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Designing Robust Finite-Time Nonlinear Torques for a n-DOF
Robot Manipulator with Uncertainties, Sector and Dead-Zone
Nonlinearities

Ali Abooee, Hamidreza Ahmadzadeh, Mohammad Haeri, Mohammad Mehdi Arefi

Abstract: In this paper, a complete dynamical model is presented for an uncertain n-DOF robot manipulator
containing description of sector and dead-zone nonlinearities. Next, robust finite-time tracking problem of desired
trajectories is declared and formulated for the aforementioned robot manipulator. By defining innovative nonlinear
sliding manifolds and developing the nonsingular terminal sliding mode control, several types of input torques are
designed to exactly reach configuration variables of robot's joints to desired paths within the finite times in the
presence of uncertainties, sector and dead-zone nonlinearities. By utilizing some applicable lemmas and well-
known inequalities, for each class of the proposed input torques, the global finite-time stability of the closed-loop
robot system is proven analytically. Also, several new formulas are extracted for determining the convergence
finite times of the closed-loop system. These formulas demonstrate that mentioned times are dependent on robot's
initial conditions and optional parameters of the suggested torques. Finally, by using MATLAB software, all
classes of the designed torques are numerically simulated onto the SCARA industrial robot manipulator and
obtained results show the acceptable performance of the suggested control scheme.

Keywords: n-DOF Robot manipulator, Sector and dead-zone nonlinearities; Robust finite-time tracking;
Nonsingular terminal sliding mode control (NTSMC), SCARA industrial robot.

Journal of Control, Vol. 14, No. 1, Spring 2020 W4 Sl ) osled VF e (J 287 dlme


mailto:Haeri@sina.sharif.edu
mailto:Arefi@shirazu.ac.ir
http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

83 0 ?U)&l&@é)})} 5&5&&5}}&&\3,}‘!;—): 6:‘){4?))—11&[;_) éljg r,LE.« Jj-bu—ob)' uja"_)‘:‘ éh))t.ﬁ.ff\jb \Ad

ole Glgpadass 5 6 3l dazma o3l julasl L e ( S gl e

o) ST s a QL V-FV] SAIG 8 ol o 555 52 S a3
Sl aslsl 5o &S a7 i el 5 mwlS s slyls e tag s
3550 A 5 st g 03,551 sl g0 Sy go 4 OT o e 31 5550
A ap 5 o 3550 bgs Sy 6B S1E L S s
ey

ks e sl eks (il o Je 3 8 ks (L)
LB et J g by ol (g5l o Joke SI[YV-YF] @-IJU'l =
b2 Or & Oy Sl 1y (o SlaediSTJ ST 5 05 S eslinal
Jlo olal oS J S b 4 g b Llesls slgtiy s
Gl @t (61 T S Slows (gL b codd (g5l o
Ol el LBl pglle k4 ar g L oosk e el DL
Wl dial i Gl (DS IS sl

Coly Clel e il dde Mgl asl b ax g ple ()
O $2ls 5l (L Ll S Ll plagmall SLls (oxie
Slps Fr s ((Sd Gl el 55 Coabips
5 Jolin S8l glayskiE 55 )3 ceuts bt Sl
[VF CYY YF YA 05 0FA OFF || o (5 il (o)l sl il
Wlos S5 s 57 e (Sla gumel & claontiSJ 257 1 b T3 o 55
5 Shos a3 5o oo (luesly o 53 SIS Sy p Lol oS
e SOLE (635l 5m 53 (o b g e Jol 550 005l
& 53 15 Jte sla imel ol ol ply s o 5y Dby (Sl
polie 8 Gl iy 5ol S5 e ar s e (b TS
.3; oslatal

N R N N A A
S ol oz S5 Rles @3l 51 ksl Sby o 10l Juolis
Rl sk e Jlesl Joolie 4 OT G b 51 (S8 slacess)s
Sl 4 4 Lph el l s b Slos st b Sy e
lasksd ol 1 sk s ks b 6355 slayskiS
3313355 Ol pl Kos Sojls b5 lasl by Juolin I 8
DS S35 Jasl a3 1 Sl ot il 255 s Khas o7
S s e Sy [V A X XY Y FA-RY] WS gl ol w
(bl men 5 il (Salys b Skl g5 51 L5 e bn Shes
Soalys 5 SOl glajle st b S8 gaes 53 4 b Shes
Lz la Shoe Olon (Sl (sla o st b i oo (Sispens
Jlas! e 4 1y IS S5 1 dldr b8 nls &
Oper pjlo b o Il (Salis G450 g 5 LS
SV OO PY PO FA Vos e b [A Y YD (YE FAFY] Wt@‘“‘
A, S e sl s ol s [P0 FA (FA] M (Lelad) eled

10 Feedback linearization

1 Model predictive control
12 Backstepping control

13 Local asymptotic stability
14 Uncertainties

15 Actuators

16 Saturation

7 Dead-zone

18 Sector nonlinearities

dodo —

Gl bl oEaSS (s11s) el Slasly ¢l ans Ao 3
LTt ool LS i 16T (e 4 ot 5 i 5
55 2 el gxie (513 I8 31 (6ol 3 cbilos JSCis 7 JUis
0558 55 S S 5 epr ojs el Lo 5 Llodd Ll
ol Jae op AT 4 CLELNV-0] 1 Calies b O grnla gl 5 03 87
b by 655 b w5l T o 55k SO Olsie LS b, gy
g5 4 s bosiio a Pole G pb a ot S
O 2 GFUE Gl 53 bl Gl 51015 e 2l S
G S o plal 5 Sl ol (L (55T
Sy Coa @bzl b opl ply s S eslizal . ()1 5 (g b olakas
) ol e S5 b ol (S e Bl 555 nl (sl oks 43 S
TS et 2 5l 3 b ST (b s O bl gman (sLaS 5o
S 3550 s 05 g0 ¢ Sae (Silein Ll Sl eslizal 5 Dby
Yholie sy Sy slaite sl asY Sl 4 ) olg S 2
Sy bt Sl 5 i Joolie 1 Sl sla o)
o 53 2 e ST Gl ol 58 s (Il Joolie
SO Glay5se ctas plail ) 5 ol iby Wl gL,
srlin (S 5528 Wb s fuade 3 3 go (SSlegs b 5 (Ss50)
[PV L5l a3 55 50 e 4y Juade 2 ulda 6l 2 L,

Lol oS ol b s odks 2l 580 4 5 L
b e 3 Gl s 4 b femie (6 S (gla e OLey (o
relign Saneler Ols 53 Ol 5 5801 2l (g8 55 50 40 5 o
Sladlas g la a5 caliews ol o Gliwly 53 opl ol Cnl ot J 28
SAS SlaSel, pliS a4 Wlodewy Sl 4 [V-FV] los 28
Sl Ake S sl sy cpl el diles L8 4 1y ool
YF-YV]PID sPD _bos claosSJ 28 ¢ [V] S eSalys g5
XF A FE] (LB s) ks J S (Y O VA NB]Y i e J xS
IS FV] VeSwd il s J ST Sy [IF (e lYY OF
@36 JS PNV (R e a o i, 1T YN A ot
ar LS bl oedd (olb slaeaiSTd ST [FYFY]
a0 ki Gl ) el e (S Sl ST OLLE Y P o gran
oalizal bl SUy lagil Gl pho) i Jo pshne 4 J 28
Lo S dske SRS S sy il J S les S
V] st 2 dai= (554 e J 28T (IYFO] st 2 (g5 554
3B S i, b s J ST okl a5 e J S P Y 09
—p&y SRS s 1) YA ] e gme e s
DA XV ] ks

1 Link

2 Revolute joints

8 Prismatic joints

4 Robot manipulators

5 End effector (Gripper)
¢ Kinematic

7 Configuration variables
8 Angular displacements
® Sliding mode control

Journal of Control, Vol. 14, No. 1, Spring 2020

VA4l o) oyle (VF o oS ale


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

Vo 03 0 b 5 (olad (53555 Sl ot 8 5 la gumel sl 53 (5315T ary3-M Dby (Sl pslie 3 5dome 0o o5t b slay5kiS b

ole Glgpadema 5 (6 Sl deows oo el Lo yda (S pl e

Sgdms Olaj e 5 b Sl Gaseie daly G4l (F (il
K3 SRS Gla i besle Gl CoblB (F el ot o Ko
o3l (S0 58 G (O ¢ ey J 48T (slasial g5 Lo 5T 55t o
OV-0 BF-08 DY V& WV (VD A & Y] 15,1 hos (s 5luesly

s s dlie ) 53 0ds = lae (3380 Eole 4 a5 L
D13 Lo g aallan 5550 15T dp31 Dby (61 Vsl 3 uomamOle
5 bl (V ol an 30 Cou andlas 3550 by Jis 5,8
g5 318308 Sl o b (F 5 (SShasl (gla ka8 (Y ¢ ilaze!
A A IS s et b dlie ) )3 Al gr 03 p 4l oled
e e s b S e s oS58 Jle s
5T a3 Sl sl SRS 63555 $laskiS i e gatms
Sde s Ll 5 0 (g3lgiey L;u)}t.if&iljl TN N N )
ol 53> (o e 415 Dy 5o Sy S8 eite el BB 3 eee 0L
s Lo e SVle b awlie s alie cpl dsle podd 1 b i Sl
Cose kg3 02 8 Al e e 5 patls 55T pker sl
s o o)Ll T 4 s g6

53 Sy Gtadl (s o9l 3 gudone= Ol (Gl oo q
3355 slaledat o 5 SShol gla)skiS dla tmsl sl
03 4l g plad

s oIS & (oolgiiny (sla5iS s Slex a poess LB (Y
Ll 53k SO Sl sles 28

3gdoes SAOL) ped 5 el (Sl Gl Lasly, C\j’».“.n‘ (v
Sl Sl ot ] Soa

CoiS s 5 o) Sen dpdoee b0l el LB (F
e a5 sty 4 Dby Sy e ke SIS Gl
e ol 5o oolgiin IS GlayslesS 3 5 e 33T (o el sl
ol Obe (Sauils o  Lisd oo liial o L)
Ol 55 slacsa 355 55 3550 35T Gl sl L1 ol Keon 5 gk
S

o3 Llodd and g Adilele 15 o5 4 dlde (i sla o
S g g 5 e 2 9doma= Ol I L L e (Bl ealia pso
Gljle s b Cao g s 33T ar o Sy e (Giae 4 p s
polie s o Ole) ols) galina bl o ol os o ab 5 olal
e b ol o 03 e Gl s e s 2
2 e plomil Dby (63555 (o (sla)skiS 5l e (g
03,51 oy idw 53 SCARA ixio Dby 555 p lie (slasjluan
T layl8 0l 5 IS (6,8 ans e o S e R TIPS
g no3ls jolazs|

jléJ):bAEER”X”&fm;b)xemnjbﬁ.‘sbluréﬁc

5 Nonsingular terminal sliding mode control
5 Nonlinear sliding manifolds

7 Robust finite-time tracking problem

8 Input nonlinearities

563505 Obe DL S dzn oo Shoe  Salss (slajlo Jos
sy b b il s SVl B b S LOT s
o St (o (Slys 4o b Rhae ol 5355 0 oy
[FF FF FV] ' 3 O poman oo os 6 dins o 21530 1y J 28
S N B I N A S S )
LS it 5 LSl ot 8 gy 4 Ly sl IS (slasksS
ol S 2l Al Sl glodide SMSCie Lty pabn al S
Wby 2§ S e IS s dh S il 2 61,5
JB (Sl Sl il (s pllal 1S 5 5 Sles
M«wa‘_;)‘.\a_liug_;;)l}a)awjgl;f@QL!))'\)Ué:Jl
SaetiS U =S b o 3 b ol [FA FA]sls dalt &)
b atgadls ot o)l DU 5 ot Bl ¢ 5550 ol DLy
s bl s Koo 6 8 ot 2 58, 325
e (Gl 3= 0le) (leolbly 4 dr g pds (O)
Com o odd )l o 2 J 28 Gla fy) CABN IOl (gamail>
@b L YooFY A N ANF PV O] by e b,
Olej CbdE 5l s ol b 5 A o el |y gl s lome
ok 53 ipd 18an ho 4 gb3) el sl
o,\ﬁ,;&@;ﬂduﬁswtfﬂu;&)61jdu;6u>ﬁ)g
A ) s 5 L ol el (sla e s s (63 5omn 0o
LS e | gl @t 3 gloma=Ole ) (551l Lk ealil 350
Sl ol S 5870y 9 oy aw 0SBV AV D (A K Y]
O A X Nl ol &1y s o Salys St 3 gdoma— 0o
qOY 0] s B g4t gy 1l ke o [D0-F) A4 Y
VPSS e Jlie 5 2580 o ST oy [P 0F]T S55mn s
ol 48 Ul LSl 45 [OV-01 OY-00 @Y 14 IV D A o
G (8L (ol oks (ISl s 4kl b alie slanis
5l 03,87 5 1y 4ndB 53 3 se (Golusl il S lle 5L
-TSICABEYI & vcw ﬁ);\” e R 035 pOl] 5 S )8
o= (le ilusll 2oy [OY @] 2l sy b Sl
i Ssen o b (o b Sla gt & Jlasl CUB LB 5 per
| Son sl 35dome Ol 35m 5 Jadb o by cnl 3 S b oo ls 1y
@)a&MJ)MM@MUpMWduﬂ&hQM
BF] 355 god €| 3 9domn Ola3 pl e 5 domlons (51 ool alaly
Jyol Olar ol 2 oS58 Jle i (530 e J 287 il [7)
c\fg:,.,.u\L;lc\l>,a3:GZJJJML&L;)\KQL:;{U’JM‘;ZJ&S#J);S
Sl paw Fa)th dialgs o3ls el 5 dlie pler i 3 e 0
A dest (bt s Gt o0l glulul
SLIs sy o)t 03,8 s G233 e o Rl 17
pslie () Sl a,le T 51 S o8 ol el slas 5 0 s b S5

,Gﬂdbfé_ﬂu’(w (ol izl 5 s sl g1l 55 03

! Backlash

2 Global finite-time stability

3 Direct Lyapunov-like

4 Homogenous control method

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylas OF dor oS Al


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

83 0 ?U)&l&@é)})} 5&51.,46]45-):&}&6:#\3”.‘!;-): LS:UTA?)A—HQE_) éljg HLE.« Jj-bu—b\.c)' UJ"'_;:‘ éh))t.ﬁ.ff\jb \'24

ole Glgpadass 5 6 3l dazma o3l julasl L e ( S gl e

‘5uﬁ;¢;«u§@‘t > T(xg) sl paS 5,05 345 Ol T(xg) d_l@
i 4 55 ol s adsl Lol ps oo 5l s, b (ot b s Il
OIS 51 dwadss il o (F) (olesl 5 s o 1 Ken x =0 Uslo

[62] 4w €1, T(xo) YU
T(x0) < (ps(1—p)) (n(psV*#2(x) + p) —Inpy) (5

Jols alaii S8 s T = R L1, (1) ot b e I
O et @b BTl b S5m0l Il X =10
P2 > 1 >0 i slael 3 V(xX):T > R U0} 4 i ann gy
sy Ol ps =14 0.5(p3) ™" o, =1-05(p3) e p3>1 0
03,37 p V(%) + pVP4(x) + pVP5 (%) < 0 (gslasls &5 il axsls
SOl Sl ot b s Ll (sla it aleS <l rogdhe 555
S 3butl 4 ol S3OLLE iy o X = 0 Jslws i 4 B>t 2 T
Sy T ) Ken 3o 0l YU 018 T < 7ps(Vrp2)
adol Llyd 4 (F) 5 (F) sladaly O 5 VL OIS pl 5 o e
B3] 3,15 Ko Xg 3 o (S e

S5 62 b 0) daly pss ai e s ot
sde 53 S w K s g(x,x,) = —pssign(x;) — posign(x,)
33 2 KT e gr 03,51 21 p1 > >0 b5 py 5pp Ak
t= ol gl s (ladsl b i a5l gar L) Xy 52 Sl e
i o) Son o 4 135 T(x1(0), %,(0))
X; = xp and %, = g(xy,x,) (0)
&b T(x1(0),22(0)) YL OLS 51 (wini Ly osdhe o(8) a5
—0Le3 6ok 015 g OT jleslinel L a8 ol o b jme 55 S 5L
Sl 530 55T DU, (B) (Gt (tuns (6 il s 5 ks
23 0dd b e 5 5LL ob T(x,(0),x,(0)) ol YL 0l 57
ol Al gt = 0 abo>d

T(x1(0)'x2(0)) < Z(min(P4))_1 V(x1(0):x2(0))

0.25(py)%(h)? ifxyx, # 0
- 2.2 oo QY]
V(xq1,%5) 0.25(p)%x% ifx; =0
0.25]x,| ifx,=0

h = (p3) ™" x,sign(x;) + psy/|x1| + 0.5(p3) x5
Goleal S sphe Ol Ole f o dde  sde i
-1 -1
sl 5wl 5, (V2@ +p2)) <p < ({2001 —p2))
[64] 6 5i oo ammlons (V) )3 0 ULy slas5las P55 P4 o3 Sk
a
p3 = p1 + pasign(x;x;)
Pa = /0.5p3]\/2p5 5 — 1] )
-1
ps = /2(p3) " (\/2p3 p — 1) “sign(x;x,)
W) ey S5 62555 L 15 (0) o5 adm o b 0t 0 (o)
J.Aa@iT.C_,w‘O<p1<l Lol i g3 py S.Aij:igjléija
t 2 ok sl (Sladsl by, 5lps,8 L) X, 5 Sl e 5o
iy g 815 o 4 U T(x,(0), %,(0))

3 Globally finite time stable
4 Radially unbounded

|l (slap 5 oS U 5 5 A s Dl sbastes S
4l = 5 llxll = VaTx sladal, b 5 dzen 4 m jle 5 X lsp
e 55 S A (ATA) o 8 53 oo aolons A D (ATA)
sign(x) 5 |x| sk 53 X ER i sds gl sl ATA s Slaoy s
5345l S30LL bl o Sdle w5 Hllae )5 wU psghe o
5 39doeaOle oL Sl 1 G5 skhte dlie pl b w
b2 9 b 25dow— Ol (ol Olen ssdom—0le) (2L,
sl (5 o 3 3dma 3l 3

—ok) Gulml Gl St § W Y
(B 2 S Sgume

o ok om0l Gl e Sl e R ) 5o
o s Al o St Ll b LS e 63 )
W28 8 ial g 15 eslinad 5 ) g dlis ol (slaanas DU s Lagd

S 2,8 s L () daly ad e ot b g ) ) B
o3 g ol sids adgl b oa ls 6l g o5 X = 0 Jsles dais 1,15
el 2(t, ) (1SS Ebolsp
x = f(x)with f(0) =0, xe ' € R"and x(0) = x, )
jljpéwrgmn,uﬁwuﬁcw:r—»w calasly cpl ys
5gdome—Oloj oIl 2 = 0 Jsbe 4o olSST . tidb ot = 0 Jsbes o
sl 15 (0) 5 (D) bz g STl ¥ e
S AL owe lee Il 4l 5o Wb =0 Joly abis (Calh)
ol Dol s J g b Kolean ST ET
T(o): T\ (o) Son 3 gdome 0Lej g sl b3 sy o sln (&)
pde3,5T 5 (Y) dlaly 457 (g )5b 4 il azils 525 {0} - [0, 00)
HliTr(lr)lco)x(t, xo) = 0 and x(t,xy) = 0 fort = T(x,) Y)
—0ls bl =0 ol b o KT b T =R &8 S50 5o
B [50] ol " (g b o 5 gdme

@b ST B T=RY L1 () st gt )
s 348 33 sV (X):T > RY U {0} 5 s2ies an gy "0 S ola
V(x) + gslasl &8 sl axils 555 Ol 0< p, <1 5p; >0
—0lj Ll =0 Jsls dhais oT 0345 63,51 5 pyVP2(x) <0
OIS 3 smdss (F) (G alusl ¢l s 0 9Dhe .3 50 dal g5 (G a5 w5 gdmn
£2 Glaol; gl S das o @) T(xg) o) Ko 3500w Ol sV
Lolyh a5l rh b (o b e T la ke s4an T(X0)
50ty o X = 0 Jslas abaii 4 Gds (slats!
T(x0) < (p1(1 = p,)) VP2 (xo) ®)

Jalos b oty ;S0 s T = RO L1 (V) o o oo Y o
USs olad wb STl (gl 35Ol Ll X =0
0<py >0 ad=sde aw s V(X):T > R U{0} 4, e atw gy
V(x) + Golwal &S L8l wils 345 Olx p3 >0 5 py <1

Spdme Oloj ol 250 03,51 5 pVP2(x) + psV(x) <0

! Euclidean norm
2 Locally finite time stable

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylas OF dor oS Al


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

w 03 0 b 5 (olad (53555 Sl ot 8 5 la gumel sl 53 (5315T ary3-M Dby (Sl pslie 3 5dome 0o o5t b slay5kiS b

ole Glgpadema 5 (6 Sl deows oo el Lo yda ( S pl e

()

S o o5 s Pi(U) plad e s bl &S (V) il s
(V) (Sluals dls )3 by oo pslan 5 oo ik sliel aty, B ol
[ i) glab 0555 i () Sl o b wb &8 ol 55 50 ol Kl
Sl b s Sas o300 5| gt se 5 55V K303 ,8 013
[48,49] was o @l )li =1 sl 1, ¢, (w) olas

8 T : T

slope=o:1

% 25 0 25 5

u
1
033 oks  gumme 1 (U1) Sl ot b 5 5 Skt Sl g0 sgie 5 2 o5 ) ST
148, 49] [ay, 1] ¢l
AL 03 0 4l jle s 1o w5 Shes 0525 (10) sl
))\:-:f B (}L“U e o o ol (W) 5 Py (W) S A o

sde Hg= P >0 5B >0 aw; <O ay; >0 . Kau; 39,5

33 o)lgen Bop 5 Bui SR dds 53 S des polas 5 U ik
A e Loyl 150 < < () 50 < By < () sl

(uy — )y () if U > Uy
¢i(u) =40 if uy<u < uy
(i —u_ o (w) if U <u
and (Vo)
(u; —up )i () = By —wy)*  if U > Uy
{qbi(ui) =0 if u,;<u; < uy
(w; —u_ )i (uy) = By (u; —u_)* if U <u

b Sl s o b Shas oo S| o s 6 ¥ JSE
daly 3153T aomy3mm Sy (sl das o 1510 = 1 5 Ly (1) o5 50
sl 55 Blas sl 53 Y 55 0l gen (1Y)

GE R" 34 € R" s 95633 po-n b,y 61 4.¥ 28
(Sl pmis) (S Sm by (K58 5 5b 4 Ol 1 alamd o 55 505050
laysk2i8 W g 53 ol ply Bl e Sl 3 5 0ks (5 S e 510 58
25 ealial I 93 ol SOV S or ¢ Joolin 53555

oo Dby Gl palas sgdee—Oles (gls) diews caslsl s
A 2550 Gl s 13 51055 or ST 0 2 (Bl il 6 4 e lST
e Sy (Bl L i ) Jolie Sy sl sl
ol Ol &7 358 0 Ol qg(1) = [y a7 Gan]”
Glad po 1y ol Jor Dby olg s S 555 Ceb L5 o1y
i ST by s s das rl?u.‘ S Olbl gd aw
oy Wil oS Lpd b Ol LLUERT (35,5 slaskiS

3 Coriolis and centripetal forces
4 Gravitational forces

g(x1,%3) = —|x;|Prsign(x;) — H}(xpxz)|p1(2_p1)_15ign(€(x1'xz)) )
20xy, %) = 21+ (2 = p) 7 Hxa > Prsign(ay)

03} geedw (A) daly (golual 31 £ > T(%,(0),%,(0)) YL 01 S
30<p <1 Ll,d b golestl ide sde 33 p3 5Py & 355 s
A [50] ik e ps > 1

T < (@1 = p)) "G = p) (VG (0, ON)7 (@)

i 2 (Vo) daly bow 5V (g, x,) C,U s

_ 3-p1
V(xy,x;) = e [£Qxs, %) 177P1 + py 2,8 (xy, x5) + £ |, [37P1

3-pq . 3-p1 ( .)
@ =— max V(x;,x,) with E={(x;,%,):V(xy,x,) =1}
(x1,x2)€E

ST dya-n 293k by S Cawogi ¥
b8 o Oy 9 53939 Sl s pé b
daly b a @33T o a3l Sy o (Salus plr Je
SLgq=[n e BG]T € R S ol Caoy LB (1)
S 4G € R 54 € R™ Glayls 535 Sl sy Sy sla ie
oAl (M(q) € Rz g € R p5s 5 ol Glaasm G2ie
ol T pra St 5 O3 0l ga oS BL 0 Dby e S5
M(@)d +C(q. )4 +F(q) + G(q) = p(u) + Tyis oV
Moy s TS 5 55 5 S Slasss e ile <OY) Al o
5 g € RV ile slaslei L Tadle 5 515 slay s
Slsl gl s SLF(G) € R ls . Llods b2 G(q) € R®
Al oo Cao g BB OVY) daly b g oS Sl by Juolie 55 35 90
pobae 5 Sab byl fop fop 07,0 = 1,2,0,m ((0Y) iy s
9] zea
F(@ =[f1(a) f2(4) - f;l(qn)]T
fi(@) = (fc,- + (fs,- - fc,-)e_(%i) >Sign(fh) +0:q; Om)
with i = 1,2,,n.
3335 g0 6l gl KL (1)) )3 0 OL) Tgis € R ()15 5l
(bl glacabicds I (SU Wilg e 8 b Ob) Jbe
Jeolie ponly sl izl ola,skiS 5 onts Jue laeSialys
Tais sonel 13,0 8l oxlgmn V 55 clin jul w55 tdl Sy
Al Ay
daly )3 oyl gen Tais € BT fmsl Hlsy cwlil p5) (2 8
A @y h = 0,12, Cda i sl & AS 0 Gdo (V)

.-U)L;:'-‘)er}laao)\}a.h

1Taisll < Zheorllgll™ + wrligl™ = x(llqll, lg1) (Y
Joolie 3555 slapskeiS L, u=[w U . )T € RO

Al 1y Dby el pta S ey 8 Sl
els by @@ =[d(w) $2(u) Pn(un)]" € R
0555 i 5 4 (V0) 5 (VF) slaalasly a5 dmen (63955 slajlu o 8

S o Lo 5 1y 03 0 4l g oled glajle s b 5 Slas
au? < ¢;(udy; < Bu? and ¢;(0) = Owithi=1,2,--,n.

! Inertia matrix
2 Symmetric and positive definite matrix

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylas OF dor oS Al


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

030 4l 5 (olad (63555 Slajla o 1 5 La umel gl 53 (6313T aomy3 M Dby sl pslin 3 sdommiles st 1 (sl 58 1 b VA

ole Glgpadass 5 6 3l dazma o3l julasl L e ( S gl e

b wd S glls wws Hle oMb £
o131 a2 p5-n  Jgib Wby fol

Jios 5 3530 de J 287 by 38 4 pamie gb S hsaar s L
L s b B Glakast (o g ) ol e 1SS 8
b 28 o ealial Dby p sl 5 gdone—Ole (gbo) Al - (1
do o 53 51 ot ey onl b Ol Jeolie 63555 slaysliS
st A et e (L) 231 sle 48T ol o S5
(st e $Saly s 3 gutoa— Ol (5Ll Coda bl
la it Oiloy Hsbie & (63555 b b lasliS b (O)
Saudoe Ol ) onke 55 5 e Sal s w (9315T 4o by Sl
[51, 53-55, 57-59]
u’..ifjd Sl ¢ 2L, slalles glasls 5l eslanal b (Call) - 0 5o
o b L3 o (B3 e SSalys & Wik or Ol (o
a2l Br 33w 0l b 3 goma= 05 (551l 5ol el (omail
b Ol et 63555 slaskiS (O) de e ys sl Ty
S35 2 Tr 25d0ma 0l 53 1) Dby (ol slalles aen Al b ki pd e
lyskid Ko Sjle b w15 st S5 slhanas
Ly o e 6l s 3 g (T 3 gukome Ola 5 il 536 L (63555
3 getomn Ol Sl s ol ply ST S Dy (bt s
NSl pslie ss Ol sy Oas (T =Ty +T) Ty S

03,5571 ool 0 (gdd 3 p (VA) dasly Soyseo 0 457 (63137 4 s

P shs
PP L o9y sbglsy ol (-
Sl Sl oS i

s dsl Sbamas b 4 i 4 YV-F 5V F s i
b sl a8 55 53 L Ly 63555 slasskiS 5l eso
lasl ol
Ol 52939 S Hgkis™ I Jof s b £-1-)
A e Llsp 639y slayskiS Il sl as ol
sp]T € R s i

olesl i slael lji,j=1,2 ,i=1,2,,n 455}.'2&5‘: o A

(V) oty Spsw & SO =[51 5

Al > >0 bl st
5(t) = M8, 8 = ey + J, Lisign(eoqa(s))ds + [ Lrsign(ecuen(s))ds
Iysign(egaq) = [li,sign(er) lL,sign(es) .. Iy sign(esn_)]”
Lysign(eeyen) = [l2,sign(e;) lp,sign(es) .. I sign(ez,)]”
(\9)
Sy o 3 o Kl s el (515 (V0) (6359 (Lo skiS
OLS Olea x(llGIL NGID ety o 53 457 & 5 oo 3lgiiiy 3 5esmOlo
» aj)kﬁ (Cﬂw‘ ol u’ﬁfu \ upje BE SLE) C,..wlhwb J\.:f. 6YL
)'L.»u’_la.ij:}- 03 35 e Cote hde sldel Ol @, i = 1,2, ., ()
i slely 51y dlg &y Y ) daly s ke (VF)dbaly ol
N220 3120 )20 {>1 &> (a)™ Ll b gl

O S 3 2530 2500 OL5 55 5 00 5 JAS S5 a0 e

L;,_é:i}\ﬂ\f)}lhot ;}wobjoh):l)yu.aé.x;{ﬁﬂéuﬁi;a
SopSlpeslsma ¥ (o5 Al qa(t) 5350 Sla s Dl 4
el 13 qa(t) ol 35 Sl sne
0355 yaseiia oyl god G (1) € R ol s> lajoun Hls 5 W 0
ﬁ;gdmjmﬁ)p,>uy|4>sm@{i):ﬂduqt,;(u}
Q) = S ol Gl 5 5 olsms K3 Dol 4 bl
Lyl 399 Ga(®) = [Gay, Ga,  Gan]” 5[9a; e,  dan)”

S 1B ool 550 Db (609,55 Sla, kST b 5 Al e
Y . : .

T slope=, »

u+1 il
0 5 10
ul

48, 49] 1 (u1) 03 0 4G Sl ot 18 w5 Shas Sl 5 5 5 Y S
3 €oaa ERY o by 55 (gbs) dwe uudsep Sl

L o (9 daly &) 50 4 €epen € RT

eoqa=[61 € v em]”

_ _ _ — T

=[91— 49, 92— 4q, . qn — 4a,] e
€even = [e2 es - €]

=[q1—9q, 42—9a, - Gn—da,)"

Jite 3l oslizal 5 okt iy sllast Sl 55 (88 aiys b
ol b Los o Salys e OOY) @al3T amyon Dby Salss
Sl ety 55 g ol (V) el 3 Sy Juolie b3,
Son S el £33 45 o o b 511 S (W) e

en liza (2S5
€oad = €even

éeven = _M_l (C(q, q)q + G(q) + F(q)) (’V)
M) + Mg — g

b @alis (W) Lbay glales  Salus (e 4 45 L

OA) daly 538 oo (o33l OA) 3 4 Dby polin 35dome=0le
3 domam 0l b3y ot (L al 3 (510 48T Sl g 50 | SOl
L @aT aryan Dby Jolie 6355 slayskiS was S5 polis
Gl ls 55 Ty 55d0es Olej 3l dmy 8 W3 8 b sla S o
SV EZ Ty S0l sy s dish |, Ker oo 4 €open 3 €oaa s>
oy Ot 0l o551 el ol sl oBly i o)l sen Hla s 52
Lol 5 0ud 03,57 2 b dslee (@313T a3 Sy pslas 5 gl 5

b s OA) alaty

}in%leoddzo, and e,;q =0 forvVt>T,
i3

(\A)

}ir? €epen =0, and eg,e, =0 forVe =T,
=Tt

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylas OF dor oS Al


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

va 03 0 b 5 (olad (53555 Sl ot 8 5 la gumel sl 53 (5315T ary3-M Dby (Sl pslie 3 5dome 0o o5t b slay5kiS b

ole Glgpadema 5 (6 Sl deows oo el Lo yda ( S pl e

i e oSy oS 5 e enls OLES cpd al= 50 5o ST s
by bl 5 Cal el agdee0le) oIl Gl
‘45‘4:;)? B g;':’f‘s e &:‘L‘P [ S eyq,6y,i =121
Ll o 93 ol Gypor by o (28l pio 4 Ts Oloj Sl ay
3L OM) daly Ll s oY) 5 08) 655,5 glayskiS & 355
Al 0 glesl DU gl . Csle daalgs 0n T, T =T, 4+ Ty Sode
St V(E) = 0.5]I8]1% = 0.557s &) s 4 5L sl IS (!
el Ol BB (YF) alasly p 3 4 V() = 5T()8(E) OT e o 55 0

V=5" (MO +M (£euen + LiSign(eoaa) + Losign(ecen)) )
(Y$)
(Y0) alasly (5 slasls 4 «(YF) abaly 53 (W) dlasly 1) eppen 5,10 1
ey ol

v =s"( M8 -C(q.9)q ~ F@) — G(@) + p(w))

+ 87 ( Tais — My + M Iysign(e,qq) + Mlpsign(e,yen))
)V o B s s 5T 5S sl 1 eslind U
(Y9) alaly bl 4 (YO) il g5l lllTgssll < xCllqll, llg1D

(Yo)

2 Jid
V< {s"p@) + lIsli([Ml|loll + lciliql + IFIl + Gl + x ) )
+IsIIMIlGall + 1125 sign(esa )l + |1 sign(ecve) D}

ool p 4 (Y9) (5 oluuels ((Y0) byl 53 02 O TT, oy o 4y e 55
Q= 35 ki b sshe has VS sTo@) + sl sois
53 0T oL ) (sTop(w) < QXL aiilsil) sbwel 5T +11,
G5l 30 4 (Y9) (g slusl okt o3l p 5 (ol 0laT N sy
.::qua a5 (YY)

V<Ilslo—Ilisl T — Xk, a&ls] (V)
ol 3 8 55 55 5 p=ming (@) ,i= 12,1 Ca w0 b
g Jods (FA) (slsls 4 (YY) by (= EiLqlsil < —lIsID
V<slo - p) — sl T, (YA)
E§>1/a ba g, i=12, .1 o s i slael 8 b
o35t > 1 oyl pen p=min; (@) S Conl ol (X530 Ol
BE s sy dal el oyl sen [ISIQ(L = 1) ¢ 5 s
2335 SV S =lISI T s lsl 4 (YA) (55lusls e 5o 50 (0
s b glaa) Ty = mgllsll +mallsl™ +mallsll o1l b asls)
V@®) =05[Isl? sy luslS w35 hiys 5 (1)
Sgdge bts (Y4) alaly 4V < —|Is]| T, (g slusl

V + 21,V + V2Rt V05Ut 4 \hatTy yOSthatl) < 0 (V)
3Pz = 05(hy + 1) ooy = V2I¥In, Ol 5010 =17, = 0 5 3L
5 9does Olo3 Sike 3 5(E) SV (E) S5 5 4 Ol g5 oo o o 4 sba
SLpd e ) Kan i 4 (Conl o 1,1 (YY) alasly 31 (D) o ys ) T,
s SO =0 553 de Salus 535 £ 2T, ool sl
N

ps = pz = 0.5(hy +1) oy = V2Fn, bl 57, =0 Lo L

L) Gl el s i1 g 56 A e Sals 3
s glasliS L Lo e (bt sla bl ST sluar oalT 4o
3355 b5 b sla, k8 & das e 0L Y b .l 30+ 4 Ul
—0bej obsy Do wilg e o(Y0) 5 (V4) gladaly L ods slgiiy

e o337 5 gal3T amya-n by gl p 1y pslas 3 5o

u; = —§,Qsign(s;),withi = 1,2, ..., n.

Q=T1;+1,and & > (a)™*

My = nollsll +nallsl™ +n,lls||™

hy=1—¢tandh,=1+("!

M, =+ [M]ll61 + liclilgl + 161+ [F] +
+IMII(Nlgall + llLysign(eoqa) || + [1T;sign(ecpen) )

Loolyen 1, (V) daly (o337 arpom o3k Ob, ) deiad
S B Y O sl s b s (VF) elad (g3, sbasle o
4 (V) 5 (10) (sladaly b odbolgiiy (635,5 sla)sksS amilr
palie 35 0le) oy Couta oST g Jlael (V) Sy Jolie
S S la e Hls 5 ol 63,57 (VA) dasly L odks (o s
4 355 Wl b 4 Te =Ty + Ty 5utos 0lo3 e 53 (8) Joolie
Sold €2 T, ool slp &3 Sobe & s o qu(t) Ll
To 5 T s9dows Ol 53 copmpn 335 o L1352 4(0) = qa(t)
Lsd s (YY) 5 (YY) Glagslasl v 5 5 5 4 il 55 0

@:if 1, =1, =0 thenT, < (1,1~ ) " (lIs@)I)*™

1 1-hy
(i0):if n, = 0 then T, < (,(1 - hy)) (m (W))

m

-1
(iii):if n, = 0 thenT, < n(( 2“0-5“1“12)771172)

QD)
5
T, = max( ;T,),withi=1,2,-,n.
L
. -1
Ty < 2(min(ly,))” V¥i(ezs (t =T, e (t = T,))
0'25(l4i)2(hi)2 ifey 1€y #0 (YY)
= O'Zs(l_l)ze%i ifey =0
0.25|ey;_4| ife,; =0
o —
hi = (I3,)  eysign(ey—y) + lsiJleZi—ll +05(15,) e

-1 -1
( /2(lli+lzi)) <E<< /2(lli—lzi)> ST YY) daly s
a

by, =y, + Ly;sign(ey;_q€5;)

l,, = /0503|215, 1, — 1] o)
-1 — -1

Is, = /2(l3i) (2I3,1, — 1) sign(eyi_rez:)

spi o S gl dl e )3 5039 gl e 55 DU ol WL

Ls";'J’J e gig.:al..i: S -L.v\y'da dék&‘:‘:‘. 39,9 L;Lh))t‘f "y

0313 OLES al> o ol 53 cdas el T 3 gdoee Oloj yo |y s®)=0

sl L;{:‘Ll’ (e Ll o 3909 éh)}b‘f iy 38d

SO =0 a5t oSalus 4 £ 2 Ty glaole @l 1, (V) Lo,

1 Cauchy-Schwartz inequality

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylas OF dor oS Al


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

030 4l 5 (olad (63555 Slajla o 1 5 La umel gl 53 (6313T aomy3 M Dby sl pslin 3 sdommiles st 1 (sl 58 1 b A

ole Glgpadass 5 6 3l dazma o3l julasl L e ( S gl e

5 (V) «¥Y) Gladkaly bodd (oo 5 (63455 sl skl o s e
ar o Dby 6l 1 pslie s sdee-Ole) ohay Coda Ll 5 e (FY)
Al ol 3 3T
Loolypen 1) (V) alaly 35T wryon o5k Ob, Y ded
S B Y O sl s b s (VF) olad (g3, slajle Jos e
() 5 (Y0) dF)) sladdasly b odks 1 b (635,55 (sla)siS asilisr
3le 3 3domam0le b3y ook oBST i g Jlael (1)) Sy Joolie
Jrolie (5 S (slaien s 2 5 08 @l 5 OA) sl Lo o
Ayt Ga(®) o aTe =Ty + T 350 Olej Ske )3 4(0) L)
5 A0 = qa(t) LS £2 T, ok sy Sos Sole o
by 4 WG o To 5Ty 35dome Olej 55 comimpn 335 o0
s s (M) 5 (V) (clagg sluusl
Ty = miax( T),withi=1.2,-,n
T, < (11— 00) B = 0)(Wi(eaioa(t = T,), exilt = T,))A

3-0;

2-0; P
Dl_ [Y;(ezi—1, €20 >0 +
i

3—

Wi (ezi1,€2:) =
‘921‘ 3-0,
+91, e21Yi(ezi-1,€20) + o lex;|°~%
= W (eyin, e
W (ezimgﬁ)esi L(eZL 1 eZL)
with E; = {(e3;-1,€2:): Wi(eai-1,€2:) = 1}
(vv)

Ll il oolest) e slael 9y, 5 Oy, 0= 1,2, 1 (YY) il s

Wy, >1,0<9;, <1

Al o 5 ol (glad o 93 ) ands UL alie Ul WLST

£33 o o U1 BByl iy el DL S ST L S 0T U

de $Salys it 2 Ty a0l sl 0T pas (sl o 5503 5 0 41

(e 3T S 555 gn ams (FF) dasly &) 50 4 5(8) = 0 G553
.@\au‘):i::u:;{,uulo).\{pggf#ﬁ;

€31 = €y

. 4 e (2—0:)"1 .

€2 = —ley|°tsign(ey) — Y;|%?7°0 sign(Y;)

Yi(epi-1,€21) = €34 + (2 — 01‘)_1|ezi|(2_ai)5ign(ezi)
with i =1,2,..,n

e b (FF) o)y o e p5 1S ST 8 Ole elS L
=0k Goll () 5 (0) sladkly) b (JJ:A}?}AC}:A.;JAU’J:&J:L
by L;L»Ua;,nf@ oetia (FF) 53 e Sl s 3 5doue
Soe S 1w Llas 15 s e Salus g5y S b,

e)

s e @ (s Cro 5 (M) datly Lo i ) T 3k OLe
3phign om0 S5 gl 0 g3 4w b ST 53 nh e | K
Ty = 3o Oloj e 3 G8) Joolin oSy (sla it 15, o7
S s e 03,512 (VA) bg o 5 sy 0 qa(t) s w Ty + T,

s pds oo OLL b e )3 Y 4028

PP b S slygls Sl (Y
03 o 4>l Sl o pi

Spsm Sy (b a3 4 YY-F 0 -Y-F ol 2o
b sl s 2 35 53 L Ol 63555 slasksS Sl psler
Lladl ol o3 e

ou;c,.u);s(t),i/(t)5@5%&};@‘7‘,@;&“1}2%
1 Kan i 4 (a0t @150 (YY) abaly 51 (id) S 5 45) Ty 5 ke
S =0 asd de Salus s s t 2T, Gl @l 5 L5800
335 o oS
LP3=(‘P2=‘/2hT772 °P1=W711 Sl g =0 850
i Ol o F o @ szl 5 ¢p5 = 0.5(hy + 1) 0y = 05(hy + 1)
ol y 51 (i) Lo 5 ) T 53000 Ol oa 5 8(E) SV (E) S s
62T, ol 6lp 5 Lsdor |, Kan i & (Sl od €] (YY)
DU bl 53 335 (o oandT S(0) = 0 331 e Salys 352
oo OLL 4 sl dl 5
by slalles vgft,_;r;u_.“tzn Gl sl p a3 e 3
Spbin Jods (F0) alaly b pillae 5(0) = 0 58 o &Sl 4 (V)
el o S S 93 45 pr o 5 ) S S
€31 = €y

€ = —ly;sign(ez_1) — ly;sign(ey;) )
with i =1,2,---,n.

b e b (1) sl st 8 (s 51 ST (S e
o Sl 3 3 guoma 0o (I «((0) sl ) F o 533 5 50 p 53 45 o
S bS5 b, obsy slales 11 das e s |y (1) 554
Sio 4 Tg 35domn Ol Sde SIS 1y ¢354 e $SCalss (635
g 03} i (YY) dlaly Lo 55 Wl oo Ty 455 o | Ko 5
S35 488 55wt Ol s 0k S'3 gl e 33 4 bzl b Lgml o
T, =T+ Ty sgdome Oloj Ska 3 @) Dby ks Sy sla ke
sgdomaOle) (Sbay O 5 iy oo Ga(8) o) s (s e I3
Wl o Ll b es 53) 4 S35 8 a 03,57 OA) pslie
Sl 529-9 S Hglis 3 ped diwd b E-1-F
A Sl Lls s csa)s slayskiE o3 a3 Iy
() daly Sose 4 SE)=[51 S2 sp]T € RT s i
i ol 0 i =12,,m bty opl s & spbs e
Az 0 <0 < 1 Ll 3 L oyl
s=MO,with i=1,2,--,n
0 = €open + J, Sig° (euren(6))ds + [ sig”® = (Y(0))de
Yi(ezi-1,€21) = €531 + (2 — 0)) eyl @ Dsign(e,,)

le,|°1sign(e,)

02¢i
Sigo (eeven) = |e4| S:gn(e4) (Y‘\ )

|62n |0”Sign (6271)
|Y1|01(2701)715ign(y1)
sigU(Z*O)fl(Y) = |Y2|02(2702)715ig1’1(Y2)
I, |on@=om) " sign(Y,,)

Lo $Salys 35doma0lej a5l polie (53505 slayskiS

My 8 Suli5 ol b L5 o slgnden (V) daly Oler D50 4 (o254
.n;‘_;nc}hpl(\‘\’)da{bojy-\{

M, = x + ||M[[lI61 + IClligll + IGI + IFl +

. . . —o)-1

+HIMII(llGall + llsig®(eoaa)ll + [|sig’ >~ (V|)
S sl (ool amynn Sy gl S Cwl ST oLl

(v

ou*@.@l2n+4r,;wwuﬂufu.;fﬂjéuﬂbg

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylas OF dor oS Al


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

A 03 0 b 5 (olad (53555 Sl ot 8 5 la gumel sl 53 (5315T ary3-M Dby (Sl pslie 3 5dome 0o o5t b slay5kiS b

ole Glgpadema 5 (6 Sl deows oo el Lo yda ( S pl e

3y o OLL b e 53 ¥ 48 U1 e .l OLSS ) sl 5
A

by (83959 Sl yolis™ 3l Pilez 4w b §-Y-Y
g T e PR SPRETS P =g P PP
GlasleiS sk e L (M) daly Oles Sjpe 4 S(E) ER™
2o 0le) D)o 4 (5 e Sl e 5l pslie 5250
el (M) sl 5 g 4 35T, 48 g5 o Slgiiy (Y0) sl o
SIS e (13T 4 yan Dby gl &S Sl 873 OLLE sl el
Fadd ol 2n 44 pjlen s slaskiE b L e 53T sla el
(Y) laalaly b ous gslgiing (63505 layskeiS &S das o Ol
N Dbyl pslie s gdome=Olaj olo) Coda il o (YY) 5 (YD)
Ll rnlje ‘5:1)']— 4= 3

boolyen 1) O)) ety 33T amjn o5k Sby £ ducd
A 5N Glas b 5 (10) 00,0 ali (52555 Slajle e 8
(F0) (V) (slaadasly U odislgiiny (635,5 slayskid a2 K
—0ls by s oKT cisd Jlesl (1)) Dby Joolis 4 (FY) 5
o it 513 5 0 03,57 5 OA) sl b ol Ciao 5 pglie 3 gutoms
M A T =T+ T ssdeee Ol e 53 (1) Joolie s, S
q() = sl t2 Ty ol 6l S5 Sole 4 oy o 4a(8)
4 Wlg o Tg 5 T s9doe Oloj 93 (o on 338 o )35 qa®)
Lgd s (FF) 5 (YY) G slunsl v g C 5

sl Gl o 93 55 LS pl o LS (glaanad DL L alie WLST
OLSS ¥ add Iyl al e SLH L SlS sl DL ol ) al e
b 33 Ao DU LIS 35 DU ol o35 alom o o g
s OLL b e 53 F 4l DU ol ply el ASlen ¥

93 2 Syl SBGiwdms b -0
SCARA 3131 4> 38 jlgz ©by Jow
oo s Dby ok die 6l daggileant plail gl p
IS il (2305T a3 Hlgzr (6lols 457 Ui a5 o3zl [9] SCARA
Jolie Slamins (sloolaws b ol yon 1) axio Sy opl 51 (5 goas ¥
Sl s Blorks pns 'DH 313,13 4 4o 5 b ol &8 das o 0L
IS 8,8 e 15 eslinal 5y 50 (Salus 5 (Sletw SVolas 2
Jeate 53 45 o |5 Juade Hlgz JISCARA b, das o 0l ¥
T e s ) (Bl amine 53 OS> g3 S g8 )
2l e O s ey S 6l S sadk ol e Jate
a@svjkw.xswgwswmﬁijébb
Col oo (S sl S o Jae 26 S 4 e
S 091 53 8 o (BBl wmis 3508 e S 6 S e 5
A = o o Jolie Sy Glagme by Wby ol
Slhpbuls @ 5 @1 S Cul [ 20 q5(t) O]

T3 1,2, S3508 Sbysms I p35 5 Jol b Jaie lasls

Ol 52959 SIS I pow diwd (>4 £-T-)
oA Gleas Gls 5 355 ‘_gLa)jL:.':f 3 Py Sy
G (02) daly b oSS Ml g 4 S(D) ERD s i
Ao Salis pands sl (FO) (539,59 Py sla, ki8S g
calaly ol 53 ST gh e slgtin s Ol s 4 (SN
03 S0 Sula ~ ;aﬁa;-’: slde!l Olaa ﬁ+ivﬁ—i:u—il u.H'.i =12..,n

L (V0) 4.]44.‘_) 03, 4.9-\; )wagla;-xp
—&Qsign(s;) +u_; if s;,>0
u;=4 0 if 5;,=0,i=1.2,..,n
=& Qsign(s;)) +uy; if s, <0
Q=T + I ,with & > (min (B, )~ = (B
hy=1—¢tandh,=1+4+¢"
My = nollsll +nqlisli™ +nylls||™
M, = x + [[M|[ll6]l + ICllligll + GII + [IF]| +
+IIMII(lGall + lIL1sign(eoaa)ll + llLzsign(eeven) )

£ > L5 b s bt i slael 1 51y g & (YD) el s

(¥o)

oy a2 0 510 20 a9 20 & > 1 o(min By, f-) 7"
L5 e kel sla byl S sl (6513T a3 Dby (sl 5 45
S dase OLS Y 4kl Sl Bnt 4 ppe wes glaykiS L
Coda il oo ((FB) 5 (14) (glaalaly Le golgiiy (63555 glo ki
5l 0357 2 T ar o Dby sl 1 polie 3 gme—0le (22,
boolpen 1) (V) alaly @337 amjn g5k Sby I dusd
A ¥ 5O Gl s 5 (10) es,e 4l 63555 slajle o
(¥0) 5 (1) sladlal,y L oislgii (63959 5u))t:f ol "‘ij:i‘.
palie 3 3domam0le o3y Couda ol et p3 Jlasl (V) Sy folia &
G Sy sla e Hls 5 ok 03,5T 5 OVA) el b odd oo
oy 2 Ga(@) S p Ty =T + Ty 3 5d0me Ola ) Sds )3 q(2) Juolin
N3 A0) = qa(t) sl £2 Ty ook sl s Sl &
Loy (5 4 WIS To 5Ty 3sdoms Obj 93 (oimen 2335 o0
L gd s (YY) 5 (TY) (lagg slals
el Sl p 53 (Y 5 ) (laands LI L alie ST oyl WS
Loasls ¥ 5) slaands Jgl a1 ST alie (g ig, DUyl a1
S banl (k3 L 55 Il dl o L LSS Sl T 5 05 5 b
SQ=TL+1, & staal b 5ss 0 Jool= V < sT@p(w) + [T,
Y Cns 5 0T U S) (sTp(u) < —QFL, Bi&Isi]) Gslusl
V<UslQ=lIsli Ty = QT Bisilsid) bl ool okl
s A=min (Bi&),i=12,..,n Cum L 535 e ams
osle 03 4V (sl ) ol o(— Bylsi] < —llsll) o35 k5
S T 5 ass e s V< (s = 2) = lIsl 1) o
Lsh e OBl §>1/B b L& ey aas sl
IS = D) o5 amziss 5 025 A> 1 o)lsen A=min (B5)
V< =Sl Tl g sbasl cp g sn pl Jlesl Lo so sl g5 ol o] 5o
A e SUIL ands cpl Jol = e DU aalsl 508 o Jool= Vgl
oo ST L Tads 35 g3 o o SNl DL SLIST Y 48 )

! Denavit-Hartenberg

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylas OF dor oS Al


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

83 0 ?U)&l&ié)})j LSV’)‘V;;]”";:"}V’@:MU))&P LS:‘jTA?)A—an{) éljg HLE.« Jj.bu{)b:j Gk’ﬁ; 5u)}h:ff|jb AY

ole Glgpadass 5 6 3l dazma o3l julasl L e ( S gl e

myi= d,i=1234 S cla,mll b bie gods oalie
e 03557V Uyl 30,8, 5a5,a; <1,2,3,4

e Jolis SISl 55158 s, SCARA xSl &l 5
fi(fh)'i: Sl F(q): [fi(d) f2(42) f3(4s) f4(‘?4)]T
bl b 033l Y ol Lsd o s (VY) dlaly 511,2,3,4
pla 53 s e LS 1, SCARA by (S Sas! 55258 Sl L ks e
Sy @lp adsl Ll i 51 gde ol b oL e lasjleans
(FA) alaly o b 4 ol s (o sme 513 5 s fmeli s 2 SCARA
2l Gl & Lo 5 4 staal 5 Tass ool 455 L lods 3,8 i s
255 o a3 2(llqlL g1 = 0.6 + 0.2]lgl| + 0.15]Iq]] £ 4

T T mT
q(O) B [; Z 0.05 ;]
q=[ o o o]
Tqis = 0.2q + 0.15q9 + (YA)

Slasls sl o 523 5me Gluly 53 pgw Joads o Hlul-
SESs Sl ol (Salys e bl 0 2y spe J i ol 52
abl, LG(q) 5C(q, @) M() S\a s 5o S A4S oo Cnd (1Y) bl

Al Ols (VF)
p1 + p2cos (q2) p3 +0.5p,c0s (q2) 0 —ps
_ |ps +0.5p;cos (q2) P3 0 —ps
M(q) = 0 0 —_—
—p -p 0 ps

5 5
—0.5p2q,sin (q2)  —0.5p;(d1 +¢2)sin(qz2) 0 0

Cq.q) = 0-5172‘115"(1) (q2) o 0 g 8 )

0 0 0 0

0
6@ = —9981)4}
0

Llods 5 me (V) dasly 53Dy, P2, D3, Pas Ps &S Sl S5 0LLE

py = mya + mz(af + a?z) + (m; +my)(a? +a?) + X, I;
P2 = 2a1a.,m, + 2a;a,(m; +m,)

+[0.1sin(6t) 0.15sin(4mt) 0.2sin(5¢t) 0.15sin(57t)]" ) 5 . Yv)
= 4 1.
(0 =[sin(©) eos(2) 015 I ps = maag, +az(ms +my) + X, Ii
pa=(mz+my),ps =1,
a,
- »
TRy q, Ina q
X, i
X, 4
q Z:-2,
b a viiSis. . X,
~
X
WiFE 4,
O] Sy Joolin 6l s ok pons oliaibes Srel&ens L ol yon SCARA (6313T 453 gz amo Dby (650 51 (6 5o ¥ Ji.&
IO SCARA sxis by (S5 sla sl 3uts slie Vg
S SN e @3 i SN SN e @3 i
m Jol S o 15(kg) L I 62 ol i 0.0287m, ( kg.m?)
m2 p33 8t o 12(kg) I £33 8 g 1 Olos 0.08m,( kg.m?)
my S 3 (kg) Iy poler oS ) Olaa 0.02m,( kg.m?)
a Jsl eSS J b 0.5 (m) ay £33 eSd b 0.4 (m)
e, Jsl e 51 ds) S g 58 50 kol 0.25 (m) ac, £33 Jraain 31 33 S 0 o S 0 sl 0.2 (m)

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylad OF dor o8 als


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

AY 03 0 b 5 (olad (53555 Sl ot 8 5 la gumel sl 53 (5315T ary3-M Dby (Sl pslie 3 5dome 0o o5t b slay5kiS b

ole Glgpadema 5 (6 Sl deows oo el Lo yda ( S pl e

[9] SCARA o Sy Juolie (S6as! (sla 55t s ol o b Jas o (gt jpolie ¥ Jgur

Sl gl 528 b ol s Sale I S8l gl 58 ol ol Sade e
fer 0.49(N.m) fes 0.1(N)
fs, 3.5(N.m) fss 1.65(N)
o1 0.15(kg.m/s) 03 0.08(kg/s)
& 0.19(rad/s) &3 0.12(m/s)
fe, 0.31(N.m) fex 0.1(N.m)
fs, 2.8(N.m) fs, 0.7(N.m)
0, 0.12(kg.m/s) 0y 0.03(kg.m/s)
& 0.15(rad/s) A 0.03(rad/s)

0,=0,=03 =0, =0.1

Ly =bL,=5L,=81,=99
Si= &= §6=14§=11
(=10m=0n =1, =5

SCARA by ol sy Sy slauie Sle gl F L

o8 53 5 (1Y) 5 (Y) ((Y) (oolgiin sl skiE Jlasl L5 3 L1,
Cyz,@Ji.zJ_\ Aas e Ol (M) elad (35,5 Sbajlu L
Jeolie g S (sla ke 3.75(5€C) 3 gutme Oloj Sl dny s oo LS
o 3tiS Slej slagealy oV JS iloudons s of gl (gl s 4 S

-M3@“3‘)“)(’}5“1~‘°6°)))&"'x5

CAD)

S YIS I pow dwd Gilwdnd W o-Y

S$9959
by @algin 53555 S3aE (i ) ol Giland 3
b Sl s 5 ler et Jlasl SCARA S & (F8) 5 (14)

.JJ\aJ.fa 429;}.‘94)3(?7) Ah{‘)€}4€6:j)}6lﬁJ}tgw)>abf
BrioB-pt—py Uppyi = 1,234 ol «(00) ol b as e b ol ol
g o dm (FY) alasl) Oy 50 @
(u, —3)(1 — 0.2sin(u,))  if 3<uy,
¢ (u) =40 if —2<u, <3
(u; +2)(0.8—0.2cos(uy)) if u < -2
(uy —2)(0.7 — 0.2 cos(u,))  if 2<u, (£Y)
¢(u) =4 0 if —1<u,<2
(up, + 1)(0.4 4 0.2sin(u,)) if  u,<-1
1 (uy) = 3 (u3), P, (uy) = Py(uy)

B
Bi1=P3=08 B =p3=06
Biz2=PB4a=05pP_,=p_, =02
Upg Uy =3, Uy = U3 = =2 @
Upp = Uy =2, U =U_, =—1

s 65959 sl stiE ST ols el ol 6l ok Ll sl
.w‘nMnA)}T(FF)AJ@b)JCy

Lo=l,=0, =1,=10

L,y =1l,=1,=81l,=99

&= 86=2,6,=¢8=6
(=10m=0,m;, =1, =5

SCARA (st by skt S5 (sla joite Sloj slagenly A JS

GB35 (10) 5 (V1) (ealgriy layski Jlesl 53 L 1,
23 35 S L o DL (Fr) 03,0 4l (39,5 Slajle L o
e 5lgz (LA(ser) spdms Ol 5l dn &S W5 Ol e JSE ol
A S Ll 1K ol gl & s by o,y

Ll 0 EST gl s | p s 41> (63555 sbaslsd b szl

&)

o sl 4 Zarctan(1005) | yor &3 sl ol
caalsl 33l Al (G55) &K o iy B ol o oslizul Cadle
Sy 6y g € b 4 eoleiy 63505 SlayskiS ws e
—0 V=0 sla b 5 5 6,8 o 15 )leand 3,50 SCARA amis
pler B sl s U a5 o o lanncd s i 5 4 -0 5 01 oY
Aas g &1 1 (63555 b b slag,skiS

SBHglls 31 Jol dwd (Silwdms s 0-)
S299

ladaly o3lgin 63555 SUasliS ( idu 5 ol S 5luand
ol Sl o 8 ler Lleds Jleel SCARA by 4 (Y+) 5 (19)
Lol 4:3; Shiys (¥4) abal, (Jé 4 (8399 L;Ln))\:..i.f s 33
@ = Sope 4 Qi = 1,234 s (OF) daily | anglia L oyl ol
gl g e 28,a, =19,a3 =135,a, =1

¢1(w) = (3+0.2sin (uy) )y
¢2(uy) = (2 + 0.1 sin (uy))u,
$s(us) = (1.5 + 0.15 sin (u3))u,
$a(uy) = (1.1 + 0.1cos (uy))u,
> $3555 by skiS ST 5 ks sls gyl (sl g5l olie

(va)

.C#ﬂ‘b-\.-fbbb)}T(f')d.]ﬂ{b)bd)‘
L,=4, =L, =1;,=10
lLy=4L,=,,=81,=99
1= 6= §6=1§=11
(=10 =0 =M =5

SCARA (sxio by (s Sy sla ke Sl slagealy oF S
S ks 5 (V) 5 (19) okt sla,sleiS Jlsl L5 L 1,
ol 95 S8 WS L s e Ol (FR) elad (63955 slajle o )8
e Sl 2.35(s€0) ssdom Ol Sl dn &S W OS5 e (S
Sl ozl @ S oy 3 50 (5o s 4 DLy o Sy
ol oA IS S a1y gl and (§3355 st b sl skiE

S Hlls 3 pgd dwd (Silwawd s o0-Y
99,9

Sy Joolie 03,5755 &8 o 0 6l idu 5 pl ileand
5 (V) ) Gladal,y (golgtin 83505 ©la,skil SCARA i
sl ey i Gl b sl Lleds Jlesl (FY)
Sl sl plie Lot 48 8 55 (FR) alaly Olen p b 4 (535,

&)

o.uo;)ﬂ(ﬂ).dm.l,p(,;m;@},,éu”l:.fﬂﬂéu,w,g

sl

Journal of Control, Vol. 14, No. 1, Spring 2020

VA4l o) oyle (VF o oS ale


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

030 4l 5 (olad (63555 Slajla o 1 5 La umel gl 53 (6313T aomy3 M Dby sl pslin 3 sdommiles st 1 (sl 58 1 b AF

ole Glgpadass 5 6 3l dazma o3l julasl L e ( S gl e

(8l (A Slaaas 5 5 e 5 A e J ST el
b s slgiiy @35,y b b sbyskiS Sl e o Sl
Slo s 41 oty LB 5 gome slale) 53 1) Dby by Sy (sla e
3355 S35l aas pa gl by ok b 15 5ol s
Sl Sl 0t (6 ol 3 gm0l (5)lhL el (b
Gl p b & (glalarly 5 oy DUl (Jdond oy 50 4 (9315T 42 p3m
@3 (S iluans gl A8 2| Sl o) e 33w Bla e )
6lasliS wus Hlgr a4 51> 0L SCARA anio Sl (53
A st edd S5 phay Ode Wilg e soleig 2505
TS
Jule 3de gl eyl ot T a8 gl ) f‘f sl Olse 4
©3508 Sl o 12 535 go (o348 Sl (S Kol slag
Iy b gl Sl YL OIS (6ode yl o 5 (05,0 4l 5 olad)
Lo SRS e S b s b 8 s (Dlel sl L) el
OOl Ol 3l 3505 laysksS (Adi-dloe S A
OPlB 5 ek 03,51 pslie 3sdemem Ol b3y s &S Wsh
odd S5 C_,Lub' 3o b bl s Gl s gdeee—Obey Gulas
dal s 5 b ey T (slaylS” (slly 53 093 o8 Olye 4 i3 S Jol
Sy (g E R Sy Jolin (6 Sy (slo e s Lo &7 s
s Do 4 (G € R m ls p opl G 503 g kil )3 (S5
PR s iles S5 (b 4 il 5 0355 S 0510 L6
aelsl 53 L5 e 1y @ € R™ Gl 5 U ol dal g atls 5 4l 45 50
ot (s 0k b 3 sdomem0le) Srs) i35 o en
sedoea—Ol) oIl 5 Ab sl engl (ol5T ax e by
5 SRS 2005 $laskiS fold) il gt (5l

288 dal 8 s DU 5 (il 3558 (S5

SLoglis” 3 prler dwd Silwdmd @b 0-¢
S9909
Sy Jolie 03,5155 S8 o w0 gl et ) opl ileand o
5 (0D «(FY) gladdaly g3lgiiny (93555 slo 518 SCARA s
Gl sleiE s )3 030 4l jlu b 8 Sl Liledd Jlas! (FY)
Loy (sla eyl 5 Lloks 48 8 Laiys (FY) dlaly Oles 3 & (53555
solds Lgd e 4z (FY) daly Oles Lwy bajle s o ol b
oy 5o plgr s 63555 laysksE 15T (sla el (s ol
Llodis o:)jT (Fb)
0, =0, =03 =0, =0.1
&= 83=2,6,=§,=6
(=10, =0 =1, =5

(¢0)

Dby Jolie o S gl Sl glagel O IS
535 (M) 5 (D) oY) (oalgrig sla, ki8S Jlasl s 5 L1, SCARA
ool e e Ol (F) 03,0 45U (23555 glajle s o 5 8 L
e pxe BA(SEC) Sgdomn Oloj I day Ans oo OB = 505 % oo
Lol V) S oy ol 535 (Gl s & DLy Joolie sty S
F i bdas o BV pler aies 63555 (o 6 slajskes Sl
Jolin bl o Kon slaole 015 sa )+ 5A P (F sla S5 (55,
sl y5s8 ws slgz a (sl 1y i 3550 (sla e 4 SCARA L
DL 1y o) SKom slaile3 ) o5lat g 15 87 ol il ot 1 b
Ay <

(S S 4o 9 (S

Sl pslie (6l 35 Ole) (obs,y (el Wlas pl s
Sl st 8 5 b el 36 S oS 33T a3 n o5k S

P90 e bZ3 8 18 ey s sm 3 gren m by olad 63505

& —a,® (rad)
........... U (t)=n /6 sin(t)(rad)

[ [ L L L

——q, (1) (rad)
........... (t)=n /8 cos(2t)(rad) ||

qu

0 —
-0.5

_ 02 T T T T T T T T T
g —~ ©
S0l a, (1) (m) l
é ............... Ay, (t)=0.15(m)
=

0 I I I I I i I I I
= 2 T T T T T T T : :
8 (d) q, (t) (rad)
8; T e a,, (t)=n /6(rad)
<
S I I I I i I I I I

0 0.5 1 15 2 Time (sec) 3 35 4 4.5 5

301(8) Gl Slagely @) olad sl o b o588 Jaiss 55 5 sl s (oalgiy (sla5ksS Jleel U SCARA by folie (suiy Sy (sl e o (slagenly £ JSs

0, () 304(t) S Slagaly (@) @Gq, () 55(t) S Slagealy 10) G, (1) 5 02(1) Slos lagenly (D) g, (1)

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylas OF dor oS Al


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

Ad 03 0 b 5 (olad (53555 Sl ot 8 5 la gumel sl 53 (5315T ary3-M Dby (Sl pslie 3 5dome 0o o5t b slay5kiS b

ole Glgpadema 5 (6 Sl deows oo el Lo yda ( S pl e

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

600 T I T T T T T I T
= 400} @ *
e
200 —
0 .
I I I I I I I I [
600 T I T T T T T I T
€ 400} ® .
=
200 -
0
I I I I I I I I I
0 T T T T T I T T T
(c)
<, 20| .
=] L
.40 T T I I T I I T I
T I T T T T T I T
0 F—’_\_A_’N\_/w—/vw
— d
2 oF (d) |
=
4 i
_6 — —
I I I I I [ I I [
0 0.5 1 15 2 Time (sec) 3 35 4 4.5 5
Gl @) g (8 Gl genly 2C) @t (8) Slej ey 10D @ty (6) Lo gnly 2@) ol (o Slon o 2 (58 iy 03 L Ul s (s3lgiiy (slayseisS Jlej slagenly & IS
Uy (t) S
I T I I T I I I I
1 (€) ——q, (t) (rad) .

a,, (V= /6 sin(t)(rad)

o
E

[ [ [ [ [ [ [ [ [

\
[

b) —a, () (rad)
.......... (t)=n /8 cos(2t)(rad) [ |

o
wn

qdz

o
I

q, (1), dg, (O(rad) g, (1), g, (t)(rad)

ob
N
- =

B
= (c)
£0.15
£ .0 a, () () |
s - G, (=0.15(m)
=0.05

8 I I I I I I I I I
= T T T T T T T T T
8 (d q, (t) (rad)
:—_'é oo T~ qd4 (t):ﬂ /ﬁ(rad) i
<
=
% 0 I I I I I I I I I

0 05 1 15 2 Time (sec) 3 35 4 45 5

Q) Sbj Slagaly @) elad slajla o 2 B s bhs £33 s (s3lgiin 6,51z Jlasl L SCARA &by Juolin oty S ol pize Sl lagal 5 JSa
0, () 384(t) S Slagaly (@) g, (1) 5 3(t) S Slagealy 10) G, (1) 5 G2 (0) Slos lagemly (D) g, (1)

a&@l}&h)}wu:)%ﬁé\ﬂﬁj.Ufshﬂ@SCARAQy)yuns\i\}j&\ﬁwkshabj.\‘dj.\?

[ DOI: 10.29252/j0c.14.1.73]

Sl etk g i 5 55etE s q1(8) = qq,(0) q2(8) = qa, (D) q3(8) = qq, (D) q4(0) - qq,(1)
RO WP S W P YK SR P e 1.15(sec) 0.75(sec) 0.55(sec) 2.35(sec)
Pl Sl s o b 558 555 s 3(sec) 2.45(sec) 1.3(sec) 3.75(sec)
030 a-b b a2 L sy kiS 5 s 23 1.1(sec) 0.8(sec) 0.5(sec) 1.4(sec)
030 4l b ot 5 b sy kiS 5 poler ws 2.95(sec) 2.4(sec) 1.25(sec) 3.45(sec)
Journal of Control, Vol. 14, No. 1, Spring 2020 P4 Sl ) oyled OF o o S alomae


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

030 4l 5 (olad (63555 Slajla o 1 5 La umel gl 53 (6313T aomy3 M Dby sl pslin 3 sdommiles st 1 (sl 58 1 b

ole Glgpadass 5 6 3l dazma o3l julasl L e ( S gl e

200

100}~

@

200
150~

100
5

[ [ [ [ [ [ [ [

[
0.5 1 1.5 2 Time (sec) 3 3.5 4 4.5 5

() aws(t) Sl ol 10 @up(6) o ey () ay () Sles el 1@) ol (glajla o 2 B ks bl P33 s ol slsliE b Slagaly v S

uy(t) %] é.ﬂ\i

= T T T T T T T T I
;( s @ q, (1) (rad) H
............ a,, (O=n /6 sin(t)(rad)

S I I I r r r I I I
1 T T T T T T T : :
g a, (t) (rad)
SOSLL NG e g, (= /8 cos(2t)(rad)

=
= OoF

< 0.5

02 T T T T T T T T T

E ©

= P

=3 t) (m

So.l a, (t) (m) i
= q,, (1=0.15(m)

=

g I I I r r r I I I

= T T T T T T T

‘E @ q, () (rad)

= ay, (O=n /6(rad)

S 1k |
= o I I I r I I I

[ [
0.5 1 15 2 Time (sec) 3 35 4 45

5
S5 gl @) 103 r b slajlo st b 85 50 55 5 g s s S3lgity (5la5siS Jlasl L SCARA by Jolin oot Sy (o it Sle slagenly A JS

2, () 5 a() S5 Sl (@) G, (1) 5q3(8) S5 Sl 1C) G, (8) 5 42(8) Slo slagents :00) G, (€) 5 41()

T
@)

-40
-60 g-.

£ 20
=

a0

60 |-

r I r r r I r

o]

r r
0.5 1 15 2 Time (sec) 3 35 4 4.5 5

i (£) Sej by 20) () Glo gty {0 s () Slej mly 2@) 03 0 4l sl st o 08 5 5 15 3 | g a2 (g0l (sl 5128 Glo slagenly A IS

Uy (£) Sl ety :0)

Journal of Control, Vol. 14, No. 1, Spring 2020 W44 Sle ) ojled VF o (J S alos


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

AV

03 0 b 5 (olad (53555 Sl ot 8 5 la gumel sl 53 (5315T ary3-M Dby (Sl pslie 3 5dome 0o o5t b slay5kiS b

ole Glgpadema 5 (6 Sl deows oo el Lo yda ( S pl e

T T T T

T
(€Y

—aq, (t) (rad) =
............ (t)=r /6 sin(t)(rad)

qdl

L L L [

_‘ a, (1) (rad) ‘
----------- (t)=n /8 cos(2t)(rad) []

qu

o
852) L [ r [ [ [ [ [ L
. I I T T &c) T T T T
ol a, © () i
= | e 0y, (9=0.15 (m)
=’
8 I I I I r I I I r
= T T T T T T T T I
g C) a, (1) (rad)
:; .............. t)=n /6(rad
Al d,, (t)= /6(rad)
=
0 I I I r I I r r I
o 05 1 15 2 Time (sec) 3 35 4 45 5

Slos slageuly K@) 10 m 4B slolo ot 2 o3 8 505 55 5 ool e Salgiy (sla)5kaE Jlasl LSCARA b,y Joolie s Sy (gl ke o) cslogenly N+ JSC2
a,() 50 () S5 Sl 1) G, (1) 5q3() S5 Slagal 1C) G, (6) 5 42(8) Slo slagenls :00) G, (€) 5 41(0)

150 T T T

glOO*

0 0.5 1 15 2

Time (sec)

3 35 4 4.5 5

atg(6) Gl gy 10) atp(£) Gl gty 1)ty (6) Sl mly 2@) w03 0 4 sl Sl ot o 58 8 Jaiss 123 b plaar s (3l (sla) gl o slagealy VY S

[4]

[5]

[6]

g(6) Gl ety )

M. D. Tran and H. J. Kang, “Adaptive terminal
sliding mode control of uncertain robotic
manipulator based on local approximation of a
dynamic system,” Nerocomputing, vol. 228, no.
1, pp. 231-240, 2017.

K. Kaltsoukalas, S. Makris, and G.
Chryssolouris, “On generating the motion of
industrial robot manipulators,” Robotics and
Computer-Integrated Manufacturing, vol. 32,
no. 1, pp. 65-71, 2015.

G .Rigatos, P. Siano, and G. Raffo, “An H-
infinity nonlinear control approach for multi-
DOF robotic manipulator,” IFAC-Paper Online,
vol. 49, no. 12, pp. 1406-1411, 2016.

[1]

(2]

(3]

&l
N. Adhikary and C. Mahanta, “Inverse dynamics
based robust control method for position
commanded servo  actuators in  robot

manipulators,” Control Engineering Practice,
vol. 66, no. 1, pp. 146-155, 2017.

Z. Ma and G. Sun, “Dual terminal sliding mode
control design for rigid robotic manipulator,”
Journal of the Franklin Institute, doi:
10.1016/j.jfranklin.2017.01.034, Available
online 4 February, 2017.

M. Galicki, “Finite-time trajectory tracking
control in a task space of robotic manipulator,”
Automatica, vol. 67, no. 1, pp. 165-170, 2016.

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylas OF dor oS Al


https://doi.org/10.1016/j.jfranklin.2017.01.034
http://www.sciencedirect.com/science/article/pii/S0029801814004892
http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

030 4l 5 (olad (63555 Slajla o 1 5 La umel gl 53 (6313T aomy3 M Dby sl pslin 3 sdommiles st 1 (sl 58 1 b M

ole Glgpadass 5 6 3l dazma o3l julasl L e ( S gl e

Applications, vol. 10, no. 13, pp. 1565-1572,
2016.

[18] B. Baigzadehnoe, Z. Rahmani, A. Khosravi, and
B. Rezaie, “On position/force tracking control
problem of cooperative robot manipulators using
adaptive fuzzy backstepping approach,” ISA
Transactions, vol. 70, no. 1, pp. 432-446, 2017.

Ol b2y (gl dams 5 Sl 5 0 3 5men ca5) o[V4]
Sheslial b s 8 cla e 5 el NS (Sl 3 s
5 S gy s oale ala S5 b Qs 5 A s d 1S

YV-Y4 Olean (VYAF Ql'.'.m:u f oyl A W AJ:;) )&z/

[20]D. J. Lopez-Araujo, A. Zavala-Rio, V.
Santibafiez, and F. Reyes, “Global adaptive
regulation of robot manipulators with bounded
inputs,” IFAC Proceedings Volume, vol. 45, no.
22, pp. 881-888, 2012.

[21]J. Wilson, M. Charest, and R. Dubay, “Non-
linear model predictive control schemes with
application on a 2-link wvertical robot
manipulator,”  Robotics and  Computer-
Integrated Manufacturing, vol. 41, no. 1, pp. 23-
30, 2016.

[22]P. R. Ouyang, W. J. Zhang, and M. M. Gupta,
“An adaptive switching learning control method
for trajectory tracking of robot manipulators,”
Mechatronics, vol. 16, no. 1, pp. 51-61, 2006.

[23]T. Sun, H. Pei, Y. Pan, H. Zhou, and C. Zhang,
“Neural network-based sliding mode adaptive
control for robot manipulators,”
Neurocomputing, vol. 74, no. 14, pp. 2377-2384,
2011.

[24]1P. Tomei, “Adaptive PD controller for robot
manipulators,” IEEE Transactions on Robotics
and Automation, vol. 7, no. 4, pp. 565-570, 1991.

[25]A. Zavala-Rio and V. Santibanez, “A natural
saturating extension of the PD-with-desired-
gravity-compensation control law for robot
manipulators with bounded inputs,” |EEE
Transactions on Robatics, vol. 23, no. 2, pp. 386-
391, 2007.

[26]A. Zavala-Rio and V. Santibanez, “Simple
extensions of the PD-with-gravity-compensation
control law for robot manipulators with bounded
inputs,” |IEEE Transactions on Control Systems
Technology, vol. 14, no. 5, pp. 958-965, 2006.

[27]R. Kelly, “Global positioning of robot
manipulators via PD control plus a class of
nonlinear integral actions,” IEEE Transactions
on Automatic Control, vol. 43, no. 7, pp. 934-
938, 1998.

[7] S.I. Han and J. Lee, “Finite-time sliding surface
constrained control for a robot manipulator with
an unknown dead-zone and disturbance,” ISA
Transactions, vol. 65, no. 1, pp. 307-318, 2016.

[8] A. Abooee, M. Moravej Khorasani, and M.
Haeri, “Finite Time Control of Robotic
Manipulators with Position Output Feedback,”
International Journal of Robust and Nonlinear
Control, vol. 27, no. 16, pp. 2982-2999, 2017.

[91 A. Mohammadi, M. Tavakoli, H. J. Marquez,
and F. Hashemzadeh, ‘“Nonlinear disturbance
observer design for robotic manipulators,”
Control Engineering Practice, vol. 21, no. 3, pp.
253-267, 2013.

[10] X. Wang and J. Zhao, “Autonomous switched
control of load shifting robot manipulators,”
IEEE Transactions on Industrial Electronics,
vol. 64, no. 9, pp. 7161-7170, 2017.

[11]M. Wang and A. Yang, “Dynamic learning from
adaptive neural control of robot manipulators
with  prescribed  performance,” IEEE
Transactions on Systems Man, and Cybernetics:
Systems, vol. 47, no. 8, pp. 2244-2255, 2017.

[12]J. Lee, P. H. Chang, and M. Jin, “Adaptive
integral sliding mode control with time-delay
estimation for robot manipulators,” |EEE
Transactions on Industrial Electronics, vol. 64,
no. 8, pp. 6796-6804, 2017.

[13]G. Paolo, I. A. Ferrara, and L. Magni, “MPC for
robot manipulators with integral sliding mode
generation,” |EEE/ASME Transactions on
Mechatronics, vol. 22, no. 3, pp. 1299-1307,
2017.

[14]H. Wang, “Adaptive control of robot
manipulators with uncertain kinematics and
dynamics,” IEEE Transactions on Automatics
Control, vol. 62, no. 2, pp. 948-954, 2017.

[15]Y. Wang, L. Gu, Y. Xu, and X. Cao, “Practical
tracking control of robot manipulators with
continuous fractional-order nonsingular terminal
sliding mode,” IEEE Transactions on Industrial
Electronics, vol. 63, no. 10, pp. 6194-6204,
2016.

[16]J. Baek, M. Jin, and S. Han, “A new adaptive
sliding-mode control scheme for application to
robot manipulators,” IEEE Transactions on
Industrial Electronics, vol. 63, no. 6, pp. 3628-
3637, 2016.

[17]1D. Nojavanzadeh and M. Badamchizadeh,
“Adaptive fractional-order non-singular fast
terminal sliding mode control for robot
manipulators,” IET Control Theory and

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylas OF dor oS Al


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Donya%20Nojavanzadeh.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Arturo%20Zavala-Rio.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Vctor%20Santibanez.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Arturo%20Zavala-Rio.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Vctor%20Santibanez.QT.&newsearch=true
http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

M 03 0 b 5 (olad (53555 Sl ot 8 5 la gumel sl 53 (5315T ary3-M Dby (Sl pslie 3 5dome 0o o5t b slay5kiS b

ole Glgpadema 5 (6 Sl deows oo el Lo yda ( S pl e

Integrated Manufacturing, vol. 44, no. 1, pp.
129-143, 2017.

[38]D. Zhang and B. Wei, “A review on model
reference  adaptive  control of  robotic
manipulators,” Annual Reviews in Control, vol.
43, no. 1, pp. 188-198, 2017.

[39]S. H. Park and S. I. Han, “Robust-tracking
control for robot manipulator with dead-zone
and friction using backstepping and RFNN
controller,” IET  Control Theory and
Applications, vol. 5, no. 12, pp. 1397-1417,
2011.

[40]W. He, Y. Dong, and C. Sun, “Adaptive neural
impedance control of a robotic manipulator with
input saturation,” IEEE Transactions on
Systems, Man, and Cybernetics: Systems, vol.
46, no. 3, pp. 334-344, 2016.

[41]1E. Aguinaga-Ruiz, A. Zavala-Rio, V.
Santibanez, and F. Reyes, “Global trajectory
tracking through static feedback for robot
manipulators with bounded inputs,” IEEE
Transactions on Control Systems Technology,
vol. 17, no. 4, pp. 934-944, 2009.

[42]V. Santibanez, R. Kelly, and M. A. Liama, “A
novel global asymptotic stable set-point fuzzy
controller with bounded torques for robot
manipulators,” |IEEE Transactions on Fuzzy
Systems, vol. 13, no. 3, pp. 362-372, 2005.

[43]W. Deng, J. Yao, and D. Ma, “Robust adaptive
asymptotic tracking control of a class of
nonlinear systems with unknown input dead-
zone,” Journal of the Franklin Institute, vol. 352,
no. 12, pp. 5686-5707, 2015.

[44]S. Hasanzadeh, F. Janabi-Sharifi, and P. Keenan,
“Backlash characterization and position control
of a robotic catheter manipulator using
experimentally-based ~ kinematic =~ model,”
Mechatronics, vol. 44, no. 1, pp. 94-106, 2017.

[45]K. C. Hsu, W. Y. Wang, and P. Z. Lin, “Sliding
mode control for uncertain nonlinear systems
with  multiple inputs containing sector
nonlinearities and  dead-zones,” IEEE
Transactions on Systems, Man, and Cybernetics,
Part B (Cybernetics), vol. 34, no. 1, pp. 374-380,
2004.

[46]B. K. Dinh, M. Xiloyannis, L. Cappello, C. W.
Antuvan, S. C. Yen, and L. Masia, “Adaptive
backlash compensation in upper limb soft
wearable  exoskeletons,”  Robotics  and
Autonomous Systems, vol. 92, no. 1, pp. 173-186,
2017.

[28]F. Temurtas, H. Temurtas, and N. Yumusak,
“Application of neural generalized predictive
control to robotic manipulators with a cubic
trajectory and random disturbances,” Robotics
and Autonomous Systems, vol. 54, no. 1, pp. 74-
83, 2006.

[29]W. He, D. O. Amoateng, C. Yang, and D. Gong,
“Adaptive neural network control of a robotic
manipulator with unknown backlash-like
hysteresis,” |IET  Control Theory and
Applications, vol. 11, no. 4, pp. 567-575, 2017.

[30]C. Sun, W. He, and J. Hong, “Neural network
control of a flexible robotic manipulator using
the lumped spring-mass model,” IEEE
Transactions on Systems, Man, and Cybernetics:
Systems, vol. 47, no. 8, pp. 1863-1874, 2017.

[31]R. J. Wai and R. Muthusamy, “Design of fuzzy-
neural-network-inherited backstepping control
for Robot manipulator including actuator
dynamics,” IEEE Transactions on Fuzzy
Systems, vol. 22, no. 4, pp. 709-722, 2014.

[32]M. R. Soltanpour, P. Otadolajam, M. H.
Khooban, “Robust control strategy for
electrically driven robot manipulators: adaptive
fuzzy sliding mode,” IET Science, Measurement
and Technology, vol. 9, no. 3, pp. 322-334, 2015.

[33]Z. Li, C. Yang, C. Y. Su, S. Deng, F. Sun, and
W. Zhang, “Decentralized fuzzy control of
multiple cooperating robotic manipulators with
impedance interaction,” |IEEE Transactions on
Fuzzy Systems, vol. 23, no. 4, pp. 1044-1056,
2015.

[34]Z. Zhang, L. Zheng, J. Yu, Y. Li, and Z. Yu,
“Three recurrent neural networks and three
numerical methods for solving a repetitive
motion planning scheme of redundant robot
manipulators,” IEEE/ASME Transactions on
Mechatronics, vol. 22, no. 3, pp. 1423-1434,
2017.

[35]M. Vijay and D. Jena. “PSO based neuro fuzzy
sliding mode control for a robot manipulator,”
Journal of Electrical Systems and Information
Technology, vol. 4, no. 1, pp. 243-256, 2017.

[36]P. Gierlak and M. Szuster, “Adaptive
position/force control for robot manipulator in
contact with a flexible environment,” Robotics
and Autonomous Systems, vol. 95, no. 1, pp. 80-
101, 2017.

[37]N. Nikdel, M. A. Badamchizadeh, V. Azimirad,
and M. A. Nazari, “Adaptive backstepping
control for an n-degree of freedom robotic
manipulator based on combined state
augmentation,”  Robotics and Computer-

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylas OF dor oS Al


http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Wei%20He.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.David%20Ofosu%20Amoateng.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Chenguang%20Yang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Dawei%20Gong.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Changyin%20Sun.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Wei%20He.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Jie%20Hong.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Rong-Jong%20Wai.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Rajkumar%20Muthusamy.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Mohammad%20Reza%20Soltanpour.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Pooria%20Otadolajam.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Mohammad%20Hassan%20Khooban.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Mohammad%20Hassan%20Khooban.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4105888
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4105888
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Zhijun%20Li.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Chenguang%20Yang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Chun-Yi%20Su.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Shuming%20Deng.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Fuchun%20Sun.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Weidong%20Zhang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Zhijun%20Zhang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Lunan%20Zheng.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Junming%20Yu.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Yuanqing%20Li.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Zhuliang%20Yu.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.S.%20H.%20Park.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.S.%20I.%20Han.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4079545
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4079545
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Wei%20He.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Yiting%20Dong.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Changyin%20Sun.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6221021
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6221021
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Emeterio%20Aguinaga-Ruiz.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Arturo%20Zavala-Rio.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.V%CDctor%20Santibanez.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.V%CDctor%20Santibanez.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Fernando%20Reyes.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6221021
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6221021
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.V.%20Santibanez.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.R.%20Kelly.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20A.%20Llama.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6221021
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=6221021
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Kou-Cheng%20Hsu.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Wei-Yen%20Wang.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Ping-Zong%20Lin.QT.&newsearch=true
http://ieeexplore.ieee.org/document/1262510/
http://ieeexplore.ieee.org/document/1262510/
http://ieeexplore.ieee.org/document/1262510/
http://ieeexplore.ieee.org/document/1262510/
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=3477
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=3477
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=3477
http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

030 4l 5 (olad (63555 Slajla o 1 5 La umel gl 53 (6313T aomy3 M Dby sl pslin 3 sdommiles st 1 (sl 58 1 b 4

ole Glgpadass 5 6 3l dazma o3l julasl L e ( S gl e

[58]Z. Zuo, “Nonsingular fixed-time consensus
tracking ~ for  second-order  multi-agent
networks,” Automatica, vol. 54, no. 1, pp. 305—
309, 2015.

[59] A. Abooee, M. Moravej Khorasani, and M. Haeri
“Global Finite Time Stabilization of a Class of
Uncertain MIMO Nonlinear Systems,” Journal
of Dynamic Systems, Measurement, and Control,
vol. 138, no. 2, pp 021007 (1-9), 2016.

[60]H. Liu, T. Zhang, and X. Tian, “Continuous
output-feedback finite-time control for a class of
second-order  nonlinear ~ systems  with
disturbances,” International Journal of Robust
and Nonlinear Control, vol. 26, no. 2, pp. 218-
234, 2016.

[61]S. P. Bhat and D. S. Bernstein, “Geometric
homogeneity with applications to finite-time
stability,” Mathematics of Control, Signals and
Systems, vol. 17, no. 2, pp. 101-127, 2005.

[62]S. P. Bhat and D. S. Bernstein, “Finite-time
stability of continuous autonomous systems,”
SIAM Journal on Control and Optimization, vol.
38, no. 3, pp. 751-766, 2000.

[63]M. Defoort, A. Polyakov, G. Demesure, M.
Djemai, and K. Veluvolu, “Leader-follower
fixed-time consensus for multi-agent systems
with unknown non-linear inherent dynamics,”
IET Control Theory and Applications, vol. 9, no.
14, pp. 2165-2170, 2015.

[64]A. Polyakov and A. Poznyak, “Lyapunov
function design for finite-time convergence
analysis: “Twisting” controller for second-order
sliding mode realization,” Automatica, vol. 45,
no. 2, pp. 444-448, 2009.

L (TP < 0T, ailsi) sl U ) Caige
OF) olad glajlo Jos o 5 (Y0) slaskid 5 5 L ys

ol Sl st o b L e (65leal 5o (T0) dlasly Sy (651000 L
b Jol-(1=Y) alasly ((VF)

a;E20%sign?(s;) < —&Qsign(s)¢;(w) withi = 1,2,--,n. (V=)
i 38 Jaiss 5 (1-1) alesl b b 5357 o5 s b
.:;f@ axs (Y1) ol os;sign(sy) = |s]

a;E20%|s511? < —&Q|si| s;¢p;(uy) withi=1,2,-+,n. (x-1)
=) bl b Sl e 5 ol Sl 5 G0 5 O3 e e S L
335 o Jole (F=1) alaly (g 5l oY

s (uy) < —a;&Qlsy| withi=12,--,n. r-\)
ST =Ty sidi(w) < QXL ailsi]) Sl g

s ndy o OLL DU g 35 o a4 (F-)) 4

[47]T. Yang, S. Yan, and Z. Han, “Nonlinear model
of space manipulator joint considering time-
variant stiffness and backlash,” Journal of Sound
and Vibration, vol. 341, no. 1, pp. 246-259,
2015.

[48]A. Abooee and M. Haeri, “Stabilization of
commensurate  fractional order polytopic
nonlinear differential inclusion subject to input
nonlinearity and unknown disturbances,” IET
Control Theory & Applications, vol. 7, no. 12,
pp. 1624-1633, 2013.

kel > Jgad 55 (5leirs S (sl dama 5 gl e[ 1]
e 03 (Flad lades sy pslaal Gla bl sy b4
Mo e g Lol s SRS chasy g ele e IS Glas3s)s

BY-F4 Sloeap AFAY Ol oY o lei

[50]S. P. Bhat and D. S. Bernstein, “Continuous
finite-time stabilization of the translational and
rotational double integrators,” IEEE
Transactions on Automatic Control, vol. 43, no.
5, pp. 678-682, 1998.

[51]Z. Zuo and L. Tie, “A new class of finite-time
nonlinear consensus protocols for multi-agent
systems,” International Journal of Control, vol.
87, no. 2, pp. 363-370, 2016.

[52] A. Polyakov, D. Efimov, and W. Perruquetti,
“Finite-time and fixed-time stabilization:
Implicit Lyapunov  function  approach,”
Automatica, vol. 51, no. 1, pp. 332-340, 2015.

[53]X. H. Zhang, K. Zhang, and X. J. Xie, “Finite-
time output feedback stabilization of nonlinear
high-order feed forward systems,” International
Journal of Robust and Nonlinear Control, vol.
26, no. 8, pp. 1794-1814, 2016.

[54]S. E. Parsegov, A. E. Polyakov, and P. S.
Shcherbakov, “Fixed-time consensus algorithm
for multi-agent systems with integrator
dynamics,” IFAC Proceedings Volumes, vol. 46,
no. 27, pp. 110-115, 2013.

[55]Y. Feng, X. Yu, and F. Han, “On nonsingular
terminal sliding-mode control of nonlinear
systems,” Automatica, vol. 49, no. 6, pp. 1715-
1722, 2013.

[56]Y. Zhang, G. Liu, and B. Luo, “Finite-time
cascaded tracking control approach for mobile
robots,” Information Sciences, vol. 284, no. 1,
pp. 31-43, 2014.

[57]S. Mondal and C. Mahanta, “Adaptive second
order terminal sliding mode controller for
robotic manipulators,” Journal of the Franklin
Institute, vol. 351, no. 4, pp. 2356-2377, 2014.

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylas OF dor oS Al


http://www.sciencedirect.com/science/article/pii/S0005109814000375
http://link.springer.com/journal/498
http://link.springer.com/journal/498
http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html

[ Downloaded from joc-isice.ir on 2026-01-30 ]

[ DOR: 20.1001.1.20088345.1399.14.1.5.3 ]

[ DOI: 10.29252/j0c.14.1.73]

9

03 0 b 5 (olad (53555 Sl ot 8 5 la gumel sl 53 (5315T ary3-M Dby (Sl pslie 3 5dome 0o o5t b slay5kiS b

ole Glgpadema 5 (6 Sl deows oo el Lo yda ( S pl e

L ") < —QTL BidilsiD sl DU Y Cawgw
(10) 03 50 4l (glajlus Jos i 5 (FO) gla ki8S i)y
S3basl «(¥0) (53555 slasliS a sl 55, <0 38 sy
U > Uy Geed a sl Lobsl s 5 e e U > Uy
4 (V=F) daly f7 = min (By, i) 5 (10) 03 0 4 Sl st 8
238

(w; —u () =

—§Qsign(s)p;(w) = B,.:§7O%sign*(s;) = B &FQ2sign(s) (V-Y)
withi=1,2,:-,n.

(F0) 53555 SlarskiS 4 slzal 55> 0 B8 Ly Lowlsl s
S U <UL, 4 4l aslsl 53 358 e amd U <ULy (Gslesl
AT oo Sty (Y=Y) alasly (VD) 03 504U Sl o )8

(i —u_ i) =
=& Qsign(s) i (w;) = B_i &7 Wsign’(sy) = B §7 Wsign®(s)  (V-Y)

withi =1,2,---,n.
ol o)lsen 5, >0 5 5;<0 S g5 a Gl oplal
o by el 15, —EQsign(s) ¢ (w) = B;§7 O sign’(sy)
sisign(s;) = s o35 55 5 ol S 3leal ron b b 5387 0 5
e bl (F0) sl (55l |
sip;(uy) < —Br&Q|s;| withi=12,-,n. (r-y)
S TP = T s () < —QFL; Bréilsi) 8 ol gt
0 0Ll SU s AT e s oy 4 (F2Y) sl

Journal of Control, Vol. 14, No. 1, Spring 2020

A Slg o) oylas OF dor oS Al


http://dx.doi.org/10.29252/joc.14.1.73
https://dor.isc.ac/dor/20.1001.1.20088345.1399.14.1.5.3
http://joc-isice.ir/article-1-520-en.html
http://www.tcpdf.org

