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Design of Decentralized Adaptive Integral Terminal Sliding Mode
Controller for Linear Interconnected Mechanical Systems in the Presence
of External Disturbance

Babak Ranjbar, Abolfazl Ranjbar Noiey and Behrooz Rezaie

Abstract: In this paper, a tracking decentralized Adaptive Integral Terminal Sliding Mode control
(DAITSMC) technique is proposed for a class of linear interconnected mechanical systems with unknown linear
interconnections between subsystems and in the presence of disturbance is considered. In this way, the
interconnected system is divided into several subsystems. Then an integral terminal sliding surface is considered
for each subsystem. The proposed approach increases the speed of input tracking in a finite time as well as the
disturbance attenuation. The effect of unknown linear interconnections between subsystems is considered as
uncertainty that is estimated by adaptive rules. The stability of the closed-loop system is guaranteed by a Lyapunov
function and selecting the appropriate design parameters. The developed method is applied to two interconnected
mechanical systems; the simulation results show that the proposed method (DAITSMC) is efficient for
interconnected systems in the presence of disturbance. Comparison of simulation results with several control
methods shows that the proposed method (DAITSMC) is efficient for linear interconnected systems in the
presence of disturbance and the convergence error becomes zero faster.

Keywords: linear interconnected system, adaptive control, decentralized terminal sliding mode control,
Lyapunov function, unknown linear interconnections, external disturbance.

s sb i ol i o5 01y 353 131 5 IS Oludige el o 28 dloes 5 L LK s odge oy 5


http://dx.doi.org/10.52547/joc.15.2.69
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.2.8.5
http://joc.kntu.ac.ir/article-1-731-en.html

[ Downloaded from joc.kntu.ac.ir on 2025-07-15 ]

[ DOR: 20.1001.1.20088345.1400.15.2.8.5 ]

[ DOI: 10.52547/j0c.15.2.69 ]

ol LBl gy ot Juae SGISG (gt 512 S oz b ik IS8 e 5 G20 oS J S o b v
S0 s o5 s el gl ey Sl

pde 1L Ol b s oslizad [Y7] ks o35ale 5 [Y0] e
55 ablie Conls

S s 5 alodior (slagtnnn (1 0diS'J 28 b0y 0l
) S35 g 3k Ol 5 43,8 513 a5 3ysm iy sy &
- S W L - S IPN Sl [TVl 0 plonil a2
(SIS s i Jlasl (b5 (593b G Jlasl (BT sla
A5le (glos s DL Lo 5 Unat 35 5 0351 g 2§ i Joli oS
S sas A ok oy i (SO SV 5,5 Jinl byl
YR YAl 8 515 a5 3530 ity 11 45 035y e (gla gt
Jte 1o e (512 S e 0ot 58 Sl ealin) 2238 wns i 5
Sl [V ol o3 51 3 gudomn sl |2l S (2810 5 03 55 o ay
G N ly gl I S jeme e sl b, IR
8 513 okl 3550 ity Flalous Sy 208 5 s ke s
3N 5 b SRS Caliden b pss Joate Saptm sl [T [l
ety o S WV]S e SIS els U des
s JRS Y] S ek 658 RS M) S e
53 ol ot 3litl [F9138 ot il J 57 5 (OIS o b
S rans A8 w55 (SMC) 25 J a8 sl sladle
TN PVl 8 8 515 a5 35 50 sl fuata (Sl gt

Slapt § oS Lo i a0 (63555 (2loy Al ) S
S Sl oyl Olalizl gl s kil s SV L et
keSS Sl 5 (2580 i S 5S4 Ok 51,
A e Sl bl o sty (DAITSMC) 8 ez 2
b b os (L ITSMC oS 257 (ot 15 2 (61 e
23 355 e A e 4 Oy 5 3 5mn Ola§ 53 e 0 (S350
G M 005 o w53 Waianns 15 oy SVl (Dlidiond 51 (5 )l
O VLTl S odd 55 gyt Alie 5 Lol s OT ads o
8 55 Coalsd e &) g 5 035 el 5 sl gt
—OIS sl izl g Caalad pde pl s 55 (L3 5AMe oS J ST 5d e
om VL) o3 guoms 0355 sl 5 1 cazils ¢\§,;u| s
ol b ablie 6l ph e OIULL Col WlS o Bt 5
O Cpnall VLl Sl o slgiiny ias J 2S5 gy ¢ S
Sab 03]

Wl 5 Dygeas s ol Ss)sT 5 oM sk

Conkid pe Ol e 4 e lal o SV 3 8 s @
e SO sl
b OVl s (gl e Ll Slesla )@
ws st

doddo -

il St J S 5l g 25 650 (5 ) S
633t DS 25 bl I8 e Sl o5 slaate 55 5 035
23133 ST [P g 2 lsm B Ly 5 [Vlaleylids [ Y]l
ol Gl S 55 (B e oS U S 53 gl b Sl eslized o
L;.L:;';H,.414;,.);¢Mljdhgﬁu¢x¢uﬂ,>g;ﬁr,uﬂﬂ
Il o e 536303 550 Al e 95 3 abie LS5 (6l sl >l
[Dloile S 54 mlaw (535 2 Il el A o S
gl 4 e Sl cclie (J 2SO S8 Ol L o A e 3
s S o7 L3 [P gn oo sl alom o 3 sl 5530
dlie Lol adl 2l J S 0t 45,0 03,5 foo 55 el
S J S bl A V]ss 8 e onkss ple 5 ool plazel b
Ok P88 U 87 e 05 o 45 03 g e 4l 5 (51,1
ply glodsy sl Esly 5 0355 I pSomzal (slls 24 b 4
s (Kb gt sl JShe S [0 K
e 1305 5 gy il sla o Ky s SIS (sl [V Jd
a5 e IS Sleslizal 1V b (sl 4 L1 b o1
R S Sy 0 IS (53508 Sl Slinta 0T 53877 5VL L g
DT Kesy e saie JaS7 &l Y] s 03,57 Lo
Sl o Ba) ol 53 S DFTas e ol S50 gy Sl eslinal
oslizal sllan ol 45 0 $SCalys o5 Sl adl el 45 e $Salys
IS 038 Sl (51Ul 4 508 oy AS 6K 7 () sb w0
Wl 0 0355T i sale J S ¢Sl o

@l Ser sl (TSMC) "dln s oojilde J 287 bs, 1
G o S V0]l ot w1 Ky o 2alS 5 el 3 gudoes Ole
NF] el 5 ges Ol L;tjiﬂ,c_ﬁ PRSI S RP BN
4 G 7 s gl Sen I3 sl TSMC s s 1A
ol 5 Shae SMC sbie 2sls osdle b o3yl 550 melaw
Sy sh phe Jals abis S0s5 s o) Kas s 5 4Bl BB
3550 (5 b Gt 3 5 lapies I )b 51 TSMC
A e b 53 (6 ST 0158l eslizl Ity Ll a8 815 oslizl
03 g 3 St VY Vs ¥ s 00 o,V (KaSG 3 S
23 Sl 0 slgziy NONSINGular TSMC 25, « S5 JSke
oDk 0l o 457 0l 03,51 NI K5l e 5 b 8o B g5 [YY]
bl 2l SMC 4 s 6 o 31 S5 03 0

Conl pds g1l o 35153 )18 a8 5 5e U S
A&;.:’Jﬁéc-lﬁLl).)}...}J}WQ)VJ).M\{))-\N}JLU‘;J%“’

oA (TPl a8 Wb S5 sle by,

® First order low pass filter

& Terminal sliding mode control

" Singularity

8 Integral Terminal Sliding Mode Control

! Chattering

2 Second-order or high-order sliding mode control
% Observer base sliding mode control

4 Full order sliding mode control

Journal of Control, Vol. 15, No. 2, Summer 2021

VEr s Ol oY oylas 10 dor oJ =5 ale


http://dx.doi.org/10.52547/joc.15.2.69
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.2.8.5
http://joc.kntu.ac.ir/article-1-731-en.html

[ Downloaded from joc.kntu.ac.ir on 2025-07-15 ]

[ DOR: 20.1001.1.20088345.1400.15.2.8.5 ]

[ DOI: 10.52547/j0c.15.2.69 ]

v b il e s s fate SGSG Glagtacw (6l S jaze b s IS Jla 5 s ilde oS J 287 1 b
s s s ey Jadllsl iy $SL

L (V) Juate Slapionm a2 0 63505 2b3) o5k 4 25 o 5o
23 o 4 ool O 5 a5 425 136 S L)
Solgtny S etant ds IS ey e eSS
Lolgy &S84 By OIS 5 e 0355 pasede [ aps e (o1
D 3dige 03] ead By e ks

alsl 5o Vdpddd 5 ¥ o 8 ¢ isw ol Lol mb RESTUS -
1wl ol 03,91

£33 b 5 Ul it o ¢ Xgig () 55 pn on i¥ 0 9
ez 1S (K (1) 5 Xy (1)) T

Proposition 8.1 25w ) 1358 53 5 <o) ges _gotumms 1) dnidd
(¥a] g 5t

X =%
: o « ®
Xz :_k1 s|gn(x1)‘x1‘2—a _kz Slgn(xz)‘xz‘
dr S Wps il gl S 4 O<a <1,k k, >0 &
L) Skl e oS A3l jusyse ST HKSHK ol e
.C.,w:‘))..lan
i 5 2 Sy (o p 52308 Xy () ol e
(1) U o s Csllan e sl Sl o

s 3 sh A

& (t) = X, (t) — X, (1) ®)
pnoals 0L € (1) b e Ut a0 o rte
& (1) = Xyig (1) — X5y (1) = Xg (1) — X5, (1) ©®

Si(0) 8 o cssleiig S jote b oS U587 b
Syh e wd S s (8) Oy
5,(1) =6, (1)
G 9 #)

[ A7 @

Lo b ot Ol 14, (21,2, N) i a3l 4 B 50t o
. . = 2
ey polas (i s Py 055 jmasse T +air+ﬂi_;m,‘,,
Sl p|>q|>04§o.\.&u4jad)lrh4;¢.‘.uj

ZCJJ‘,.A_:@.LZd;#)béﬁébjjjcs)\-&gwé\ﬁ
1 G
u (t) = E(Xdil(t) —a,%, —bX;, +a; & ()"

)
9 N
+ e ()P + A sat(s) - Y 4;y,)
j=1
J#i

bl et (=12, N o sl e It o A
L) By et B 335 (g0 e e Sy s e
5 Sl Rkl 18 Lo 55 (s 15 oy a5 Ll DY L)

T oy 55l S

A8 by Lol VLI e gt g5l @
5 et ks 01 S e 7 2530

23 e G303 b3y s gl ey 1 Sen @
SAS Sy balis

e ) A edd dleel ()l Gzl Ol ST L ablie @

25 S gty b S 5l i ) ikt (sla e
1l o 03 55T

L b foame (SO Glagiann (Solus dolee ¥ SRy s
):La.,\.i:g,'a._\.a}.?MUQYW‘)@)HJW\)}&)AWJJ_)'
il | o 0t 05T DAITSMC oiS'J 25 ol b ¥ ik
LE (R 53 5 odd (b (o3l oS U 25T cbie A5 o
E 3305 $b3) 5 e SO cmlie S UL b S b
33 S35 2 B leand I 14 sazs 0 SR 3 Lol 0l e
b s S 5 oo s 5 o b o S0 ozt ST 2
3o s o 03,51 (Sl Jlob o 25 K oS 5 4
Siloand @l bl 5 Gluper Colg )3t odd aylie J 25
RO PRTPHE G TN

Jcio i cl> (SLd Joo -
e 23 N b o e SO (gla gt b gl Jote
el okt 5 3 (V) O ey
X (£) = X, (t)
X, (t) = a;x, (t) + by, (t) + B, u; ()

- ")
+> ayy; () +d, (1)
j=1

J#

y; (£) = %, (t)
wn Yi)eR", u(t)eR x(t)eR" «
(i:1,2,...,N)¢li Wﬂj@ﬂ;,g;{@,ucdusuﬂm
R A POVINER PN o PR MU PSP SR P \
wrsb Jow o O (1) 5 8 o 2 sl 557 350
e A Jlosl (ool SL s ol 0t 15 pl] e
R
pobee s e sl 4 s O (1) sl plisi) 3
HUPPIRGIW iy )
[d; @®)]| < 2, ")

JU S (Bidoe SRS b -
5 poinpl Gl

Journal of Control, Vol. 15, No. 2, Summer 2021

VEr s Ol oY oylas 10 dor oJ =5 ale


http://dx.doi.org/10.52547/joc.15.2.69
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.2.8.5
http://joc.kntu.ac.ir/article-1-731-en.html

[ Downloaded from joc.kntu.ac.ir on 2025-07-15 ]

[ DOR: 20.1001.1.20088345.1400.15.2.8.5 ]

[ DOI: 10.52547/j0c.15.2.69 ]

o Ll s o e (SO Glaptnns 5l S na b dd IS b5 (3 S J ST L

\Al

s s o5 ey Jadllsl iy eSL

Si (t) = Xdil(t) —a& Xy _bi Xip — Bi u; (t)

> ay,0-a0

J#

(o)

% Yi

v 60" +fe 0
(00) 3330 o 2t 53 () Uy (1) I8 (62555 513800

:ﬁ)‘}
S, (t) = X, () —a,x,, —b X,
1 &
E(Xdil(t) —aX; ~bX, +a; &(1)"
— Bi e .
+6(t)°" % + 4 sat(s) - D 4;y;) ()

1
i

SN

- zN: &Y, )-di(t)+a & (t)i‘ +48 (t)m
D pd g T ulg 5o &
() =4 sat(s,)

N N o
_Zaij Yi ® +zaijyj —d;(t)

j=L j=1

j#i j#i

(o507 s <A)é£ SONS K b

s; (—4 sat(s,)— i &y;()

N 1=
V=2, v )
T —d, @) +trace(Y ;s &)
!
i#]

R AT ]

le s &;y,(t) =trace(ji: y;S: &;) 09
" ol 5l '1 5 OA) 53 (18) K-
V'(t):ﬁl“(—ﬁ,, [si] - d; (1)) (r)
:Sia,?«e..;sot;@(||di(t)||<pi RSO
\/(t)sg:—(ﬂ,, TN o

S s ey e ates ) V(1) Sl pb S T )

e ook e wizen 01 (V (1)) S5l o e 4>
— it el e s )L DUl cls L U5 eSSV (1)

WIS (53355 (P 353 o (151 & s 8 25 8w 015
WS e s b o e 53505 5L M) ks Ll 5

ol 43\)‘ 6:% a.L..SJJ‘I.S Lf’.‘fb J’-‘}A‘ wb“)’g‘ BE)

!

AT T .. . .
a; =-y;s L)=L2, ,N,i#] W
RCSUI-JN TS g 62X O [ SUSTCIPSOMIN ) N

Slnb WGT ¢

AU 5 Sl L o o ool 0L (gl 11 L canlol >
Solgity S e b Sl 1RSI Sl 5 5 J S b
o eeiall YL (b AL G s esdle el 06
Iz s 5uee Olaj 5015 ollan (63555 s 5035 a3 |y o 5
Ny

$3505 oy il S ) 4l Y SV (S 1 Nanid
(NP s 53 et b2 AL foate i ML 5 0
338 o o ) J S 633,55 OV (1) Sy b okt
il adls GBS 056 s ﬂ,l(lzl,z,N) u:f o J?‘
> py

N N
OEDY ls: S +1trace(21§51"(1§ij) @)
| 2 2 I
i#]j
10.21 o)) 1 ls Dya ls 5 5 sl Sl el 5l
([F+] g o 31 Y4 ami
a' b=trace(ba") 0
| 0l u,a:r_.:.ﬂ (Q) )JV (t) g.)}:l{l:-‘ cU :"4&;’45 QL.‘?!
:r_.v_‘)‘b
a’ij = a“ —a” AY)
i slin 5 (@) bl slue Vel ((V))s 8
(Wil 058 Loy oiks amlonac Bjj Mgt 5 o YL
RO

ASSEYON PHANFIE T GS i

N N
V()= | s $+trace(D &[T '4;) on
= o
e @ =0 5005
. N N
V(t)=>| s s —trace(D 4iT"4;) (")
o 5
S s s ) S (1) o0 6,8 501
Gi Gi

s'i (t) = e. (t) +a, éi (t)F' +ﬂi e, (t)Zpi*Qi F)

(1) Kl b et & (1) = Ky (1) — X, (1) s 1l 50

IV{JD O¥F) BE

*trace

Journal of Control, Vol. 15, No. 2, Summer 2021

VEr s Ol oY oylas 10 dor oJ =5 ale


http://dx.doi.org/10.52547/joc.15.2.69
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.2.8.5
http://joc.kntu.ac.ir/article-1-731-en.html

[ Downloaded from joc.kntu.ac.ir on 2025-07-15 ]

[ DOR: 20.1001.1.20088345.1400.15.2.8.5 ]

[ DOI: 10.52547/j0c.15.2.69 ]

vy

S Ll s o et (SO Glaptns (5l S et el 1SS b5 (550 oS S 2ST b
s s s ey Jadllsl iy $SL

L ) gl 53 st LEG OV ot fte (Slaps 31 (DI 51 kes IS Il 3 (5 580ke oSS 87 1 b Ul ) o2 5950

.w\wuuwﬂ;wu;mw‘_;Law_;tjai;ik,\;u;eu.xm@f@}),;}wou;&tﬁ) HERVY

PR Gb) 2ston 5 IS (s 5 a3y (ol AL 035 5Lt 53 Wt 5 o DL 1 SNl en 1 OL09 4o
el (A

Oast (32ten 5 (F)llast dhslan Lo 5 ()15 Jlie 5 3580 s i 1Y P

(25 o blize SN GG aslons 5 (W) idss 056 Jlasl Y 7

82303 2430 5 Je e SHIAL i el e ¥

s s S 02058 J 7S5 (e 5 2 4 N IS 2505 Jsl i P

.w\a&aé‘ébwwujwubyu‘} dl(t) f)&u&ui&l)wjawéfr‘;li:df}b\ Jg..i:):

Xg11 (1) X0 (8) Xgna (1)
—{ X —
Y
Controller for first Controller for Controller for Nth
subsystem second subsystem subsystem
d, (t) d
1 i ()
" v Unknown interconnection v A
First supsystem | Susbe;?;gm Nth subsystem
Xy (1)
vxll(t) v X21(t) v /N1

A sl a3 4Ll YL b fate ot JS ol S S S
gl WS 63505 oo 8y 5 S(1) ) o S s e m(1=12,.N) @l Xy (1) 5% () U (t) o gss s
At (815 s el VLS oS 5 2§ 2 54 VS s o o Mo 635)5 5 pem 2 p Sl o J ST (63555
WS U S b Sl Y SE s Sl edd esls Ol

RS PR eb)jT r‘l v."..w_..nﬁj LS‘J'I DAITSMC

9 %
)'(.dil (t) — X%, — bi X, + 0 éi (t) Pt ,B. € (t)zp‘iq'

Y —_—Pp S Xil(t)
] 4, > —ga,,yj ith subsystem
sat(s)
sat @ (t)
Xdil
30 N . —
60+ a &0 +FeM d Y
<0 P 5.0

ol o2 25 61 DAITSMC (g3l saiSJ 257 ol b ol Sl o5k ¥ s

Journal of Control, Vol. 15, No. 2, Summer 2021 VP Ol oY olad VO o o] S dlos



http://dx.doi.org/10.52547/joc.15.2.69
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.2.8.5
http://joc.kntu.ac.ir/article-1-731-en.html

[ Downloaded from joc.kntu.ac.ir on 2025-07-15 ]

[ DOR: 20.1001.1.20088345.1400.15.2.8.5 ]

[ DOI: 10.52547/j0c.15.2.69 ]

o Ll s o e (SO Glaptnns 5l S na b dd IS b5 (3 S J ST L

s s o5 ey Jadllsl iy eSL

V¥

Jraze o sSan J 9l s s glo 0 ) sl

m, =0.2 kg
m, =0.4kg ol o~
m, =0.3 kg
Sysmes dbols
a=3m N
o J& S 06
I=9m alwe a Jsb
- N -
k=100 N/ &, =1.2N/. e
g=938 %2 gy

G by IS el J e (Y1) ot b s (55l o b
S gl 53 e A b dslas Vgl o el

0 1

50 = [ o5s 1O +[J]w®
0

+osss ol=@+[}am

@ =5 oe®
0 0

+ [0(.)7] uz(6) + [()_277 0] %, (t) o
+ [0.3939 8] x5 () + [(1)] dy(6)
60 =[ 0 om@+[Suo

0.646 0
+ [0.444 0] x,(6) + [g] d;(t)

0 0

o;ﬁuuuuwﬁjwoywlsuu“ﬁ;‘5,'\,,,4:,:,3

62505 sl b o 5 0l 035 (pradd (W) kel 56 Lo g5
«X11(0) = 1 adsl ole S o I 1y e o $2505 V) J 25
%31(0) = ¢x52(0) = 0.7 ¢ x,(0) = =1 ¢ x1,(0) = —0.5
oolazel [FY]cad ods Ol (g luand gl 5 X32(0) = 0.7 5 1.3

(P JSK8)s 55 on Jles! e 23 A RS D

d,(t) =0.8 3<t<5
d,(t)=-08 3<t<4 (vF)
d;(t) =1 35<t<5

et ()] <1, @) <0.8 .[d, ()] <0.8

GOUe (Sl dnei -0

Glgiin oy 5 Sles O3l Ol (gl e ol o
ot oVl b s e SO i 53 DAITSMC
o 55an Jply e s 65 gl e 3 el 0 wl) il
- o telin 5 ot Al S e 03T st o
Err ) () g b e SO s 33 Jlis 5305 8
b 2 e 25655 5 (62555 112D s 25 5l o( Joaze
EAe ) b eslgity JAST hs e cpl 3 5 e ea )T
IS 5 [F] DSTSMOC) 35 e b (o 3) St 5 5o
Lol 0k dus e  [FY](DAC) 75 jaa b e

Mw‘éz%J))é@;logl:QWGlﬁ ZJj‘ Jli.o

(Y Jg."u) Sl ol
m
| ‘/ ~ - ; m,
\ F
oY k>
i n,] / e ()1 /\ Z
4 P 4/ /
Z‘ / y
Y /
‘ k, i k, /[ /1
500000 £ 5000000 y
/ V910,010,010 7 VOLLLVLVY 73~/
a/
y
~X
[FY] e o sSan J 3L o s ¥ JSC

b oo s 85 (YY) O gos oo o sKae J 5ol s bl

%11 (8) = x4,(t)
£12(0) = T sinxy, (©) + 1, (1)
K,a? )
+ W (sinx,q (t)cosx,q (t) — sinxy, (t)cosx;1(t))
y1(t) = x4, (t)
K21 () = x2(8)
py(8) = %sinxn(t) +0.7u,(6)

K 2
+ ml—zz (sinxy1 (t)cosxy1 (t) — sinx,, (t)cosx,, (1))
2
K,a? ,
+ ] (sinxz; (t)cosxz, (t) — sinx,,(t)cosx,, ()
2
Y2 () = x5, (8)
%31 (t) = x32(t)
4y(8) = %sinxm(r) +1.2u5(6)

K,a?

msl?
V3(t) = x31(8)
el o Ol Y J g s e b el yl

+ (sinx,, (£)cosxy, (t) — sinxsq (£)cosxs, (t))

3 triple inverted pendulum

! Decentralized Super-Twisting Sliding Mode Controllers
2 Decentralized Adaptive Sliding Mode Controllers

Journal of Control, Vol. 15, No. 2, Summer 2021

VEr s Ol oY oylas 10 dor oJ =5 ale

(YY)


http://dx.doi.org/10.52547/joc.15.2.69
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.2.8.5
http://joc.kntu.ac.ir/article-1-731-en.html

[ Downloaded from joc.kntu.ac.ir on 2025-07-15 ]

[ DOR: 20.1001.1.20088345.1400.15.2.8.5 ]

[ DOI: 10.52547/j0c.15.2.69 ]

S Ll s o et (SO Glaptns (5l S et el 1SS b5 (550 oS S 2ST b
28 5 e E 5 s Sl gl iy SSL

@b s w8 ks Xy =8in(t) ((=12,3) 1m0
53 Sl o 03,5 T A= (gla Ko 5 (5loans

UK 53 5 e 2§ 2 o J S Sl 5 o o (035050 S
P e e 348 0 0 a1 2 S b3y gl P
p}vp)bgﬁ}ﬂgﬁ“‘:ﬂﬁjﬁQo.&idk&\dffd:}))j
el o 03l QLESA

(DAITSMC) (sslgriy J =S s amslin sA-0 sba JSa 5
S 258 s 015 2 (DSMC) Sz b (3500 287 255 L
SRS 8l S ot e ks J1 SN e 5 3580 (ol g
@&f«;;ua.uugwu\,u;wtébuww
‘_g,:a.(;)bj);Liljiwswjul:ff:s,:'od&ﬂ.udﬁfq

335 o o

— g4t

- = %ypsmeyt

===-% 3 parsmc)?

0
AF
-2 L
o 2 4 G ]
2
— ()
17 = = Ayynguet
- 21[DA|TSMCJ“}
1]
-1
-2 L
o 2 4 G B
2 T T

— ()

- = X3 psmeyl

=== 31[DAITSMCJ[t}

e 3 o Il Sl ey 5 o e (539,50 JS

disturbance

081 4

06 [ |= = d4

0.4

0.2

=]
I
I
'
I

G R [y S —

0 1 2 3
times

J@uﬂ,iud,,ugMr;?wgau;)\}@)uu;u;;\.vdi.:

2 o2 WDSMC) S peze o (2 38e J 287 (b sy
ol e 25 82 35 o a5 e VLTI 05 31 o 20
HURPW IR

s () =€ (t)+ce(t) (¥e)
S et B IS o505 e m S35 b Sl

ZQ)MoM‘ﬁé;JE})J

1,
u(t)= E(Xdu(t) —a,%; —bX;,
| N (¥%)
+C6 (1) + 4 sat(s) — Y a;y;)
-1

J#i

oasia 3 S s o) (@) et 15 o SV &
Syt (Y9) S aza i o3 5a0e J 287 (6la el )l Gl ol )5 5
Wl 0 (i 5 p el 4 =5 56 =3
63339 Jsl ¢l bl DAITSMC gslgins sy 5o
)G =55 P =7 s (iF1,2,3) it i 4 D=5
R R A I T ¢ I U
Gl x> ) =3 5 f=4 (et P;>0 >0

Pi S Ah>p ) =5 (uitmpnal’ o T+ f
e el ) I =10 5 (culi o gl o dp ilasel OIS

Ls\]: 8Jﬁ 39,3 Sl o ub::.»\ <'=}“;'t5° ‘j“u\;:‘ Sllesd BE]

Journal of Control, Vol. 15, No. 2, Summer 2021

VEr s Ol oY oylas 10 dor oJ =5 ale


http://dx.doi.org/10.52547/joc.15.2.69
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.2.8.5
http://joc.kntu.ac.ir/article-1-731-en.html

[ Downloaded from joc.kntu.ac.ir on 2025-07-15 ]

[ DOR: 20.1001.1.20088345.1400.15.2.8.5 ]

[ DOI: 10.52547/j0c.15.2.69 ]

ol LBl gy ot Juae SGISG (gt 512 S oz b ik IS8 e 5 G20 oS J S o b
S0 s o5 s el gl ey Sl

\4d

4 0.5 . . .
= = Uypgucy
7 — L (th L — e
A 1(DAITSMC) 0 —
A
0 \ 05 ===y psmcyt ]
) ~ > ) —%parsuc)l
-1 L
-4 0 2 4 (5] 8
] 2 4 6 8
15 T T T
20
m 1 ===-&1psmc) !
- U
2(DSMC) — &y parsucyt)
0 Uyparrsmc) 0.5
0 3 e == —
0.5 *
0 2 4 (5] 8
-10
] 2 4 6 8
0.5
2 = |
o =-==2311psmc;?

€31 oamrsmet|

-2 = Uspsmet |
Usparsmc) it 4 5 8
-4 time(s)
] 2 4 6 8
time(s)

H 5ol Sl sewl B L & S
s o 4 ok sl S (5355 A JSC3 e A e Ak s sl 7SS

1.5
- 5 (th
5558 IS8 53 s sl e G Jle 0153 1098 Jlho 1 H(osme)
- ¢ < F J —Syparsme)t
. - " . B B3 - & -a g
ms rj’b(facﬂw\wcﬂcﬂ‘}abwfcu\wu;
s =
r.:....:,«d:l,u .qugs‘uub’):‘_;:}))@nafo:ﬁg]w):;a;@
IRVl 5 05 ;
(FV ol 2 55 0 2 4 6 8
3
P = = Sypsmeylth
“ —Syparsmc)t
T
\ .
~ 0 \-Aq_"—_ p——— 1= ==
[F\]'Cﬁc;;‘_}g.‘.uef)ﬂ;bql_mrzﬂtw.‘\dﬂ
-1 L
] 2 4 5] 8
X1 = Xpp 1 . . .
' ks Dt (uy + F,)
Xip = —— X3y ——X —(u
12 m, T g fe Tt o A —— —
o\ = 2x11 + X1 | _,;
Xa1 = xzzk o) , My = Sypsmc)t
+ 2 1 [
X2z = —%xu T, + m_(uZ +F;) v 2y —S3pamsme) V|
2 2 2
Y2 = 2Xp1 + Xz, -3 ' ' :
Z11 = Z12 0 2 4 6 8
. 2k, 2b + 1 G time(s)
Zipg=——12Z ——7Z —
12 Ty 1y A2 T o
YV, =521 + 245 = __ﬂﬁjﬁ‘slxu‘;)ﬂé&u.\/ lg‘i
Journal of Control, Vol. 15, No. 2, Summer 2021 VP s Ol oF o5les 10 o ¢ 287 alme


http://dx.doi.org/10.52547/joc.15.2.69
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.2.8.5
http://joc.kntu.ac.ir/article-1-731-en.html

[ Downloaded from joc.kntu.ac.ir on 2025-07-15 ]

[ DOR: 20.1001.1.20088345.1400.15.2.8.5 ]

[ DOI: 10.52547/j0c.15.2.69 ]

S Ll s o et (SO Glaptns (5l S et el 1SS b5 (550 oS S 2ST b
28 5 e E 5 s Sl gl iy SSL

- IS 53 [FY](DAC) 5 ate b iokss J =5 5[FV] (DSTSMC)
duwﬁbj@-fgaj),&gaj.w\a.uaibt\Y‘—\~5u
IS (|l _xR1||)g,‘J§~“$U=>'-(J34\' IS 55 (D e )
o3,5T Y J.i.:);(zll,zlz)wa},ef‘;uu\,@uj@g,n
s 2 0 8 il & 548 0 4o VY S 18T Sl 0kl
4o Jlasl J xS (clagesss WSS 53 Colg 5o it 3 5des

.J}.idneMLh(dé})j‘_;‘)‘)Mﬁj)dwe;Jh

0.8
_xm[t)
SN e t
0.6 / \\ p %y, 1)
/ \ / %4t
0.4 ;’ \\  —")
/' \ [o|-- 44 (1)
U2 E /.’ \ ;' \\
\ ] .
o \ !-r \
( \ / \
/ \
nz \\ ; \
\ / \
f
04 \ / \
\_/ \l
06
0 5 10 15 20 25
time(s)
<l
JR———
— T
T3
— 41
uEEIR
g
20 25

05 7

=(t)

a(th,

o8 2 6l (S )l o e Gl ey N eSS

(&leig DAITSMC g, (Gall o o 93555 Lol pon b

(z [¥1] Decentralized Super-Twisting SMC 5, (<
[FY]DAC s,

X31 = X3y
(ky + k) 2b 1

=———"x33——Xx3+t— (U3 + F
X32 m, X31 m, X32 - (us 3)
V3 = 2X31 + X3,

X41 = X42

ky b 1
Xgg = ——Xgg——Xgp+— (U + F,
42 me M T e T (ug + Fy)

Va = 2X41 + Xaz

(alsb s oY) ke 8w Il Gy 5 F; slapl

g S gh o S g0y
Fy = kyXp1 + bxp;
FZ = klxll + bx12 + kzle + bZlZ
G = ky(xz1 + x31) + b(x22 + x32) (YA)
F3 = k1x41 + bx42 + kzle + ble
F4, = kIX31 + bX32
X, (0)=015 «X;(0)=02 s LI alsl Sldie

sl pslis 4k 5 7,(0)=0.2¢ x,(0)=0.12 ¢ X,,(0)=—0.1
il ¥ Jgas Oy g cdde sla el Sl [FY s i

[FV]E o sl el ¥ Jo

m =m, =m, =3 kg .
Ealalva
m,=m, =1kg
k=2 N/ .
Akt
—-5N
k, =5N/
b=1Ns/m &l

Ky g 348 0 o 5 0 S 6 6l & S3503 e

ffm — e (ra)
%py = —0.16x5; — 0.5656xp, + 0.16 sin (0.5¢)
2 Sl a5 sl bl .ol xp = col(xgy, Xgp) S

el ol CJDY’ J’A.? BE v:-w-:u'ﬁ)

(DAITSMC) _J =5 slo sl b, ¥ Jsir

P, =5
q; =3
5:2 i=12,34
2 =10
T, =10

b s ot (SO e J 57 (51 V) o0lgtiy &b )

095 b amlie 5 Silaand mls g ol eslinal (YV) (slagtocm 5
St (Gl Kaedipse S 28

Journal of Control, Vol. 15, No. 2, Summer 2021

VEr s Ol oY oylas 10 dor oJ =5 ale


http://dx.doi.org/10.52547/joc.15.2.69
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.2.8.5
http://joc.kntu.ac.ir/article-1-731-en.html

[ Downloaded from joc.kntu.ac.ir on 2025-07-15 ]

[ DOR: 20.1001.1.20088345.1400.15.2.8.5 ]

[ DOI: 10.52547/j0c.15.2.69 ]

ol LBl gy ot Juae SGISG (gt 512 S oz b ik IS8 e 5 G20 oS J S o b
S0 s o5 s el gl ey Sl

control inputs

4
-
4 "\ -,
pa A P
4 A ; %
s \ i \
\ ‘_,J..- e f \
..... s / -
\ 7 \
\ S A
\_/ u, ™
- uztt}
2 5 [N uatt}
........ u4[t}
& ! ! ! ‘
0 5 10 15 20 25
time(s)

v;«-:m,:j)d\.-é ejfja 4ol Jlasl J 28 slagsagys MY Ji.»
{2555 $Lily»

L (= Ve JS2) DAITSMC (ealgiiy i3, = Al Sl

Vo JSC) S ez b (o) 3Dt 3 gy e I 2ST s
3 gn tomt () K2 55 e b il (55800 U 28 5 (G-
@l Sen sl 5 osy iy 3l Gy 2l Ser Copw

Dy Ao S

& 5 4o - A
IS Jle 5 b e oS 18T b pgy callie ol 53
SV L feate slapzae 8l (DAITSMC) 5 jaze o s
oy ok slgiy LBl phe 3 Wapte ) o @S e
4o St 25 b oate AST-ES lagtnn (sl Mgy
Solging F55 03 2015 3208 Gaseia OIS L sgdons LEED 5 09
i3 2 Sl el WSS Jln s A e Sl L
S ¢ ke O 58 Sl eslitul b cpimman s o1 b o 0SS
A 03] (e (e 55 A 4 0 Jlee! sl g 4 lisl SVl
by edd LS S5LU mb sl e @Ol DU
el g il ot (5L (b (gla il s s
SRS s ki b kgt By (Sileand S amlie btys 8
Golgri gy oS A o3l Ol Juame  SUISG St S35
055 wlie a Ll Jos OV L fuate LsLAV.L«:.w ol ¢l

13 mm e (83505 243 0 S A 5, Sles

&l
[1] X. Xiang, C. Yu, and Q. Zhang, "Robust fuzzy 3D
path following for autonomous underwater
vehicle subject to uncertainties,” Computers &
Operations Research, vol. 84, pp. 165-177, 2017.
[2] S. Yu, X. Yu, B. Shirinzadeh, and Z. Man,
"Continuous finite-time control for robotic

0.2 : . . :
. = = e, 0
f e [l (0]
58 02 lle, 01
O I lle, ()
W05 kil
N
0.1 0.1 s v
A
0.05 Y
N
.05 oL howmun..........
o 05 1 15 2
D -, i i & i
0 5 10 15 20 25
time (s)
all
0.3
e [ 1|
0.25 = leal
.
02 '
< 0.15 1
0.1 \_._ ]
0s 1 15 2
0.05
0
10 15 20 25
time (s)

—

(o 2300 05 a5 (|l €4] Dot Kam sl 3. 0Y S
BX3) (o .olginy DAITSMC BX3) (! (39,5 slols
[¥1]Decentralized Super-Twisting SMC

0 5 10 15 20 25
time(s)

o5 (G 4 e 5 o) Ll iz 53 e el NY ST

Mg p o b o 3 5) I8 2

Journal of Control, Vol. 15, No. 2, Summer 2021

VEr s Ol oY oylas 10 dor oJ =5 ale


http://dx.doi.org/10.52547/joc.15.2.69
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.2.8.5
http://joc.kntu.ac.ir/article-1-731-en.html

[ Downloaded from joc.kntu.ac.ir on 2025-07-15 ]

[ DOR: 20.1001.1.20088345.1400.15.2.8.5 ]

[ DOI: 10.52547/j0c.15.2.69 ]

va

S Ll s o et (SO Glaptns (5l S et el 1SS b5 (550 oS S 2ST b
s s s ey Jadllsl iy $SL

[16] S. Mobayen, D. Baleanu, and F. Tchier, "Second-
order fast terminal sliding mode control design
based on LMI for a class of non-linear uncertain
systems and its application to chaotic systems,"
Journal of Vibration and Control, vol. 23, no. 18,
pp. 2912-2925, 2017.

[17] D. Zhao, S. Li, and F. Gao, "Finite time position
synchronised control for parallel manipulators
using fast terminal sliding mode,” International
Journal of Systems Science, vol. 40, no. 8, pp. 829-
843, 2009.

[18] S. Mobayen, "Finite-time robust-tracking and
model-following  controller ~ for  uncertain
dynamical systems,” Journal of Vibration and
Control, vol. 22, no. 4, pp. 1117-1127, 2016.

[19] A. Modirrousta and M. Khodabandeh, "Adaptive
non-singular terminal sliding mode controller:
new design for full control of the quadrotor with
external disturbances,” Transactions of the
Institute of Measurement and Control, vol. 39, no.
3, pp. 371-383, 2017.

[20] A. Al-Ghanimi, J. Zheng, and Z. Man, "A fast non-
singular terminal sliding mode control based on
perturbation estimation for piezoelectric actuators
systems," International Journal of Control, vol.
90, no. 3, pp. 480-491, 2017.

[21] H. Komurcugil, "Non-singular terminal sliding-
mode control of DC-DC buck converters,"
Control Engineering Practice, vol. 21, no. 3, pp.
321-332, 2013.

[22] T. Madani, B. Daachi, and K. Djouani, "Non-
singular terminal sliding mode controller:
Application to an actuated exoskeleton,”
Mechatronics, vol. 33, pp. 136-145, 2016.

[23] L. Peng, M. Jianjun, G. Lina, and Z. Zhigiang,
"Integral terminal sliding mode control for
uncertain nonlinear systems,” in 2015 34th
Chinese Control Conference (CCC), 2015, pp.
824-828: IEEE.

[24] S. Wen, M. Z. Chen, Z. Zeng, X. Yu, and T.
Huang, "Fuzzy control for uncertain vehicle active
suspension systems via dynamic sliding-mode
approach,” IEEE Transactions on Systems, Man,
and Cybernetics: Systems, vol. 47, no. 1, pp. 24-
32, 2016.

[25] X. Lu, X. Zhang, G. Zhang, J. Fan, and S. Jia,
"Neural network adaptive sliding mode control for
omnidirectional vehicle with uncertainties,” ISA
transactions, vol. 86, pp. 201-214, 2019.

[26] O. Mofid and S. Mobayen, "Adaptive sliding
mode control for finite-time stability of quad-rotor
UAVs with parametric uncertainties,” ISA
transactions, vol. 72, pp. 1-14, 2018.

[27]1J. Mohammadpour and K. M. Grigoriadis,
Efficient modeling and control of large-scale
systems. Springer Science & Business Media,
2010.

[28] H. Huerta, A. G. Loukianov, and J. M. Cafiedo,
"Decentralized sliding mode block control of
multimachine power systems,” International
journal of electrical power & energy systems, vol.
32, no. 1, pp. 1-11, 2010.

manipulators with terminal sliding mode,"
Automatica, vol. 41, no. 11, pp. 1957-1964, 2005.

[3] Q. Huand G. Ma, "Variable structure control and
active vibration suppression of flexible spacecraft
during attitude maneuver," Aerospace Science and
Technology, vol. 9, no. 4, pp. 307-317, 2005.

[4] C. Zhang, Z. Chen, and C. Wei, "Sliding mode
disturbance observer-based backstepping control
for a transport aircraft,” Science China
Information Sciences, vol. 57, no. 5, pp. 1-16,
2014.

[5] E.-H. Zheng, J.-J. Xiong, and J.-L. Luo, "Second
order sliding mode control for a quadrotor UAV,"
ISA transactions, vol. 53, no. 4, pp. 1350-1356,
2014.

[6] D. Ginoya, P. Shendge, and S. Phadke, "Sliding
mode control for mismatched uncertain systems
using an extended disturbance observer," IEEE
Transactions on Industrial Electronics, vol. 61,
no. 4, pp. 1983-1992, 2013.

[71 S. Mondal and C. Mahanta, "Chattering free
adaptive multivariable sliding mode controller for
systems with matched and mismatched
uncertainty," I1SA transactions, vol. 52, no. 3, pp.
335-341, 2013.

[8] J.-J. Yan and T.-L. Liao, "Discrete sliding mode
control for hybrid synchronization of continuous
Lorenz  systems with  matched/unmatched
disturbances,” Transactions of the Institute of
Measurement and Control, vol. 40, no. 5, pp.
1417-1424, 2018.

[9] J. A. Gonzélez, A. Barreiro, S. Dormido, and A.
Bafios, "Nonlinear adaptive sliding mode control
with  fast non-overshooting responses and
chattering avoidance,” Journal of the Franklin
Institute, vol. 354, no. 7, pp. 2788-2815, 2017.

[10] X. Yu and O. Kaynak, "Sliding-mode control with
soft computing: A survey," IEEE transactions on
industrial electronics, vol. 56, no. 9, pp. 3275-
3285, 2009.

[11] 1. M. Boiko, "Chattering in sliding mode control
systems with boundary layer approximation of
discontinuous control,” International Journal of
Systems Science, vol. 44, no. 6, pp. 1126-1133,
2013.

[12] G. Bartolini, A. Pisano, E. Punta, and E. Usai, "A
survey of applications of second-order sliding
mode control to mechanical  systems,”
International Journal of control, vol. 76, no. 9-10,
pp. 875-892, 2003.

[13] K. D. Young, V. I. Utkin, and U. Ozguner, "A
control engineer's guide to sliding mode control,"
IEEE transactions on control systems technology,
vol. 7, no. 3, pp. 328-342, 1999.

[14] Y. Feng, F. Han, and X. Yu, "Chattering free full-
order sliding-mode control," Automatica, vol. 50,
no. 4, pp. 1310-1314, 2014.

[15] S. Mobayen, "Finite-time stabilization of a class of
chaotic systems with matched and unmatched
uncertainties: An LMI approach,” Complexity,
vol. 21, no. 5, pp. 14-19, 2016.

Journal of Control, Vol. 15, No. 2, Summer 2021

VEr s Ol oY oylas 10 dor oJ =5 ale


http://dx.doi.org/10.52547/joc.15.2.69
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.2.8.5
http://joc.kntu.ac.ir/article-1-731-en.html

[ Downloaded from joc.kntu.ac.ir on 2025-07-15 ]

[ DOR: 20.1001.1.20088345.1400.15.2.8.5 ]

[ DOI: 10.52547/j0c.15.2.69 ]

ol LBl gy ot Juae SGISG (gt 512 S oz b ik IS8 e 5 G20 oS J S o b A
S0 s o5 s el gl ey Sl

Tolerant Control for Heterogeneous Multiagent
Systems," IEEE transactions on cybernetics,
2019.

[37] A. Sabanovic, "Variable structure systems with
sliding modes in motion control—A survey,"
IEEE Transactions on Industrial Informatics, vol.
7,no. 2, pp. 212-223, 2011.

[38] X. Li, M. Z. Chen, and H. Su, "Finite-time
consensus of second-order multi-agent systems
via a structural approach,” Journal of the Franklin
Institute, vol. 353, no. 15, pp. 3876-3896, 2016.

[39]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.

[40] P. A. loannou and J. Sun, Robust adaptive control.
Courier Corporation, 2012,

[41] G. Rinaldi, P. P. Menon, C. Edwards, and A.
Ferrara, "Variable Gains Decentralized Super-
Twisting Sliding Mode Controllers for Large-
Scale Modular Systems,” in 2019 18th European
Control Conference (ECC), 2019, pp. 3577-3582:
IEEE.

[42] B. C. Gruenwald, E. Arabi, T. Yucelen, A.
Chakravarthy, and D. McNeely, "A decentralized
adaptive control architecture for large-scale
active-passive modular systems,” in 2017
American Control Conference (ACC), 2017, pp.
3347-3352: IEEE.

[43] S. J. Yoo, J. B. Park, and Y. H. Choi,
"Decentralized adaptive stabilization of
interconnected nonlinear systems with unknown
non-symmetric dead-zone inputs,” Automatica,
vol. 45, no. 2, pp. 436-443, 2009.

[29] G. Rinaldi, P. P. Menon, C. Edwards, and A.
Ferrara, "Design and Validation of a Distributed
Observer-Based Estimation Scheme for Power
Grids," IEEE Transactions on Control Systems
Technology, 2018.

[30] X.-G. Yan, S. K. Spurgeon, and C. Edwards,
"Decentralized output feedback sliding mode
control of nonlinear large-scale systems with
uncertainties," Journal of optimization theory and
applications, vol. 119, no. 3, pp. 597-614, 2003.

[31] F. Dorfler, J. W. Simpson-Porco, and F. Bullo,
"Breaking the hierarchy: Distributed control and
economic optimality in microgrids,” IEEE
Transactions on Control of Network Systems, vol.
3, no. 3, pp. 241-253, 2015.

[32]D. Chen and D. E. Seborg, "Design of
decentralized PI control systems based on Nyquist
stability analysis," Journal of Process Control,
vol. 13, no. 1, pp. 27-39, 2003.

[33] X. Du, Y. Xi, and S. Li, "Distributed model
predictive control for large-scale systems," in
Proceedings of the 2001 American Control
Conference.(Cat. No. 01CH37148), 2001, vol. 4,
pp. 3142-3143: IEEE.

[34]Y. Fan, W. Wang, X. lJiang, and Z. Li,
"Decentralized fuzzy linguistic control of multiple
robotic manipulators with guaranteed global
stability,” Interaction Studies, vol. 20, no. 1, pp.
185-204, 2019.

[35] H. Sun, L. Hou, G. Zong, and X. Yu, "Adaptive
Decentralized Neural Network Tracking Control
for Uncertain Interconnected Nonlinear Systems
With Input Quantization and Time Delay,” IEEE
transactions on neural networks and learning
systems, 2019.

[36] C. Liu, B. Jiang, R. J. Patton, and K. Zhang,
"Decentralized Output Sliding-Mode Fault-

Journal of Control, Vol. 15, No. 2, Summer 2021

VEr s Ol oY oylas 10 dor oJ =5 ale


http://dx.doi.org/10.52547/joc.15.2.69
https://dor.isc.ac/dor/20.1001.1.20088345.1400.15.2.8.5
http://joc.kntu.ac.ir/article-1-731-en.html
http://www.tcpdf.org

