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Increase of Sliding Mode Controller Stability Limit

A. Zaery, and F. Sheikholeslam

Department of Electrical Eng., Islamic Azad University, Majlesi Branch
Department of Electrical and Computer Engineering, Isfahan University of Technology

Abstract: 4n important consideration in control issues is control of nonlinear systems. Sliding control is among those nonlinear
controllers that can control the system desirably in the presence of unstructured uncertainties of carelessness in specifying
parameters of the system. In sliding control, also called Variable Structure Control, the main objectives of the controller
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are achieved by introducing a sliding surface. One of the fundamental problems which may occur in sliding control is the
chattering phenomenon on unwanted oscillation around the sliding surface. Different solutions are introduced to eliminate
chattering. One of the commonest solutions is using a constant boundary layer round the sliding surface. In this paper, efforts are
made to reduce chattering and to increase stability of the system by varying the sliding controller with a constant boundary layer.
Finally, the mathematical model of a pendulum/cart in the presence of uncertainty is developed and the result of the simulation of

the introduced controllers are compared.

Keywords: Nonlinear Systems, Sliding Control, Lyapunov Theorem, Chattering, Pendulum/Cart.

sleds V] rre seS J 28 5[ 5 A] (550 S J xS
&‘H‘ LJ}_.ZVLs_A dl_ub e U_’| BE] ASL;QM NGV TS W+
el ollng fals oo b sleaes J 28 g Il
Js kel |M|)#d‘§‘ﬁ‘w“5&}uéﬁ¢wd?
Sl (JES 056 G 5 2550 (o (A Slae S
e b e DL LU s i, 51 0T ol S
JS b esleiy o553 cwdﬁaﬂw¢@|ﬂ}aw

J}&@ AM.‘ILEA d)‘JJ.A L;.I:ij &Lﬁc.)ws

dj-s d}-’u u’f‘“ -y

PSS s ) ) Seelis Uslas
XM = £(X)+b(X) u )
Il Sls s X(0) =[x(0) %(8) .. xPD] slas ol s
S e ——15 B(X) 5 £(X) 255 u() eR
Q)‘)—J U_i‘ BE .)b\_n:)l-’LfA g:,._:&]a_g (aJ\_S‘« 6‘)‘2) Lﬁ_]a}fp
S Gl X =[X() X)) XD T exn

Comnd 55 31 J,28 050 o)l sen 5 28 ) 50
LY 3l Galed o5 oot 0T Ol 55 o 45 555 00 JS0E5
U=Ugq —U; Q)
Jj‘ 45(5’)).5 )\ L;‘MM';)‘ @‘Q)L& ueq c(Y) :da_:b BE
i s S5 e A 5 558 Jlesl s 4
u_,_UaA 9 S x(t) =y Aol aals 8
e O 5l Sole Uy ramen 353 0 | e xg (1)
5 S5 13 i e (55 pees S 8148 (53555 )

VWAG ddoal (¥ 5,Les YO I«

dndke —)

O35 ot 8 Sl &S J 28 Gleds) e 5 S
il 250 S il s D3 pslhe sl L e |
53 e e i S 1 S U g0 o
b g Sl o iS J S Sl 53 65 Jlei b oy ol
250 Jls ke 5 sba JuS Slial o)l gen U5l oo pnms
Th So p e Jseme pate sl b glaeisd 28 s
L ool an 45 558 0 iy 25 (gl S e ) 5 Ll 53
3y e lial Ol g O o s L= 00 5 5
LNV S e sl p 1 d xS

318 050 Ygeme J 28 Slaal szl o350 ) 5
B W PRGN DL PRI - S FE VRGN R
=8 5l Cans &, Olsw Aas <=l>,;:\ Iy 5
3l 1y s s e e D0l Sy 22
T G g Sl o B Aby Sos e
NEX vl;,;,\ Ly o™

Wl garel s prs (Salus SWolee &Sl 4 a5 L
535 ley Bl A5 sl (655 S el e D
3 S A 3 e il Sl SUL g s OF GLb
e s el () laekiS xS olae o el
S Js b osdlae o 2 LS o ot (s 2 4
S0 Jise SleKanlys s sl bl oyl ol Sas
S 5 e SOMRLL 5 g e VL S 3

S Sl anl b Sblv s pl &85 sl O ST
=S V] ie 5 ol (g5, Y Sl eslinal Wil (50l 5

V5] ks 508 J,m8 [0 58] ISl Lasad sus

Yo


https://jame.iut.ac.ir/article-1-401-fa.html

Downloaded from jame.iut.ac.ir at 23:14 IRST on Wednesday December 8th 2021

(O aal, 45 &
B

Ay -A>2Fel (Ov)
SN S 3 ol 018 s s, e o e A
SV F W.J&MU;‘-MJ@;EJSM{J@):QT;.;M\
ol e (VY) I (Q) ol 3 5 5d e ool (V) alasf
) bes ol Sleslial b5 s Grie 058 305 L oS ol
534S il 53 68 5l s Sy 5IH(Q Lkl
s omlas a5, 8 I arg o, LLP Qb
pad ol bt il oS Lpd Ol sk Ll et
Coomw 0 S iite 45 W Eel g aili on sl 5 |y il
X(1) mdly o a3 5053 e i) e
b ey S i ) Xg() osdhe s Ll

‘w‘aﬁca‘éc_@jf)l.@}fdi}u.).: P)Q WL\.&

RRLY d,*.S L.SJ‘"\'.’.l?, u.wjﬁ—i

S2

V(S)=7 )

My@gucudmsmsql:@|gtsw
- 1ds? .
V()=———=ss<0 (\¢)
®) 2 dt

_B
s§ <—Als|e i A,B>0 (\o)
.Jo)_.IrU_S.LZ.,LA‘j;-\)iAAJLAWMS )o.l&@méj
ilaly Coson Ol5 0 () J S 056 e Gl 1 o554
n=2 ASV_:_,SLSAJ&J&‘M;,.ASQHJW))‘Q).L

J—>) CJ)‘)JM ueq )‘J\.E.d n=2 é‘fASb‘J QLLJ Q‘};&A

[V] 555 o0 aruloe

Ugq = 61 [f(X)—X §+5§d] )

.b.b)j‘j.xﬁ&c.&.&u b) f&bﬁ)&/ﬂﬁ)fﬁ)&/ﬂf\f
Aol o st

fmin + fmax 4)

2

f:

1

62 (bmin'bmax)2 ©)
il 2 Sl el L b(X) =1 (23 L uy Jja8 046

[V] ol aeslee LB 55 )50

up = (f(X)+n )Sign(s) Q)
F=max‘f—f" V)

el pomell lad oLl (55 S5 Sl (V) alal; 5>
i 5 Dot pLil LU () daly 55 romen 8
R
1 s>0
Sign(s) =40 s=0 )
-1 s<0

Ldor (J S 0P S (B Y

gl o s S o sy LS (ol o il
(S oo Ol 25 Dot (V) daly gl 4 J 28 056 53]
u=ugq —Q(s,X)—Ps @)
g e daales (0) I (F) adaly 5l ugq OF 534S

_B
Q=F+(1+P)Ac " Sign(s) B>0 (1)
p-_% o> 0 (o)
Is|+ o

VWAO Ll ¥ 55Led (YO Jlo (JDiza


https://jame.iut.ac.ir/article-1-401-fa.html

Downloaded from jame.iut.ac.ir at 23:14 IRST on Wednesday December 8th 2021

B
(F-f)s+a+PrAke M <qQs (v1)
s coahe bl s b sl (3 il DUl
JJHA_}KUzJ‘,_]aA_zM)_AJJﬁMM)J
P35 B e
s>0 (<l
) Sogmeas 1 (T dal, Ol o8 005 e @ 4 550
sals Olas

_B
(F—F)+(1+P)Ae (YV)
as gylal b s (V) adaly ool 5 L s sd ol
c}aa@w@r:mm&l?-)e“)‘);f s>0 LS‘;’U-’L:’[:J
Sy | Sen 5
s<0 (&
Byt

_B
(F-P)s—(1+P)Ase M <Qs (YA)
POl Ol e ddaly i b sl AL

_B

(fF-F)-+PrAe M >0 (Y4)
il (V) Aaly by Q s 4 b &S 555 (55 S
(YC\)L]G_:‘))J(\')Z_]aa|)w)§il_>t_>g:))‘}_.éu_>‘)i

:V'i)"
B B

(F-F)—(1+P)A>e I >F-(14P)Ac ()
AC,\_w‘cJ_,wuij(\\)‘\_bb).ﬁdp )‘J-S.AMA}}SL

e Sooslsen Pl e o8 558 0 jaiie ot
el O Ol e 1 (Fe) daly cpl Bl Ll e
sals plas

X B B
A= pe b Iy

F —
> Al

\n
1+P 1+P 1)

VWAG ddoal (¥ 5,Les YO I«

SR PRI
s=(D+A )X )
OlsS s ) &ead ioman 5 O Sld b s ax 5L Jl>
(08) o5 bosass s ol glaSalyu Jas o6

R BI

JaS 0508 S1a K ks 1y (1) Solos SVsles 14l

3pdeld Cieo s (VY JI (V) Laly,y o
ol S, (V) ity a5 glanl bos o80T

b | Nen i e o 4 (s DU

X=f(X)+u &t ptopw S > o Sl

i Ol e (V0) Bl G o80T 55 a8 ki

s=X+A X (V)

Ll o st 3 S pon S G cnl b

§=X+L X=K-Xq+L X ('A)

:VJ")‘J (\/\) :dmb BE X )‘J\.S.A é)‘.glkl.v

s=f+u—Xg+1 X (%)
ST 555 eals 13 355 dal, 55 (A) el Gb u lais S
§=f+ug—Q-P§—Xq+A X (Y+)

01> G e Sl Sl @ e 5L

Ugq =—F+4 X - X4 ()

by Ols e S0

s=f-f-2 §+Xd—Q—PéA—5id+k§ -
=s=f-f-Q-Ps

S 5d g aeS (YY) dslas

1+P)=f-f-Q (YY)

sl a bl

sézﬁs—&s (Y¢)
1+P 1+P

iy oyd IS (18) daly 53 sdel cosas dal, S

:.\Jda Cwddy )
. _B
f_fs— Q sS—A|s|e i (Yo)

=
1+P 1+P

Bgs ol S cl B8l Bl

YA


https://jame.iut.ac.ir/article-1-401-fa.html

Downloaded from jame.iut.ac.ir at 23:14 IRST on Wednesday December 8th 2021

2 g 0 S
. M.g.sinx — m.L.x2.sin x
- [am
L{ —m.(cos x)2 }
3
coSX

+
L{‘g\d —m.(cos X)Z:l

1ol ﬁ) g_)))...oﬁu uj'l.ﬁbli )\.Li& (Vo)abb L

(Yo)

u

e =) M=1Kg (als J5b) L=1m. 9.6ggslosﬂ2
(JsLl dlos fﬁ) m=0.1Kg «(«l,l

2 5o sn el 8,8 ;a5 (Sl el 5o
a5 83 gd e 3 glacals b s C}ﬂ&i)'l g syl
el 0l o3lizal O (gl 0k

Obe (M) dkaly b as u suzs J =8 =1 b ¢l
534S anl Gb s pd e 4t 5y Ugg Al 4 Ul 0355 e
Cmwsiss (1) bl 5l Ugq I (o350 aJlis oo i
S 5 Sl s bl b bl e ol s e
Sy el 5 iy b &b

9.8sinx —0.1.%2.sinx

f= . (1)
. 0.1(cos x)2

Cmwdd ) O gody Ueq GU )U-E-ﬂ Léjﬁ Ja—.")) V:SJS ).‘

g —0.1(cos x)2

u
€
q COSX

rv)

9.8sinx —0.1%2.sin x .
- -A X+Xy

g —0.1(cos x)2

S o S5t e ) (Sl S ol sleand o
Olad Uy Xy eioman g w0l 155 0.2 ol 5 A Hllde
e o gls lane a4 3l psgde 55 S sllas
220l iy S al b G o el e Sae JstiL
s LS e B adsl e e sl sl

ol 0 43.9;

ARRY

L85 S Ol e (M) iy 055 esla L
. B
F-(f-f) Js

Al—AZ—“_P € | (¥v)

Ap L 3l Golo s<0 Il s ald Sl gl cpl Rl
Ol 02 5 Al s (TY) ddasl) 4S5 58 bt (6,50
5 48 el e olis Oles $<0 e 43 Q ke & s
NGO PN WA St S INOY SR

(Y4) ddaly oo odle o iy 53 48 558 o8 S
SBOT (il —F il £ luda
B
g

e‘ )

2F
Aj-A2
1+P

el s DU S Ll G daly S1opl b
D S 5 s e ol s PGUJ\.&»&%\A{&)JL.
A b oplple e, OF) sl 0 015 ol ol 5,8 o0
ey oo OLL 0 anzs U ()5 () Sl g5 8 0 S
G Al s sl eslinal 5 Gb anad 3,8 hins L
Ll 3y Ll s Q ST 48 238 s 0151
in;@)wgtﬁ;,_;ﬁ\g@,uw«{s s
.JJSL;a JL:J I Xd(t) u}.UaA ST «x(t) TS
ol oslarwl Sgn cl:)'l(h)i]a_i\)):&;i\g«;;jsl{
Zgaﬁﬁd\ﬂ‘iw\@uwl}g&jbw\
3 355 e o3lial gL GU;\(M)&{UJJ Lol oble g
_B
Q=F+(1+P)e " sad) (re)
¢
A)M&wjfjbjawjdclawd?ﬁﬁ

Solwands =0

V.:.o..._:w ol 0l g_)l};'l;‘ LSJL.M‘\.;.«M LS‘JJ ASM
o el Ol O a3 oS ol e sSre J3L K

VWAO Ll ¥ 55Led (YO Jlo (JDiza


https://jame.iut.ac.ir/article-1-401-fa.html

Downloaded from jame.iut.ac.ir at 23:14 IRST on Wednesday December 8th 2021

10 20 30 40 50 60
t (sec)

d}‘ uf-':})):u(t) ULy d,‘.'S 83319 (ATJ—\ JS..I-

(0)=15")

4 2
——.1(cosx
3 (cosx)

U=Ugq—Uy =
cosX

9.8sinx — 0.1 .sin x KO
- -AX+X4

i—0.1(cosx)2
3
B
0.2|sin x T
L _{H “ }A :
——0.1(cos x)2 ‘S‘ ta
3
Saff S |- %
0] ‘s‘+a
VO L ol adsl Ansly oS 558 0 53 Jsl ol 53
o el sl IS g0 b g L oS AL a s

a8 D son e U des  Jdo

S eSOl 55 (gluand wteew (Jsl Sias g S

=155 9=0.05 s 45 2ol o cosa (YY) il
LoX Gl sdms olas (WLY) K8 Sgo ool L5 ool
el U IS s Sl (Co)) e 5wl .6
Golwtnd pm lis pl 3 (ga3lgidy B, 51 ST J>
o=l o3 S s i el (YY) dal, 5l uolSol 5,0
e S| A sl Dlea M 5 @ slis 5 I
g Sl 5 AL Sllie s B=0.01 coo =0.01 sl
o35, 1y S sy byl b aS U Hlade gilea s s
S ol 5 S coul ss Ol (104 ol ) S

VWAG ddoal (¥ 5,Les YO I«

0.35

0.3
0.25
0.2r
x (t)
0.151
011
0.051
o ‘
0 10 20 30 40 50 60
t (sec)
Jol SRS gy e Kl iy gly Ol uis (A -V S
(8p=15")

oS ol o eslizal Soglize iy 55 5l Up sl gl
Sl b Ll 51T o s 4 S Lalsl
e Sase L Ll s Colg s 5 350 n 4l
v

ol e RV L ) S sl eslinad (I

u=u u; =

eq
g—O.l(cosx)z

COS X

_9.85inx—0.1)‘(2 sinx_7L §+5id A

g—O.l(cosx)z

0.2|sin x| S
B —— +n |Sat| —
3 —0.1(cosx)? ¢

Ll L;‘:’)*j dj;s ‘);:)))‘ oslaiul (u
Ll eds Ol Az (F0) dlaly 4 a8 b sy 00l o
-L‘J"TLSA Cwddy )

B
0.2|si Il
Q= |sm X| + I:l & }.Al £ i .Sat[ij

%—0.1(005 x)2 |s|+a ¢

()

il Oy b ud s 056 U5 e oo ) 02 S
sals OLis (Ey)

Yy


https://jame.iut.ac.ir/article-1-401-fa.html

Downloaded from jame.iut.ac.ir at 23:14 IRST on Wednesday December 8th 2021

5
OF—
-5
u (t)
-100
-150
-20 - : : : :
0 10 20 30 40 50 60
t (sec)
r‘gb d’::'}) BL) u(t) s Jj.'s 833,98 (ATJ—V JS..I-
(0=15")
-8
-10]
-12 ‘
-14
u (t)
-16
-18
-20]
-2 . . . . .
0 10 20 30 40 50 60
t (sec)
dol ooy o3 u(t) sasS J 28 o, (Y IS
(00=289")

u_sf;s@,)“;),\_;syl,\ﬁ)\,\igu dl;—v:‘..ﬂ.ﬂ):)\,\;
2 g o S o Sk
2l s s sl ST e S J-
s sl sl (Qllg) ISs o80T 55 (giluans Wi
@l_:j.Jﬁiww:ggﬁd:)))@ﬁ(g_i)dﬁj
3lgimy Sras oS lcdhae (pl bde o el Jol
ol 4 el (g S Ko o a3 5 e s0IL sl
ng_zg.gv_SJ:;SQ)J_Sdbbé;%ui,))\}o.,\.i&.ol{f\

S S o

sdody JZals g golanl OF S el ol s alie b s

AR

16

10 20 30 40 50 60
t (sec)
r"é J,‘:S uﬁ:})): Aga"‘ :\g"‘) CJ‘,:_JJ (J‘—Y JS..’&
(0,=15")
500
450
400
350
300
x (thso
200
150
100
50
00 1‘0 éO éO 4‘0 50 60
t (sec)
Jol S8 oy 03 Kyl dgly Ol i (WY S5
(09=289°)

el IS S35 Sy (L) K
oA S S 53 pn S o Sty Gl el
Sosb Ll pd oS e Wles S xS e | ST Al
Gt o b (galgdy 8 0iS J 284S ol 0 ds Ol

Al Cs O gllas CML 4 ol sl g

i il B34S sy 3 s et s
s sl 4 eSS L AL 6 L e AQ L
S e

oLSOT 355 (g3lmad Jgl Jrgs s Jis ol S
SFAS 2,5 () K 5 s asls (L) IS
o=l s aS il asie g S ks o bl
3525 e J 28 OGl ol onls &l Ll 3 (gl s

VWAO Ll ¥ 55Led (YO Jlo (JDiza


https://jame.iut.ac.ir/article-1-401-fa.html

Downloaded from jame.iut.ac.ir at 23:14 IRST on Wednesday December 8th 2021

50

-50)

-100

-150

o . . . .
00O 10 20 30 40 50 60

t (sec)
095 o 3 () B8 RS (53955 (0 -F S
(0y=189°)

E) LS)‘-'\—’L: aS A esls OlEs u.:}}ﬂb_} CJ; e C,..:L?
Jadoly 00 &sl5 s il a) S o sy Jials

s S Sl el Sl olgnig By 53 (L s

G

. Boiko, I., and Fridman, L., “Analysis of Chattering in

Continuous  Sliding-Mode  Controllers,” [EEE
Transactions on Automatic Control, Vol. 50, No. 9,
pp. 1442 — 1446, 2005.

. Slotine, J., and Li.W., Applied Nonlinear Control,

Prentice-Hall, 1991.

. Isidori , A., Nonlinear Control Systems, An

Introduction, Springer-Verlag , 1998 .

. Chern T., Chang J., and Chang G. , “Dsp-Based

Integral Variable Structure Model Following Control
For Brushless DC Motor Drivers,” IEEE Trans. on
Power Electronics, Vol.12, No.1, pp. 53-63, 1997.

. Lee J. -H., Allaire P.E., Tao, G., and Zhang, X.,

“Integral Sliding-Mode Control of a Magnetically
Suspended Balance Beam: Analysis, Simulation, and
Experiment,” [EEE/ASME Trans. on Mechatronics,
Vol. 6, No. 3, pp. 338 — 346, 2001.

. Tan, S.-C., Lai, Y.M., Tse, C.K., and Cheung,

M.K.H., “Adaptive Feedforward and Feedback
Control Schemes for Sliding Mode Controlled Power
Converters,” IEEE Trans. on Power Electronics,
Vol. 21, No. 1, pp. 182 - 192, 2006.

VWAG ddoal (¥ 5,Les YO I«

90
80
70
60
50
x(t)
40

30

20
1071
ok

0 10 20 30 40 50 60
t (sec)

r"é J}JS 05'-9))‘5 Aga}i :\g"‘) CJ‘,:_JJ (Al -¢ JS..’&
(8)=89°)

S sl Gl By s S J xS s K

oy S 4 LY a8 b 0T (5ol

e Slamlin ¢ Sae il 05 J xS (g5leans

Some VL il suS J S i, s sl R

10.

aglls
Wai, R.-J., and Chang, L.-J.,“Adaptive Stabilizing
and Tracking Control for a Nonlinear Inverted-
Pendulum System via Sliding-Mode Technique,”
IEEE Trans. on Industrial Electronics,Vol. 53, No. 2,
pp- 674 - 692 , 2006 .
Wai, R.-J., and Su, K.-H. , “Adaptive Enhanced
Fuzzy Sliding-Mode Control for Electrical Servo
Drive,” [EEE Trans. on Industrial Electronics,
Vol. 53, No. 2, pp. 569 — 580, 2006.
Chao, P.C.P., Cheng-Kuo S., Chun-Lung H., and
Jeng-Sheng H., “Precision Repositioning of the
Balancing Ball in an Auto-Balancer System via a
Fuzzy Speed Regulator Equipped with a Sliding-
Mode Observer,” [EEE Trans. on Control Systems
Technology, Vol. 13, NO. 6, pp. 1107 — 1118, 2005.
Feipeng, D., “Decentralized Sliding Mode Adaptive
Controller Design Based on Fuzzy Neural Networks
for Interconnected Uncertain Nonlinear Systems”
IEEE Trans. on Neural Networks, Vol. 11, No. 6,
pp- 1471 — 1480, 2000.

YAY


https://jame.iut.ac.ir/article-1-401-fa.html

