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Observer-based Sliding M ode Control for a Class of Nonlinear
Neutral Delay Systens
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Abstract: The issuesof sliding mode observer design and observer-based controller design are addressed for a class
of uncertain nonlinear neutral delay systens First, a delay-dependent sufficient condition is proposed for robust
asymptotic stability of the sliding mode dynamics A sliding mode observer is designed, and a sufficient condition is
given for the existence of such an observer Based on the estimated systan state, a controller is synthesized by
combining the sliding mode control theory with the reaching lav technology. This proposed control scheme
guarantees the reachability of the sliding surfaces defined in both the state estmation gpace and the state estmation
error pace A numerical exanple is given to illustrate the proposed design scheme
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;v (t)
1 (5
2 D (&) =
(A - LC+ M (1)e(t) +
D (xy) = Aa+ Ma(1))e(t- d) +

A+ M @O))x()+ A+ Ma(t))x(t-
d) + Bu(t) + f (x(t),1),

x()= Ky, vt [- d,0] (1)
y(t) = Cx(1); (2
D(x): = x(t) - Dx(t- 7. (3)
‘x() R" cu() R"

;y() R ; Td=2 0

d= max{T,d};A,Aq,D,C
g, R
) M (D), Ma()  R™T

(DA (1) Ma(D]=MF(®[N Nal (4

CF (1) ‘M N ,Ng
F (1) FFOF(MW < 1,Vt (4
1 D:CTn—>Rn .
D(x) = x(t)- Dx(t- 1, (5

Cwn= C([- T,0],R") Banach
2 D
D(x)= 0,t> O,xo= ¥ {PpD ($= 0.

1 D Schur-cohn , D#O0

ol < 1
2 p(t) > 0 f(x(1),1)
fx@,)l < p().
1 D ol
D)=
Ax () + Aox(t- d) + Bu(t) +
Bv(t) + L(y(t) - Cx(1), (6)
y () = Cx(1). . (7
D(x)=x({)- Dx(t- D;x(t) R"
x () L R™P

M ()x (1) + Ma()x (t- d) -
B(v(t) - f(x(),1), (8
g (t) = Ce(t). (9)

e(t) = x (1) - x(1),
D(e) = e(t) - De(t- 7).
, - (1)
6 ,
u(t), (6)
(8)
© (®

11 Q=Q",R=R'>0
M,N, Q+MFN +N'FM'<

0, F'IFSR F

Q+ MM"+ AN'RN < Q
2l G=G' R™™ U
R™™, U m < n,
- w'u< o, U'cU'< 0
u M R™MU™M = 0}

s(x(¥),t) = BP x(t),0< P R™" (10)

[11]

2 (1) = [Zl(tﬂ = Tx (),

z2(t
T:[ B7PB) BT }
@' B) BTP YU
:z2(t) R"™,z2(t) R",B {M:B™M = 0}
T '= [PB B],
s(z(t),t) =
B'™P T 'z(t) = B'P Bz2(t). (12)

s(z(®),t) =0 (n- m)

Zl(t) =
B'PB) B[(A + M ())PBz:i(t) + (Aa+
M(1))PBzi(t- d) + DPBza(t- D] (12



10 : 1093

D(zw): = z:(t) - Dzalt- 7, (@) = B'/R(e(t) - De(t- ), (15)
, P B 0< R R™"
D: = B'PB) B'DPE  Schur-Cohn :
, (12) v(t) = as(e) + (P(t) + a)sign(s(e)).
( ). (16)
1 ™ 0 d(0< d< = P f(x(v),t)
d), (12) : D ,
Schur-Cohn P> 0, (121
R:> O,R2> 0,Q;> 0(j= 1,2, ,4) A :
> 0,%> 0, : Ua(t) = - B'RAX() + Aax(t- d)), (17)
(&1 0 0 0 u() = - eskx) - (P(y) +
@2 _ Qol_ 0 a+ e)sign(s(x)), (18)
* e 0 0 0 & e /2> Q ,
- Qs- u(t) = ua(t) + un(t).
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* * * * AB B o - 4) §> 0(= 1,234
* * * * * . PX
AB'B [Tl e RA« (YC)T 0 0
* * * * * * % T 0 (YCD)T 0 0
. . . . . . e e I 0 0 o
: : i i : : * * * T Ilss RA4
PAs dPAs dPAd (N + No)T = | ’ ) ) Hes _0 -
0 0 0 0 * * * * * Iss
. 0 0 0 « o« « « « «
0 0 0 0 « o« « . « .
0 0 0 0 o« . « . .
0 0 0 0 e s " . « .
h;h;:- . . Nio <o 0 0 0 K|
B 0 0 0 0
. iF;lTé NI 0 0 o o0
. . K 0 0 0
- " e dN o0 {2DA/R 0 0 I
) X s Nl 0 0 AR 0 ’
- K 0 0 0
(LD)=A+A)P+ PA + Ad) - * - 0 0
AB'B + PMM TP, * * -0
(2,2 =Q1+ Q2+ dQ:+ dQs- AB'B, . . oK
. ( ) (19)
4 (6) (8)
, L
6) _ ’ L =R 'Y
k= {{ 2rBB",{ 2ATR},
K = diag{l, 1},

sA(xAt) =B'R (XA(t) - DxA(t— 7), (14) K= {RM ,RM ,RM ,RM };
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K= diag{&l, &I, &I, &l};
IMlu= RA - YC+ (RA -

X1+ X2+ ON'N,
M= RA - YC+ X1+ X2+ ON'N)D,
[lu= RA + AR+ Xs+ Xa+ NN,
Ms= D"(Xs+ Xa+ ON'N)D - Xs,
IMs = ONINa- Xa,
Ii(j= 2,3 Ils (25).

L ygpunov-K raovKii

YC) T +

Vi=

D (@)RD (@) + [ & (9X1e(B 00+
II £ (OX2e(0d0+ DT (x)RD (x) +

I X (B 5x (800 + | X7 (@X.x (808

(20)
V1
Vi=
D (e)RA - LC)e(t) +
DT (a)RAde(t d) + A
D' (xt)RAx(t) + D' (Xt)RAdX(t
d) + D" (x)RLCe(t) +
D (@)R[MA (De(t) + Ma(t)e(t-
d + M ()x(t) + Ma(t)x(t-
d)]+ € () X1+ X2)e(t) -
e (t- DXae(t- D - € (t-
d)Xie(t- dA) + x' (1) (XA3+
X a)x (1) - x'(t- DX x (t-
- x'(t- d)Xax(t- d) -
D" (e)RB (v() - f(x(D,0)) +
D" (x)RB (u(t) + v(1)). (21)

D (e)RM (te(t) =

D (e)RM F ()N e(t) <

6 D" (e)RMM 'RD (e) +

ae' (DN N e(1), (22)
D (e)RM4(t)e(t- d) =

D (e)RM F ()N ce(t- d) <

% D" (e)RMM 'RD (e) +

&e' (t- d)N JNAde(t— d), (23)
D (e)RM (D)x (1) =

D7 (e)RM F (ON x (1) <

531D (a)RMM RD (e) +

&x (N N x (1), (24)

DT (@)RM (D (t- d) =
D" (&)RM F ()N ax (t- d) <
& D" (&)RMM 'RD (e) +
OixT(t- d)N N ax (t- d). (25)
(16)  (18) (21)
D’ (Xt)RB U (t) =
-7 (xt)RBB R x (Ax(t) + Adx(t d)) <
2D (xt) (RBB' )(BB R)D (xr) +
x" (DA RRAx(t) + x(t- d)AdRRAdX (t- d)
(26)

- 2Di(e:)RB (v(t) - f(x(@),t)) +

D" (x)RB (un(t) + v (1)) =

- 25 (e) [es(e) + (P(1) + &)sign(s) -

F(®,9]- 28" (x)[eskx) + (P() + a+

e)sign(s) - as(e) - (P(t) + &)sign(s)] <
(all s(e)l 2+ 26l s(e)ll + (2e-

a)ll s(x)ll 2+ 2€z||As(x[) )<

- 2(al sl + el d )< 0,e= /2> Q

(27)
(22) (27 (21),
Vi< & () TIE(Y). (28)
g(0): = oD (e),e (t- D,e(t- d),
D' (x),x (t- D, x (t- d)},
‘IIn T RAs« (RLC)" 0 O]
* Tl 0 (RLCD)' 0 0
- LA S § £ 0 0 o0 |
L * j§ Ils RA«
« % « . s O
* * * * * HGB
(29)
ITu =
RA-LC)+ A- LC)R+

X1+ X2+ ON'N + (&'+ &'+

&'+ &HRMM 'R,

M= [RA - LC) + X1+ X2+
ON'N D,

=D "(X1+ X2+ ON'N)D - Xg,

IMs= N INa- Xo,

1w =

RA + A'TR+ X3+ X4+ ON'N +

2(RBB') BB'R) + 2A 'RRA,

[ls= (RA + X3+ Xa+ ON'N)D,
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D'(Xs+ X4+ ON'N + 2A'TRRA)D - X, s'(x) B'RB) B'R[AX (1) +
Ils= ONiNa- Ns+ AIRRAG Aax (t- d) + LCe(t)] +
(28) , < 0, s(@BRB) B'Rx [(A- LC+
I O] vV <Q , 1 M (D)e(d) + Aa+ Ma(t))e(t-
(6) (8) d) + M (Ox () + Ma()x(t- d)]+
: Y=RL Schur s (xo) (un () + v(1) - s (e) (v(1) -
2 LM I1(19). O f(x(1),1) < i
: D=0, (1) - IS - BXI x (@O -
, : VBl x(t- d)Il - XXl el + e)-
1 D=0 , (6) Is(e)ll (- %% e®l - %Yl e@®l -
(8) ! N¥I e - %Xl e(t- d)ll -
Y,R>0,Xz> 0,X4> 0 Y%l e(t- d)lIl - %%l x (Ol -
6>0(=1234) VXl x(t- d)Il + @) (32)
®: RA¢ (RLC)" O 0 0 & Y= 1 @RB) ' ,¥%= IBRAI ,
©o% 00000 4= IB'RAJI , Y%= I B'RLCI ,
o & R O\ Y= IBRMIINT , %= IBRMI I Nl .
* * * Ou 0 AR 0 |<aQ
* * * * K 0 O ) A A
o \ . - wiN[BI x (O + %l x(t- d)lIl +
- . . . . M i el < e- 1
(30) L=\ ne+ X+ Bl el +

k= {{ 2rRBBT, AR},

Gu=R@A-LC)+ A- LC)'R+
X2+ ON'N,

@2= MNiINa- X2,@u= MNINg- Xa,

@:s= RA + AR+ X4+ ON'N.

. L L=R Y. kK, K
2
5
. u (t) ,
s(x) = 0 s(a&)=0 _
3 D Schur-Cohn
Y,R> 0,X;> 0(j = 1,23,
4) 6> 0(j= 1,234
(19) , L L =
R, u () )
s(x) = 0 s(@) =0
_ Lyspunov
V2= 0Q 5[s (x)) B'RB) ‘'s(x:) +
s (e) B'RB) 's(e) ], (31)

V2 (27) )

¥ll x(t- d)l + %l x(OI +
(X%+ )l e(t- Il J< a- 1N

o (33)
w: = ool{x(t),x(t- d),e(t),e(t- d)},
n 0< N< min{e,e}.

(32) , Z
Vo< - Ms(x)ll - M s(e)l < 0 (34)
: L yapunov :s(x) - 0,
s(e) - QO
6
L 3,
15 0 0 -
A=[O 2 1(,C= 11},
1 Q5 2 102
Q1 Q1 Q2 1 1
Ad:|:01 a2 0)|,B= 1,
03 Q2 aQ L1
- a5 1 0
D:[—l Q8 0 ,
1 2 - Q
Q1 a2 O
M:[O Q2 Q3,
Q1 a1 aQ
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a1 0 Q3
N=|0 Q2 a1,
Q1 Q2 O
Q2 0 Q2
Q3 a1 0],
0 Q02 Q
sin t 0 0
F(t) = 0
0 0 s
f(x,t) = [sin(x(1) ocos(x(1))]",
T= 1,d = 2,
x(t)= (- 1,1,0),t [-
LM | feag (*)
(19) :
[ ao0196 -
R= |- Q0199 Q2364 -
L- Q0276 - Q2538
- 01176 01430
Y=|- 00261 Q0327.
L 01440 Q006
: =1 &= 08> a/2= Q35
- 22791 - 10444
14287 - 35559,
116123 - 3 359
Ua(t) = - B'RAX(t) + Aax(t- d)) =
[00341 - Q2215 o3ssj ~
00714 oaoao7 aozzs V-
[00290 Q 003 4 ooooj ~
x(t- d),
Q0093 Q0071 Q0028
un(t) = - Q 8s(xy) - P(1)sign(s(xy)),
v(t) = s(e) + P(t)sign(s(e)),

Na=

sin t o |,

2,0]

Q0199 - Q 0276
Q 253 8

Q2752

L=R 'Y=

s(e) = B'R(e(t) - De(t- D) =
- Q0080 - Q2737 Q2476

e(t) +
L- Q0279 - Q0373 - Q 0062

- 05253 Q2682 014867] - 1
S - ’
- Q0451 Q0701 - Q 003
s(x) = B'R(xx() - Dx(t- 1) =

(- Q0080 - Q2737 02476] -

L- Q0279 - Q0373 - oooezx(t)+
(- 05253 - 02682 014867] S
L- Q0451 Q0701 - Q 003
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