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Mode Control based on Lyapunov —-Data-Driven Adaptive Sliding
theory for nonlinear MIMO systems with external disturbances
Sina Naderian, Mohammad Farrokhi

Abstract: Model-based controllers need a mathematical model of the system, whereas the data-driven
controllers operate based on measuring the input-output data. Nowadays, considering complexity of
the industrial systems and unavailability of an accurate mathematical model of the system, scientists
try to reduce dependency of the controllers on the mathematical model. In this paper, an adaptive
sliding-mode data-driven controller for a class of unknown multi-input multi-output nonlinear
discrete-time systems is proposed. Because the chattering phenomenon is the main challenge of the
sliding-mode controllers, an adaptive sliding-mode controller is proposed to solve this problem. In
addition, to solve the dependencies of the controller on the mathematical model, the proposed
adaptive sliding-mode controller is combined with a data-driven controller. Next, the new adaptive
laws for the switching gain and the Pseudo Jacobian Matrix (PJM) are calculated. In addition, the
closed-loop stability based on the Lyapunov theory is investigated. To show performance of the
controller, the proposed method is applied to the three-tank system. The proposed controller has
advantages in terms of reduction in conservatism and complexity in the controller design and
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simplifying the closed-loop stability analysis as compared with the recently proposed methods in
literature. The simulated results show that the proposed method better tracks the reference signals and
improves rejection of the external disturbances. In addition, the chattering phenomenon is

considerably reduced.

Keywords: Sliding-mode control, Adaptive control, Data-driven control, Nonlinear systems,

MIMO systems, External disturbance.

e onl 03 dph el osls (e e A b (o e
335 o s g a3k AR 53 sy Cou
Sy sy S OBl e B el S 580 Ol s
55 p3ln pl s 3 8 2l gmaesls il 51 5L et
oty Jlazl ol 93 L phad & s oy HLaZE] b
—e U IS Ko e S PIM glas s 038 Jus ino
— 0 Ol s gmeeenls (laediSd 287 Cans bl 1SS Ol s S
ol oy PIM e San e St g Sile 655 02531 2055
L N N e ST S
S IS (s o )3 15 o 15 e SIS 51 J el
S 0T posdle Al axbls 5B (65lhk 4 by je Cole imen 5
4 ol 53 S ppnesls SlaediS U S ge ans bl 51 K0
sl Loyl @ ol 03 e (sl el )l (Kol el ol o,L51 OT
LOT 51K n 6y (b 8 Lo sla bl sl mmen ol
spmeals SloediS ST Colne Koo Sl 55 a5 e dgy (55MHe
el 0k 0,31 80T &y o o ) 53 45

G gl b sansls (B e eSS 5 Y] e 00
wlie (85 o sdidilyl o g Soliz— (535 5ukor (s Sl PID
Sledde sl CFDLU:,,;t}gng_\,;.@l[\] D))
A e Gl el eed 53 e ) ST el sdieslina
3 S T O meals Sl el S L Ll
b (A o o n ol 03 4 53 el A e o 505
O L v PREp 3 gy A I W T
4 Os e 5 e (Ko ) gmmeesls GlaediS U S s gl
e 0303 (el (B3 e iSRS Y] e s i 0
o5 ol o]yl Lol (gl 0l o iy s 4SS L ol jan
ok slizal (FFDLY) iS¢ 3 Salys (s3lo s o, 31 0T
235 03 L6305 (651853 Sl (§510L DU 5 SLSLy Sdony
Ll g o o) 53 Sl S (s O Jule Lol 5 rades 235
Glehs iy i pl 0 e OS5l SKS Cd aus
255 95 o g e (25 oty (Sl o (el (Sl
An3 o ATy (g Ak m 535k Sl e

dodo —

S e sotiS xS 5 eslinal | sl s SN,
g5 o) Caslie anddle ol ol e ol 51
e @S (Sl Bl 5 i il )3 Lol S
(s slhokiS IS 5 ad bl LT ~1b ol
el 4Bl 8 55 Ol s 5 e glaeiS' U S Sl eslinal
(Vs d e g3 IS Il s Ol GlaoazSJ 28 b
Sl Ll o S8 S b (F 5 2 e s
(933 b (b Glp e Gae S e S 4 1)
ol S e o 5L L s 3058 8 S Ygene
b s w3 G5 e ol Bt 1 ()l 52 &S b=
S U8 edige b glaatls ISl Llsds O e
N SRS RS T LR PRNVIPY Sy Sk Wil e
ol 03 Aisb e ymeenls OlajenS L3 A (slaedS’d xS
LI gy ediid e L;ue‘i:»ui; ded 5 SWSie oS 1S
J;L-,guuu_t};\l,w@,m Ol oo o dSJ xS~ ol SaSw
3 medSTd 1S Gl ams pl 5 5 S O, 58 1 e Sl fnal
Sl 03l e o 5y Kol 512 (Sl (Sl o sla s
oSOl gmn W) pl sbor o3l (i oSl e
bbby da igy opl OVslas s a5 5 5 (63559 Sloesls
b s eSS (039,55 Sl gt 1 (PPDY) S Gl ol
gt sl PIMD) G153 b il pb L il
S L Ol als N NG B S P NPT PNT
PIM s 5l 5 PPD sul)ly dizes b PPD 0los PIM gl
Oy mle 5 S e 1B 1y s S 5 S2505 Glresls b5 |
Ly e Bl e o (Sl AT

JAS Sl s maeals il (253 e 0SS D] o e 0
23 sl ok y) pghasli ot o g i (635550 (U8 pR
5 CFDL®) 63 155 ¢ 3 Salys (g3l ot St 1 oS 287
sdslas SQT@-\?‘,H“@JA Sl 93l odBeslinal ) gomansls idw
Loy e Sopon g ol A5l plail 0t
Slaerss o0 15 ol p RS (253 e g o (SlaoiSTd 28

ol 03 I 3T i3 g0 s oS o0 5 ol gl 2

3 Compact Form Dynamic Linearization
4Full Form Dynamic Linearization

1Pseudo Partial Derivative
2pseudo Jacobian Matrix

Journal of Control, Vol. 16, No. 4, Winter 2023

VE Y Olies F o jlod (V6 llor o J =S e


http://dx.doi.org/10.61186/joc.16.4.27
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.4.3.1
http://joc.kntu.ac.ir/article-1-930-fa.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1401.16.4.3.1 ]

[ DOI: 10.61186/j0c.16.4.27 ]

¥4 b LI (s Sl 63555k (b b Slagtes (1 DB SUU & 4l ) pesesls Rk 5 jAMe J S

‘fﬁw&qh):bw

sl e ol s gl Ssle addes lrediSJ 1S
Copmmed e 3555 5 oVl Coenl 31487 Wl edsal)l 55 gl
do SlaoliS'J 28 )3 (syll S &S 538 e oLl e ol
o o &K 5 gpaeals b oo i U S 4 S ) psesls A
oS S 5l ames ol (g5l b (S LEN )3 150,05 salalls!
G o gaay oddion) medS e eyl O35 3o 6‘»«».\; El
45 Lol DU s idu )3 (e 3 8 ST S et
wlie Olg o oG b Grie bbbl b bl 03 35dow
il (Il (LU mB ST 5 I gane (o353 o oS 1S
3 eSes gs i A me s a8 DU s aS
G150 Ole jatun gy (SLa s Sl Jlo O3y (553 o SlaoliSJ S
GlrotiSJ 28 ol Canle &8 sl oyl a5 6 645 Lol 33 F e
sl 5 b gt wugy Sl 3 5 ol OljeanS ) pounosls
gf&gﬂo,;pg.fal):dmol,;w.w\,aﬁu@lf@w
sl a5 o ¢ (omaG b Juten &S5 il Jsl 45 n ol s SYolee
35355 gt J3l 4 e SVslae 0 Klr L5 0 &5 335 n )
Slresls 31 aS ol Doy gup s gy coddal )l JAa D gy oS J 1S
(r opl 53 A8 e eslizal s IS Gl 9> 5 S350
A e Ja 03 oS T S o 5 0313 uline 05 S 55 5
(P (s (S4T)3 4 Sialy Oloman bl 33 8 0 J 257 0L
Byl s

Dgmaeals s (55 e slaeuiS'J mS [ANF] el s
ot IS il 0Bl (o s iy 515 Sas b 50k 2
bolpen (ot b e 5 513 8 0 sy gl p il 0 S
@ Rer e liS Y58 ol (b 1 Bt el e s sl
(Omomed el bl i Sl Glasb yy 0 ol les
o) sl oils o 5l 5 gl Ken 5 sy ge gotiS'd S
S S (o o (s 5 5 63355 S 03 bl g
ol ok i 5l @b S eslizl L ST Ols et o 5 Al
Gl 5o 10T ¢ glsy las s Canlie iy o5 b Ll 5 g0 oS
Ghils oy opl < awb Ll syl K e jba oSS
A DS Ol e el Sl SO 5 S sla S dony
Ll ol ol sz 0l (nl 03 @l b ol ol S
S Jo 53 il a2 1 iy p oo oo ol ool 515
3 eomeren el polis SlliS U ST (A e oS RS
cu“&Jsvf sldae ) s S ;Af@ Cls [W]@f
Al e e 2D s sty glaediS 1S

—1) G s gaels 0L (B e J ST V0] e e s

Qﬂw‘c?f&_l):.Jfga:u;,,.ICFDLJ'l}:}c?,aal.c,..»\uL&

bt Gt @l e 05 ides U8 [F] e o
(o3 el as Bl (B e o ey 25 b VL a5
el 1 o (a5 a1y okl (3530 e oS 1S
G coemar el 03 S al) il OllaeSalys s
S w8 F 3 g 03,85 5 Salis (il s
Sl Ll PIM (ladslys adsd ) smmaosly oS J S slacs,lsds
518 (el otboslinul ks Sedalis I e ol 03 sl )
Glptass 25 31 S5 a Sl adeT sty (5 5 —(63555 Glaesls
3 gdme (o lgs 53 a8 o 03l PIM slaa)ys uasss (6l 5 o 58
AT s omes 5 il e (0L o k03
S 8 b bl 8 e ) U s ) 5 g0 (sl et
s 1585 s [V—F] o 55 0l DU sl i)
—S23he e Sl opeedls Rk 25 e J RS
R ) B S e R g Y T
SIS S ol (Gluand i3 55 455 B A:Q‘C,,f ol sl
03 edbalyl d S T3l odd plowi) S 5 J 287 0 (oS 5
S sel 2 JAS Be & ol S poind o
(83355 oS eiul ol 53 5,8 el oA s da00
Jrolie 516 a sl sl o s 5 5 Jrolin 4 Loy n 5 5S
Sl (Salos sls gyl S odsaly) oauSJ 18 ¢SS 4 ol
AS o 23y mm e g Ol B el L LSS
5l o 0l LS bl 2w 53l ee Ty J 18 S
(¥ 5 s s O3y oS J 28 51 odeTmnay J 87 JIKw (1
Sl g ygoemesls g.:.,d Lo oS 2S5 a.,\.»TC,..»:A{ J s JLi.:w
Slaalys pednd Ll sy g0 b o S35 IS 55 a S
ol 02 oS U a8 (b s Jol IS 5 (K el PIM
Lo idu 4 by e S IS i g S LS Sl
Iy idu ol b 4o 53 5 odbiadl Sdba ygoeesls 3 H
b die 09 (s (o338 e S 287 55 [F] o jo ST m 03 54
ol Sl el 03 STeslinal (sl SISl by e I 27 (51
b S 4 2551 4k e Slaalns i [0] o b e
Wl ol (6 Fodomy b bl 5585 s 4 e S (Ll pnae
.>)|,uv.al)y@fjaauslgu_lwﬁ,@ﬂaﬁjgw
(e oekas 1055 3TG o b s (oIS V] g e 5
Sorles il o de p me G Goipd )| S5 A e
OT 51 g s on Sl Jie 4 Saly 28lS7 5 shatey i1 ST
USS 4y i3 5 s (Slr 03T 5T U ST St )
3580 Ol o o 0l 93355 g Bl e (500 551 ST 354 el
LI et (S5b Glme 5 Sl (G5loms o3ls (o Js oS

3 real-time models

! ultra-local model
2predefined performance control

Journal of Control, Vol. 16, No. 4, Winter 2023

VE Y Olies F o jlod (V6 llor o J =S e


http://dx.doi.org/10.61186/joc.16.4.27
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.4.3.1
http://joc.kntu.ac.ir/article-1-930-fa.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1401.16.4.3.1 ]

[ DOI: 10.61186/j0c.16.4.27 ]

b LI (s Sl 63055k (b f Slagtens (6 S SUU & 4l ) pesesls (Rl e J S s

fﬁwcu‘i)bbl.?n

B F i 0o Sulg 5ol dals 03] pess ¥ ioe 5o O 5L
dlie [O] oo o5 b s 41 SO0t o 595 LSSl
b sl g
ouiss” J 5" 1o ¥
4 oot — sk 5 RT6 g Sl e IS llie ol 5o
Dy S s 5 JSe

y(k +D) =F(y(k),y(k =1),....y(k —ny),

uk),u(k -1,...,u(k =n,), O

d(k),d(k —2),...,d(k —ng))
p) uk) =[u,(k),...u_ (k)] eR™ T 53 s
3 s by EiayKk) =y, (k) y, (O eR”
Sl d(k) =[d,(k),...d (K] €R" ol (i s
5):?5;14;1&\;):;@,ujmljwéu@wu)&u&ﬂ
N, el 5 bt @b FO) =[R(), Fy (O1eR™ el
Gl B4 2 Ny 9 (A el B AN (62505 el S
23 N Dope & e (Dol @b & 5 b 0k (Ll iz
I e 53 4 15 Bl S 5 Ll e 5 0k 43 8
el i PIM 0l 4y oS 2

Hais3 S ot 0 iS U5 b (Sl e Je 1) A g
4‘.(’3‘&"""5;‘““‘1“’)}’“°5‘; ‘shgﬁjji;.af&ﬁb Ll cbfidn 4:3;
oslizal o3ls w5 (gl b ol ) 4 Jue 5 L, Jke

A Al g

S 03,81 15 5 smlel 2 ler (el (V)
$3305 A4S B () (i =L.,m) @l sloly Slite 1 (23
Sl e 4028 Sl oslinel 5 6 ol e 3L s U(K) ke
Solke 0T s & Sl ey, sme Jde il o
2550 AB(OF, 1 ou(k))au (k)

S w mid e bid llm b (1) e Y o P
CFDL &l L |y(k, +D) —y(k, +1) | <b | uk,) —u(k,) |
k, =k, Aulila g el e 6P|)l1bbTJ;4§n~u§a>)jTﬁ
Sy b o uky) =uk,) obeel sl Kk k, >0

J}.&W‘f[\?] gfﬁupjsw‘wc-\.hu.n

Js I S55be A3l A d 2 AL (1) e ¥ o
T Nl gases LB ) sl 53 a8 AL @dls 5 g 5 (g, I1S

Ll sl (5 2 4,

ok LS b 0l e 22l 15T ) (sla 5 il
« 8 13,5 CFDL &) s Sl (g5l o Jue Il s S 5T

1l 5 dslane Dy geo 4 45 350

$lp D] gm0 oyl cass 056 1wt B e 5l 5
058 ol Gl paded a0y e oS 54 e 03litul PPD s
baalys L PPD ass 0l (BL Cate b 048 o Gl (radS
b S I (iS5 S b Ygeme camass 53 3,05 1, PIM
—alsblous (gla 5 5 el 4T 055 a5 205 SoILL SLT 3 NS
S Sl S ol 8 Sln g 2l 03 el (Sl 3 61T
358 dlie gpl 53 .l o 03linwl PPD L o g e e g 5
Gl DL aS (6 sbas .l okl eslizul (lad- s 95 (5, luL L3
Gls (Ul iy ol ol PPD (Il ST Sl 4 gl s il
St BOT e e 1Al 55 4 et Slaslsdo
Sl ol DU Sy ol

Lo V'"“‘ L oS (g gmmsosls 6—\f ST 550 53 g LB &S
A e gy oS el ol (A pd p s adal  gmesesls 53
b gl nl 5o (ol Bl s (ki 555 &:}' 4 okdoslizul
@aal)s U PPD (la eyl cpades ol 8 opades 3 oslizal fsa,
OT 55 5 e Jota L 6 o Lass 55 5 ba el ol reind (el PIM
bl s 4l 0 S 1S 55 (65 65U bl ol b5, s
3 G35 4 eaeals SlaeiS U S 4 35 8 e 0L o
S il s ka2l K o oy il
ol (Gl ol 3loml ¢y gomnenls (GlaediSJ 287 bl SCie
S 3590 ol ny ‘::Jf e oT slp g ol 2wl ny
SlaoiS J 287 )3 opoman LS sl (b 1 L (glaislsbs
Sl bl sadsl s 4 (Kol codd gy 5 pomnosls (3530 e
Lo S 28T (b & g o odalie CJ‘F/ 4ol 035 e
S e g3 Ty 05,8 !

sl glate 4 5T J 28 IS S5 b cllin 55
b Gl Do o5 g S Azl B o el
23 S bl 2l (V4 e o bl el (b 250
Bl de 4 (Saly 285 4 e (Y 5355 0 Oy 056
bl e bt Oy O 58l o 3 125 S a5
B e blis sl 53 man 358 b e e 5Ly e
PIM sl slaalys 0T iluosle 5 ol Sl odislew
Ol e 5 5 b a5 A dal o dlons e Gl 056 ol
03 S o oS |y Al s (ML (0l s oke T mnes
PIM w5l lawlys o il S Ol a0 (oo a4 oo OT
—allus Al 4 e 03 S5 (65sT s 93 ez 53 el
i dal g oK e 2alS gl ST s b8

—osls ch5A) e oS ST b Y isu 5o cllae ol aslsl s
AT e b 355 o)l 93 i e ) s  (Ste ) g
Sl 5 PIM sladlys ads s bag S abble 2alS 5 gﬁjz?

ol a ki wlal 5 PIM Glaalys 5 53405 b cdagsluly

Journal of Control, Vol. 16, No. 4, Winter 2023

VE Y Olies F o jlod (V6 llor o J =S e


http://dx.doi.org/10.61186/joc.16.4.27
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.4.3.1
http://joc.kntu.ac.ir/article-1-930-fa.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1401.16.4.3.1 ]

[ DOI: 10.61186/j0c.16.4.27 ]

A b LI (s Sl 63555k (b b Slagtes (1 DB SUU & 4l ) pesesls Rk 5 jAMe J S

‘fﬁw&qh):bw

3 e YR (A e s(k)eR" 0T S
—r () bl G 4 s Ol s s 1> yq(k) e R"

3597 Cewsay 5 salaly 51, (K +1) Ol

s(k +D) =e(k +1) =y(k +D) -y (k +1) W)

I el pglan glodiS™d 8™ (5530 o oS J S ST0T 4 a2 55 b
— 8 ool ALl el (oln IS IS ailows 1T 5 )
P8 53 sk 5 (W) el 53 (0) salaly (I e b st 55 135
T oo Cawdts 5 sdlslre pliz]
s(k+1) =e(k +1) =(y (k) + ®(k)Au(k))
~ya(k+D)

1338 o0 5 ey Sy 4 093 45 g 5 e Il
o(k)=s(k)+pnsk -1) ()

el g5 5 e St e Slep e R OT o 8
SIS 4 ol A I (254 e S U S b 5
IS IS 1S ol s Cons 4y 530 s il g o7 5
ESuS ey ol e LB g (k +1)=0(k)=0 056 5l «Jslae

558 gt 0 B0k (salal,
o(k+1) =s(k+1)+ns(k)=0

Ss(k+1) = —psk) v

g gn a5 sabslan (V1) daily 55 (4) 1K b
y(k)+ @ (k) Au(k) —yg(k+1)=—ps(k) (v

T o Cawdts 5 Doy gemds Il J 287 I (V) gelat !

—ns(k)+yq (K +1)]
Or)

Au,, (k)= ® 1k
Ugq (K) ( )[_y(k)

1338 s 5 5 sdaly S gk 5 SIS it S 056 S
AT,
. s(k)® (l;) A s(K)
Augis(K) =-@ (k)| [s(k)] OF)
+tanh(as(k)) £(k)

):};“‘;A‘;Laq\):l{wjb)\,ERmxm)JbﬁaeRm o ys o8
056 o&KT ccwl G3dS” oy (k) e R™ 5 Lies b ol
O J S 056 5 dolee J 25T 056 53 e Jol- SIS RS

e N PRI P e R Rt

—ns(k)+yg (k+1)—y(k)
s(k)OT (k)i .
SR AR k)
kof "
—tanh(as’ (k)) £(k)

Au(k) = ®7(k)

Ay(k +1) = @ (K)Au(k )+d, (k) ™

3 Au(k) =u(k)—u(k =) eR"™ T 53 "y
Sk sl iy Ay(k +1)=y(k +1)-y(k) eR"
(PIM) S5 4 s 5o @ (k) € R™™ tpmcms (75 5 5 2903
Ll (g P 3 ediph e 655 (ol ALzt d (k) eR™ 5

wls s sbe B Y] D] @l 2 eaid | S v e 5L
ol 5 @555 pesee Lzl 3 PIM ol s 51 2l gl
sk s 5 JSE 4 e Sile

Ay(k +1) = @ (k)Au(k )+d, (k) )

sy dals iy eses Slzpl b d(K) o&T

dy (k)
)| =)
A (K)

0 D,(k) o Dy (k) || Aug(k)
N D, (k) 0 D, (k) || Auy(k)

()

Ppi(k) o) -0 Aup, (k)
el b 5 S 4 (N dskes ol ST

Ay(k +1) = DK )Auk y+d(k ) ®)

38 8 5 25 e Al 018 o PIM 3 6 a8 4 a5 L
CI)11
ok)=| : |=>dk)=dag@k)) )
()

mm

dmys 5 LBl Cote Do s @(K) e Sle slawlys 1E o B
AL St (k) ol b slaal s

3 3 35hge el oyl Sl L s oyl 51 dgd
M amilinr 1535 ST ol sl (3 5o (Sl ) (SSlwesly
5360515 4 a5 Ll sa bl Cte PIM g e sl ly5 4
e 3 8o dob 3 balys cnl oslsas cGudas (158 > o3l

Ale oo (Sl e il

S FoR0 19700018 b W ouis” J gusT yb )Y
d‘é}‘fﬂt‘"“"’“ﬁ“i}"”"h éﬂ#ée&fd}f‘_f‘}élﬂ

:;:;@Qﬁﬂ)’dn:b;&)yfgd}l

s(k)=e(k) =y(k)-yq(k) W)

Journal of Control, Vol. 16, No. 4, Winter 2023

VE Y Olies F o jlod (V6 llor o J =S e


http://dx.doi.org/10.61186/joc.16.4.27
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.4.3.1
http://joc.kntu.ac.ir/article-1-930-fa.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1401.16.4.3.1 ]

[ DOI: 10.61186/j0c.16.4.27 ]

b LI (s Sl 63055k (b f Slagtens (6 S SUU & 4l ) pesesls (Rl e J S Y

fﬁwcu‘i)bbl.?n

OA) Ul s o Jublds il s das giie OT J 3l 4o Jobli5 &7 ol

bl il
AV (K) =s' (k)As(k)+ O (k —1)TAO(k —1)
+£7 (K)ITAE(K) +%As(k)AsT (k)
1 )

+EA(:)T (k-D)raoek-1)

+%A§T (K)ITAE(K)

OK)=0K)-0  (EK)=£K)—g o 5
s AB(K) = AB(K) AO(k —1) = AO(k 1)

F100) 28 I 53 b eyl ST oy 53 48 5 0 5
daly s plazel 5 8 s L) aayl, 100 s S Blod 51, place!
el o (5,10 - (19)

00) il 5 As(k) =s(k +1) —s(k) 5,5 ki) L

355 g0 4 (19) 5

—(1+p)s(k)—d(k)
AV (k) =s" (k)| —tanh(as’ (k)) £(k)
s(k)®" (K)A S0
Is¢l?
+O" (k—)TrAO(k 1) )
+87 (k)TIAE(K) +%As(k)AsT (k)

+%A(:)T (k-)raok -1

+%A§T (K)IAE(K)

Tl g 5L BB 5 p e (V) dolaa
AV (k) =-s (k)(1 +u)s(k)+%AsT (K)As(k)
+&" (K)IAE(K) + %A?:T (K)ITAE(K)

-y (k)(tanh(ucT(k)) )T s(k) )
0" (K)as(k)+O" (k—)rAO(k —1)

+% AOT (k)T AO(k —1)

+s' (k) (-d(k))

o 558 o3lizul S(K +1) = —ps(k) sl 5l =l daly 55 S
SOT 4 s L oomes As(k)=—(1+p)s(k)

s AOK —1) =O(k)-O(k —1)
o3l BB 5 e 4 (M) aal, AB(K) = 8(k +1) —£(k)
K|

Ao § il i (SHIRL (w9 =T
Sk 4455 bl g wu Gulad (ilg
Sgbl

(Hlodd pizia gmaosls GlaeliS'J ST 5550 55 & ol e alS s
&S o o 435 5 anfllas 3590 b Cnlite Conlodd gm0l 508
G 5568 Dy ol B cmlos b 0T (gl oS xS
Ol o b by genedls (claotiS 287 a8 Sl o y3 pl 555
A e b e 5 it sl bl 1 Jobe o (Sl
3 o3l Do s 056 domit )3 5 (G o 8 03 S ke 5 ol
Al B3 U1 5 Ol o b 8 T e (s S 5 Jits
V] 0men ol o 51k 3 it bl 31 S o 208
i Sl G 058 03,57 s 53 V9] e e 25 5[Y] S
23 ooy ol el Dbl 51 Sl sdestizul PIM glagl)s
oAl Gl do 1y (Sesls 4 e 0l OT tlons 0 o
“3gde B sl 4 e pones 5 35k o o5l e 4 PIM
ol eoman 355 A PIM Lol s glaglys Cadle 65y 5 slodisS
— 5 Gl S ol e 5l 55l 4 2ete PIM (gl 2ol 5l acloes 0505
23 WS a5 s 3 Sas bl PIM ST0T 4 5 b 355
03 oS e s gl Ol ey o Sle ol laalys dlie
PIM (s 5l 5 (558" s 1 (612 Gl ik 058 () A sl

AT Lol 34y s gl ot (1L 3 8 0L

P 5 S 038 T p LB (slas s (1) e il 1) doiad
PIM ol ks slaalys 5 G5 oo la iy Gl G
s 8 5 5 e

O(k) = O(k —1) + 2 as(k)

— d(K) = diag(®(k)) g

#(k +1) = &(k )+ 2 * tanh(ao’ (k ))s(k) %)
351 A8l 5 (6 ol o 51 gl @t oSST

S s 5 5 Bl wb il

v (k):%ST (k)s(k)
+%(Z)(k “)reé’ (k -1 OA)

+%§T (k)M&E(k)

w@gd,bssum;ureRmxm jHERmxm ol o &8

S sl MQBMSQT Slp s #lb el o

Journal of Control, Vol. 16, No. 4, Winter 2023

VE Y Olies F o jlod (V6 llor o J =S e


http://dx.doi.org/10.61186/joc.16.4.27
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.4.3.1
http://joc.kntu.ac.ir/article-1-930-fa.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1401.16.4.3.1 ]

[ DOI: 10.61186/j0c.16.4.27 ]

v b LI (s Sl 63555k (b b Slagtes (1 DB SUU & 4l ) pesesls Rk 5 jAMe J S

f}MLQL_{):LL:w

T .
5 Sy oy L=[l,.0 0 1T eR" 1 =1( =1,..,m)
Lﬁa@?T‘;ﬁJﬁméijJQAWQleqbﬁf41‘.5.-
AT s 25 K8 4 ol

L s(k)s (k)((tanh(ac (K)))T &(k +1)j

k
|||_|| ||s(k)|| +20(k-1) -
L s(k)s' (k) (k) 4 d(k)
Il ls()]?

2555 oo 425 o 35 acwlows (YV) (5 5lasls 5 b 93 03151 S

1= 10l anh(as™ Gy 2k +2)
|||_|| ||s(k)|| +20(k-1) -
e T seor
(k)
L s facol

23 D50 ol b a5 pn 3l o8 ST ool |

T o Sy

(tanh(as’ (k)" &(k +1)
+ 20k -1)

<[d(k)| (Y8)

u,:'u4&.:»64..4;}y\.:lzjCUJ}‘UJAJ&W(Y«)J&JJQJJ‘@:JJTI’L

o 8l bl Al ot e 55

G o oT sl bl il (e ST (8B daiad
;:,a_f,éj PJM m;b 6\.&44“‘)3 Ay g odd \)ia.aja.awa
3 gkl g IS 55 G5AS

ol - sl ) @):Mdbwdj\.ggg@jptcwl

13 .(lime(k) —0) E- ) ljﬁo.hjwwm wubvm..»

kK >0

Cawdts poaoes dims(k —1) >0 o5 L .(lims(k) -0

k > k —o0
T el g
lim o(k) = lim (s(k) + ps(k —1))
k—o0 k—o0
=kI|_r>r;s(k)+ka|_rﬂos(k—1) )
lims(k)—0
lims(k-1)>0
B T S e
V) 5 (19) Golas (53l 8 @ 4 5L 5 poo S 4y Jsl 45 0 25340 b

T dial s St 55 5 (S a5

lim (k) =0

O(k) =O(K —1) + 2 *as(k)

—sk=20 L §(k) - Ok -1)

(*Y)

AV (k) =-sT (k)(1+p)s(k)
#2570+ (1+0)s()
&7 (K)IAE(K)
+%(é(k +1) —#(k))" A&(k) vy

iy (k)(tanh((mT(k)) )T s(k)
—@ (k)as(k)
+0" (k—)rA®(k —1)
+% (@T (K)-0 (k —1))rA(3)(k -1
—s" (k)d(k)
1l eal (YY) o)y g 5lwesl b
AV (k) =" (k)(1 —p" p)s(k)
+%£T (K)IAE(K) + %éT (k +1)IIAE(K)
—£" (k) tanh(as ' (k)) s(k)

—0 (k)as(K)

+% O (k—-)ra0(k-1)

(YY)

+%(:)T (OTAG K —1)— s (k) d(K)

el s 55b BB 5 S s (YY) el
AV (k) = —sT (k1 —pTp)s(k)

A Ag(k)
= T(k)“( ~Ltanh(ae" (k) s(k)] AR
+E@T (k +DIIAE(K)

+% 0" (k—-)r AO(k 1)

L AéK-1)

—r-lxs(k)
235 g0 4 (YF) dlasly 55 (W) 5 (V9) Gy ol 6 6 iK1 L

AV (k) = =s" (K)(1 —p" pys(K)
+&" (k +1) tanh(ao " (k)) s(k)
+ 07 (k—1)as(k)
—s' (k)d(k)

+O7 (k)l“{ J sT(k) d(k)

(Yo)

woss i (Y0) lae Ul abem o KT ([l <1 552 23 S0
S5 OB b 03 5 ome e ke b 25 cameats 53 0 pulal 5 ome
Wl 3

( (K)(tanh(as" (k)" &k +1) | _ )

+sT (K) MOk —1) —s" (K)d(K) |

| Ren i & il gn ) o S8 Ol o (V) daly & 4 5 L

‘5C,...C:.aQ)L.&)JsﬁW}\(Y?)‘dﬁngJb)J;\éw,)}i

. L' s(k)
o > P ———
L1 sl

Journal of Control, Vol. 16, No. 4, Winter 2023

VE Y Olies F o jlod (V6 llor o J =S e


http://dx.doi.org/10.61186/joc.16.4.27
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.4.3.1
http://joc.kntu.ac.ir/article-1-930-fa.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1401.16.4.3.1 ]

[ DOI: 10.61186/j0c.16.4.27 ]

b LI (s Sl 63055k (b f Slagtens (6 S SUU & 4l ) pesesls (Rl e J S Al

fﬁwcu‘i)bbl.?n

o b5 OK) ce(k) sl gl e adgl pslis o Y
AL IS (Y1) b s S5k

Ld b Sl 534S0 ST T e St (Gl o 5o o T

[l <1 55 Soba p g ot sl ous
3580351

V) sl Gollas sl a5 o 2530 e daloms O

(1) abasl, S 4 PIM slawys puains 7

(V) Golss 056 &Sy (S35 s 5 e Y

(10) abayly ¢SSy J 28 IS dloms A
S PNE S 031l slaesls LS WA L0 L;ur\f RS

Silwdmd LS -¢

o 03Ul ST s S (golgiiy iS85 Shes 031501 ) shte
~dde (535 g1 g aedls SlaediS U B Lol 2 oS § pdsn nl e L0 g0
M5 5 Gt dolie (25 ol 53 M lipd (GGluesly (Aly sl
SVslas 58 0 & ESSL an e sl Jde 5 5550 (glaesls

D5 el Sl ST A 2 SCalys

Dl Sjle ¢S6 aw o Sealss SYslas

dh,
A I =Q; Qs
dh,
A ? =Qy3 - Qg
dh
Ad_tZ:Qz +Qqgp —Qy )

Q,=az§, Sgn(hl - h3)(29 |h1 7h3|)1/2
Qg =az; S, sgn(h3 _hz)(ZQ |h3 - th)M
on :azzsn (Zth)llz

ok F5Qy S50k - E5 Qp SVolae ol
hys hychy o 4 ¥ eSS6 51 0L 55 Q) b S 0 Y 6
g s s e Qy Q5 Y O CeSb s mbe gl s e
oA Ol azy (1=1.,8) ) Glacaey s 0L

gl A =1540M° (L] oy ohais sl § =050M° daeSS

«Vslee ol s el 21§ Okt § = 981em/ s’ 5 eSSt ek
5 (a6 a8 o il o ) Q) 5 Q) s ol Slas35)5
ol 45 303 Doy blotd 48 815305 (oacm ) Ny 51y Mo s
SCoan 338 o Lol sl 100+ Soke (g (g5lwdend 5 ol 436 )
33 Sl g Sl Gh3) et ) Sl oS 2SI
w8 Jaiys Jols Salys Olea hy ol gl et Ny Shy s >

Db i m 25 Coson ol ids Glams & 355

PIM Observer
—
ak)
o) d, (k)
Ya (‘k'lG\ Sliding k
+/ surface ) yik)

DDASMC I System

Yalk +1) —————

N

L;;Lg;:ﬁax;fgjj:frljfkpﬁf‘,l{.\&g&

Pump1 Pump2
A
[ r st

Tankl Tankd | == ==
Tank2

s

a9i
L’Qn \—' 2] \—’ 230
[ eSSt g Sslas ¥ S

&(k +1) = #(k) + 2l tanh(a.s” (K))s(K) .
SO0 gk +1) — 8(K)
SIS SIS o b cwamen s PIM s 5l slawl s aoe 53
REGLW
$lp Sy polie S 2l (10) J 28 WS 4 5 LI dr g
O 555 a5 Al Sl 5,50 (YO L5 5 & 5 O
Lol pabm ol 4 A dal g S8 IS Ol S S 4 e
5 E i el s 235 0 ollas 2bay U5 el
S oS N capilir b o I3 Ky o KT kil 85 (6l
ol dhaor 125 bl o 207 ) Kos o sl T il 55 ©
o5 LI Sl fae ol Kes S 555 2 (VF) 5508 056 s
3O Glasls sl sl olie sl F 5550 o5 adiy
350 e b ool 5 St Sl b s #lb il )3 ST €
355 e S5y o0 B g ol (S 5576 5 55, ) aalllan
bl IR s el 5 il s 5 oS U 25T U5 o
EL 5 (YA) b s oS 508 o 614655 4 A Sl ¢ pnr
odki 3130l ) K8 3 eds b oS S ol Sls oS

Zwiﬂja)yqd;%awdﬁfﬁ)}iﬂ ol

y(k) 58(K) cugg(k) cUg (K) sl adsl sl o )

Journal of Control, Vol. 16, No. 4, Winter 2023

VE Y Olies F o jlod (V6 llor o J =S e


http://dx.doi.org/10.61186/joc.16.4.27
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.4.3.1
http://joc.kntu.ac.ir/article-1-930-fa.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1401.16.4.3.1 ]

[ DOI: 10.61186/j0c.16.4.27 ]

o b LI (s Sl 63555k (b b Slagtes (1 DB SUU & 4l ) pesesls Rk 5 jAMe J S

‘fﬁw&qh):bw

0.02
r= y=09,T =1
0.03

Q,(1)=9,(2)=0
Q,(1)=q,(2)=0

h,(1)=h(2)=h(3)=0

h,(1)=h (2)=h(3)=0

h,(1)=h,(2)=h,(3)=0
2348 5 5bolen Glodi o313 QLA BT (gla K ) saTamsa s
Er sl senal s BLazkl & Lol 53 (sl Labia ¥ S
S 4 5,8 Ol e 43 DDASMC suiS’J 257 nlosls
SIS o 03 g el S B 35m ) 5 el 285 s
4S50k (ioman ol 0 i e 5 g 3 Shas 4 e o
@olgihey 0SS > L) @ 5 Slas cas o Ol S )
S ST e Re )3 (6 08T Lo 4 Olaj Do 53 5 Lol o shlae
53 Gty S U S (rtoman ool 28l o lan s 4 S
5 e L szl shls MFASMC oS 287 | anglie
g 4 s pla i T (155 0) 5l 3y 2 See
—JRS s Slae S 015 e B S 4 ar g b Asl e (o3l 5 oy
S RS I 53 K oy iS55 DDASMC sutas
WS J 2SS il s opl Cles ST s sl
o Lia ks cas SRalS 1, oKy o Wil 50T 6| MFASMC
6 SMia Caads o 0 pl Sl ety 5 Sl T o
el el D b3y > Sas 05 65
L dlie ol @olgity ooy 53 LAl SIS Cul s Jlasai & IS
Osls &5 0l 55 pd gmotalin IS ol 534S sboles e e 0L
ol el B g bt s > Shas ey BT 5 s gmal
oA @IS 0ls Rl e by 4 e clie s Sles
Sl sl g ay plizel 0ols 55 0l 5o osllas (g 5 4 ot
Lodaly 5o & o0 51 Ks (S copmer Caslodd (5 2l
IS I 58 4S5 0303 35 ey s smesnenls (laodiS'J 28
St el PIM ol 3 o5, slatlys i 4 o) Kan il s
ool dlin cnl 55487 (s o ¢y nlinl ke 0586 31 e3lizl s 4
el 0k

e Sl 4 5 L 03 53 o 0talie (D) F IS 3 o875 sb0len

S shailan Ll 3 5 o ghtn o8en g Sl ) Sl bl il
odies) Cpaiss alie (0] oS 1S )3 el e () F i o
@\;sagu.x};@&\,de,;,w;ﬁwéw,;
o I (@l gl Open) MFASMC cuis'J 28 55 o
(momar ol ootz PIM Godss 0 56 03557 s g1 [10]

0.35 k <500
hy(k)=105 500<k <1000
03 1000 <k <1500

0.2 k <300 v)
03 300<k <700

2()=1025 700<k <1200
02 1200<k <1500

b LSt (s Obr b Sl Sk el Ges
D] Blodsbld 15 &ypon @z, =1 35 iy

{0.9 k <300
az, =

0.7 k >300
)
0.7 k <800
az, =
27109 k >800

e sl b oletn ey e s Shes 03l Ol skt
SlaeiS =8 s 5148723 8 a5 o [B] o o 20 b ang i
slaazl U [0] 55 edsaslyl isy canlsl 55 sl jgmusenls 55A) e
DDASMC? jlass| b dlie ol 55 (ool 53, s MFASMCY
Gl oo SIS s O] e s sk o0l
[v¢] > S il 056 50T oMo .l 0kl w8 biys
oS opl Blae .ol oddoslizul PIM (slaalys e (6l s ¢ o diial
el e ol 3 Solgiiy s ) Fedamn sl [0] 2 s
ay o551 ool Slatlcgalgin oS J ST S slie (g ) skete
lie 33 8 o Jlesl LeSSU 4 436 Qv e dasd )3 ze /08 amls b

b lpl p 3lgiig o diSJ 257 (b 53 eslinal 5 50

[20 o} {0.1 0 } [0.01 0 }
M= , T = A=
0 20 0 02 0 o001
IR REEN
0() =0(2) = , o= ,e) =¢(2) =
0.15 1 0
[0.5 0 }
n=
0 0.5
- o [m@=n(2)=0
{g(i)-ql(zz)-c; 0 n ()0,
Q=00 | T

Sssbe [0] g po 0iS'd 8751

u=084, 7=09 q=094 A=0000L p=1

X R R 0.15
o,H=2,(2)=2,0) =
0.15

. X . 0.15
©,1)=0,(2)=0,0) =
0.15

1 Model-Free Adaptive Sliding-Mode Controller
2 Data-Driven Adaptive Sliding-Mode Controller

Journal of Control, Vol. 16, No. 4, Winter 2023

VE Y Olies F o jlod (V6 llor o J =S e


http://dx.doi.org/10.61186/joc.16.4.27
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.4.3.1
http://joc.kntu.ac.ir/article-1-930-fa.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1401.16.4.3.1]

[ DOI: 10.61186/j0c.16.4.27 ]

b LI (s Sl 63055k (b f Slagtens (6 S SUU & 4l ) pesesls (Rl e J S vy
L:’J’ dases ‘QLL)DU L._.w

Adaptive switching gain

Sliding surface

Sliding surface

S 25 (0) salgiey DDASMC a8’ J 28 (1) o 30 el ¥ IS5

0.08
0.06 ;
0.04 4
0.02
0
0 500 1000 1500
Time[sec]

e S5AST ol b S

o
B

e
>

=)
N

0.1

0.08

0.06

Pseudo Jacobian Matrix(PJM)

0 500 1000 1500
Time[sec]

0.5

1 4
~
)

| 20 40 60 80 100
500 1000 1500
Time[sec]

(o)

Pseudo Jacobian Matrix(PJM)

-0.5
0

(<) DDASMC oiS'J 28 (1) 55515 s s jle slaasl s £ S

[6] g 53 MFASMC oS J x5
=
o i r [N N I\

0.06
0.04

22 m
-0.02

800 850 900 950

0.4 L i
L] 500 1000 1500
Time[sec]
M
0.4 T 1
SH 7521
0.2 i i
olf " 1
-0.2 ! -
0 500 1000 1500
Time[sec]
(<)

<
2 T
|
=
2 0 |‘ f
3
€ -0.01
3
g 0.02 4
-0. 10
) 5F
-
5-0.03 o
@
2 -0.04
[ 10 - -
] 750 800 850 900 950
£ -0.05 -
a 0 500 1000 1500
Time[sec]

LU b sl as e sl A S

il 0] e Bs5 53 38 sl OIS e (0) 7S @ 5L
Sl e gl olie b 5 25 il (g9 4 oS T RS Olechs
s GG & i Ll 5 o Golas 056 KT 25 St PIM
Sl edlin opl 55 @olgibn Godss 056 55 & J s .35 wdils
e b o 355053 S Kos o5t Sl e PIML )l
denlon 53 ol S5 53 ciman 3 3 s PIM (olaalys o
Ok) gl o (®K)+0) ol 5 10) s S
I 054G 51 @ Cpme o o 5le OT 3 &8 035 oo 03lizal
Glawlys (0)F JSE 53 48 3y50 opl s S o (6,8 o J S
Al Sl eslial 0355 oo 4SS J 8 IS Ll i3 g0 i PIM

el ol Codom @ s Sl (s ) 53 oS Jl= 3l @

0.6¢

—DDASMC - -Y,—MFASMC

_ 04
£
<= 0.55 1
0.2 il
0.5
0 | . 900 920 940 |
0 500 1000 1500
Time[sec]
M
0.4 | .
0.3
£
A 0.2 —
=
0.1
0 J
0 500 1000 1500
Time[sec]
(«)

e~ (D)) wu&uﬁ)ﬁm&uww@»@}ﬁm&
Y o les oSS

25
— 20
o
Q
L 15
&
R0
o 5

0 I 1360 1380 1400 1420

0 500 1000 1500

Time[sec]
M

5" 105 WAL
L e —

1380 1400 1420 1440 |
0 500 1000 1500
Time[sec]

)

E5 (D)) 05las &b 4 633,55 Ol 5 (1 J 25 el ¥ S
Yoled &SSb 4 (63955 O~

Journal of Control, Vol. 16, No. 4, Winter 2023

VE Y Olies F o jlod (V6 llor o J =S e


http://dx.doi.org/10.61186/joc.16.4.27
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.4.3.1
http://joc.kntu.ac.ir/article-1-930-fa.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1401.16.4.3.1 ]

[ DOI: 10.61186/j0c.16.4.27 ]

v b LI (s Sl 63555k (b b Slagtes (1 DB SUU & 4l ) pesesls Rk 5 jAMe J S

‘fﬁw&qh):bw

4 035 ) e pb g Cute adsl e apiler OT Gl ol
o) e L olT 05 8 Sl oS5 oo ilo slaw s gy Gio
A el i g e s ol K05 o Sty i e
el IS I 08 S5 5 6, s 55T 5 ol ol domt
o il Ll Sl L i 056 SWSTh (imas
Sbals @IS DBl 4 by i gm) Ao e 00555
etz =S 1y Jyltie (6,1l ST I (o sST5 a5 e e
o 83 6315 Olye sl 53 LSBT el
Sl 5 el cf; by & wi &l ik O sea S50
S el p Ol jan s s il S L (B s o K o
B e By Joke & Oy 056 (b (Sl imen

&y

[1] Weng. Y and Gao .X, 2017, "Adaptive sliding mode
decoupling control with data-driven sliding surface
for unknown MIMO nonlinear discrete systems,"
Circuits, Systems, and Signal Processing, vol. 36,
no. 3, pp. 969-997.

[2] Weng. Y and Gao .X , 2017, "Data-driven sliding
mode control of unknown MIMO nonlinear
discrete-time systems with moving PID sliding
surface,” Journal of the Franklin Institute, vol. 354,
no. 15, pp. 6463-6502.

[3] Gao. H, Ma .G, Lv. Y, and Guo. Y,
2019,"Forecasting-based data-driven model-free
adaptive sliding mode attitude control of combined
spacecraft," Aerospace Science and Technology,
vol. 86, pp. 364-374.

[4] Xu. D, Song. X, Jiang. B, Yang. W, and Yan. W ,
2019, "Data-driven sliding mode control for
MIMO systems and its application on linear
induction motors,” International Journal of
Control, Automation and Systems, vol. 17, no. 7,
pp. 1717-1725.

[5] Wang, Li. X, Wang. J, Fang. X, and Zhu. X, 2016,
"Data-driven model-free adaptive sliding mode
control for the multi degree-of-freedom robotic
exoskeleton," Information Sciences, vol. 327, pp.
246-257.

[6] Chen. X, Li. D, Wang. P, Yang. X, and Li. H, 2020,
"Model-free adaptive sliding mode robust control
with neural network estimator for the multi-degree-
of-freedom robotic exoskeleton," Complexity, vol.
2020.

[71 Wang. R, Wei. Y, and Chi. R, 2020, "Enhanced data-
driven optimal iterative learning control for
nonlinear non-affine discrete-time systems with
iterative sliding-mode surface," Transactions of the
Institute of Measurement and Control, vol. 42, no.
11, pp. 1923-1934.

oS 128 55 (6l Uas 3llan a5 IS Slie 1 Y sl

SIS h o, IAE h, &l IAE i
DDASMC 1.8961 2.0022
MFASMC 138.4482 140.6280

I | |
0 500 1000 1500
Time[sec]

(Y2) ol by )y & S

23 iy S U RS 5 Shes o S Ol VIS 4 e sl
o ol o sl [B] o o 0 2L i 53 (8 2 ralS
b Ol AU Ol e 53 55 e e i 056 & Lol
Cro3 4 A IS8 53 ol (G5ST lal b a3y ] S
Ul a5 0 Joblis o5 058 e3lil o Ol Guss 15 31 amilir 3 55 o0
3 sl sl (sladle 53 candl bile oo (B e 4 e LU b
g e b bl s (a8 GOl bd AU Sl sl (ol L2
25 N e gl s S (IS S e b
oslgan (YA) L5 (ot 5 s Jgb 53 o8 das o DL A IS (opiman
& os Jlesl ilazel YU 018 4 4 5L S Sl 4 ol 0395 515
v (S P S 0 UM e AR Y2 S g
o)l 5ea(eKsy T L) (tanh(as' (k) &(k +1) + A@(k —1)
e S OIS o ) S S
IS a1 cods Ll SlaediS 28 o comlin alin 5l
bl ol a7 558 o0 o3lizal (IAE) Was 3llas ;8

1500
IAE = > Je(k)] (¥F)
K =1

S8 4 oS S8 53 6l IAE o aslons 000 ¥ s
AU s Sy 35 Sater Sl Wl ol e e OLS s
(Uat) Il a5 o 58 b &80 203 GRdss 530S g

e o Ol sy

S 5 4om —A
Sl oS a ki e i Gl r-?ﬂ)ji” las opl o
Bl aesls e kS =S 5 oS5 Ak e le sl byl
polie Ol y3 g S Al S 4 e 58T 5 o) ..,\4_5;
Loty 5o alte Sl 3 sliws L2alS ¢ immen i PIM ol s sl
A 30T Cadle 035 St 5 (S e e Sle D0 (5 8

ST L 5 L oy 056 L 15 el 55T 5 opl ke ol

Integral of Absolut Error

Journal of Control, Vol. 16, No. 4, Winter 2023

VE Y Olies F o jlod (V6 llor o J =S e


http://dx.doi.org/10.61186/joc.16.4.27
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.4.3.1
http://joc.kntu.ac.ir/article-1-930-fa.html

[ Downloaded from joc.kntu.ac.ir on 2026-04-27 ]

[ DOR: 20.1001.1.20088345.1401.16.4.3.1 ]

[ DOI: 10.61186/j0c.16.4.27 ]

b LI (s Sl 63055k (b f Slagtens (6 S SUU & 4l ) pesesls (Rl e J S ¥A

fﬁMcq\i)bLL?n

[8] Zhao. K, Yin. T, Zhang. C, He. J, Li. X, Chen. Y, R.
Zhou, Leng. A, 2019, "Robust model-free
nonsingular terminal sliding mode control for
PMSM demagnetization fault," IEEE Access, vol.
7, pp. 15737-15748.

[9] Liu. M, Zhao. Z, and Hao. L, 2021, "Data-driven
sliding mode control of shape memory alloy
actuators with prescribed performance,” Smart
Materials and Structures, vol. 30, no. 6, p. 065012.

[10] Liu. D and Yang .G.-H, 2017, "Data-driven
adaptive sliding mode control of nonlinear discrete-
time systems with prescribed performance,” IEEE
Transactions on Systems, Man, and Cybernetics:
Systems, vol. 49, no. 12, pp. 2598-2604.

[11] Liu. D and Yang .G.-H, 2018, "Performance-based
data-driven model-free adaptive sliding mode
control for a class of discrete-time nonlinear
processes," Journal of Process Control, vol. 68, pp.
186-194.

[12] Liu. D and Yang .G.-H, 2018, "Prescribed
performance model-free adaptive integral sliding
mode control for discrete-time nonlinear systems,"
IEEE Transactions on Neural Networks and
Learning Systems, vol. 30, no. 7, pp. 2222-2230.

[13] Hou. M and Wang. Y, 2021, "Data-driven adaptive
terminal sliding mode control with prescribed
performance,”" Asian Journal of Control, vol. 23,
no. 2, pp. 774-785.

[14] Zhang. W, Xu. D, Jiang. B, and Pan. T, 2021,
"Prescribed  performance based model-free
adaptive sliding mode constrained control for a
class of nonlinear systems,” Information Sciences,
vol. 544, pp. 97-116.

[15] Wang. Y, Hou. M, 2019, "Model-free adaptive
integral terminal sliding mode predictive control
for a class of discrete-time nonlinear systems," ISA
transactions, vol. 93, pp.209-217.

[16] Hou. Z and Jin. S, Model Free Adaptive Control:
Theory and Applications. CRC press, Boca Raton,
2019.

Journal of Control, Vol. 16, No. 4, Winter 2023

VE Y Olies F o jlod (V6 llor o J =S e


https://ieeexplore.ieee.org/author/37086639336
https://ieeexplore.ieee.org/author/37533385300
https://ieeexplore.ieee.org/author/37071211900
https://ieeexplore.ieee.org/author/37086639203
https://ieeexplore.ieee.org/author/37086640326
https://ieeexplore.ieee.org/author/37086639706
https://ieeexplore.ieee.org/author/37086639706
http://dx.doi.org/10.61186/joc.16.4.27
https://dor.isc.ac/dor/20.1001.1.20088345.1401.16.4.3.1
http://joc.kntu.ac.ir/article-1-930-fa.html
http://www.tcpdf.org

