejczy, “Teleoperators,” IEEE Industrial Electron. Soc. Newsletters, pp. 4—12,
Mar.1996.

[10] G. Clement, J. Vertut, R. Fournier, B. Espiau, and G. Andre, “An overview of CAT
control in nuclear services,” in Robotics and Automation. Proceedings. 1985 IEEE
International Conference on, 1985, vol. 2, pp. 713-718.

[11] W. Wei and Y. Kui, “Teleoperated manipulator for leak detection of sealed
radioactive sources,” in Robotics and Automation, 2004. Proceedings. ICRA’04. 2004
IEEE International Conference on, 2004, vol. 2, pp. 1682—-1687.

[12] R. P. Kumar, C. S. Kumar, D. Sen, and A. Dasgupta, “Discrete time-delay control
of an autonomous underwater vehicle: Theory and experimental results,” Ocean
Engineering, vol. 36, no. 1, pp. 74-81, Jan. 2009.

[13] J. Funda and R. P. Paul, “A symbolic teleoperator interface for time-delayed
underwater robot manipulation,” in OCEANS’91. Ocean Technologies and
Opportunities in the Pacific for the 90's. Proceedings., 2009, pp. 1526-1533.

ya



[14] R. Uhrich, “Terminus controlled deep ocean manipulator,” in Engineering in the
Ocean Environment, Ocean 73-IEEE International Conference on, 2000, pp. 301-304.

[15] M. J. H. Lum, J. Rosen, H. King, D. C. W. Friedman, T. S. Lendvay, A. S. Wright,
M. N. Sinanan, and B. Hannaford, “Teleoperation in surgical robotics—network latency
effects on surgical performance,” in Engineering in Medicine and Biology Society,
2009. EMBC 2009. Annual International Conference of the IEEE, 2009, pp. 6860—
6863.

[16] K.Y. Kim, H.S. Song, J.W. Suh, and J.J. Lee, “A Novel Surgical Manipulator with
Workspace-Conversion  Ability for Telesurgery,” Mechatronics, |IEEE/ASME
Transactions on, vol. 18, no. 1. pp. 200-211, 2013.

[17] J. G. Newman, R. B. Kuppersmith, and B. W. O’Malley Jr., “Robotics and
Telesurgery in Otolaryngology,” Otolaryngologic Clinics of North America, vol. 44, no.
6, pp. 1317-1331, Dec. 2011.

[18] A. Rovetta, R. Sala, X. Wen, and A. Togno, “Remote control in telerobotic
surgery,” Syst. Man Cybern. Part A Syst. Humans, IEEE Trans., vol. 26, no. 4, pp. 438—
444,1996.

[19] R. H. Taylor, J. Funda, B. Eldridge, S. Gomory, K. Gruben, D. LaRose, M.
Talamini, L. Kavoussi, and J. Anderson, “A telerobotic assistant for laparoscopic
surgery,” Eng. Med. Biol. Mag. IEEE, vol. 14, no. 3, pp. 279-288, 2000.

[20] J. Lim, J. Ko, and J. Lee, “Internet-based teleoperation of a mobile robot with
force-reflection,” in Control Applications, 2003. CCA 2003. Proceedings of 2003 IEEE
Conference on, 2003, vol. 1, pp. 680—685.

[21] N. Diolaiti and C. Melchiorri, “Teleoperation of a mobile robot through haptic
feedback,” in Haptic Virtual Environments and Their Applications, IEEE International
Workshop 2002 HAVE, 2002, pp. 67-72.

[22] J. Cui, S. Tosunoglu, R. Roberts, C. Moore, and D. W. Repperger, “A review of
teleoperation system control,” in Proceedings of the 2006 Florida conference recent
advances in robotics (FCRAR), Florida Atlantic University, FL, 2003.

[23] S. B. Skaar and C. F. Ruoff, Teleoperation and robotics in space, vol. 161. Aiaa,
1994,

[24] R. J. Anderson and M. W. Spong, “Bilateral control of teleoperators with time
delay,” Autom. Control. IEEE Trans., vol. 34, no. 5, pp. 494-501, 1989.

2

[25] S. E. Salcudean, “Control for teleoperation and haptic interfaces,” in in Control
problems in robotics and automation, Springer, 1998, pp. 51-66.

[26] G. J. Raju, G. C. Verghese, and T. B. Sheridan, “Design Issues in 2-Port Network
Models of Bilateral Remote Teleoperation,” in Proceedings of the IEEE International

Conference on Robotics and Automation, pp. 1317-1321.

Ao



[27] G. Niemeyer and J.-J. Slotine, “Stable adaptive teleoperation,” Ocean. Eng. IEEE
J., vol. 16, no. 1, pp. 152-162, 1991.

[28] K. Kosuge and H. Murayama, “Bilateral feedback control of telemanipulator via
computer network in discrete time domain,” in Robotics and Automation, 1997.
Proceedings., 1997 IEEE International Conference on, 1997, vol. 3, pp. 2219-2224.

[29] G. Niemeyer and J.-J. Slotine, “Using wave variables for system analysis and robot
control,” Robotics and Automation, 1997. Proceedings., 1997 IEEE International
Conference on, vol. 2. IEEE, pp. 1619-1625, 1997.

[30] G. Niemeyer and J.-J. Slotine, “Towards force-reflecting teleoperation over the

internet,” Robotics and Automation, 1998. Proceedings. 1998 IEEE International
Conference on, vol. 3. IEEE, pp. 1909-1915, 1998.

[31] Y. Yokokohji, T. Imaida, and T. Yoshikawa, “Bilateral teleoperation under time-

varying communication delay,” in Intelligent Robots and Systems, 1999. IROS’99.
Proceedings. 1999 IEEE/RSJ International Conference on, 1999, vol. 3, pp. 1854-1859.

[32] Y. Yokokohji, T. Imaida, and T. Yoshikawa, “Bilateral control with energy balance
monitoring under time-varying communication delay,” Robotics and Automation, 2000.
Proceedings. ICRA’00. IEEE International Conference on, vol. 3. IEEE, pp. 2684—
2689, 2000.

[33] P. Y. Li and D. Lee, “Passive feedforward approach to bilateral teleoperated
manipulators,” International Mechanical Engineering Congress and Exposition (ASME,
DS and Division, C., eds.), vol. 69. p. 2, 2000.

[34] S. Munir and W. J. Book, “Wave-based teleoperation with prediction,” American
Control Conference, 2001. Proceedings of the 2001, vol. 6. IEEE, pp. 46054611, 2001.

[35] S. Munir and W. J. Book, “Internet-based teleoperation using wave variables with
prediction,” Mechatronics, IEEE/ASME Trans., vol. 7, no. 2, pp. 124-133, 2002.

[36] D. Lee and P. Y. Li, “Passive coordination control of nonlinear bilateral
teleoperated manipulators,” Robotics and Automation, 2002. Proceedings. ICRA’02.
IEEE International Conference on, vol. 3. IEEE, pp. 3278-3283, 2002.

[37] S. Leeraphan, T. Maneewarn, and D. Laowattana, “Stable adaptive bilateral control
of transparent teleoperation through time-varying delay,” Intelligent Robots and
Systems, 2002. IEEE/RSJ International Conference on, vol. 3. IEEE, pp. 2979-2984,
2002.

[38] T. Mirfakhrai and S. Payandeh, “A delay prediction approach for teleoperation
over the internet,” Robotics and Automation, 2002. Proceedings. ICRA’02. IEEE
International Conference on, vol. 2. IEEE, pp. 2178-2183, 2002.

AN



[39] S. Ganjefar, H. Momeni, and F. Janabi-Sharifi, “Teleoperation systems design
using augmented wave-variables and Smith predictor method for reducing time-delay
effects,” Intelligent Control, 2002. Proceedings of the 2002 IEEE International
Symposium on. IEEE, pp. 333-338, 2002.

[40] H. Flemmer and J. Wikander, “Transparency and stability analysis of a surgical
teleoperator system,” Haptic Interfaces for Virtual Environment and Teleoperator
Systems, 2003. HAPTICS 2003. Proceedings. 11th Symposium on. IEEE, pp. 382-389,
2003.

[41] J.-H. Ryu, B. Hannaford, C. Preusche, and G. Hirzinger, “Time domain passivity
control with reference energy behavior,” Intelligent Robots and Systems, 2003.(IROS
2003). Proceedings. 2003 IEEE/RSJ International Conference on, vol. 3. IEEE, pp.
2932-2937, 2003.

[42] J.-H. Ryu and J.-H. Kim, “Stable and high performance teleoperation with time
domain passivity control: reference energy following scheme,” Advanced Robotics,
2005. ICAR’05. Proceedings., 12th International Conference on. IEEE, pp. 782-787,
2005.

[43] L. L1, Y. Li, and G. Liu, “Nonlinear adaptive control of teleoperation systems with
large time delay,” Control Applications, 2005. CCA 2005. Proceedings of 2005 IEEE
Conference on. IEEE, pp. 15221527, 2005.

[44] M. Alise, R. G. Roberts, and D. W. Repperger, “The wave variable method for
multiple degree of freedom teleoperation systems with time delay,” Robotics and
Automation, 2006. ICRA 2006. Proceedings 2006 IEEE International Conference on.
IEEE, pp. 2908-2913, 2006.

[45] Y. Hou and G. R. Luecke, “Time delayed teleoperation system control, A
Passivity-Based Method,” Advanced Robotics, 2005. ICAR’05. Proceedings., 12th
International Conference on. IEEE, pp. 796-802, 2005.

[46] Y. Hou and G. R. Luecke, “Time delayed teleoperation system control, A
Passivity-Based Method,” Advanced Robotics, 2005. ICAR’05. Proceedings., 12th
International Conference on. IEEE, pp. 796-802, 2005.

[47] X. Liu, W. J. Wilson, and X. Fan, “Pose reflecting teleoperation using wave
variables with wave prediction,” Mechatronics and Automation, 2005 IEEE
International Conference, vol. 3. IEEE, pp. 1642-1647, 2005.

[48] M. U. Keerio, L. Zhang, Y. Lu, A. R. Jafti, and J. Yang, “Control Scheme for
Stable Bilateral Teleoperation with Time Delay,” Robotics and Biomimetics, 2006.
ROBIO’06. IEEE International Conference on. IEEE, pp. 433-438, 2006.

[49] N. A. Tanner and G. Niemeyer, “High-frequency acceleration feedback in wave

variable telerobotics,” Mechatronics, IEEE/ASME Trans., vol. 11, no. 2, pp. 119-127,
2006.

AY



[50] M. Boukhnifer and A. Ferreira, “Wave-based passive control for transparent micro-
teleoperation system,” Rob. Auton. Syst., vol. 54, no. 7, pp. 601-615, 2006.

[51] A. Aziminejad, M. Tavakoli, R. V Patel, and M. Moallem, “Wave-based time delay
compensation in bilateral teleoperation: two-channel versus four-channel architectures,”
American Control Conference, 2007. ACC’07. IEEE, pp. 1449-1454, 2007.

[52] I. G. Polushin, P. X. Liu, and C.-H. Lung, “A force-reflection algorithm for
improved transparency in bilateral teleoperation with communication delay,”
Mechatronics, IEEE/ASME Trans., vol. 12, no. 3, pp. 361-374, 2007.

[53] H. Kazerooni, T.-I. Tsay, and K. Hollerbach, “A controller design framework for
telerobotic systems,” Control Syst. Technol. IEEE Trans., vol. 1, no. 1, pp. 50—62, 1993.

[54] G. M. H. Leung, B. A. Francis, and J. Apkarian, “Bilateral controller for
teleoperators with time delay via p-synthesis,” Robot. Autom. IEEE Trans., vol. 11, no.
1, pp. 105-116, 1995.

[55] Z. Hu, S. E. Salcudean, and P. D. Loewen, “Robust controller design for
teleoperation systems,” Systems, Man and Cybernetics, 1995. Intelligent Systems for
the 21st Century., IEEE International Conference on, vol. 3. IEEE, pp. 2127-2132,
1995.

[56] A. Sano, H. Fujimoto, and T. Takai, “Network-based force-reflecting
teleoperation,” Robotics and Automation, 2000. Proceedings. ICRA’00. IEEE
International Conference on, vol. 4. IEEE, pp. 3126-3131, 2000.

[57] S. Sirouspour and A. Shahdi, “Bilateral teleoperation under communication time
delay using an LQG controller,” Control Applications, 2005. CCA 2005. Proceedings of
2005 IEEE Conference on. IEEE, pp. 1257-1262, 2005.

[58] K. Hashtrudi-Zaad and S. E. Salcudean, “Adaptive transparent impedance

reflecting teleoperation,” Robotics and Automation, 1996. Proceedings., 1996 IEEE
International Conference on, vol. 2. IEEE, pp. 1369-1374, 1996.

[59] H.-K. Lee, M. H. Shin, and M. J. Chung, “Adaptive controller of master-slave
systems for transparent teleoperation,” Advanced Robotics, 1997. ICAR’97.
Proceedings., 8th International Conference on. IEEE, pp. 1021-1026, 1997.

[60] W.-H. Zhu and S. E. Salcudean, “Teleoperation with adaptive motion/force
control,” Robotics and Automation, 1999. Proceedings. 1999 IEEE International
Conference on, vol. 1. IEEE, pp. 231-237, 1999.

[61] W.-H. Zhu and S. E. Salcudean, “Stability guaranteed teleoperation: an adaptive

motion/force control approach,” Autom. Control. IEEE Trans., vol. 45, no. 11, pp.
1951-1969, 2000.

AY



[62] L. J. Love and W. J. Book, “Force reflecting teleoperation with adaptive impedance
control,” Syst. Man, Cybern. Part B Cybern. IEEE Trans., vol. 34, no. 1, pp. 159-165,
2004.

[63] L. L1, Y. Li, and G. Liu, “Nonlinear adaptive control of teleoperation systems with
large time delay,” Control Applications, 2005. CCA 2005. Proceedings of 2005 IEEE
Conference on. IEEE, pp. 1522-1527, 2005.

[64] K. Hosseini-Sunny, H. Momeni, and F. Janabi-Sharifi, “Adaptive teleoperation
systems design,” Control Applications, 2005. CCA 2005. Proceedings of 2005 IEEE
Conference on. IEEE, pp. 334-339, 2005.

[65] M. S. Sadeghi, H. R. Momeni, R. Amirifar, and S. Ganjefar, “A new adaptive
inverse control scheme for teleoperation system with varying time delay,” Computer
Aided Control System Design, 2006 IEEE International Conference on Control
Applications, 2006 IEEE International Symposium on Intelligent Control, 2006 IEEE.
IEEE, pp. 199-204, 2006.

[66] P. Buttolo, P. Braathen, and B. Hannaford, “Sliding control of force reflecting
teleoperation:
Preliminary studies”, Presence, 1994.

[67] M. Guiatni, A. Kheddar and H. Melouah, “Sliding Mode Bilateral Control and
Four Channels Scheme Control of a Force Reflecting Master/Slave Teleoperator,” in
Proc. Of the IEEE Int. Conf. on Mechatronics & Automation ,Niagara Falls, Canada,
July 2005.

[68] T. Weise, Global Optimization Algorithms: Theory and Applications, it—weise.de
(self—published), Germany, 2009

[69] J. H. Holland, Adaptation in natural and artificial systems. Ann Arbor, MI: Univ.
of Michigan Press, 1975.

[70] D. E. Goldberg, Genetic Algorithms in Search, Optimization and Machine
Learning, 1st ed. Boston, MA: Addison—Wesley Professional, 1989.

[71] J. Kennedy and R. C. Eberhart, “Particle swarm optimization,” in Proc. IEEE Int.
Conf. Neural Netw., Perth, Australia, 1995, pp. 1941-1948.

[72] A. Alfi, “PSO with Adaptive Mutation and Inertia Weight and Its Application in
Parameter Estimation of Dynamic Systems,” Acta Autom. Sin., vol. 37, no. 5, pp. 541—
549, May. 2011.

[73] A. Alfi and M.M. Fateh, “Intelligent identification and control using improved
fuzzy particle swarm optimization,” Expert Syst. Appl., vol. 38, no. 10, pp. 12312—
12317, Sep. 2011.

[74] H. Gozde and M. C. Taplamacioglu, “Comparative performance analysis of
artificial bee colony algorithm for automatic voltage regulator (AVR) system,” J.
Franklin Inst., vol. 348, no. 8, pp. 1927-1946, Oct. 2011.

AY



[75] D. Karaboga and B. Basturk, “Artificial bee colony (ABC) optimization algorithm
for solving constrained optimization problems,” in Found. Fuzzy Log. Soft Comput. SE
— 77, vol. 4529, Springer—Verlag, Berlin, pp. 789-798, 2007.

[76] B. Akay and D. Karaboga, “Artificial bee colony algorithm for large—scale
problems and engineering design optimization,” J. Intell. Manuf., vol. 23, no. 4, pp.
1001-1014, 2012.

[77] P. Civicioglu and E. Besdok, “A conceptual comparison of the Cuckoo—search,
particle swarm optimization, differential evolution and artificial bee colony algorithms,”
Artif. Intell. Rev., vol. 39, pp. 315-346, DOI 10.1007/s10462—011-9276—0, 2013.

[78] R. Rajabioun, “Cuckoo Optimization Algorithm,” Appl. Soft Comput., vol. 11, no.
8, pp. 5508-5518, Dec. 2011.

[79] D. Simon, “Biogeography-based optimization,” Evol. Comput. IEEE Trans., vol.
12, no. 6, pp. 702—713, 2008.

[80] E. Atashpaz-Gargari and C. Lucas, “Imperialist competitive algorithm: an
algorithm for optimization inspired by imperialistic competition,” in Evolutionary
Computation, 2007. CEC 2007. IEEE Congress on, 2007, pp. 4661-4667.

[81] D. Karaboga and B. Basturk, “A powerful and efficient algorithm for numerical
function optimization: artificial bee colony (ABC) algorithm,” J. Glob. Optim., vol. 39,
no. 3, pp. 459-471, 2007.

[82] B.-Y. Kim and H.-S. Ahn, “Bilateral teleoperation systems using genetic
algorithms,” in Computational Intelligence in Robotics and Automation (CIRA), 2009
IEEE International Symposium on, 2009, pp. 388—393.

[83] C. A. Coello Coello, “Use of a self-adaptive penalty approach for engineering
optimization problems,” Comput. Ind., vol. 41, no. 2, pp. 113-127, 2000.

[84] N. Chopra and M. W. Spong, “Adaptive coordination control of bilateral
teleoperators with time delay,” in Decision and Control, 2004. CDC. 43rd IEEE
Conference on, 2004, vol. 5, pp. 4540-4547.

[85] E. Nufio, L. Basafiez, R. Ortega, and M. W. Spong, “Position tracking for non-

linear teleoperators with variable time delay,” Int. J. Rob. Res., vol. 28, no. 7, pp. 895—
910, 2009.

[86] C. K. Chui, An introduction to wavelets Applications (Wavelet Analysis and Its
Applications, Vol 1). vol. 1). Access Online via Elsevier, 1992.

[87] C. K. Chui, Wavelets: A Tutorial in Theory and Applications (Wavelet Analysis
and Its Applications, Vol 2). Academic Press, Incorporated, 1992.

[88] D. L. Donoho and J. M. Johnstone, “Ideal spatial adaptation by wavelet shrinkage,”
Biometrika, vol. 81, no. 3, pp. 425-455, 1994.

AD



[89] D. L. Donoho, “De-noising by soft-thresholding,” Inf. Theory, IEEE Trans., vol.
41, no. 3, pp. 613-627, 1995.

[90] D. L. Donoho and I. M. Johnstone, “Adapting to unknown smoothness via wavelet
shrinkage,” J. Am. Stat. Assoc., vol. 90, no. 432, pp. 1200-1224, 1995.

[91] H.-Y. Gao and A. G. Bruce, “WaveShrink with firm shrinkage,” Stat. Sin., vol. 7,
no. 4, pp. 855-874, 1997.

[92] X. Guo, P. Yang, Y. Li, and W.-L. Yan, “The SEMG analysis for the lower limb
prosthesis using wavelet transformation,” in Engineering in Medicine and Biology
Society, 2004. IEMBS’04. 26th Annual International Conference of the IEEE, 2004,
vol. 1, pp. 341-344.

[93] Z. Qingju and L. Zhizeng, “Wavelet de-noising of electromyography,” in
Mechatronics and Automation, Proceedings of the 2006 IEEE International Conference
on, 2006, pp. 1553-1558.

[94] M. C. E. Rosas-Orea, M. Hernandez-Diaz, V. Alarcon-Aquino, and L. G. Guerrero-
Ojeda, “A comparative simulation study of wavelet based denoising algorithms,” in
Electronics, Communications and Computers, 2005. CONIELECOMP 2005.
Proceedings. 15th International Conference on, 2005, pp. 125-130.

[95] S. Arimoto, S. Kawamura, and F. Miyazaki, “Bettering operation of robots by
learning,” J. Robot. Syst., vol. 1, no. 2, pp. 123-140, 1984.

[96] Z. Bien and J.-X. Xu, Iterative learning control: analysis, design, integration and
applications. Kluwer Academic Publishers, 1998.

[97] J.-X. Xu and Y. Tan, Linear and nonlinear iterative learning control, vol. 291.
Springer Berlin, 2003.

[98] A. Tayebi, “Adaptive iterative learning control for robot manipulators,”
Automatica, vol. 40, no. 7, pp. 1195-1203, 2004.

[99] J.-X. Xu, T. Heng Lee, and H.-W. Zhang, “Analysis and comparison of iterative
learning control schemes,” Eng. Appl. Artif. Intell., vol. 17, no. 6, pp. 675-686, 2004.

[100] D. H. Owens and G. Munde, “Error convergence in an adaptive iterative learning
controller,” Int. J. Control, vol. 73, no. 10, pp. 851-857, 2000.

[101] M. French, E. Rogers, H. Wibowo, and D. H. Owens, “A 2D systems approach to
iterative learning control based on nonlinear adaptive control techniques,” in Circuits
and Systems, 2001. ISCAS 2001. The 2001 IEEE International Symposium on, 2001,
vol. 2, pp. 429-432.

[102] J. J. Hétonen, D. H. Owens, and K. L. Moore, “An algebraic approach to iterative
learning control,” Int. J. Control, vol. 77, no. 1, pp. 45-54, 2004.

AF



[103] A. Madady, “Self-Tuning Iterative Learning Control for Time Variant Systems,”
Decision and Control, 2005 and 2005 European Control Conference. CDC-ECC ’05.
44th IEEE Conference on. pp. 2445-2450, 2005.

[104] T. Sugie and T. Ono, “An iterative learning control law for dynamical systems,”
Automatica, vol. 27, no. 4, pp. 729-732, 1991.

[105] M. Arif, T. Ishihara, and H. Inooka, “Experience-based iterative learning
controllers for robotic systems,” J. Intell. Robot. Syst., vol. 35, no. 4, pp. 381-396,
2002.

[106] T. Sugie and T. Ono, “An iterative learning control law for dynamical systems,”
Automatica, vol. 27, no. 4, pp. 729-732, 1991.

[107] S. Arimoto, S. Kawamura, and F. Miyazaki, “Bettering operation of dynamic
systems by learning: A new control theory for servomechanism or mechatronics
systems,” in Decision and Control, 1984. The 23rd IEEE Conference on, 1984, vol. 23,
pp. 1064-1069.

[108] C.-C. Hua and X. P. Liu, “Delay-dependent stability criteria of teleoperation
systems with asymmetric time-varying delays,” Robot. IEEE Trans., vol. 26, 2010.

AY



Abstract

This thesis studies the problem of position tracking of bilateral teleoperation systems.
This research is set in two parts. First, a kind of these systems with constant time delay
in communication channel is investigated. For this system, a control structure is
proposed such that in addition to guarantee the stability of the closed-loop system and
position tracking in the presence of model uncertainties, the optimal parameters of the
controller are obtained to achieve optimal position tracking using a novel optimization
algorithm. In the second part, another kind of bilateral teleoperation systems is
considered where the time delay in communication channel is included the time varying
term. In this part, a structure is firstly introduced in which due to existence of this term
the stability condition is not satisfied and thus the system is unstable. To solve this
problem, using the wavelet transform and its preference in noise rejection, the time
varying term is considered as a noise in the time delay in communication channel, the
stability condition of the system is provided. Afterward, using iterative learning control,
a structure is considered in addition to ensure the stability of the system and zero
tracking error by increasing iterations, by using the control signal of stabilized system
via wavelet transform as its initial control signal, the position tracking are provided

better than before.

Keywords:Teleoperation systems, synchronization, adaptive control, intelligent

algorithms, wavelet transform, iterative learning control.
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