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Robust stability criterion for uncertain neural network
with time varying delays
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Abstract: This paper considers the problem of robust stability for uncertain neural networks with time varying delays. The
uncertainties considered are norm-bounded uncertainties. T hese unceitainties of system parameters are associated with time,
but the norm is restricted in a certain scope, the time delay function is improved with time, and its derivative is less than one.
A linear matrix inequality (LMI) approach is developed to derive sufficient conditions ensuring the delayed neural network to
have a equilibrium point, which is robustly stable. The proposed LM I conditions can be checked easily by recently developed

algorithms. A numerical example is given to illustrate the effectiveness of the developed techniques.
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: , “T” , n , " nxn ,X>
Y(X 2Y) X-Y W NEY

“ox P

1
i) =— (A+ M(t))u(t)+ (Wo+ AWo(i))g(u(t) )+ (Wi+ AWi(1t))g(u(i— Yt)))+ J, (1)
cu(t) = [w(t), uz(t), - un(t)]T € x ;A= diag(a, a2, -, an),ai> 0,i= 1,2, ...n;
w € 2" w € #" s A(t), AWo(t), AWi(1) st ,
0STt) <h®)<d<I1,h d sJ=[JJ2 oy Ju] cg(u(t) = [gi(w(t)),
g2(ua(t)), o gn(wn(1))]"
gi(ui(t)) :
o eIl o y" <k gi(0)= 0i= 12 -yn, (2)
g , Brouwer : J, (1) 1
(A+ AA(t))u (1) = (Wo+ AWo(t)+ Wi+ AWi(t))g (u(t))+ I (3)
U= [ul,u, e ] , x=u-u u , (1)
¥t)=— (A+ M(t))x(t)+ (Wot AWo(t))f (x(t))+ (Wit AWi(t))f(x(t= TY1))), (4)
x(1) = [%1(1), x2(1), o xn ()] s f (2(0) = [f(x1(1) ), f(x2(1)), - f (xa(1))]" (5
fi(xi)= gi(x+w)- g(u) (2)  filxi) | fi(xi)! Skl ailj= 12, -yn
(3) 1 x(s), — h <s <0, M(t), AWo(t), AWi(t)
M = HF(t)E, AWo = HoFo(t)Eo, AW: = HiFi(t) E, (6)
:H, Ho, H, E, Eo, E\ ,F(t),Fo(t), Fi(t) Lebesgue
F'(t)F(1t) SLFI(t)Fi(t) SIFo(t)Fo(t) <I (1)
, (1) u ) (4)
17 ab€ % D EF", ;
2a'b <a'Da+ b'D'b (8)
2 Uuv,w M M M= M, Viv< I
M+ UVYW+ WV U < 0, (9)
e> 0
M+ ¢'UU + eWW< 0 (10)
3 (Schur )
- |:Sll Slj (11)
B STz S> ’
(i) < 0;
(i) Su< 0 and Sn- SLSWSu< 0 (12)

(i) S2< 0 and Siu- Sn2S»'Sh< 0

1 (1) (4) . P> 0,0> 0,R> 0,
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K, L D= diag(di, dz2, .-, dr),e> 0,e0> 0, e1> 0, Xi,i,j= 12,3,
X Xe Xus
X=|* Xz XzzJ >0
* * 0 X3
[(1,1) PWo+ K PWi hXw- X+ X» — hA" X3 - PH PH o PH.
* (2 2) Dw 0 hW X3 - DH DHo DH 1
* * (33 L h Wi X3 0 0 0
* * * (4,4) 0 0 0 0
* * * * - hX» - WXsH hX»Ho hXsH:
* * * * * B 0 0
* * * * * * — el 0
* * * * * * * — el |

(L1)=—- (PA+ A'P)+ R+ hXu+ X+ Xi:+ eE"E;

(2,2)=- 2DA- 2k 'K+ Q+ DWo+ eoEs Eo;
(3,3)=-(1- d)Q- 2k'L+ eE1E;
(4,4)== (1= d)R+ hX»n - (Xn+ X%)

Lyapunow Krasovskii

V=Vi+ Vot Va+ Vit Vs+ Vs,

Vi= x (t)Px(1);
LY
Vo= 2;‘4: dif (s)ds;
Vi | (x(s) @ (x(s) )ds;

Vi = J;meT(s)Rx(s)ds;

Vs = f llfnxﬂ‘(s)xmafs)dsd@

Ve = fr v" XvdsdQ
0Je Ty

v=[x (9,2 (0= T0)), > (s)]

(v

X11, X22, X33

(13)

<0 (14)

(15)
(16)
(17)
(18)
(19)
(20)

(21)

Bt= 2 ()P(t) =— 2x (t)PAx(t)+ 2x (t)PWof(x(t))+ 2x (t)PWif (x(t— Tt))):

= 2f (x(t))Dt) S

- 2f"(x (1) )DAx (1) + 2f " (x(1) )DWof (x(1)) + 2f " (x(1) )DWif (x(1~ T1)));
B S (x (1) = (1= d)f ' (x(1= W) O (x(1= T1))):
B Su'(t)Re(t) - (1= d)x' (1- Yeo))Re(t- 1) );

Bs = hka¥ (s) Xna¥s) - Jt_hx;(s)Xsmﬁ(s)ds <

ha " (1) A" X5 Ax (1) + hf " (x (1)) Wo Xas Wof (x(t)) +
B "(x(t—- (1)) WXasWif(x(t— Ti))— 20 " (x(1)) Wo XnAx (t) -
2hf " (x(t- 1)) W XnAx (1) + 2hf " (x(1)) WXn Wif (x(t— 1)) -

f 2 (5) Xt s) ds;
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B =

T”)[x(jit)m))] T[):” ;j |:x(9t€(_t)T(t))i|+ 257 (5) Xvox(s) -

26 (t) Xvx(t— Tt))+ 26 (t— i) Xoa(t) -
2" (1= T(1))Xnx(t— 1))+ J‘Hlx>T (s)Xnx¥s)ds <

ha ' () Xux(t)+ 2hx " () Xvx(t— Wt))+ ha'(t— Yt))Xnx(t— Tt))+
20 (t)Xvx(t)— 2v (t)Xvw(t— W)+ 2x¢ (t— Yt))X»x(t)-

' (t— (1)) Xnx(t— Yt)) + Jl}lxﬁ (s)X32Xs) ds

BT DN - 2 (x (1)K (x(1) = K'f (x(1))) -

2 () = Yo))L(x(t= o)) = k' f(x(1) = Y1),

(1L1) PWo+ K- MA"XasWo PWi—- A" XuWi Xi- X+ X
T - & (2,2) DW: + hWoXs Wi 0
I * (3,3 L

(1,L1)=- (PA+ A'P)+ R+ A" XuA+ hXu+ Xi+ Xis;
(2,2) = - 2DA - 2k 'K+ hWioX:3s Wo+ Q+ DWo;
(3,3)== (1= d)Q- 2k 'L+ hWi X Wi;

(4,4)=—- (1- d)R+ hXn - (Xz+ Xi);

N =

Schur (23)
[(1,1) PWo+ K PW: hXv- Xu+ Xn - hA' X
* (2,2) DWW 0 hWo X 33
Y= * * (3,3 L hW! X33
* * * (4, 4) 0
L * * * * - hXs J
(L1)=~- (PA+ A'P)+ R+ hXu + X+ Xi3;
(2,2)=-2DA- 2k'K+ Q+ DWo;
(3,3)=-(1- d)Q- 2k 'L;
(4,4)=- (1- d)R+ hXn - (X3 + X5)
(6)
[(1,1) PWo+ K PW: hXn- X+ X - hA"Xs - PH PH,
* (22 DW 0 hWo X - DH  DHo
* * (3,3) L hWi X 0 0
B * * ® (4, 4) 0 0 0
- * * * * - hX33 - WX3H hXsHo
k % k k k k 0
L K k k 5k k K 5k

[ (). f (x(t). f (x(t= Wi))).x (1— Hu))]"

(L1)=-(PA+ A'P)+ R+ hXn+ X5+ Xi3;

PH, |
DH
0
0

hX»Hi|

0
0
0

(22)

(23)

(24)

(25)

(26)
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(2,2)=- 2DA- 2k 'K+ Q+ DWo;
(3,3)=-(1- d)Q- 2k'L;
(4,4)= - (1- d)R+ hX» - (X + X»)

< Y e 2 (1) K(x(t) - K'f (x(1))) -

o "(x(t) = W))K(x(t- T1) =k 'f(x(t)- H1))) < 0, (27)
M= [x (0. f (x(0)).f (x(t= T0))).x (1= T(t)).y (1), (F(t)Ex (1)),
(Fo(t)Eof (x(1)))", (Fir(t)Eof (x(t= F1))))"1", (28)
y(t) (7) 2, e> 0,e0> 0, e1> 0
e[ F(t)Ex(t)]"[F(1)Ex(1)] <ex"(1)E"Ex (1),
eo Fo( ) Eof (x(1)) ] [Fo(t) Eof (x(1))] Seof 'x((t))EsEof (x(1)), (29)
e[ Fi(OE f(x(t= )] [Fi()E f(x(t= T(1)))] Sef (x(t— Yt)))ETEf (x(t- W)
(29) (26)
[(1,1) PWo+ K PW: (1,4 - hA'Xss - PH PH, PH, |
s (22) DW 0 WWiXss - DH  DHo DH |
* * (3,3) L  hWiXs 0 0 0
* % % (4, 4) 0 0 0 0
Z_ * * * * — hX33 - WX sH hXsHe hXsHi| (30)
k % k k * _ eI 0 O
k k k sk %k sk _ eOI 0
L k *k * k k k * _ 611_

(L1)=—- (PA+ A'P)+ R+ hXu+ X+ Xi:+ eE"E;
(L4)= hXi- X+ X5;

(2,2)=-2DA- 2k 'K+ Q+ DWo+ eoEs Eo;
(3,3)=-(1- d)Q- 2k'L+ eE1Ei;

(4,4)=- (1- d)R+ hXn - (Xz+ X%)

B Y0 of (x(0) K(x(t) - K f (x(1))) -
2f " (x(t) - Yi))K(x(t- Y1) - K 'f(x(t)~ Yt))) < O, (31)

LyapunowKrasovsovskii

(1)  Tt)= 0.2sin°(t)
A [2.6 o‘] W [ 1.1 ﬂ W [ 0.9 o.ﬂ " [-0.2 o.ﬂ
= 0 = 1 = =
0 1.1 -02 U - 0.1 0.1° 0.2 0.2
[0.2 Oj [—0.4 o.j {—0.2 o.j {0.2 Oj
HO: ’Hl: 7E= ,EOZ
0.1 - 0. 0.3 0. 0.2 0. 0.1 - 0.
- 04 0.3
E = [ j,k: 12345 h = 0.9730,
0.3 0.
17
M atlab LM \ 1 LMI()

P—[ 5.446 4 —0.4942] ~ [9.5263 0. 190 1}

[ 7.210 3 —0.507Z:|
- 0,494 6 6. 442 0.1901, 50537 L

- 0.507 7 4. 332
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31381 0
p- |

L-I,e: 6.426 8 e0 = 7. 088 0,e1 = 10.002 6,
0 3. 138

X”:[ 5.4339 -0.317(6)], - [ 5.035 5 -o.z%j’h: [1.5043 0.0443
- 0.3170 4384 - 0.2262 4 651 0.044 6 3.602

[- 0.8554 - 0. 0809} [- 0.5215 - 0. 0443 [0. 7167 - 0. 039;]
2= 0066 - 263590 X7 01494 - 20459 %7 lo1124 15989
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