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robot manipulators

model-based

model-free

* adaptive fuzzy

® modified quadrotor unmanned aerial vehicles (UAV)
® actuator faults

" lumped faults

® flexible joint

® dual-arm robot

% multiple robot

1
2
3
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! coordinated

2 unmanned surface vehicle

¥ wheeled mobile robot

* the Fourier series expansion
> orthogonal polynomials

8 uncertainty estimation
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! commercial robots

2 observer

? disturbance observer

* extended state observer (ESO)
® lumped uncertainty

® uncertain nonlinear systems

’ magnetic levitation systems

® sliding mode observer

% state estimation
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! parametric uncertainties

2 model nonlinearities

® observer responses

* observer-based adaptive type-2 fuzzy controller
> two-link robot manipulator

® knee exoskeleton
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! flexion/extension

2 hackstepping sliding control (BSC) approach
¥ lower limbs

* upper limbs
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! torque control strategy (TCS)
2 voltage control strategy (VCS)
® task-space

*online

® joint-space
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! approximation error
Z Chebyshev polynomials
3 estimated states






:‘osa Jadﬁ

S5l slagil (Lob) Giludos

AR



doddio V-V
Seelind 5 Sloinw silodoe Jold &5 S3L) slagil (2L, silwdae Jad cnl 5o
OB 5 e Dby &S (Sleis iludan jo 0sdioe Gl e jsb el
e Soiletew hold (Sloiws iludde 0gdior (o) n ol eaiS Sl slag
3 5 eolaal b (Sealips 3l 5 sl msSTy - po Sleie 5 (39)ly Sl

Dl oo Casots B,y (Seolos Jow 5,5V = ,lol dolas g 05,5V ¢ il (6550 ¢ i

Sl g5l Joro VY
0919 9 o Sodlods 1YY

Sy Cuz g Sonbye b Jolie oyt 185 50 b el Soilei 5o
Ll Jsbo 4Ll g Y9 Jolie o lalal; G (sbls) ploa Jolie lopiie 098 o0 S (2l
Jolie 65513 i ool 2 (Seiloims g Sl lagily aillbige (2545 Jolia )
Sy 5 69,8 Sy e Sl ISl Sl & ply e ged Sy 4 45 gl e AT
55 il ools (Las F-¥ B 1Y sla St 0 cas it oad 53 slacly oS o)Ll | glaslgid
P ey Sl 5o aSll o Sl (0545 (gaar Juade 5 (Y5l €55 51 U5l Jade g0 ISl by

Los] sl o oYy g9 5l Jaie

! SCARA
2 articulated
¥ spherical
* cylindrical

\Y



ISl S, V=Y S

e i Sy, Y-V S

\Y



9,5 b, -V &

slailgiwl ob, F-Y ISs



earile g JUEST s s eislyss i ile 9l ebey ool @l 51 L3 .cenl (D-H) 'S s o~y sbs

gl eon J“"‘"

Oly9d w Flo \-)-Y-Y
oiws ;0 S 59, P aba Lioles el oo sols ylis O-Y IS5 40 S o per SO
s Py sz g e ools lid B L 0X Y7 Slaise oiws 4 e g Py L 0XyYpZ, Slaize
[08] el 55 &hgar oles Gupibe vy o] bl s P LSy isles P,
R =RR,
iod, ok Ky, oty

o-Jy Jordi Kok
ik ok Kok

T
o
I

P, = R,P.

i, g, K
|0 (¥-Y)
o=|hdo Jido ki

ik, Gk, Kok,

! Denavit-Hartenberg (DH)
VO



a8l oly50 Glaise gloyemme O-Y S0

o ile a5 les 0 agly b Zp jeme o> 0XYiZy Slate oS ST Jle Glaie 4

cosgd —singd O
Ry=R,,=|sin@ cosd O (¥-Y)
0 0 1

g oo 0318 Lialed pj Oygeds y 9 x Sleyeme Joo (90 Sld e e alie )b 4

1 0 0 cos@ 0 sin@
R=|0 cos® -sind|,R,=| O 1 0 (f-v)
0 sin@ cos@ —-sind 0 cosé@

\F



Jst 1 ¥-V-Y-¥

Cawds 0% YpZy Slaizce oliws gilge Jl 5l 0X Y7, Slaitee oiws &£-Y IS 50
-0 obe 0XYpZy Slaiw oKiws ;o oS el 0 lows 4 0y Tawe 51 g lo dé S8y el ool
Slaiss L§L°)9’°° 6.5;5_7- RO Pl 9 F% quo.. 99 6‘)"5 P alass gr ‘J..ﬁ Cound d.sUa.o Dl

Los]

P, =P +d; (O-Y)

Zl
Z0
4 {1}
5 N
10}
XO yO

a8l sl Slaise olfws £-Y IS

Oygods OX Y7 Slaize oliws g 0% Y Z, Slait olws oy S Ll oy i
Jesi Je olyie 9950 eapel o 5> o5 Cel alls JUil 5 s olss oS 5

\Y



{Po =RiR +d; 51

P, =R’P, +d;
o o8 o S dap)] oS 5 aBly o g ol ol jo pgs Asles 51 B 6yl L YL alal) o
ilige Cossty 5 & j50n g
P, =RR?P, + Ryd; +d; (V-Y)
Rgler Ol 2) DHgeds il lo OS5 > Sy 58 By 5 Ry ddal, aSol 4y 4z gs YL alal,
P, =RZP, +d?

RZ = RyR? (A-Y)
di =Ryd?+d;

R sl Gl 4 axgi b

R ][R 0] _[RRE Ridf v a
01><3 1 01><3 1 - 01><3 1

H_Rd (-1
1o 1

S H Kon Jos Gusbe quos olis S, 5 C, ool L1, SiNE@) 4 cos(6) 31
Goxly d Jlsl amy ¢ dxd X jgmo slaial jo gty b il amy X jgome Jo axy0 @ o)ye0 5

2 Sy d el oo Cawds Z dad jemme g az,0 0 g0 s g 2 ad jeme slaial o

R WP oaly lid

YA



H =Rot, Trans, Trans, ;Rot, ,
1 0 0 O0f/1 00 bjj2 00 0|C, =S, 0O
o Cc, -S, 0jj0 1 0 00 1 0 O}S, C, 0O
:OSaCa00010001d0010
0 0 0 1jj0 0 0 1j/0 O O 1jO0 0 01 (1-T)
c, S, O b
c,s, ¢cC, -S, -S.d
“ls,s, s.c, c, cC.d
0 0 1

‘j)..a.:’)u —Q%BL;\) JQQLQ-; Y‘—\—Y—Y
Ol nj Dygod eulol hos bz wro Sjgot A Lo Gl o sy cnl o

Los] Ol o0 0ol

A =Rot, ,Trans, , Trans, , Rot,

cei—seiooloo()lo()ai‘looo
/s, C, 000|010 0f0100f0C -5 0
0 0 1 0/0014dl|0O010|0S, C, 0
0001_00010001:0001 Y1)
C, —S,C. S,S, aC,
S, C,C, —C,S, aS,
o s, ¢, q
0 0 0 1

Wgd oo odal G g Sl ok csly coiia @ 9 O d G slayull oS
5 akied ol layzally 51 dm L, o (gl 4zt o wionl e 3l cml A esile 52
(s piie (0985 Jate o Gln O g YY) Jate SOl O b el

{07] 0500 4D oI5 A j0 5 & g0t Iy le -yl gl

\9



o2 oo )18 7 bz 7)), Jolas glaygme )

5 % sl sme oS oo melaS 7y s9mme (53, olsBs sb |y Tae 5 ceai | by olRws Y
i=1..,n=1 lp g bl culie job 4 85, oliws (285 a3 L1,y
poleize 1,211, B B Y sl ols

9% S oo )81 0l S go aad 1) 7 ¢ 7y 5 7 S i Sges a5 ol 0 Y
o 0 1, 0 caizied glae 7y 97 ST g ablay akais o 1, 0, adai caiiis ablie 7,
oS )13 | Jaie

Zi 92y Slpeooo 131, % <0 5l y5me 109 7 5 Ziy o S yide dgee Slaal o F
w23 0 )18 7 9 7 ambo 4 dgec Sy o) X anil ablite

oS oo attine ) Y o Sl olSiss ST L0

oS o0 i 1) 0.X Y2, SLb Ceond Dlaite oKiws F

S oo o 8,00, Loy slo el Jols Jysr Y

o] Zi_4 9% Lgl.b)j:;m é.bl.cu J?m by 0; )| X Slael J9L: a

O osaS Jolio o .l 7 9 X loyome ablis Joxe b 0, 3l 7, olaiel Job :d,

Dgisns S5 ojll X Je &S 7 9L e agly iy

el yiite 6 VS Jolin 15 055 e 5,50 2, S 85 Xy 5 X oo sl )

oS o 25 |, A Sen o slo s ile (1 Y-T) o Vb sl el (6 iSols b
oo u.é‘.> 9 Myo ‘w):l.o U"‘ MOL;Q J.&M..: ‘) TonzAl,...,An uAAJ)JLO .

DS oo e b Slaitee oSy jo 1y BT Slatse

A

ﬁ



Cowl 0aal V=Y Jgaz 0 LISl @b, SO S ,sle —cugbs slayl)b e oloxe a

Sl sl St 1) pditie Slerw SVolae !y 4 o] (59, 5 eules oo S dre val

DIV el oot sols olas Y=Y Jgaz ;8 sl —Cagbis sla ol b 5 aie yim &by,

LISl &by gl S s jlo —Caglis Jgom V=Y Jgox

L, 6 d o
) 6, 0 0
Y o, 0 V4
¥ 0 d, 0

S yia Sl slp Sl —Cagls Jour Y-V Jour

L, 6 d a
) 0, d, /2
Y o, 0 0
Y o, 0 0

Al I Jooms y)ly Sileiw b (A5 ek o3lop o 2ld e gz g Cundee

AR




pmles o 1) et e Slidie OVoles ains S Jolin slo e (pend gl Wb 0l o)
Slotw dlus glyp gools o o, SO sl S Jly s ooy SYolaw o] Jo oS

Silorns 5l oloJlie [05] o el cwssin i, S ¢ Jsloie Silotw glocaS 5 sl o)l

e85 - o Soilodons F-1-Y-Y
395 g0 wgmme Dy &8> S8 5 5l GlaceeS (et S (Se omsSTs e Slo
-4 Glaide S > Gl (5SS Gl eSS e lses Glo s lzl g (b o oS
@93k Jolie 4y 2l sy 5l Lo ysliaSy gy Jood § &8 o (Soolips S¥olae (3051 s
X S lad o cepm Jlop |y 0 laie slad 1o ce g Jlop usle (nl 0900 515 4 L,

Lo5] S o bos 55 & )g0 @

x=J(q)q (\Y-Y)
el 5 Djgo ar baly-n pele o5k (sSTy

J=[J, J, - J] \¥-v)

ool ) Oygo a1 saS Jaie sl Jp pl 1 gt oS

] Jo | |z (\o-Y)
"1, |0

Yy



5[] 7, ,x(dg —dg ") (\#-Y)
I ‘]w Z.

5L 050 polie pled 15 ol cly YU Jg0,8 51 oolaiul b (psST5 s ilo (0,9] Cawsay

i 1y 4 sl gae A T pom OFw 5O (@Bly )0 s s ;3 e 12l 6l
e Sl ezt o aims o oLis |y Gy gl sae 4w Tg g ez (5 55 eizeed S oo
JolS ysb 2 dOF] jo oo Sli T slam il (5t oyl 5 oz 42 LS sST e il
e ile YU Lalg ) 5l oolatwl b caiges lgie du ol ool LS s b Laslg,y cpl 040 59] s (g0950

ol e Sy 5 Dyg0 4 LISl ale 55k usSTS

-a,sin(4,) —a,sin(6, +6,) -a,sin(6,+6,) O
J =| a,cos(4)+a,cos(d,+6,) a,cosd,+6,) O (\V-Y)
0 0 -1

‘;iml.ué cS}L‘*JM Y-y

Yolee ol e sl el STV <Ll E¥olee (y3y8] ety Ceond 1l e
33 Alone ol ool s Jroiliy (555 5 (i (551 B 45 s (58,5

iz 535N

i 5551 8551 & 25 by 28l T Bl oyl oS g My iy | Ly 0y S
a ol ol stz @3 IS sl ey O k) iz slass il ggeme 5l L,

K:%qT [i(miJwTJw +JWiTR(‘JIiR;TJWi)]q (A-Y)
i=1

Yy



‘31;.,.:.?63)4’\ G0 Ohle @l b oK o [ali Slatu oKiws 3l)90 o ylo R(') as

g o0 ey b 2y Dyge w4 el s95b

K :%qTD(q)q (Y4-Y)

as

D(Q)Zzn:(miJViTJVi +\]WiTR(i)IiRli)TJWi) (Y’—Y)
i=1

Sosb oS 5 A Aty o)l Sote fpre e ile o a5 3580 00mel (ol mle D

Joily (5551 V-Y-Y
0 85 s jo bl dls (69 Joily (65,50 aie s cdo Solos > o

[o5] Bl oo Gy ) OSygots Sl sl (65,50 el olKiws o 4dl> oy lgica

V, :gngimi’ Vv :Zn:gngimi’ dy :d(i)'i'R(;dici -V)
i1

$1,5Y - s ol doleo Y-
ey 5 oty ol Jouily 6551 9 stz 654 o ST &S 3l SY ol

:[O?] AJTGA

LK _V Y-Y)

Wolas lgise D58z ol 5 Dz 4 4 LSV gl doles 4 FSY ol )3 L s

3,59] Gy ) by (Seolins

Yy



afoL)_ o _,
dtlog ) oq

(YY-Y)

Dl o0 (et 1) D ygo A ol Gimt_,o aoleo el (o

.. OK oV
D(a)4+D(a)d o0 T a "
q oq

(Y¥-Y)

plo ol 38 py Jolaie Sjge ]y ol (lg5 o0 &S

D(a)d+C(q,9)g+G(q) =7

Yo-Y)

3hoslatwl b aslys so a5 cdayly —as )01 Ob;y (6950 (Sewlos SVolas (Jlo olgie 4

g oo 00l Hlias 5 &g il Cosay 515V - Lol

D, D, D
D(q) = D,y Dy Dy s
D, Dy Dy
Cu Cp Gy 0
C(q,0) = |1|2 Sin(qz) Cun Cy Cz3]’ G(a) = 0
C31 C32 C33 —Msg

m m
D, =1’ (?l"' m, +my) + 11, (m, +2m,) cos(q,) + I;(?Z‘F m;)
m m
Dy, =D, =-1, (72 +m,)cos(d,) - |22 (?2 +my)
2 mz
D, =1, (?"' my), Dy = Dy =D, =D;, =0, Dy =my
, . ,m,
Cy, =—0,(m, +2m,),C, =—q, (? +m,)

. ,Mm
Cp = _Q1(?2+ M;),Ci3 =Cg =Cp3 =C3, =Cy, =C43 =0

(Y5-Y)

(YV-Y)

el oaal JalS sk [OV] )5 Yol oz 5 aie m b (6

Yo



\id



g Juas
sg3b polie HI5 slas J s

41,98 5w b 3l eolawl b by,

B slas Ce pw (g S0l (g

Yy



doudo \-Y
5hesliul oa I slad jo by slagil 6lp (s Jaw 5 ol51 iy, S (b
o shas e 5 bacaalad pae ()l gl 0sdoe st Jad nl o0 )15 lad oy (6 2505l
o 9 SPbl (5lul (5,955 5l eoliiwl b .aigd oo oolitul 4 558 (Gla sy 0aiiS J S 5 K, o
o e ho 4 g,y e sl izes 5 553, sl A5 39d e eSSV
cllo Sug) oL awlie 5 il 4t @l cul oy Dby Sy addllas 350 s gl

WS oo dnl | eolpinn 00,08l a5 as (Klg, SO g a8l pposs

RGN 215 slad Solus Jaw Y-V idu 098 o0 i p) Oygar Jad cpl (soailedl
FRVELIY JUEL I S E TR Y oold o 4,88 (5w AESWERR B BEE TR WS oo (e I
s £-Y (idu j0 0gd o S O-Y ise o 6hlal k,llﬂ g oo b golprinn K, g

Dy o oo)9—| V=Y Cond [0 (6 S aoms gl o g Wigd oo 00ls (lis o5lw ani

‘S}LMJM Y-y

L05] Wgd o 00ls 55 &g S SIS, a3k slacSslive

D(a)d+C(a,9)q+G(q) =7, (\-Y)
J rg+B rig+rr, =K 1, (¥Y-Yt)
RI, + LI, +K_rg+e=v(t) (Y-¥)

sleg,s Jopy C(q,0)q b, syl sl D(Q) (Joloo Cosdgo slom g YL OYolas o
ol I aadlioe by Jolae oliS sy 7y g LBLF g9y sl G(A) S 5l 25

loodis &2 calpd b8 pwple Ty oo culpd 58 sl By owiil Gl (55had
YA



op @ g laygae by Jlop 1 deygise sty jlop Voansl go Sl asl 5 omee,l cooglia
| 6?)15 Slalese!

ld gulem (Y-Y) & (\-F) 5l 7, o iSSL> L

D(q)4+C(a.d)g+G(q) =K, I,
D(q) =J,,r " +rD(q)

_ B _ (f-¥)
C(a,9) =B,r~+rC(q,d)
G(q) =rG(a)

1y 983 e azs (F-1) 4 (V-1 5l 1, cwssl>
D(a)4+(C(a,6) + K, R'K r*)q+G(q) + K,R'LI, +K R'p=K RV O-Y)

ol el HI5 slad jo ol 6o Cuz g CarBge saar N oy T aS aus 58

h=3(0)G yge  h I slad copm Jop a1, 0 laie slad cepw o 3(A) omsSTy

205 0 Sl b ossdioe Jols = J(@G+ 3G g N 2 5 a5 o Lo
1o, (O-Y)

I7D(@)I *(@)h+IT[C(q,4) + K, RK r* = D(@)J *(a)J ()13 *(a)h+

_ . *-Y)
ITIG(q) + K, RMLI, +K, RY%]=J K RV

1090 o 5L g Oyga Sl oo (B-T) (Jl>

M (h)h + N (h,h)h + H (h) = u(t)

M (h)=J3(a)" D(q)J(q)™

N(h,h) = 3(a) "[C(q,d) + K,R™K,r™* = D(e)3 () (@)1 (@) V-
H(h) = 3(a) " [G(a) + K,R™LI, + K R ]

u(t)=J(a)" K,R™v()

Y4



1390 0 0018 55 Dygar (Y-V) b slad iolad sl oolaul b

X = AX+ Bu(t) + By (t)

y=Cx (A-Y)
i
: 0 | 0
x=[h h]" , A= ,B=|_ |.c=[l 0
mor Ao o] el e -

() =(M(h)* = Du®)-M(h)*(N(h,h)h+H (h)

cig a3 0 wul NXL 59,5 oy & Y wwl 2nxL Gl oy o X asG 5b
JS o9l el gt Cupaled pae (1) 5 aiin MXN T(lan) a5y 5 i (slogm sl
- oo S V() = ﬁkm*lj(q)Tu(t) Langs 5ty SR o S o dulea |, U(t) JUKs

s (U polie j(q) 3 Km R a0 u]

498 (5w by Y-Y
b Lo 51 g 00y 4y 599 (6o Lanms Lrnog 9l oo ' glite wolgs 457 el g me
S PP plgi o ol ALl JS g s Dgazme (Jloj 0jh o 0ad by i glite —pf 6 S
&b S 0gh 035 ees 4,58 Slags e Sl oolitnl b Wl o el by adioe SIS &5 Gl &S
obe ») Oyga sl o F(O)LOA V] Gb 5w 1S e o ) [t t] 50 et iy yas ()

:09_,.';3

f(t)=2a +ian cos(w,t) +b, sin(e,t) 0o

n=1

ol ) Oy oo, gl T =t, -t 5 @, =2n7/T «

! identity
2 periodic functions



&)= (1), (1) (-1

dy99 S 3l oolital b osd 035 o Jaie T (M)=3,+) " a cos(mt)+b,sin(at)

f(t) =P'() (YY)
R
P=[a, a b .. a, bl (Y-Y)
5
{0 =M cos(@t) sin(at) ... cos(w,t) sin(@, ) (-1

53l a5 5 0005 S 21 b F-F

L XZ@H X, don ;0 09d Gyl B=X—X, Opgar (6,59, las a5 oS b3

el palym> (A-Y) ,o X AL ES
é=Ae+ Ax, — X, +B(u+¥) (Vo-Y)
oyl ((A-Y) o B g A ()l cde oy

0 1 X — X 0 -
N R AT T

0 O] %4 X2 —X42 —Xa1

(¥
s mudle> (VO-T) jo (VF-Y) 6,3 L

é=Ae+BU+¥Y-X,) (\V-Y)

! tracking error
AR



9l ol )l

e=Ae+Bkle+u+¥-X,,) OA-T)
gl e i yx ) O)gar oleidy Sl K, (Jl>

£ = AR+k (y—CR)+B(¥+u-u,) (12-Y)

. o . . n - \ -~ . .
Olrz lrpr nl pdos e om Cend 3 oS il pglie JpUS e U aSle e
495 5y da 3l ooliiul b W et W immen 098 00 a8LSl iy slas b a5 sl

IV Al s Lol ) O | gl aulys oo Lo it JJop W g W aSolsl 5l el

Y(t)=SP+e, (¥+-Y)
g=diag[&’ (®), .. . &®].P=[F, .. ., R (Y1-Y)
W) =¢P av-v)
p=[p", .. . BT| R

u)Lo.’> )| )f‘ ..\.»9#4‘5@ oolazul u..:_L:ﬁr:A.cM LS‘)-.’ 4'1)95 Sy Jg‘:\l.o.?\/ dS..\.uSquB
oS oolizil (5 e 3oz 5l 15 09,00 Vb Slowlone Jb causS ooliiul 4,58 (65 5l (6 yidon

139 o0 oals lis py &yga (YV-Y) 0 & ol plo .A,JGQ Ol s S

§i:[1 cos(myt) sin(ayt) cos(2at) sin(2a,t) cos(3m,t) sin(3co0t)]T (Y¥-Y)

! robust control term

Yy



Y . “w A G . \ &3 . ' ‘ - $ S
A e s S XXy Sjgar (00 03] (eSE) (eSS (153 sl

D9 g0 48,5 A3 )0 55 O g (golgidy salS

u=-¥+5%,-klé+u, (YO-Y)
e, ((VA-T) Jo (YO-F) (6,100 L

%= AR+k (y—CR)+B(X,, —k!6) (Y#-Y)
ools Hlad y5 Djgear (YY) ool slag s san 9 (YF-Y) j0 X=€+X; o Sl 5l aw
19 o0

%— Ax, —BX,, = Aé+k,C(x—X) (YV-Y)

T u-" ° ‘-\‘)"i’ )-b‘ o (YV-Y) 3o ‘) —AXd - BXd1 LgL(bAlA.? ‘JL>

—AX, —BX,, =— O 1 *a] [0 %, =| 2=y (YA-Y)
0 0| x4, I —X 4y

98 (smagi0bgd ) &g Sl oo (TV-F) cnlplo
é= A6+k,C(x—%) (Y3-Y)

. . . ~ A & G . Y /n *
A 50 S oo s E=R—€=X—X; —(X=Xy) =X—K Oyea |, K0, slas>

g g0 031 3 &g (YA-Y)
6= Aé+kCé (¥--Y)

(Cld mulg> (Yo -T) 5 (YO-Y) (VA=) 5l oolainl g =e—€ ;| Sbj gt 28,5 L

! estimated tracking error
2 observer error

Yy



é—6=Ae+Bkle-W+5x,—klé+u +¥-x,)-Aé—kCe—
(A, —k,C+Bk])E+B(-¥ +u, +¥) > -
é—6=(A-k, C)e+B(-¥+u, + V)

M M-
Il Il

D
I

:09"‘:’6" oolw 2 Oy X¥HYy-v) .(YY-Y) 9 -V )| oolazw! l;

=6—6=(A—kC)e+B(—EP+uU +EP+¢)
=(A-k,C)é+B(EP+u, +¢,)

(FY-Y)

1090 o b g O ygea &lgi e (YY-Y)

&€=AE+BI (YY-v)
P=P-P yT=%¥P+u, +¢, A =A-KkC o

5 (Vo1) 5l oolanad b ouiS oo inyms B =[6 €] &g | 00938) sllas o V>

109l 0 0018 55 O g Ei (YY-Y)

E =AE +BIl FE-T)
E,=CE,

(A kCT_ [o] .

A_[O Ao}'Bi{B}Ci_[C d (¥d-1)

A

=¥YP+u, +¢,P=P-P

oilply ol T Toilal LB (VE-Y) o B g, his 4 Sebee 5,8 Jsers
590 ks ils 0,00 Sy g (5 ol Ll gl (SPR) T i TasST Byl S

g o0l s 5 &g wilgs o (FF-Y) [ 08] ol 5L

E,=H(S)I =H(S)(EP+u, +¢,) FF-Y)

! measurable
2 strictly positive real (SPR) Lyapunov technique

Y'Y



- 0,93 pj Oyga (YF-Y) SPR-GgbL) oSS 5l ool sl .H(S)=C; (S ~A)'B s
RGP (s

E, = H(S)L(s)(W+ &P +u,)
w=L"(S)(EP+u, +&, ) —(EP+u, +¢& ) +&,

Y'V-Y)

orlple 170 08] wal celis SPR Lias ali <y H(S)L(S) o5 (5 5k S50 o5l L(s)

E =AE +B,(W+&P+u,)
El =CsEi

(YA-Y)

XN () Slea b | s A=bl B=[A B, f; Bl .C;=C A=A «
5 i o> 45 05800 (28 cmimen Loal NS EP a3 4508 (6 (5 1S ey

el Ky op oS WS amss el ol LHS) jlé aiies WS aglie S8 e

el 1S By cnlple [ov-0a] cudl cose
ol 56T o

ClgiSs sk g LS (T 5o jee Sliie § Xy ogllae gz pe s 45 0gdige B

A1 IRVC QPPN T RN RRSFTOUUFIN bl (+) JPC gP PPN LRRNYCH RPN P

(YQ—V) O»\MSJ).HS 9 (\‘\—\N) )iu5) ‘(/\—Y’) \_iul.») W aQ ).a) L)'“"‘?'e ;‘ . \ M

! nonsingular

Yo



P=1"C.E =£"E, (¥a-Y)

L _—PC.E, _—pE,
" cEl &l

p=H (F--Y)

4Ss,5b Q 5 S Wb 3579 o] SPRCH(S)L(S) aSisbon] 5l i oo sl p g 7 a8

.
S+SA =-

A A== (F1-Y)

B,’S =C,
Q=Q">04S=5">0 4
eSSy 1y ) Sebld &b ol
% =3EiTSEi+i PP (fY-1)
2 2y
o0 (FY-1) 51 o) o s Gido 33,5 L.P=P—P aSul> o
v-lerse s letse _1pp (FY-1)
2 2 y

ottt pedlgige (FY-T) 1o (F1-T) § (FA-Y) il b P =—P S 04 args

V :%(&Ei 1B, (W+EP+u,))SE, +%EiTS(&Ei FB (WHEP+u))—1PFTP
y

- %(EiT AT +(W+EP+u,) B)SE, +%EiTS(A%Ei +B,(w+ §|5+ur))_l BTp
v

1 1 ~ 1 ~ 1 ~ X
=—E"(A"S+SA)E. +=(W+EP+u ) B, SE. + —E"SB.(W+EP+u )-=P'P
2 1 (& A) 1 2( § r) S 1 2 1 S( 5 r) 7/ (ff_‘u)

= E(ATS+SA)E +(w+P+u ) BISE - L F'P
4

:—%EiTQEi +(W+EP+U ) C.E —1FTP
y

Ys



500 Ohle w

V =—%EiTQEi +(W+EP+u,)' El—l BTP (FO-Y)
Y
o2 31O s
y 1 - T ST T 144
% =—§Ei QE, +(W+U,) E,+P"¢TE —=P'P (F7-Y)
4
109 0 oolw 2 Oy f7-Y) «(Y4-Y) )| oolaul L
Y, :—%EiTQEi +(w+u,)" E (fFV-1)
o 95 o9 oo f(Fo=Y) 5l oolanal b
% =—%EiTQEi +W'E, - p||E| (FA-T)
Ay 09 oo (shiie (TA-Y) aseisjo
.1
V <—SE'QE +|W||E]-,|E] (Fa-1)
S Ol 4
.1
V S—EEiTQEi+,u||E1||—p||E1|| )
w2l H[E|-p[E| = (=P [E]<0 52
, 1_,
V S—EEi QE, OY-Y)
1S 05 o0 (e el i
V <0 OY-Y)

Yy



-0 ookl B =CE ;o cosdse sl JLSKw Laid a5 conl Codl b by a5 ol S8
D09 5O e b Jhd 0 g0 (Fundai yuiled 0 Sy Gl LK o O jle 4 gl

oS Al 1) L(S) ;ld g B, cQ ¢S sl s sle a5 s o3 (solpiinn

ool 3PV 212081 o a5 weSilen wod ns Uas g xw b Wlgs oo p S5 04
o Jols aadas (ilgd ol ol ls solgiiny didas 9l 0,00 ol sl &zl ie ) sdn ol
59,5 dlem oy (o358l 0500 (00l 00 (yedd) (Lwesd laie el (o diws s glao a8 b

255 (6Ll cerge Cunl (e

oS S Sho 4 By oile olSes il n o VL L o) 5l ool b ¢l

ssb F(D) 5 To0 aSizy adl 4l sgame loj > Sy (1) STAPF] @YL)L o
00 aSdy f(t) >0 ass ,o ol JJals 1) Ko o le ) il atwgs o1,

s )0 Q) SV 4l 1, QL) =%EiTQEi o 5, Q) aupeSe i o

sl al3Bh g LS V(D) 5 el LIS V(0) oSl .j;Q(z)df <V (0)-V(t)
o 552 o5l95 o0
lim [ <o0 OF-Y)
oYL o G buld (Jb sl S 58 Q=ETQE, cul JulS E, aSulxl
ol NS QB sl t 00 4y sgaome oy o K [ QAT (05 o (e
Ao b oo |Sen yho dp t 00 aSaly 1) 5 Wigd g 00,500 VL)L o) Ll onlply

Dgd o | Ken oo 4 B a5 098 o0 dxl Q(t):%EiTQEi 5

! Barbalat’s lemma

YA



25 Syga ly (Fe-) 0 U ouled oo cdle pb cdeay 03 ) dllis ol (6l radamdle
[20 VAl eps oo

_pCs Ei _pEl

Y TICE[rae” [E[tae”

OY-Y)

Awd e (Slasl) sla JIS] Asa QBQ as

il s gl #-Y

SOy 9, 1-7-Y

Sl g Ghaled b sie i by o gl ool L (V8-Y) Ky, 5 (YO-T) 8 098

5 G(@) 5 C(@,0) D(@) o ile wgs oo g3l VY S5 50 oo ool ylid
Sy jle o3gaste aS 398 e 2,8 Wlead a3l [OV] s elS jeka jeige sla el e
¥ oaisS ;S o kT b o0 sl 6l wollas slacaad cenl Vo =40V sise 5l
L kI =k, e ple g o i a5 p,=[-31 -32 -33 -34 -35 -36] O ygea (YO
Colhoe slacdad .ol walys acwlxe Solw & k = place(A B, p,) <o jsiws 3l colazul
s (V- JL oYy »° Ky g, © 42 o e sle
ool b oKy =Ky e gle wsdiee iy, P, =[-31 -32 -33 -34 -35 -3
P adsl e a5 08 5,5 0 anlys aculxe Solu 4y K, = place(AT,CT, p,) i jgms
OF-Y) ;0 4 5@ cp sloyully ly omizmen 090 g0 mebas 2000 (59, 7yl )l el jao
Sl (et 4 G35 coleniay gy 0 Ngdee L) 0.5 5 0125 nolie i
bgs 5Ly JuSw cads ;88 V- Ciand (glocil j0 a5 jshailen i L(s) bd 5 By <Q S
5 K,=0 K§ R=08R a5 ssis oy les cewy V(1) =RR 25 (q) u()

- oo Jlosl 1=256C o a8 ol s ¥ oasels b aly &b Sy 2,15 lasél L J(g) =0.83(q)

Y4



PP LYY Gl S 0 i 4 Z o Y X glaygme Slaiel 43 (6,050, clod,Slas 0ad
w0ligS 51)d5 > G5l o el ouls sols Las e Sl jo aSSlies (gl o ool lis
sbilen s oo lis ) 7S la i 0-F IS gl oo |Ken jio 4 6553, slallas
o JuSew (nl cnl »odle taiinn (55 45550ma (g 5 Jlgen H9ige slajlly wsdi oo ons &S
loygme Sl po ol syme Lo g el Lol oy el Sl i 4T g gad 5 gl
G5l el ool ool las A-Y B ST sl S o eSS w eyl e 9 Z g Y (X

Soles dﬁfo) |) Lg:l.e(.: S S ")"‘5‘&5" (00l 00 (yrad) (Juod Cis pw ‘ol.'i95 QL°)
Sylos ()58 (S SNipeBS (o Nug)) b Ky, b eoleiin K, anlie sl
a8 jehilen 0gh ooole Lid A=Y IS 0 2 9o slaiel o Gy 6,050, o > X,

WDy e |y (28ly Ce o petu Wlg i o Khg) ] oal ools las IS oyl

oby cdo b wilgy oo (golpiinn SNy, cuwl 0als ools las AT G 0 aSilies @S> o

Syl XKigy 0 Slas ol 10 45,68 (6w (guldS i 3l lid a5 wled (650, 1, o28ly Ce

ey (§93l Selgrorms Slaled V-1 S



Position (m)

Position (m)

0.75 T T T T T

— esired X

— .y

0.7

0.65

=
o

0.55

0.5

0.45F
0_4 | 1 L 1 L
0 1 2 3 4 5 6
Time (S)
X gome slaial 1o (6,058, 0 ,Shee Y-V 52
0.75 T T T T T
m— D esired Y
-y
0.7
0.65
0.6
0.55
0.5
0-45 i i L i i
0 1 2 3 4 5 6
Time (S)

Y jgmme slael jo 6058, 8 Shee Y-Y S

A



Position (m)

Voltage (V)

0.6

—— Cesired £

—

0.1 : I : I I
0 1 8 : ) 5
Time (S)
Z see slaial jo (65, 0, T
30 T
— ]
—
" TR ]
10
, T —_— n-.a,l-ill'\ik'rlihllbvl-nt-
L -
-
-10 -
ﬂ'"‘
l l---_------F
) n 50
0%y
o
_30_ D k”‘llq-
-
k. h'-—-
40}
-50
0005 01 015 02
=50 : : : I I
0 1 2 . ' 5

Time (S)

Sl i) 53 oige Sla3tly O-T S5

Y




Velocity (m/s)

Velocity (m/s)

—
7 = = Estimation of Vx
6
5
4
3
2
1
0
-1 L L . ! L
0 1 2 3 4 5
Time (S)
Ol omes g X jgmme olatel [0 ey dunlie #-¥ S
8
—
7 = m m Estimation of Vy
6
5
4
3
2
1
0
-1 " . L i
0 1 2 3 4 5

Time (S)

QTM9Y yeme dlael o Cae s duolie V-V S

fy




0.4 T T T T T

—

= w Estimation of Vz

03fF

0.2

Velocity {(m/s)
=

-0.2
0.3
04 A ; L ; )
0 1 2 3 4 5 6
Time (S)
O a3 g 7 jeome Slazal 1o Ca po duglie AT S
—
0.6F !‘ = w m Estimation of Vz |
05k l. “ J.-""i_-_'---'.-"-q
-
-
04- 1 \"-"’"-‘ N .
| N\
— 03F 1 ‘i
2 I
E— 02F 1
= |
8 ' > '
g I \
i .

2 3 4 5 6
Time (S)

b Sy sl el b )T e 5 £ jgome olaial o s pos aylitn Y S0

£



(ESO) aidly pmord dl> ;5009 b Ul Y-7-¥
m o0 09 0 oad divogs by s95b sl LYY o sas @l Gandl pens > S,
Al S &g paizme Conhid pae aSule o el Jow 3l ST i, SO i, ol 0ed
s DY (038 sl (s Sl g, SO nlple 09b e 48,5 A5 50 s 5] 00939

o 0520 ml93 o0 (A-Y) g (A-T) Bl 09l o (il atizme Coalad pac 4
h=¥(t)+u (OO-Y)
ple Ko Oile a4 cwl w0938l Gl S W(E)  meizme Cuxdad pac oS 0uS B8
D9 g0 0318 5 g cdl> ol il jo Xy =N, X, = h, X, = ¥ (1)
X, =AX,+BUu+w

OF-Y)

2l e b Al Koy, aie (Sleo) 45 g yho Glo g plo cud @ I 5 0 asul> o

ARSI ANy
%, =A% +Bu+LC(x,—%,) (BY-Y)

als L= place(A],Cr, P) cdio ygmws 5l oolinal b L=L 0,0 1o, el 055l ol 6l

65) W [Q.A.E‘_I ui.Ua.A GLQU.L:.‘B p diul} )‘).09.{::@

el p=[-50 -55 -60 —65 -70 -75 -80 -85 —90]

05 g0 03l 5 5y pm 7S JuSew YY) 5l

u=h, +K,(h, —%,)+ K, (hy = Re) = Reg (OA-Y)

o



2 G50, oo ,Slas gl oo pelas 100 ¢ 300 (g5, iy 4 Ky 5 K| (sloo

ools LA VY-V B V=Y lo S o i yd 4 ESO jloslaiwl b Z g Y X (slo, g5 olackal
S ol Sl pgizm Sy enl i Vs ESO o L3Sl o sy o 55 4 s
Q=Y S 0 eolepis b9y yo5ge slaildy b avnlin jo .l oals GSLINVY-Y S o oS
S e LA ESO s adyl (slogle; j3 €Kiy el 5 (slgity oS JS o8l e
VAT BV Gla Sl )0 (e o sl L) loce s (51 ESO (prases o Slas o8l o 5las]
sl JUSw Wlgs oo (2970 ESO sl oals ool lis b S (pl jo a5 jshailen 04l o &)

RLIW W CORCEL S S0 Sp SRU SR VOV | ) B PRV VRO V- ow
SNy, 9 ESO (golpiin Ky, —0asS S [Lole oo oue awslie SO iy gl y

oy Sl S A2 FitneSS:106[0,92i|ei|+0_1zi|§i|:|dt <5$/‘*W-’ W b “_.,-E-"’

5 0.2709 .0.0941 ,olie slyls cosy 4 (Swnls b opl s Kug, 9 ESO (solginy

o] Lsol.QMAMJ L)"’ﬁ) LS)")" oY uLm.’ aS el 05830

2



Position (m)

Position (m)

0.75 T T T T T

[ esired X

—

0.7F

0.65

o
o

0.55

o
o

0.45

0.4F

0.35 . ! L . \
0 1 2 3 4 5 6

Time (S)

ESO ;! oolaiwl b X S97e olakel o (6,8, 0 ,Shee VoY S

0.75 : | . 1 '
—— esired Y

— ey

0.7F

0.65F

bt
=

0.55F

0.5

0.45

0.4 ! L L i A

Time (S)

ESO ;! oolazwl L Y yee dlaael 1o (6,50, 0, Shee VV-Y IS

fv



Position (m)

Voltage (V)

0.6 T T T

—— Desired Z

- -

_0_1 | 1 L 1 L
0 1 2 3 4 5 6
Time (S)
ESO ;loolaiwl b Z jgom0 slaial 1o (6,05, 0, Shae VY-V JS&
—
— -
mEEEE V3
=
"‘_
-
e e ‘.,p"
q-_-ﬂ-_-—-
-20
-30
-40 I I L L
0 1 2 3 4 5 5]

Time (S)

ESO ,o ;5750 sljldg VY-V S

A




25

20

15

10

Velocity {m/s)

—

m— w w Estimation of Vi

0 1 2 3
Time (S)

ESO 5l ooliiwl b o] cpuess X gome slaiel 1o e s diaglia VF-Y L2

25

20

15

10

Velocity {m/s)

= m m Estimation of Vy

0 1 2 3
Time (S)

ESO 5l ooliinl b )] (e 5 ¥ oo slaial o s s anglin VO-Y JSS

4




1.2

—

1 m— w w Estimation of Vz |

0.8

0.6

0.4

0.2

Velocity {(m/s)

-0.2

-0.4

-0.6

0 1 2 3 4 5 6
Time (S)

ESO 5l oolital b o, e g Z gm0 olaial ;5 s s dunglin V5-Y IS

o’ ey (95 b dun Lo Y-5-Y
el PP - S SRR W oolaiwl glaonss s Q.;.)S@b 5 nY ,aliw-* 99,
JyaS JESs 50 piaews SYb 5l oolainl b ccnl SliS 50 he, G aS (g, ol 4o Lvy-s¢]

Al oo ey g BebLS AU rizen 5 00l Il LU piecs

el OJAT 3B L)T GLbbe 9 'aliw.» u.u5) uﬁLQ.a.A LgL(bbﬁ)lS

[A--YAT sl slagsle Jys @

(AT s s 9 sl 255k (5l s 5253, S8 @
[AY] T jyme o 00is St (poti s (yg0y (il alonsy ]S @
(Y] 208 U Gt g lsn Jolos S8 @

! unmanned helicopters
2 coaxial octorotor unmanned aerial vehicle



Af] Tl gl Jyus @

[AD] TSy 0 =g 25Ul 59 10 s S 5l CansBse (5,253, S @
[AY APT 3l ubolitn (39S 55550 S5 @

(A AT g (gl s3lopsg Siw S5 @

[4-] pdydlan! Jae b ol g3k o5 @
[ay] RVRUL RN PRSIV I C SRIPCOWRG ¥

X = f(x)+9g(x)x
X, =U

(BA-Y)

z‘f—rj' 2 ) () | o

A

J(x)

— S () ‘

99 42 33 s LSl VY- S

! fixed wing unmanned aerial vehicles
2 multiple robots
3 electro-hydraulic servo system

o)



N gt)  to(+)——f |

Qo] 98 o Crpodl piems Iows (6 Mol cenlis 008 JnS S Lb L eyl o
odisS J S 09l ebbre Jlul X = F () +9(K)A(X) s Jyl prenw 25 T Sl

ol 5 el V0G) S5 ol il X% =000) e & S ol ln ol

oV
P55t il 25 Sape & OAT) Jl S Gae 2[00+ 9()A00)] < W 0)

% = (f(x)+9(x)h(x))+9(x) (X, ~4(x,)) 6oty

%, = U

Y

'y

—(x,)

h

— S ()+g()9()

(=T pins L3l VAT S

S5 s0 sasiil y3 Sygar W =U—g Sl g =X, —B(X) piie i b (Fr-T) s

el odel (VA-Y) S yo o s le oS

¥ = () +9(x)p(x))+9(x)z ¢1-¥)
L=y

oy



y

v

u 1% J z 2(x) 4,®_, _[

b

— S()+2()p()

GV i 5L VAT S
19 g0 BN 5 g Sebl) A6
Vo 0,%) =Yy () + 27 o

D9 oo Al ) D90 @l Cpl Fiv

V= S0 00000+ S a0z vy <Wok) + S gz 2y Ak

¢Y

; . oV, .
g o3k 5 Sige 4 PYT) sl St 2l S a5y = =20 (0) —he Sl
V2 <-W(x,) —kz® -1
D on B 1 13 D ygo A Gud (golgiin 0ailS ;S Ll iloee Slaul et Toe ol ol

_9¢ ~ M )k (x. — Y
U—axl(f(xl)w(xi)xz) o 90 k(% —4(x))
(¢

oY



IN ] il 5 IS 4 S S s S IS 08

X = f,(¢) + 9, (%)X,
X, = fz(Xsz)"‘gz(waz)Xs ¥
Xg = T3 (X, %5, X5) + 3 (X, X5, X5) X,

(£
Xn—l = fn—l(xl' XZ’ X3" oo Xn—l) + gn—l(xl’ X2’ XS""’ Xn—l)xn

X, = F, (X Xy, Xgyev ey X, ) + 0, (X, Xy, Xg,ee0, XU

il 23 O)gar (gelaens Gt S Sl pBay 0SSt (b ol e

(ul— fl(xl)) Sl bz ol o8

v 1
L Jj‘ rb-*-wm ) LS)l?M J)....S 5999 U‘S“'c’ O X2 :W
1

25 s sl o zall S K, a8 Uy =KX, bl b b 5s8 e eole X =U, e
1O ygeo 4 Sgibl) b 0gh oo (oilme Hlasl Jol s
Vi(x) = % X’ (FV-Y)
Al oo p) Oyeo a4 Gile S (99,5 9

1
X, = (%) =———(-kx, — f.(x)) (FA-Y)

9,(%)

Syge @ Glbre JyS 639y X S 0 1 egs g Jgl ety V6l

X = f,(x)+9,(x)x, 1
oolo ylas < O yg0 A gty 9 Xg = ———— (U, — T, (X, X,)
oV, o¢, .
2 U :_agl(xl)_kZ(XZ_¢1(X1))+£(fl(X1)+gl(X1)X2) Sygo 4 S el ogd

Ystrict-feedback
2virtual control

oY



Dgbge Sl oilbrs jsb 4 (0,0) lae 8 56 cnl b ol oo sl )l S5 K, a5 Wl e

g o0 PRl 3 O jge 4 Beigld &b

Vo 00%) =Vo(%)+ 2 (%, (%) #3-T)

bl oo 2y Oyge a5 Gile JUS (59959 9

M _ _ o _ .
{ o 9, (%) =k, (%, ¢1(x1))+ax1(f1(x1)+gl(xl)xz) fz(xl,xz)} (V--Y)

X3 :¢2(X11 Xz) = gz(xlyxz)

IS 609,9 S S5 j0 ) pgw g 90 (Jgl pasw 5 ol all> aw piacn SO Y B8

s 2 AZD )0 Ogib oo bl X, = (us— f3(x1,x2,x3)) Oy 4 (5lme

93 (X, X, %3)

D90 (om gl p) Dyge 4 aill> an
¥ = 106)+9,(x)%,
% = F,(%, %)+ 0,(%, %)% VY-Y)

Xs =U,

Dy oo Slgiiun pj Oyge 4 Uy

1y =22 4, 0,%,) K, (3 6 06, 30)) + 22 (£,(6) + 0, 06)%, )+
) o, % (VY-T)
a_fz( F (X0 X;) + 95 (X1, X,) %)

&b 0gd co Sl colxe yob 4 (0,0,0) loe S el ol b ol o il )b SO Ky oS

g oo DBl 13 O yge 4 BgigL

1
V3(x1,x2,x3):Vz(xi,x2)+§(x3—¢2(x1,x2))2 (YY-Y)

INIA



Db se 2y Dyge A s hle J 7S (69955 9

1 ov, _ _
Xy = (X, X5, %) = 9,00, %, %) [~ ox, 9, (%, %) ks(xs ¢2(X11X2))+ -
%( fL(x)+ gl(Xl)X2)+%( fo (%, %) + 9, (X, XZ)XS)_ 5 (%, %, %)

Gy i Oype d ooleiidny k> S5 9l (S e oilre )l Gl AT RS

PN
1 ov,
- ——" e X )—K —@ (X, X
u gn(Xl,...,Xn)[ % gn—l(xl X, 1) N (Xn o, 1(X1 X 1))+
‘ —8 YO-Y)
g;ll(fl(xi)+gl(x1)xg)+...+ af:i(fn1(X1,...,Xn1)—i—g;|nl(x1,m,)(n1))(n)_
0%, %,)]

Spiise Il sl ysb a4 (0,0.,0) lace JymS (sl nl b ool cote b Sy K, oS

g ge SRl 5 O )so 4 Beigld b
1
Vo (X X ) =V (X xn71)+§(xn — (Koo X 0)) (V&-Y)

Sasls Conladane (0,10 )0 plagw &5 ol ol Sloj eals b ﬁli“"’ 9
O ) e J7S sl p3Y (2195 oy 008 J 0S5 oS Bl ) gt slaciabidpae

39 00lail pin J 7S gl (el oy (g 5l b g

N4



Syge 4o jebay [AV] o ons @il iades Ay S pee o laandd ol o

Py py Oygets (B ololazel g o)l Ol s b (Scolos pasn o 05 o0 18 (o) 0

w2525 (0 S
X, =X,
X, = (A, +AA)X + (B, +AB)U  +CF, (YY-Y)
Y =X,

oaisS yateie By g J5uS (69959 U aiiud mliaw SOl )l slacuabdene AB g AA a5
2,5 e 5b 25 o e ce y X YL dlolee jo sl (>3 lilazgl

X,=AX, +BU, +F (VA-Y)

1094 g0 i xS ) O j90d § 39d 0 0duel geize CoslaBpac FoaS

F = AAX, +ABU, +CF, (Va-Y)

L CROW PCIRS GRpESNCRIPY SRS JUZ: N WY JCEL SRCIURIE VP Ay JCEL g RV
95 ouimed aSh Y (1) ks & a5 oS o8 wled 6050, ) V(1) a2 jome (oilbme 5k
JAS s (2l Jole aiiie il Sl aly  Sen Vo) 5 Vo) o7 Js e

& . . - Y - “ & Ey . oa . . e
99 o0 Cpogi 5 D ysot Combse 6550, @l dAV] o eud slpriy e sy
f"""SLS" uu).u).w) O ygeas \) Lg).:fo) c;Ua:} su...dyo Lgﬂfo) RV 6‘)‘.’:\ 4.1.'>).o

z, =Y =Y, (A--Y)

! adaptive backstepping control
2 position-tracking objective

N



-y, M-

S oo iy ) s sl laol &

oy =G, (AY-Y)

V. :z_zf (AY-Y)

fogdee sy Dy Vp Frin 2, = X Yyt oy cy el

Vi=2,(X,-Y) =2(z,-a) =2,2,-C7 (AF-Y)
gdse Olo R Djga 0981 Z, Fde iV al> e

2, =X, =Yy +a,=AX, +B U, +F =Y, +d, (AO-Y)

) O B IS mete Zoald pae oSy S5 el (b sly (Y]

D9 e i i 5 O yg0ds Bl b 5 «[F|<F
1, (AS-Y)
V,=V,+-0
2
o=kz+z, (AV-Y)

fal Candy p Opa Wlg e V@i (AP-Y) 5 (AD-T) 5l esliul b

V, =V, +06 =22, -z’ +06 = 2,2, - ;2> + o (K2, + 2,) (A-Y)

=22,-¢zf +o(k(z,-¢2)+ A, (2, +Yy —a) +B U, +F -Y, + )

! stabilizing function
OA



I o5t co (Pl 25 i Uy ol S35 (56 S (AA-T) i
U, =B.'[—ki(z,-¢2)— A, (2, +Y, — ) —F sgn(c) +Y; &, —h(c+ Bsgn(e)) | (A3-1)

o g [AY] o Wlg oo s laul Olsl Gldie awn i slaculs B g h ko) oS

'Sl oo ST s ol kil jebay plfy S8 g LS| @b gl

Sl aLsls 3y )1 clalazil

v3=v2+2iF~2 @--Y)

/4

A

(AA-Y) 51 oolawl 9 Bgibld ol 5l 58,5 Fie b ol Cudte <ol S0y 9 F=F—F &S

:M)L)
v,=v, - L1ef (1-)
4
=22,-¢zf +o(k(z,-¢2)+ A, (2, +Y, —a) +B U, +F =Y, + )
LR
4
=22, -2} +c7(kl(z2 —c,z,) + A (2, +Yy — o) +B U, + F -Y, +0'c1)
_LEE L oF
4

La¥] 095 0 ologiton ) g U ik a8y J 08 05568 o (A)-Y) s
U, =B~k (2,—¢2)~ A, (2, +Yy — )~ F +Y; =6, —h(c + Bsgn(o) | AY-1)

Dghss oy gy Oyea Foly gk 98

! parametric uncertainty
? adaptation law

AR



T

:7/0'

@AY-Y)

2o o (Y] o Wilg e 58 sl LSl s

Py 008 S K00 e 008 J30S b (golgiiey 0aisS JpuS 0 Sles annlie ol

ool by i cnl 5o ol ek oaisS S ol oy oS Sk o 1, [AY] s ous @l s

Ol (gl g oo o0ly Hlid VoY S jo eaisS S opl (6,50, oo Slee sl 0uls

0.0172 olio b ol . 5 ,kas o |, Fitness =Ij[zi|ei|]dt Bas 1l (goae dslie

D59l o0 Cawd 4y dad pl&y 00iiS S g (golpidun 00isS J S sl w5 a1, 0.0894

L wﬁx cuslin Ol ol ol Jdo il 5880 olpinn gy 650, 0,8 les pl by

Position (m}
o ©8 s 8 e =5 8 5 5 _
o B R 8 8 5 8 8 3 8 3

Position (m)
° o s o o
=] - & w ES o

4
o

0.7
= Desired X 0.68 Desired Y
——X 066 | mmm Y
0.64
Eos2} 0515
s L
S 06 i
§ osal 0.51 /’ 1
0.56 4
o5l 0505 ‘,f
0
(Y i
0 1 2 3
Time (S)
— Desired Z
et e 7
s
@
o
£
S .
=
-
o ——V3
0 1 2 s 2 1 2 s 4 5 6
Time (S) Time (S)

e ol a8 J S el L (6 o5, 0 Shae VoY IS



wop Slp ere ojb 0 pwaiw plaxel SO Al slasel glw wuiles e el Ho

0, s o ]y g5 Ogods pwgiew Bliiel SO S oolatll lacel o, 0w o Slas
@ =2sin(2zt).(u(t-2)-u(t—-4)) (AF-1)

3 ey A R0g, 0,5lee g (6050, 0 Slas Ll oad ool las Y-V S o slazel

=S LSl aS 0l co 000 o ISl b a8 il ool eols Las YY-Y 4 YY-YF glo IS

ol plazel s, o casils, o ,Slee lls ol K, —ouisS
2 : . ;
15} ﬂ ﬂ

0.5F

Disturbance (V)
=

05}

[ ()

0 1 2 3 4 5 G
Time (S)

b lassl Y-y s

£



0.7 0.7 T
085 4 ossh -
— —
E o 1 E osl E
g £ e Dsired ¥
= = ——
8 0ss 18 0ss ]
o o
05 1 05 .
045 . . . . 045 . . ; .
0 1 2 3 4 5 6 i) 2 3 4 5 6
Time (S)
05 ; . .
04F
T osr
<
S 02
=
172}
o
o oo1f
w7
21 . . .
0 1 2 3 4
Time (S) Time (S)
8 8
7 7
6 6
@ s @ s
£ £
=" ES
0 3 C 3
S o
T 5 @]
2
L =l
1 1
0 OFv
-1 1 '
i 1 2 3 4 5 6 0 2 a 4 5 6
Time (S) Time (S)
0.3
0.2 Estimated Wz

Velocity (m/s)
&
s =}

&
o

s o LA L g, o Shas VF-Y S

Y



sla> e X e Slace! 30 CunBge Jayfo sla> aw YR gge leﬁ ‘JL>

OLad TP B VYT o IS o iy 4 ]y R0, sllad g (s (65059, sl (5259,
2B plasgl Jleel 5l L8 oo ballas ol a5 1S o oomlive da ISl 4 495 b oudd oo
“ o o5 sl polie 4 09l o o)y laael a7 oy cpl 5l o v g @ SBY by 1 S

Syl lacel s, o solprin Ky, —oaiS S [Lale canlie o Slae 5l lis a5 waw,

0.05 :
%1070

0.04 F 1
0.03 0

0.02 -1

0.01 F -2

%107

-0.01

-0.02 -
0 .
-0.03 -

-0.04

Tracking error {m)

-0.05

Time (S)

X )97 bldlA‘)«b ua.ué}o 6)150) 6[]4.9 Yf—\”J&w

FY



Estimated tracking error {m)

Observation error (m

0.1 | | : | |
o\
5
4 210 %107
-0.1
5
0
.2 —/\ |
-1
-5
0.3f-2
1 1.5 2 2 3 4 5
0.4k
_0-5 L 1 L 1 |
0 1 2 3 4 5
Time (S)
X 9mme ool 1o Coundge uass (6,50, glas YO-V o
0.5 LI T T T T
0.4f 4 1078 %1072
5
03f 2
]
0z ?
: -5
-2
01 1 1.2 1.4 1.6 1.8 2 el 3 4 5
0
_0_1 L | L 1 L
0 1 2 3 4 5
Time (S)

X Y slacel ) w.!ﬁyo wj) L5Ud"> YF-Y JS..»

4



(S S Azmis V-
gy g oanS S ye Ceshalpae ol g eSS Sl w88 G b (Jad Gl o
I (o sUl ol slagil pglie J5S 6lp Joe 1ol (JiS sl SO g0yl mal s ol
5 ooliial U g wigd (6,8 g5l algcod ity (slo S 45 el 0 b5 ol 0 00
ol gl odwe] s Gabai 9l bl ay 598 Colpo ailoads 00 pedd Bl Kby, SO
I asd G by Bda oS ol las as g, b asslie S sl e drle e
Oy Saaje nl pogdle gl | Ken ()L gaBly olie a4y wills gad Ca o Slo eSS K,

)lf slas 6)135% LgLasLb:&g‘_,’J)S.IS u»)l.s )’5)3-&‘.6‘)55 sladl> ‘ESOQMG@)Q Lgol.e(.w

0



55



ok Juas
20 SHb, gl polie J oS

gy S jleslawl b, glas

sglalos v wlel p ks

Y



doddo V-F

pas b se Sty SLy Glagil pslie JiuS ln el Kug; SoJad cnl o
b 0 Tsens 358 0 03) peedd ciin> laslabazais 5l oslital b gaizme ok
RV BESSA ICSUVRP N [OVCSU I T SRYPURPCIUEN % SV IRV MK CIPPRRNICEL o [CEL gip P FEA T
oS lp s slaglaberainr (JSie il Jo ln il S Sl 8 S
s (§,Mul (SPR) e i ST Boilbl) (5,955 bl ailond ool Caalad aue
olb )':JL;T 3 odal sy Gebai iled el Gl olpo el o Ol i wal>
S py S iy gbglbrar ol sl Gl Glp ez el oo melas
- oo ool atugnl o3 o Vgano cdadie bS5 a3 Sg8e (Pl atugy polis
sbgiloands @lp @ls ublie DC laygise 4 e LSl ol g55k S0
o oo ol 1) ead b (he) 65 0 Gl ded glS 0e b o0 ooliitul (6 S 5eelS

U slad (ool Joo S V=Y (25 50 05d o0 e ) S bad nl gouiledly
G 0 WS e (B |y i laglalezainr VoY iou 0gh oo @l (SO S b sl
2 e il Ky, Sl eslatul b S, slagil sl pglie S8t Ay, So o FY

F-F idu b e &L O-F isu jo gl BT s e Sk chiis slaglalesais

Wloy oo 0L a1y Jad pl V-1 cand gl jo g amo o lid | (g5le and s

‘S}LMJM Y-¥

L05] Wgd o 00ls 13 &g S SIS, o3k slacnlive

D(a)d+C(a,9)q+G(q) =7, (\-%)

ZA



J rg+B rig+rr, =K 1, (v-)

RI, +LI, +K, r'g+d = v(t) (*-)

25 Gy (Jeolie cundas slajlopy cuii 4 7y 5 G(Q) eR" (C(q,9)0e R' (qeR" &
ool by (ol G le D(Q) €R™ g axdlyon by Jolio joliiS 5 (2235 (59508 5 0
e wilre s 2l calrd ol Gloe sl XN (g5l Gl jle w55 4 1 9 By ],
Sl mple coi i 4 Lo R g Caul jgige jsliiS Coli e pile Ky akivs b )gi90 (sloonis
cwiy o deR" g 1,eR" «veR" .ail oo uiliSquil 4 );u.oﬂ Cuoglin gl NXN (g lad

5 Coniga N g N (uizen aiin Lais glad ;5 e g g Condss G 5 0 (iS (nl o

Sy o p ]y ate slad cue Jlop J(A) G5l mpile aiiian IS slad jo ey
Gty N=3(@G+I @G ©ypa N ans 3 0 oo Lo h=(A)G S50 & h 5 lad
Sl gk oS, dolee (F-F) —(V-F) 5l eoliiwl g atidS Juad e & a>g5 b .oul o

139 o0 0018 55 D jgar I glad o SO S

M (h)h + N (h,h)h+H (h) = u(t)

M (h)=J ()" D(a)J(a)™

N(h,h) = () "[C(q.4) + K,R™K r™* = D(a)d *(q)J (@)1 ()
H(h)=J(q) " [G(q)+ K, R'LI, +K _R™d]

D(q)=J,r" +rD(q)

C(q,4)=B,r*+rC(q,q)

G(q) =rG(q)

u(t) =J(a) " K, R7v(t)

(f-Y

il g3 O g (F-F) Jl} wlad yisles

£



X = Ax+ Bu(t) + Bo(t) 0O-¥)
y =Cx

o [o [o B
x=[h h] ,A_[O o} , B_M , c=[1 0]

() =(M(h)™ = 1u(®) =M (h) (N (h,h)h+H (h))

%)

o6 axia XN 4 5 a0 slam il cud g a | 5 0 ol goime coabad pae S(t) a5
V() = RK, I (@)TUQR) Lawg 5y JUSis e S oo dpsloes ) U(t) Jins S

e (ob polie j(Q) 9 Km R Sl 508 e Cawds

W IOCIPIT WALTPERVER o ¢

ok Wlgs e 45wt dwlite laglaleraia ) allss S i slaglalazois

[a¥] KPR VRSN PRSIV W A ES AR E VR WU SR S S g P
(f.9) =], @00f (990 D

o odlo Ysé.:.n — el g Kwgn Si9 &b o A el [a,b] o5b yo g(X) 9 F(X) &b g0

5 o3l 5l ool b 1, (V-F) L3ls oy Lo ,S1 058 yao (V-F) 31 555 o 42 salste @(X)

1
—dl.o.’>..&.s_’> as w.ul.»‘s.o)d Lo Ao O sp.HS g_.a.a).:.: O)(X):(l—xz) 2, [a,b]:[—l,l] ‘5’)3 é’l"

ol S gao (0.0))=[ 0(RXEMKX=0 (£]) 5 Ginnr sl

-0 S8 (X)) 38 a4 Cams [FLI] o 1) deliine glalezais g S {(Di (X),i :O’l""}

! orthogonal polynomials
2 continuous and non-negative weight function



h(X) &b SG ol g - olo) b — ke lys caon lad V oS asS 5,8 [AF] sas

LF] 05 0ols bawy 53 &g Wilgs 0 Vo [—1,1] 03L 4o odd iy pxS

N0 = 380, ()+2, () &5

2y Sye@ @ w0 po B Ji..: ‘) \d.olx}.,o 4;[.’ S5 {¢1(X) (Dm(X)} 4 g0 Sl 5o

(h0,00) _ [ o(x)h()g, (x)ax @
(209009 [* w0 ()9, (x

LF] woyls e, (X) Loy slas b cu,is sl sl ool 2 ogdle

lim [ &2 (x)dx =0 (--%)

m—>o0 o X

[Q\c] ..\.,5.,»(54» odld PSRy M lei'b 6‘4'1"*"‘\'0

() =1 (0\-F)
7 =X OY-H)
o (X)=2xp_,(X)—p_,(X) 1=23,.. (\Y-Y)

v o ) JSE 4 1) (X)) elyioe Lo cdoeis [0 aninn dulite @l ol [AF] 5 5

hCP(X)ZZai(Di(X)ZeT(D QAP
i-1

! orthogonal basis
\A



0=[a, a .. a,] (Vo-Y)

o=[es - onl (\#-¥)
g 03ld HLid 53 & ygua Qilgi oo N(X) (5090 5280 &y
h(x)=0"p+¢&, \v-%)

aslib h(X) aSolxl 5l wigh acule (A-F) b p ol oo 8 wolpo (ol ply Cos

51 oael Canay G (ilgd 5l esliiwl b a5 O culpo opl il SO lgie o]

g on dnnle 5 5luly 3IUT

ol K9y Sl eolaiwl b Sl sbrg3l sl plie J yiis gy S (2 0b F-F
Qi sbgldosuis p S

X Gl b X=e+ Xy cplply 0gd Gy o B=X—X; &)ga Klg o0 6259, sl

‘-QJ)L) s(a—f) )Q
é=Ae+Ax, — X, +BU+0) (VA-)

o)l ((F-F) o B g A (aylay e a0 00 055 Sl o |y AXy =Xy J

AX. — %, = O Tl Xga || Rax | _| X2 = Xaa | _ 0 ~ B(-X,,) (V4-Y)
‘ ’ 0 0 X2 X2 X4z _Xdl “

iylos Sy pj alaly (VASF) 50 (V4-F) (B> L

\Al



é=Ae+BU+5—X,,) y--%
Algioo (Vo =F) cazii 0 A=A +BK] (nlply oS oo s A =A-BK] Oppal; A
19D (gwss 5L ) D)gea

e=Ae+Bkle+u+5-%,) (Y\-%)

e oo Slpiion 1) 3 (hndad Koy, Yl

%= AR+k (y—CR)+B(S+u-u,) (YY-¥)

st Gl Glr py ol pdboe G G Send )3 pslie J5US 5 G Oy U &S
oo A5 L 3 U 6l caodle w5 eolitul b atwgnl p 3 S Ygene 098 oo adlil i

O copimed Seb oo Slpiin diwsn p Sy Jad ol ,o aSle e [EY-2Y YL VA sen

roo b iten o 0 5 0 Sl sl Gt slagglilazaiz jl oolitul b 5 eass

S Galed 5 Ojsan | Lol oiles

St)=pb+s, (YY-¥)
p=diag[g' ), .. . o'O],
T (¥V¥-Y)
o=[6", .. . 0]
5(t) =0 Te-H
o=[or. . . 077 (Y5-¥)

\A¥



p=[1 x (@2¢-1) @C-3x) @-8+)] (YY-f)
&y Jlo s axted dalete Solize [F11] o3l 0 Lid g wly 45 958 wSL sl
Ol siie 5l (mles (IS jska Wgd 00 e (Gl S5 Slaptecs 3 oS (abideae
Sy igd dgame [11] o3l 4y ailes o g aisS o iulidl Coled o 4 Conl e &S s
YE| el i Jlade <ol S @y sl 0 X=SIN(@pt) mnS o0 2 Lo (JSie ol
S (b g e i ai B=R—X, O ygar (0D 03) GuedS) e (6,50, slas [10

W S S5 50 5 O yga ) golaiiy saS

U=—8+X, —klé+u, (YA-1)
s melyE (YY=F) 1o (YA-F) o a5l

£ = AR+k, (y—CR) +B(%,, —k &) (Ya-¥)
1395 o 038 115 e (TA-F) ool (slags,Kiws cam 5 (YA-F) ,o R=6+X, & 0Kk
%— Ax, —BX,, = Aé+k,C(x—X) ¥--%)

45 e i ol ool T eSS 0 (F-F) jo |, —AX, —BX,, clealex ¢ Jl>

0 | 0 -
—Ax, —BX,, = — Xa | _ Ky = )_(_"2 =X, (¥\V-1)
0 O] Xy I —Xy

:03.:(: Lsua.’j.’ 0)1.350 2 Q)ﬁ..a.? ..\4‘946.0 (Y"—\c) cu.)‘).aLu
é=AB+k C(x—%X) (¥v-%)
YY-F) onlplo ouiS o0 s E=—8=X—X; —(XR=X) =X—X &j0a |, Kig, sla>

9 g0 031 ) &9

(A



6=Ag+k,Ce (¥Y-¥)
(s mulem (YY-F) o (YA-F) o(VV-F) 5l oolainl g =e—6 ;| loj 4 Cond 3ie (28,5 L

6=¢—é=Ae+BKke-5+%,-ké+u +5—%,)- Aé—k C& -
é=(A —k,C+Bk!)e+B(-5+u, +5) > (Y¥-1)
6=6—6=(A-k,C)e+B(-5+u, +5)

239 o0 00l 5 O yga (VF-F) (Y0-F) 5 (YY-F) &b »

=¢—6=(A—kC)E+B(-pf+U +pb+¢_)
=(A-k,C)e+B(pd+u, +¢,) (vo-f)
= A€+Bw

0=0-0 yw=pf+u, +¢, A =A-KC o

=) 9 (FY-F) 5loolaul b oS o0 iy o5 E =[é é]T g 1) 00438 gllas o ¢ >

Qs.usa o3l 2 u)g.»aa EI c(\ﬂ&

E= A_E +Bw (v5-f)
E, =CE
_ kCl - [0] =
Al %S 5o % e ¢
0 A B (*V-¥)

W=gf+u +¢& ,6=0-0

b Uig, el pl sl 6 Sl LB (FF-F) 10 B, 9,5 Laid 4 358 o 5,8 Yoo
3 e Bass lsE (051 e g (sl Sl Ty SPR) Mot i TausT SgLL
ools Hlis 1) ©jga aily e (FF-F) 29,5 slhs slacSwls ( b,k 51 [eY-p1] el

! strictly positive real (SPR) Lyapunov design approach
Yo



E, =H(s)w=H(s)(@d+u, +5,) (YA-¥)

2950 (w9 0)lgd n) &g (FA-Y)

E, = H(S)L(s)(T +¢f +u,)

~ . (Ya-Y)
C=L"(s)(@f+u, +&,)—(pO+u, +& )+e,

G5 e onlply ol ceslio SPR had ali o H(S)L(S) &5 (g5 o950 il L(s)
{8¥-51] 098 atig 05 &g il oo (FA-F) > (slid

E=AE+B (T+pd+u,)
E =C.E

(t--%)

nxn (“S") cfl""a’ u*“ﬁl* I 9 ﬂi:b|I ‘gs:[ﬂl ﬂz ﬂs ﬂ]lT ‘C_:szc_: "E‘Z'E‘ as

s

a5 Ogd oo 20 9 A WleS 00 paesd aukal Coabhbsae Sy S lawg T
Aol ol G jd g pime S ess dee sl )5 0 YU (0,8 il Colb s Job 4o
) Sl 0BsS B ol 4 T ol b oanglie o0 5 ess 6,10 paiged gloj o5l

[veecag ay ayl (M=r-I > =-T
Syl by IUT o-F
s 5LS 0590 b Gl sl p5 olus b

Olitie 5 canl dlwgy CS18S Hoka 5 IS Xy Collas @2 e jwe a5 09800 B2 @
L08] aiis aings e 1Sy sk o J0ilS oY a0 S b )]

\ig



(YA-F) 0asS J S 9 (YY-F) Ky, (0-F) 5L, a4 ) 088 a [51:Y anad

é=7/1§0TE1 -9
u, =-I—kE (FY-¥)
fz?’zEl -9

CH(S)L(S) oSl Judo a4 el T dasyy pess S T 9 k>0 5 7,50 ¢, >0 T o oS

4S5 yeb W)l 0925 Q g Py lEe Cudte (e Lo Sile «wl SPR

L
P+PA =-
A PHPA =-Q (FF-¥)
BSTP: S
e S S o ) p5 Bl Bl o]
volepes tggs tir (fo-)
2 2y, 2y,
o3 oo i |y 5 abal) (FO-F) 51 Sley sidee 23,5 P =T—T 5 0=0-0 aSyl> o
v-lepertepe_tigo Lt (F5-%)
2 2 71 e

o3 pedlyi oo (FF-F) L5 (FF-F) 5 (F+-F) o iS,> |

\A4



Vv :%(&E+§S(F+¢é+ur)f PE +%ETP(RE+ B,(I'+¢pf+U,))
_léTé_ifo
N V2

=%(ETRT +(T+¢0+u,)’ E_%ST)PE+%ETP(&E+E_ss(r+¢é+u,))

LI
7;1 i V2 i . ] i . i ) (FY-F)
:EEiT(ASTP+PAg)E+E(F+(p¢9+ur)T BSTPE+§ETPBS(F+¢>0+UF)
Lo Lt
"1 V2
=EET(RTP+P&)E+(F+¢é+ur)T ESTPE—léTé—ifTr*z
2 71 V2
—EETQE+(F+¢é+ur)TCSE—£éTé—ifo“
2 " V2
il «(Fo-F) sloslainl
; 1 5 T 1 s 152
V=-EQE+(T+¢l+u,) E,——0 6——TIT (fA-Y)
2 71 V2
i 1 = 5 T 15 152
V=--EQE+(T+¢pd-kE) E-—660-—TI'T (fa-Y)
2 71 V2
5500 Ohle
; 1 - =7 AT T 2 1 a1 =i
V=-ZE'QE+I"E +0"¢'E -k |E| -—0"0-—TI"T ©--¥)
2 71 72
139 g0 00l 5 O yguar (B0 =F) «(FY-F) o (FV-F) 5l oolanl b
. 1 T 2
\Y; :_EE QE —k |E,| OV-Y)

148 09 oo (oS ¢l plio

YA



V<0 OY-¥)

- oo [Reon o 4y (ilne joha B aS 558 0 oy SloT 4 FFL WL L o 5l eoliul L
31 eailoas oolawl Badas pilsd o o Sl JUSiw a5 Cosl ax gy BB g aied) )l Ly 09

) Jad onl )0 ool slerian Kiug) p (e J5uS (IS g, V- JSG Ms j5b

TR olad

Sibw dnds s #-¥

SOl (9, V-7-F

O S gronn Siales a5 ol 1Sl b,y 6936 S5 w53 lwdnis (sl oolitul 890 ammw
—oad 1)) pgo Jad ,o G(0) 5 C(0,0) D(Q) (slo s yile ool oa o0ls ylid Y-F 5o 0

ise i peiSle 5Ly wish e il B, =0.00 4 J_=0.000 .r=0.0: .K_ =026

1 7250 518 )3 5 g |y el pene 098 oo oelats Vi, =40V (s
X h
92 ‘ ) OY-¥)
h, = [O.85—O.lcos(%t) O.75—O.lsin(%t) o}

S el L k] soyle WNedee el 1 s 10

Gk 31k eyl 3k =place(AB[-31 -32 -33 -34 -35 -3.6])

va



(soliing he, ,d Seb e dcwlxe k= place(AT,CT,[-31 —32 -33 -34 -35 -36))
Gabwg @ Wy Ui pien ST L(s) LS 5 By «Q P lagw sl samlxe
s K,=08K, R=0.8R 45 o0 b Mlos cowd v(t)=RK, 3 (q)"u(®)
3 bygige sdod 4 a5 cul Sy 2 amsls b ab pb S o slazél L J(q) =0.8J(q)
slallas (s pl G pams o Glis 1) 6058, glallas Y-F S 040 o Jles! T=4sEC
aS jghilan a2 o lid XY axas o1, Ol yuwe F-F S0 00l o (ialS G pndy (6,50,
Collas juse Wilgi so obgS (61,35 > SO 5l am oS S el ool ools las S ol e
il g so 0ad &5 pohailen ams o Glis 1) Sy slaJUiSw 0-F S80S 6550, )
b S rme SuBye g cad 58 gludl y widl e BT Lag)T ) (55 b s Jlgen 539
ol b gl ool eols las P-F S o ey aeds 9 Z g Y X slagme slael o
Srme SonBse 385 5 mpe b e (Hlb K, il edel ey (pes Cuage (S
5 ol G Casbpe sla S (052 oy 5 (3B 4 s b Ll A e 6,5, 1, 2l
Orared g X ez slaitel 13 (oled 65mme Sae e Sul Saep Sl JUSe (eSS i (il o
g o ool 0 o0ly las ISl jo 4 jshailes g oo ools lid V-F S o O e
@l Srme Loy 35800 [Ran 095 (ABly JLSKw a4y gy (heF (00D 03] (reS) (eSS
o) e a8 johailes gl o eoly lis A-T L o Ol medS pizmen 9 Y jgme Slael o
2l e Sy d gy B oni b S 5l ol Casy ey 058 g0 00y JSS
5 allln (sl ol S () 53, 4 5 Shg, 5 ddon 1Kan ¥ pgome sk
Slacel o oles 6y s oS (o0 B> K9, 55T Lo Ky, 0 Shas [0 i (5 oS
WDl oo 000 IS pl jo aS jshiles Wigd oo el las A-F SS jo Ol e g 2 j9me
Slael jo oles Sy ey Wlgs sod g, 5l el Cawds ((Goddh 03] (yueBW) eSS Cuk yuu

ol o aS il cpl ol s sl vgmg JBaile s sl SO g S 60150, 1y e o)
AO



50 S s e Ve IS il sais Gl [ K0s, 50 meize Cosmhalpae (>
Olrz g Wp GeesS |y odizme CombiBpae b aiiS oo (o Bl laglalozaiz 4ol
a g, 5l edel Candy (GBS ey ol 0ol sols lis IS opl o aS jshiles oS
S 0529 (5 Bak > slhd o g 05d o 1) Ken Z jeome Slail jo Sles g sy
A g W (295 (185 et ez slalalezaiz oS 05d g0 S axi (nlpl

QS o 55l olorin Kby, 5o (sope

sl e
oY-%)

A 4 h 4 A 4
J g Fr
xS el B o AT

(¥5-¥) Ex ’_‘ P

v

()
v
ol e
s (FV-F) Godai fip| Soshal pae [
(fv-f) Y0-%)

1 f

olein Ky, p (e 0aiiS S (IS 25k N -F S

AN



Tracking error {m)

LSl 595k Slgeocas (ales Y-F IS

0.15
e pOsition error
e w Y position error
0.1 =u s m w7 position error |
0.05
1 ]
of
L d
L]
iy
]
n
-0.05 -5
01«
-0.15 : ' : :
0 1 2 3 4 5 6 7 8

Time (S)

5 olad g 5o, clallas ¥-F IS

AY



— 0.75 .

1 T T r T r T T T T

e esired position
095} = = == Robot path T

0.85F .

0.65 .

0.6} .

0.55F .

D_E 1 Il L 1 ' 1 I 'l 1
06 065 07 075 08 085 09 095 1 108 11

X (m)

X =Y axmio )3 adly g ogllas slaceadse F-F S

Voltage (V)

40 T T T T T T T
— ]
— -
30 memmwalyy
20 .
10 .
0 --i--—‘--“
--‘----—.t-"’
-10 ........................'..-------------------------
=20 -
0 1 2 3 4 5 6 7 8
Time (S)

s5ye slesl; 0-F S

AY



1
- 0.6 1
0.8y .
1 05 08} ™~
061 — g !
04 ] = Estimated x > 045 06 ] —
oal o4 I = Estimated y| |
02 -
0.2 ! 02 ]
ob ]
0 01 02 03 04 ol o
0 0.1 02 03 04
a \ ‘ ,
1 2 3 4 5 L] 7 8 1] 1 2 3 4 5 ] 7 8
Time (S) Time (S)
0.02 ; : : :
0
-0.02 0.05
— 0
€ 0.04 |
N -0.06k] -0.05 "
-0.08 -0.1
01 -0.15 ]
0 0.1 02 03 04
_042 , . , . , ‘
0 1 2 3 4 5 6 7 8
Time (S)

Velocity (m/s)

Ol (39 5 2ld S e CaaBge aulie £-F ISS

12

10

15

0 01 0.2 0.3

0.4

W
— = Estimated Vx

-0.05

-0.15

Time (S)

Ol ez g X jgmme olaitel 5o ey lie V-F IS

AY



10 T T T T T T T

8 WH = = =Estimated Vy
6 5|
[
af 0 ——
o -5
= 0 o 0.5 1 15
-
g ot
E otk 0.1
4tk ]
B 0.1
_B_
-0.2
5 8 7 8
_10 i i L i i i
1] 1 2 3 4 5 5] 7 B8
Time (S)
O B g Y s slael 4o C o dnslio A-F IS
1 T T T L
‘ Vz
I — = Estimated Vz
Is
0.5
‘_-_-_-_-_-_‘_-_-_-_-_-_-_
¥ oo -
£
o
5
i=l
[i5)
= -0.5
-1
15 . . . , . . .
0 1 2 3 4 5 6 7 8

Time (S)

ERACS (_gLQL;‘A.lA.?..\.z_? ole o u—l eSS g Z g7 slacl 5O ey aslas A-F wa;

AD



0.04
—
0.02
ﬁ = = = Estimated Vz 0 '-"'"--..__..-_ |
0.5 -0.02
-0.04
5 5] T 8
1] —
) 1
E
P~ Al
= -05 0.5
[
i=l
2 0
-1 H
-0.5 l
]
1.5F -1 F
-1.5
) 0.5 1 1.5
-2 L L L 1 i 1 1
0 1 2 3 4 5 6 7 8
Time (S)

b Glﬁ’d‘d‘l‘?"\*‘? Jgas 5 QTL}‘?"'?J5 z g7 slacl O ey dslos Vo -F wa;

(ESO) aidly proni’ <l ;5005 95 b oy Lo Y-7-F
by ol S sl dYV] o sas @l aidly prews Sl Sg) aand Gl 4o

(7-F) 4 (0-F) &b D oo oolaiwl odls Carogs
h=6(t)+u ©¥-%)

als Ko Ol 4 cwl 00938l Gl S O(t)  peizme Coxbad pac a5 WuS 58

9 ge 005 1 &g cdle ialed ol Xy =, X, =h, X, =8 (1)

y=C.X,
010 0 0 OO-¥)
A,=|0 0 1|,B,=[1,¥=|0[,C,=[I 0 0]
0 00 0 )

AF



Al e Koy, s (Glea) 455 5 sio slagmle s 4 15 0 Sl o

Lyv] o %
%, = AR +Bu+LC(x,—%,) o7
3! oolazul L L 0 4 So

- 4wlxe L=place(A],C],[-50 -55 -60 -65 -70 -75 -80 -85 -90]
139 g0 0318 53 g S 98 Jyy] Gk g 0gd
u=hy + K,y —R,,) + K, (hy = %0) — R OY-¥)

)lS Lgl.»aﬁ 39 g.;}].]a.o)...w.o Aaﬁ.w‘so ul.?;u‘ 250 9 700 Ljﬁ‘).g o A Kd 9 Kp LgLQJo).QJ.
Ao co olid oS JyuS pl slp 1y e slasldy VI-F S cel (OY-F) dal, les
adgl wllasd )0 ESO o aSGax .04l (golpiin b9, 650 5l plad O-F JSSo b Ko (] s e
Sgi ge ool HLES VY-F S o XY asas ;0 ESO (5,50, o Slas 0,00 0529 S ome gLl
o o ey o 5 4 e 05 |y ol sy 6 TF UK b U5 o) amlie
oS U8 g Sy lah pd celio iz Ol Js il e goleiing U2, 1058
sl i 6l ESO oz oo Slae sl i sbrgladazaiz 5l oolaiwl b fuad oyl
> o psie o S0 ol a5 az g8 b adgd oo ools Lid VO-F B VY-F gla IS0 0 ce

w..s.a WJL\A OAMSJ).HS 6‘)-.\5 Q)ﬁo.c O¢>9 O"‘ l; ‘“'\"5"’"’(59 OQ)' U“M ESO ‘E.A.OBJ 6’990

AY



40

— ]

— -

30

memmmmyfd

20

10

o Wy gy

\.

MY RERENRERERLLLLIE LN
* SN SN NN NN NN NN NN NN NN NN EEEEEE

h-_---_‘h-,-

Voltage (V)
=

-10

0 1 2 3 4 5 6 7 8
Time (S)

ESO I sslinal b J ;o8 sla i V)-F S5

—— D esired path
0.95 = = = Fphot path

0.9

0.85F
=075+ g
|

0.65+ A e
06}

0.55

06 065 07 075 08 08 089 09 1 105 11
X (m)

ESO 3l oolazwl b )15 slad jo 6,u80, 0,Slee VY-F IS5

AN



Wy (m/s)

—

— bt | T

1] 1 2 3 4
Time (S)

ESO 5l ooliiwl b o] cpuess X gome slaiel o e s diaglia VY-F Lo

Vy (m/s)

—-— - -\l"yhat J

0 1 2 3 4
Time (S)

ESO 5l ooliiul b ] iymoss 5 ¥ jgmme Slaiel o s yos anglio VE-F IS

A4




0.6

—

— w7t

0.4

0.2

Vz (m/s)

0.2

-0.4

0.6

-0.8

0 1 2 3 4 5 6 7 8
Time (S)

ESO ;1 oolaiwl b )] caass 9 £ gm0 slatiel 48 Cae o dunslie VO-F JSCo

Gl (558 K g, b s lio Y-F-F

Seolitul b (guly (YO-F) ,o oads yyed CombiBpas (g5l Sy, o (&b sl
b (ki (5308 s S (755 O 45 0T 55 095 03] (et SBeelsS (36 (sl
Vil 5b el oh e (5306 asgeme ¥ 536 535,550 slp il € 5 € slacsos g
13,00 8529 ) Djpar bl irogi 531 58
RV:if éis A' and é is B' then § is C',1=1,...,9 OA-¥)
Grog W] o Jels jsky C' B A" (38 3l wils .ol phl (38 o0 aseizs RY a8
o3y 5 0jiie sl o gliinl Hgige 51 STV F1 Y 2 N ] G wlens

R PPN FERR RN FEO L FUR <

! product inference engine
2 singleton fuzzifier
% center average defuzzifier



ROINCY

St ia: R 0a-¥)
GG

5(6,6) =
o i fl (8) g g1, (8) Abiwyy w4 By Al 6 o dcgerme o1y 3l g aS
(BA-0) b 25 o Blis |y C' (36 asgarme 3550 B L puizman igd

A ~ ;\ 9 A A A A, A
o(8,e)= ZH(DI@I =00, p=[p..0,], 0=[6"..0°] &%
Sl o

11, (&) 1y (6)

E— - o #\V-Y)
ZH Hy (E‘)/JB, (€)

@,

Sole 4 05l o0 oolaiul ygige der (gl YU oo cpluls 0,10 5929 jeige aw IS cpl jo

ORI
9 n - ‘)'11‘3
ZHIUAI (& )/UBI (€)

u."d.\b).’w‘ o oolo ul.w.» \o-¥ J.i.iu)o LS)LQW)U slas 59 LS)'.?f‘)) Q)SJ-A.C

S ol (gl i sl 5y G LS (izren g (551 s (6250, 0,Sdas (S

&b ol ke V12V -8l iS o solinal = [ [ o[l (Srsls b 51 so0e alis

Srn sl plas as el F =0.0645 538 Sz slp 9 F=0.0498 i S sl
.o)b a)lfdtéé)odﬁfd)&pq)a ‘d)bwawww

odls HLas VA-F B IV-F ol IS jo e sl UK o (o (5518 0g, 0 ,Sles

g VW= o o anlin Lol ol casenls) o Slae (53B8 S0s, o S0 (pl b 5 090 o0

2 iz Kg, a0z W o0 Glid |) il s, 650 AT 5 V-F GG L VA-Y

S0 gye 0 Slas 4B AL O Sboj osb g SLL ollaxd

)



SS9 (638 K9 VA-F IS8 4 Z jeme slael 5o e JUiSinw (50055 anlie sl
iasy 85 05 oo oaolics A S5 4y as b Lol wans o plosl Iy S s o 4l
S o> i 0,Shee j SLL Sllasd o ams e pll 4l 1D jlaw 1, 5 ol 630
Bar bl e b Sl eess Glp oo awlie S il sl

5 B =1A173 Gin S, sy Son b ool ke oS oo solinal Fy = ['[3 6t

ARy & Cod e O 8es i Sy, plply cwl F=18493 556 S, ol

Syl g5l8

0.15 1
m— . nOSitON error e [ esired position
¥ postti 0.95
=t pOsition error = = = Robot path
01 -amEn Z position error 0.9
E 0.05 0.85
5 0.8
5 —_
@ 0 ‘ o é 0.75
£ = >
E H 0.7
© x
= -0.05n
~ . 0.65
018 0.6
0.55
-0.15 0.5
0 2 4 8 8 0.6 0.7 0.8 0.9 1 11
Time (S)

Voltage (V)

G Sy 5l eoliwl b (6,50, 0 Slae V7-F S0

ay



12 . . . : : | T
10 15 — |
A = m m Estimated Vi
10
8 I‘
55 \
] 1Y E
0 N\,
—. 448
*E 5
S 2 1} 0.1 0.2 0.3 0.4
and
SR
o i}
> 73
#
-0.06 P
4Lb * T
\~ ”
\ -
61 0.1 DT
BF
-0.15
10 L L 5. |6 L 7 8
0 1 2 3 4 5 [} 7 8
Time (S)

6)l3)iu5))‘ bbLM‘lJQ]QMj X BY ) ob:;.al)o u.c).m MLD.A VV-¥ J&w

= m = Estimated Vy

w
-E- 0.5
= ———
[&]
L=
g o

s

6L

-3

0.2
5 6 7 8
-10 i | | " L L L
0 1 2 3 4 5 6 7 8

Time (S)

&8 g, leslawl b oyl (e o Y y97ee dlaial jo S s anlie VA-F SCS

qy



0.04
0.02

—

= = Estimated Wz [ — —

—

0.5

Welocity (m/s)
&
o

-1.5¢F

Time (S)

d)b)i“j))‘ OQLQMIL:QTUMJB Z BY ) &LL'LA‘)Q u.cru MLM Va-¥f Jiud

& S Az V-F
i gbglibezaiz jleolatul b ol slagil lp i iy, S« Juad (ol 5o
sl YL S Guizmed 5 peizme Combadeas (VL (1S 4 5L Bl gl Ll oal slpiiny
-JpsS 0 bogahisas e lp v sbglalezais 5l oolaiul b Kiess G i,
- Sty Gl LS a5 5,8 ol bl easuS S Ll ool slpain [Kng, g 00isS
SrS el b gl a0 ezt slacdle il cals b wisd (6 S ojlasl ailes
bl g o 00liul wensl pglie J S o5 g Combibpie aast il Soad Ky ol 45
sbglbaraiz dagloand Gb p Cul ool (poedd atuy adl> g)lnl Bl 6,95
el L g, b dnslie )0 gl oo Khg) o Sles Sete ge e BB ok i

5 JrS ool o ol e S Sl cleay qgolgring i, —ouisS S sl il

af



b9y (B gy L awlie o (uimmen il Fp 5 glad 5,50, glalks pisen

10



15



Sloloodiny 9 (5 p5 Az

ay



S 35 Az V-0
2SS, sleptacw Glp polie Aokl Kug, —eansS J S jlsle S als, (ol o
g,y b zylae (5,955 90 Allu; (pl o ol sleiiny 5Ly S 0yl sl eslatul b IS glas
g (g5 o3lail atily sod e s Gl UK a5 28 cpl el las,s55 onl po goleiin
o Saag Ky ol a5 S il b gl 0dd 035 pess ol londs ok
S b (sl 655 5o Wsdige ooliinl winl polie 5SS g Cumhapae (et G
Ll S p0y9] malp sl g,y g eatiS JpuS j0 Cuabilpas Gl g e Gl 68
oolicial b J 7S gl s a3 5 IS S0 Sl ol slogsl psbie J5uS sl Joe 5l olyT e
Sl las JuS syl B wpaly ol 0wl (b sy S s el
ity b, sla aie 4 ond Jlael slojsliiS glm S20 & le dr Wlodds i S e
3 ool Candy Gkl 9B el 5 )98 olps igd oo drmlne SS9l Lawgs jgige
05 0 e VL o) 5 Beilld gyl (6ys8 5l eslital b aind drls g (gl
Koy b amlie S wigh o | Ken jho & Kby, (edd glbs (rizmen 5 5550, sl
23lie & wilgiond Sy (slageed gy 5l 408 Gl Bio L oS S i s
el Ll Kogy b aslie )0 (ooleiin by latue (il y ogdle gl 1an (Lo o285
(5355 Ol 5 aiiws HI5 slad (5,5, slalles 5 (JuS D6 0 g )35 Gladdls il
5 ol &l gyl e ol eolaiul e ubliae paiiies by jeige L IS L,
655 5o OlS rlslr sl 005 Bib s sl wg ataly oy slas YL oS @ sl 6,05
5 SRy, 3 bicesbdose (lp lp Givs sbgllezain 5l oslinal b S imedd G oo
-Glalozaiz jlesliinl b ol slagil sl (ke K05, S &dly )0 0l Slpidey oausS JuS
Ky 2l s (5l e e TS| Bl (655 bl i (b Gt o
e gsluas b o cwl s Ol SO 65055 ol [0 axdllas 0 50 miiow el 00 (el

aA



TS (uimed Kgh oo Kiugy 0,5es dopp g P JB sl v slaglalezais
—oasS J S Sl 650 sl Kug, g Al prend > Rug, L oawslic 9 gile A
adoly las |y golprins X,
Ololpacioy Y-0

139 o0 Sl 13 3,lge dluy cpl 15 aalol gl coles o

).u.\.ss_SLb.w‘ Lgl.(bg_)l.i) 89y 2 Lg»)l.e(.w.u Lsa.u.b.- )ius) )| ool .

)i;-lj) —odsS J S LgLas);;o\)l,; S slwdigs 6‘)‘.’ Qoligd 6‘-"’&5) )’| ool Y

d..:lf..).o Salon Lgl.co;’:l.g) 50 Lgol.e,.w &9) )l oolawl Y

Combdpas Gl gly Koo o Koass jloolinal ¥

14






&=y

Ve



[1]

[2]

3]

[4]

5]

(6]

[7]

(8]

(9]

Jin, M., Lee, J., and Tsagarakis, N. G. (2017), “Model-Free Robust Adaptive
Control of Humanoid Robots With Flexible Joints”, IEEE Transactions on
Industrial Electronics, VVol. 64, No. 2, pp. 1706-1715.

Zheng, K., Hu, Y., and Wu, B. (2018), “Model-free development of control systems
for a multi-degree-of-freedom robot”, Mechatronics, Vol. 53, No. pp. 262-276.

Yang, X., Ge, S. S., and Liu, J. (2019), “Dynamics and Noncollocated Model-Free
Position Control for a Space Robot with Multi-Link Flexible Manipulators”,
Asian Journal of Control, Vol. 21, No. 2, pp. 714-724.

Li, Y., Li, K., and Tong, S. (2019), “Finite-Time Adaptive Fuzzy Output Feedback
Dynamic Surface Control for MIMO Nonstrict Feedback Systems”, IEEE
Transactions on Fuzzy Systems, Vol. 27, No. 1, pp. 96-110.

Li, Y., and Tong, S. (2018), “Fuzzy Adaptive Control Design Strategy of Nonlinear
Switched Large-Scale Systems”, IEEE Transactions on Systems, Man, and
Cybernetics: Systems, Vol. 48, No. 12, pp. 2209-2218.

Sun, L., He, W., and Sun, C. (2018), “Adaptive Fuzzy Relative Pose Control of
Spacecraft During Rendezvous and Proximity Maneuvers”, IEEE Transactions
on Fuzzy Systems, Vol. 26, No. 6, pp. 3440-3451.

Yang, Z., and Zhang, H. (2018), “A fuzzy adaptive tracking control for a class of
uncertain  strick-feedback nonlinear systems with dead-zone input”,
Neurocomputing, Vol. 272, No. pp. 130-135.

Wu, C., Liu, J., Jing, X., Li, H., and Wu, L. (2017), “Adaptive Fuzzy Control for
Nonlinear Networked Control Systems”, IEEE Transactions on Systems, Man,

and Cybernetics: Systems, Vol. 47, No. 8, pp. 2420-2430.

Tong, S., Li, Y., and Sui, S. (2016), “Adaptive Fuzzy Tracking Control Design for
SISO Uncertain Nonstrict Feedback Nonlinear Systems”, IEEE Transactions on

Fuzzy Systems, Vol. 24, No. 6, pp. 1441-1454.

VoV



[10] Zhou, Q., Li, H., and Shi, P. (2015), “Decentralized Adaptive Fuzzy Tracking
Control for Robot Finger Dynamics”, IEEE Transactions on Fuzzy Systems,

Vol. 23, No. 3, pp. 501-510.

[11] Fateh, M. M., and Khorashadizadeh, S. (2012), “Robust control of electrically
driven robots by adaptive fuzzy estimation of uncertainty”, Nonlinear Dynamics,
Vol. 69, No. 3, pp. 1465-1477.

[12]  Zeghlache, S., Djerioui, A., Benyettou, L., Benslimane, T., Mekki, H., and
Bouguerra, A. (2019), “Fault tolerant control for modified quadrotor via
adaptive type-2 fuzzy backstepping subject to actuator faults”, ISA Transactions,
Vol. No. pp.

[13] Peng, J., and Dubay, R. (2019), “Adaptive fuzzy backstepping control for a class
of uncertain nonlinear strict-feedback systems based on dynamic surface control

approach”, Expert Systems with Applications, VVol. 120, No. pp. 239-252.

[14] Yang, C., Jiang, Y., Na, J., Li, Z., Cheng, L., and Su, C. (2019), “Finite-Time
Convergence Adaptive Fuzzy Control for Dual-Arm Robot With Unknown
Kinematics and Dynamics”, IEEE Transactions on Fuzzy Systems, Vol. 27, No.
3, pp. 574-588.

[15] Kong, L., He, W., Yang, C., Li, Z., and Sun, C. (2019), “Adaptive Fuzzy Control
for Coordinated Multiple Robots With Constraint Using Impedance Learning”,
IEEE Transactions on Cybernetics, Vol. 49, No. 8, pp. 3052-3063.

[16] Wang, N., Gao, Y., Sun, Z., and Zheng, Z. (2018), “Nussbaum-Based Adaptive
Fuzzy Tracking Control of Unmanned Surface Vehicles with Fully Unknown

Dynamics and Complex Input Nonlinearities”, International Journal of Fuzzy

Systems, Vol. 20, No. 1, pp. 259-268.

[17] Begnini, M., Bertol, D. W., and Martins, N. A. (2017), “A robust adaptive fuzzy
variable structure tracking control for the wheeled mobile robot: Simulation and

experimental results”, Control Engineering Practice, Vol. 64, No. pp. 27-43.

VoY



(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Shokoohinia, M. R., and Fateh, M. M. (2019), “Robust dynamic sliding mode
control of robot manipulators using the Fourier series expansion”, Transactions

of the Institute of Measurement and Control, Vol. 41, No. 9, pp. 2488-2495.

Khorashadizadeh, S., and Fateh, M. M. (2017), “Uncertainty estimation in robust
tracking control of robot manipulators using the Fourier series expansion”,

Robotica, Vol. 35, No. 2, pp. 310-336.

Khorashadizadeh, S., and Majidi, M.-H. (2017), “Chaos synchronization using the
Fourier series expansion with application to secure communications”, AEU -
International Journal of Electronics and Communications, Vol. 82, No. pp. 37-
44,

Yan, W., Pang, C. K., and Du, C. (2017), “Disturbance observer-based multirate
control for rejecting periodic disturbances to the Nyquist frequency and
beyond”, Automatica, Vol. 82, No. pp. 49-58.

Luo, C., Yao, J., Chen, F., Li, L., and Xu, Q. (2017), “Adaptive Repetitive Control
of Hydraulic Load Simulator With RISE Feedback”, IEEE Access, Vol. 5, No.
pp. 23901-23911.

Yao, J., Jiao, Z., and Ma, D. (2015), “A Practical Nonlinear Adaptive Control of
Hydraulic Servomechanisms With Periodic-Like Disturbances”, IEEE/ASME
Transactions on Mechatronics, Vol. 20, No. 6, pp. 2752-2760.

Khorashadizadeh, S., and Fateh, M. M. (2015), “Robust task-space control of
robot manipulators using Legendre polynomials for uncertainty estimation”,

Nonlinear Dynamics, Vol. 79, No. 2, pp. 1151-1161.

Huang, J., Ri, S., Fukuda, T., and Wang, Y. (2019), “A Disturbance Observer
Based Sliding Mode Control for a Class of Underactuated Robotic System With

Mismatched Uncertainties”, IEEE Transactions on Automatic Control, Vol. 64,

No. 6, pp. 2480-2487.

\of



[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

Ren, C., Du, T., Li, G., and Shi, Z. (2018), “Disturbance Observer-Based
Consensus Control for Multiple Robotic Manipulators”, IEEE Access, Vol. 6,
No. pp. 51348-51354.

Chen, W.-H., Ding, K., and Lu, X. (2017), “Disturbance-observer-based control
design for a class of uncertain systems with intermittent measurement”, Journal

of the Franklin Institute, VVol. 354, No. 13, pp. 5266-5279.

Huang, D., Zhai, J., Ai, W., and Fei, S. (2016), “Disturbance observer-based
robust control for trajectory tracking of wheeled mobile robots”,

Neurocomputing, VVol. 198, No. pp. 74-79.

Kim, M. J., and Chung, W. K. (2015), “Disturbance-Observer-Based PD Control
of Flexible Joint Robots for Asymptotic Convergence”, IEEE Transactions on

Robotics, Vol. 31, No. 6, pp. 1508-1516.

Dong, W., Gu, G.-Y., Zhu, X., and Ding, H. (2014), “High-performance trajectory
tracking control of a quadrotor with disturbance observer”, Sensors and

Actuators A: Physical, Vol. 211, No. pp. 67-77.

Yao, J., Jiao, Z., and Ma, D. (2014), “Extended-State-Observer-Based Output
Feedback Nonlinear Robust Control of Hydraulic Systems With Backstepping”,
IEEE Transactions on Industrial Electronics, Vol. 61, No. 11, pp. 6285-6293.

Talole, S. E., Kolhe, J. P., and Phadke, S. B. (2010), “Extended-State-Observer-
Based Control of Flexible-Joint System With Experimental Validation”, IEEE
Transactions on Industrial Electronics, VVol. 57, No. 4, pp. 1411-1419.

Li, Y.-X,, and Yang, G.-H. (2019), “Observer-based adaptive fuzzy quantized
control of uncertain nonlinear systems with unknown control directions”, Fuzzy

Sets and Systems, Vol. 371, No. pp. 61-77.

Liu, C., Liu, X., Wang, H., Zhou, Y., and Lu, S. (2019), “Observer-based adaptive
fuzzy funnel control for strict-feedback nonlinear systems with unknown control

coefficients”, Neurocomputing, Vol. 358, No. pp. 467-478.

ARIA



[35] Huo, X., Ma, L., Zhao, X., Niu, B., and Zong, G. (2019), “Observer-based
adaptive fuzzy tracking control of MIMO switched nonlinear systems preceded
by unknown backlash-like hysteresis”, Information Sciences, Vol. 490, No. pp.
369-386.

[36] Bobtsov, A. A., Pyrkin, A. A., Ortega, R. S., and Vedyakov, A. A. (2018), “A
state observer for sensorless control of magnetic levitation systems”,

Automatica, Vol. 97, No. pp. 263-270.

[37] Palli, G., Strano, S., and Terzo, M. (2018), “Sliding-mode observers for state and
disturbance estimation in electro-hydraulic systems”, Control Engineering
Practice, VVol. 74, No. pp. 58-70.

[38] Mohammadzadeh, A., and Hashemzadeh, F. (2015), “A new robust observer-
based adaptive type-2 fuzzy control for a class of nonlinear systems”, Applied
Soft Computing, Vol. 37, No. pp. 204-216.

[39] Khamar, M., and Edrisi, M. (2018), “Designing a backstepping sliding mode
controller for an assistant human knee exoskeleton based on nonlinear

disturbance observer”, Mechatronics, Vol. 54, No. pp. 121-132.

[40] Mohammed, S., Huo, W., Huang, J., Rifai, H., and Amirat, Y. (2016), “Nonlinear
disturbance observer based sliding mode control of a human-driven knee joint

orthosis”, Robotics and Autonomous Systems, Vol. 75, No. pp. 41-49.

[41] Chen, B., Zi, B., Wang, Z., Qin, L., and Liao, W.-H. (2019), “Knee exoskeletons
for gait rehabilitation and human performance augmentation: A state-of-the-art”,
Mechanism and Machine Theory, Vol. 134, No. pp. 499-511.

[42] Yang, P.,, Ma, X., Wang, J., Zhang, G., Zhang, Y., and Chen, L. (2019),
“Disturbance Observer-Based Terminal Sliding Mode Control of a 5-DOF
Upper-Limb Exoskeleton Robot”, IEEE Access, Vol. 7, No. pp. 62833-62839.

[43] Masud, N., Smith, C., and Isaksson, M. (2018), “Disturbance observer based
dynamic load torque compensator for assistive exoskeletons”, Mechatronics,

Vol. 54, No. pp. 78-93.

V.5



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Chen, Z., Li, Z., and Chen, C. L. P. (2017), “Disturbance Observer-Based Fuzzy
Control of Uncertain MIMO Mechanical Systems With Input Nonlinearities and

its Application to Robotic Exoskeleton”, IEEE Transactions on Cybernetics,

Vol. 47, No. 4, pp. 984-994.

Li, Z., Su, C., Wang, L., Chen, Z., and Chai, T. (2015), “Nonlinear Disturbance
Observer-Based Control Design for a Robotic Exoskeleton Incorporating Fuzzy

Approximation”, IEEE Transactions on Industrial Electronics, Vol. 62, No. 9,

pp. 5763-5775.

Khorashadizadeh, S., and Sadeghijaleh, M. (2018), “Adaptive fuzzy tracking
control of robot manipulators actuated by permanent magnet synchronous

motors”, Computers & Electrical Engineering, Vol. 72, No. pp. 100-111.

Sadeghijaleh, M., and Fateh, M. (2017), “Adaptive Voltage-based Control of
Direct-drive Robots Driven by Permanent Magnet Synchronous Motors”,
International Journal of Engineering, Transactions A: Basics, Vol. 30, No. 4, pp.
507-515.

Veysi, M., and Soltanpour, M. R. (2017), “Voltage-Base Control of Robot
Manipulator Using Adaptive Fuzzy Sliding Mode Control”, International
Journal of Fuzzy Systems, Vol. 19, No. 5, pp. 1430-1443.

Mehdi Fateh, M., and Asghar Arab, A. (2014), “Voltage control strategy for an
uncertain mobile robot”, International Journal of Intelligent Computing and

Cybernetics, Vol. 7, No. 4, pp. 436-452.

Fateh, M., and Sadeghijaleh, M. (2014), “Voltage control strategy for direct-drive
robots driven by permanent magnet synchronous motors”, International Journal

of Engineering-Transactions B: Applications, Vol. 28, No. 5, pp. 709-716.

Fateh, M. M. (2012), “Robust control of flexible-joint robots using voltage control
strategy”, Nonlinear Dynamics, Vol. 67, No. 2, pp. 1525-1537.

VoV



[52] Cheah, C. C., Liu, C., and Slotine, J. J. E. (2006), “Adaptive Jacobian tracking
control of robots with uncertainties in kinematic, dynamic and actuator models”,

IEEE Transactions on Automatic Control, VVol. 51, No. 6, pp. 1024-1029.

[53] Chen, W.-H. (2004), “Disturbance observer based control for nonlinear systems”,
IEEE/ASME transactions on mechatronics, Vol. 9, No. 4, pp. 706-710.

[54] Yao, J., Jiao, Z., and Ma, D. (2014), “Adaptive Robust Control of DC Motors
With Extended State Observer”, IEEE Transactions on Industrial Electronics,
Vol. 61, No. 7, pp. 3630-3637.

[55] Fateh, M. M., and Khoshdel, V. (2015), “Voltage-based adaptive impedance force
control for a lower-limb rehabilitation robot”, Advanced Robotics, Vol. 29, No.
15, pp. 961-971.

[56] Spong, M. W. (2006), “ Robot Modeling and Control”, Vol. 3 Wiley, New York.,
Vol. No. pp.

[57] Fateh, M. M., and Baluchzadeh, M. (2013), “Modeling and robust discrete LQ
repetitive control of electrically driven robots”, International Journal of

Automation and Computing, Vol. 10, No. 5, pp. 472-480.

[58] Kreyszig, E. (2007), “Advanced Engineering Mathematics”, John Wiley & Sons,
Vol. No. pp.

[59] Wang, Y., Chai, T., and Zhang, Y. (2010), “State observer-based adaptive fuzzy
output-feedback control for a class of uncertain nonlinear systems”, Information

Sciences, Vol. 180, No. 24, pp. 5029-5040.

[60] Wang, W.-Y., Cheng, C.-Y., and Leu, Y.-G. (2004), “An online GA-based output-
feedback direct adaptive fuzzy-neural controller for uncertain nonlinear

systems”, IEEE Transactions on Systems, Man, and Cybernetics, Part B

(Cybernetics), Vol. 34, No. 1, pp. 334-345.

[61] Chien, Y.-H., Wang, W.-Y., and Hsu, C.-C. (2016), “Run-time efficient observer-
based fuzzy-neural controller for nonaffine multivariable systems with

dynamical uncertainties”, Fuzzy Sets and Systems, Vol. 302, No. pp. 1-26.
VoA



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Shahnazi, R. (2015), “Output feedback adaptive fuzzy control of uncertain MIMO
nonlinear systems with unknown input nonlinearities”, ISA Transactions, Vol.

54, No. pp. 39-51.

Wang, W.-Y., Chien, Y.-H., and Lee, T.-T. (2011), “Observer-based T-S fuzzy
control for a class of general nonaffine nonlinear systems using generalized
projection-update laws”, IEEE Transactions on fuzzy systems, Vol. 19, No. 3,
pp. 493-504.

Slotine, J.-J. E., and Li, W. 1991. Applied nonlinear control, Prentice hall Englewood
Cliffs, NJ.

Qu, Z., and Dawson, D. M. 1995. Robust tracking control of robot manipulators, IEEE

press.

Mazenc, F., Burlion, L., and Malisoff, M. (2019), “Backstepping design for output

feedback stabilization for a class of uncertain systems”, Systems & Control
Letters, Vol. 123, No. pp. 134-143.

Wen, G., Ge, S. S., Chen, C. L. P, Tu, F., and Wang, S. (2019), “Adaptive
Tracking Control of Surface Vessel Using Optimized Backstepping Technique”,
IEEE Transactions on Cybernetics, VVol. 49, No. 9, pp. 3420-3431.

Tran, T. T., and Gonzalez, O. R. (2019), “Backstepping-based control
methodology for aircraft roll dynamics”, Proceedings of the Institution of
Mechanical Engineers, Part I: Journal of Systems and Control Engineering, Vol.
No. pp. 0959651819860294.

Wang, X., Chen, Y., Lu, Y., Li, X., and He, W. (2018), “Dynamic surface
method-based adaptive backstepping control for the permanent magnet
synchronous motor on parameter identification”, Proceedings of the Institution
of Mechanical Engineers, Part I: Journal of Systems and Control Engineering,
Vol. No. pp. 0959651818819237.

Guo, F., Liu, Y., Zhao, Z., and Luo, F. (2017), “Adaptive vibration control of a

flexible marine riser via the backstepping technique and disturbance adaptation”,

V-4



Transactions of the Institute of Measurement and Control, Vol. 40, No. 5, pp.
1407-1416.

[71] Gholipour, R., Khosravi, A., and Mojallali, H. (2015), “Multi-objective optimal
backstepping controller design for chaos control in a rod-type plasma torch
system using Bees algorithm”, Applied Mathematical Modelling, Vol. 39, No.
15, pp. 4432-4444.

[72] Gholipour, R., Khosravi, A., and Mojallali, H. (2013), “Suppression of Chaotic
Behavior in Duffing-holmes System using Backstepping Controller Optimized
by Unified Particle Swarm Optimization Algorithm”, International Journal of
Engineering, TRANSACTIONS B: Applications, Vol. 26, No. 11, pp. 1299-
1306.

[73] Gholipour, R., Khosravi, A., and Mojallali, H. (2012), “Intelligent Backstepping
Control for Genesio-Tesi Chaotic System Using a Chaotic Particle Swarm
Optimization Algorithm”, International Journal of Computer and Electrical

Engineering, Vol. 4, No. 5, pp. 618-625.

[74] Wang, T., Yu, Z,, and Li, Z. (2018), “Adaptive tracking control for quantized
nonlinear systems via backstepping design technique”, Journal of the Franklin

Institute, Vol. 355, No. 5, pp. 2631-2644.

[75] Xu, B., Guo, Y., Yuan, Y., Fan, Y., and Wang, D. (2016), “Fault-tolerant control
using command-filtered adaptive back-stepping technique: Application to

hypersonic longitudinal flight dynamics”, International Journal of Adaptive

Control and Signal Processing, Vol. 30, No. 4, pp. 553-577.

[76] Guo, F., Liu, Y., and Luo, F. (2017), “Adaptive stabilisation of a flexible riser by
using the Lyapunov-based barrier backstepping technique”, IET Control Theory
& Applications, Vol. 11, No. 14, pp. 2252-2260.

[771 Ben Regaya, C., Farhani, F., Zaafouri, A., and Chaari, A. (2018), “A novel
adaptive control method for induction motor based on Backstepping approach
using dSpace DS 1104 control board”, Mechanical Systems and Signal
Processing, Vol. 100, No. pp. 466-481.

VY.



[78] Pan, Y., Wang, H., Li, X., and Yu, H. (2018), “Adaptive Command-Filtered
Backstepping Control of Robot Arms With Compliant Actuators”, IEEE
Transactions on Control Systems Technology, Vol. 26, No. 3, pp. 1149-1156.

[79] Vijay, M., and Jena, D. (2018), “Backstepping terminal sliding mode control of
robot manipulator using radial basis functional neural networks”, Computers &
Electrical Engineering, VVol. 67, No. pp. 690-707.

[80] Nikdel, N., Badamchizadeh, M. A., Azimirad, V., and Nazari, M. A. (2017),
“Adaptive backstepping control for an n-degree of freedom robotic manipulator

based on combined state augmentation”, Robotics and Computer-Integrated

Manufacturing, Vol. 44, No. pp. 129-143.

[81] Wang, X., Yu, X., Li, S., and Liu, J. (2019), “Composite block backstepping
trajectory tracking control for disturbed unmanned helicopters”, Aerospace

Science and Technology, Vol. 85, No. pp. 386-398.

[82] Ali, R, Peng, Y., Igbal, M. T., Amin, R. U., Zahid, O., and Khan, O. I. (2019),
“Adaptive Backstepping Sliding Mode Control of Coaxial Octorotor Unmanned
Aerial Vehicle”, IEEE Access, Vol. 7, No. pp. 27526-27534.

[83] Lungu, M. (2019), “Auto-landing of fixed wing unmanned aerial vehicles using

the backstepping control”, ISA Transactions, Vol. No. pp.

[84] Miao, Z., Wang, Y., and Fierro, R. (2017), “Cooperative circumnavigation of a
moving target with multiple nonholonomic robots using backstepping design”,

Systems & Control Letters, Vol. 103, No. pp. 58-65.

[85] Yang, X., Zheng, X., and Chen, Y. (2018), “Position Tracking Control Law for an
Electro-Hydraulic Servo System Based on Backstepping and Extended
Differentiator”, IEEE/ASME Transactions on Mechatronics, Vol. 23, No. 1, pp.
132-140.

[86] Chen, S.-Y., Li, T.-H., and Chang, C.-H. (2019), “Intelligent fractional-order
backstepping control for an ironless linear synchronous motor with uncertain

nonlinear dynamics”, ISA Transactions, Vol. 89, No. pp. 218-232.

RN



[87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

Liu, X.-D., Li, K., and Zhang, C.-H. (2019), “Improved Backstepping Control
with Nonlinear Disturbance Observer for the Speed Control of Permanent
Magnet Synchronous Motor”, Journal of Electrical Engineering & Technology,
Vol. 14, No. 1, pp. 275-285.

Singh, P. P., Singh, K. M., and Roy, B. K. (2018), “Chaos control in biological
system using recursive backstepping sliding mode control”, The European

Physical Journal Special Topics, Vol. 227, No. 7, pp. 731-746.

Rakkiyappan, R., Sivasamy, R., and Li, X. (2015), “Synchronization of Identical
and Nonidentical Memristor-based Chaotic Systems Via Active Backstepping
Control Technique”, Circuits, Systems, and Signal Processing, Vol. 34, No. 3,
pp. 763-778.

Dian, S., Hu, Y., Zhao, T., and Han, J. (2019), “Adaptive backstepping control for
flexible-joint manipulator using interval type-2 fuzzy neural network

approximator”, Nonlinear Dynamics, Vol. No. pp.

Marquez, H. J. 2003. Nonlinear control systems: analysis and design, Wiley-Interscience
Hoboken.

Lin, F., Chang, C., and Huang, P. (2007), “FPGA-Based Adaptive Backstepping
Sliding-Mode Control for Linear Induction Motor Drive”, IEEE Transactions on
Power Electronics, VVol. 22, No. 4, pp. 1222-1231.

Lin, F.-J., Shen, P.-H., and Hsu, S.-P. (2002), “Adaptive backstepping sliding
mode control for linear induction motor drive”, IEE Proceedings-Electric Power

Applications, Vol. 149, No. 3, pp. 184-194.

Mason, J. C., and Handscomb, D. C. 2002. Chebyshev polynomials, Chapman and
Hall/CRC.

Yang, S.-S., and Tseng, C.-S. (1996), “An orthogonal neural network for function
approximation”, IEEE Transactions on Systems, Man, and Cybernetics, Part B

(Cybernetics), Vol. 26, No. 5, pp. 779-785.

WY



[96] Lin, F.-J., Chen, S.-G., and Sun, I.-F. (2017), “Intelligent Sliding-Mode Position
Control Using Recurrent Wavelet Fuzzy Neural Network for Electrical Power

Steering System”, International Journal of Fuzzy Systems, Vol. 19, No. 5, pp.
1344-1361.

[97] Lin, F.-J., Chen, S.-G., and Sun, I.-F. (2017), “Adaptive Backstepping Control of
Six-Phase PMSM Using Functional Link Radial Basis Function Network
Uncertainty Observer”, Asian Journal of Control, Vol. 19, No. 6, pp. 2255-2269.

[98] Lin, F., Chen, S., and Shyu, K. (2009), “Robust Dynamic Sliding-Mode Control
Using Adaptive RENN for Magnetic Levitation System”, IEEE Transactions on
Neural Networks, Vol. 20, No. 6, pp. 938-951.

[99] Lin, F., Chen, S., and Hsu, C. (2019), “Intelligent Backstepping Control Using
Recurrent Feature Selection Fuzzy Neural Network for Synchronous Reluctance

Motor Position Servo Drive System”, IEEE Transactions on Fuzzy Systems,

Vol. 27, No. 3, pp. 413-427.

[100] Lin, F., Huang, M., Chen, S., and Hsu, C. (2019), “Intelligent Maximum Torque
per Ampere Tracking Control of Synchronous Reluctance Motor Using
Recurrent Legendre Fuzzy Neural Network”, IEEE Transactions on Power

Electronics, VVol. No. pp.

[101] Wang, K., Liu, Y., Liu, X., Jing, Y., and Zhang, S. (2019), “Adaptive fuzzy
funnel congestion control for TCP/AQM network”, ISA Transactions, Vol. No.
Pp.

[102] Li, H., Bai, L., Zhou, Q., Lu, R., and Wang, L. (2017), “Adaptive Fuzzy Control
of Stochastic Nonstrict-Feedback Nonlinear Systems With Input Saturation”,
IEEE Transactions on Systems, Man, and Cybernetics: Systems, Vol. 47, No. 8,
pp. 2185-2197.

[103] Tong, S., Li, Y., and Sui, S. (2016), “Adaptive fuzzy output feedback control for
switched nonstrict-feedback nonlinear systems with input nonlinearities”, IEEE

Transactions on Fuzzy Systems, Vol. 24, No. 6, pp. 1426-1440.

WY



[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Lin, X., Nie, J., Jiao, Y., Liang, K., and Li, H. (2018), “Adaptive fuzzy output
feedback stabilization control for the underactuated surface vessel”, Applied
Ocean Research, Vol. 74, No. pp. 40-48.

Gholipour, R., Addeh, J., Mojallali, H., and Khosravi, A. (2012), “Multi-
Objective Evolutionary Optimization of PID Controller by Chaotic Particle
Swarm Optimization”, International Journal of Computer and Electrical
Engineering, Vol. 4, No. 6, pp. 833-838.

Gholipour, R., Khosravi, A., and Mojallali, H. (2013), “Parameter Estimation of
Loranz Chaotic Dynamic System Using Bees Algorithm”, International Journal

of Engineering, TRANSACTIONS C: Aspects, Vol. 26, No. 1, pp. 419-424.

Chen, K.-Y., Lai, Y.-H., and Fung, R.-F. (2017), “A comparison of fitness
functions for identifying an LCD Glass-handling robot system”, Mechatronics,
Vol. 46, No. pp. 126-142.

Ye, Y., Yin, C.-B., Gong, Y., and Zhou, J.-j. (2017), “Position control of
nonlinear hydraulic system using an improved PSO based PID controller”,

Mechanical Systems and Signal Processing, VVol. 83, No. pp. 241-259.

Ojeda G, D. R., de Almeida, L. A. L., and Vilcanqui, O. A. C. (2018), “Parameter
estimation of nonlinear thermoelectric structures using particle swarm

optimization”, Simulation Modelling Practice and Theory, Vol. 81, No. pp. 1-10.

Ebrahimi, S. M., Salahshour, E., Malekzadeh, M., and Francisco, G. (2019),
“Parameters identification of PV solar cells and modules using flexible particle

swarm optimization algorithm”, Energy, Vol. 179, No. pp. 358-372.

Szczepanski, R., Tarczewski, T., and Grzesiak, L. M. (2019), “Adaptive state
feedback speed controller for PMSM based on Artificial Bee Colony algorithm”,
Applied Soft Computing, Vol. 83, No. pp. 105644.

WY



Abstract

Many robot control approaches require velocity signals. In this thesis, an adaptive
observer is proposed for robust control of robotic manipulators in the task-space using
voltage control strategy to calculate the velocity signal. This observer is free from robot
model in the task-space. In order to compensate the uncertainties in the observer and
controller, Fourier series is utilized. Using Lyapunov stability method and Barbalat’s
lemma, the convergence of the observer estimation error and tracking error to zero is
guaranteed. Simulation results on articulated robot show the effectiveness of the
proposed observer comparing to linear observer and extended state observer. To
eliminate the need for the upper bound of the approximation error in the observer and
controller design, another scheme is proposed that the uncertainty is estimated using
Chebyshev polynomials. Compared to fuzzy estimators, Chebyshev polynomials have
simpler structure and lower computational burden for uncertainty estimation. The
Chebyshev coefficients are adjusted based on the adaptive laws obtained from the
stability analysis. Moreover, a continuous robust control term is designed to compensate
the approximation error of Chebyshev polynomials. The stability of the closed-loop
system is proved based on Lyapunov method and strictly-positive-real (SPR) lemma.
Simulation results on SCARA robot demonstrate the superiority of the designed
observer in comparison with linear observer, extended state observer and fuzzy

observer.

Keywords:

Model-free observer, Task-space control, Fourier series, Robust adaptive control,
Robotic manipulators, Velocity measurement, Chebyshev polynomials, Voltage control
strategy, Uncertainty estimation.
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