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Adaptive H, control for a class of uncertain singular time-delay systems
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Abstract: Anintegral sliding surface with a compensator is constructed for a class of uncertain singular time-delay systems
with external disturbance in this paper. Firstly, based on the Lyapunov stability theory and linear matrix inequality, a
robust asymptotically stability criterion is presented for sliding mode dynamics with all admissible uncertainties under
some decay rate. Then, a new adaptive sliding mode control law is designed to make sure that the trajectories of the

sliding mode dynamics can be driven to a region near equilibrium point in finite time. Finally, a numerical example is
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provided to demonstrate the effectiveness of the proposed method.
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1 AR
BN ATE T SN R S
Ex(t) =
[A+ AA(t)]x(t) + [A, + AAq(t)]x(t—
T) + Bu(t) + f(t,x(t), z(t — 7)) + Dw(t);
y(t) = Cx(t);
xz(s) = p(s), s € [-T1,0].

€))
Hrx(t) € RPNRAGRESHE; u(t) € R AR
GuiEfl AR E; w(t) € R N7 A ERANEHLS)
WA y(t) € RN RS n & E L
rank(E) = r < n; A, Ag. B. CHID NEHIM
YRR, f(t,2(t), 2(t — 7)) € R* HARHNK
() NERBIHIIRE R EG 7 > 0 .
BAg1UY ft,x(t),x(t — 7)) AR AEL M
BRIEL, BN TAER I > 0,7 2 %1
rank(B, f(t,z(t)), z(t — 7)) = rank(B).
g2 fFFE—DCHEE g(|x@), ||zt —
) € RAERf(t =), = — 7)) < g(llw(t)\l,
et — 7)) FERL, FHA g (-, ) R —A ot s R
BRI Y, Hwi &2 ¢(0,0) = 0.
B3 AA() FIAAL (L) ARG A E
SR IR LR 2%
AA(t) AALD) = MF(®)N Ny,
Horb: M N RN, 9 RIS S AR5 R F (1)
NI ) ¢ R AN R RS SRR AL W R FE () F(t) < T
B4 fFAEIEH o R et — 1) <
vy || (t) || AT
FEWEFCZ AT, R T80 R Ge40 H g SOR5] B
{E:i:(t) = Ax(t) + Aga(t — 7); o
xz(s) = p(s), s € [-7,0].
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1) 1E JU) () R0 TG ik e 1), 25 FE BT (B, A) &2 TE )
AN TG Rk )5

2) B, X TAEE e > 0, fF/EARE 6(e) >
0, 735 TAE B W6 KA o (s) Wi 2 sup le@)| <

—7<t<0

8(e), ARG Q) W (t) i 2 x(t) — 0,t — +o0;
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.
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Ez(t) =

Az(t)+ Agz(t —7) + L(y(t) —

y(t) = Cz(t).
Horb 2 () Mg (t) 7 T W28 2 Ge PRS- 17)
wm S R, WIERFEFE L € RIfRE.

SESGRE R e(t) = x(t) — & (1), 45 B R ()M
Q3), IR E RS
Eé(t) =
[A—LC+ AA(t)|e(t) + AA(t)&(t)+
[Ag+ AAu(t)]e(t — 1) + AAg(t)a(t — 7)+
Bu(t) + f(t,z(t),z(t — 7)) + Dw(t),

Ye(t) = Ce(t),
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MGG S Bt R b e B — A B AME SR
ARG RO AL T T
s(t) = G[Ez(t) j G(A

BK)z(s)ds — jo GAyz(s—1)ds.  (5)
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s(t)=Jyt) —9@)] — Jy(0) — g+
G[Ei(t) - Bi(0)] - [ G(A+

BK)i(s)ds — || GAgi(s —7)ds,  (©)
AT =X (6) BB TH A2 AT AT 1.
FRAETE B HHE S, B s(t) = 018 2S5 dsdlan
¥
Ueq(t) =
K&(t) - (GB) 'G{[A + AA(t)]e(t)+
AA)E() + [Ag + AAg()]e(t — )+
AAL(1)#(t — 7) + Dwl(t) + f(t,a(t), z(t — 7))}
()
[, 20 (7) AR (4), T 15
Eé(t) — [BK + HAA(H)]é(t) + [HA — LC+

HAA(t)]e(t) + HAA4()E(t — 7)+
[HA;+ HAA,(t)]e(t — )+
HDw(t) + f(t,z(t), z(t — 7))—
B(GB)'Gf(t,x(t), z(t — 1)), ®)
H¥H = I - B(GB)'G. iB#E{% 2, rank(B,
ft,z(t),z(t — 7)) = rank(B), Pl 1533 S B TT 12
N
Eiz(t) = Ad(t) + LCe(t) + Agi(t — ), )
Eé(t) = [BK + HAA(t))&(t) + [HA — LC+
HAA(t)e(t)+ HAA (t)z(t — 7)+
[HA; + HAA (t)]e(t — 7) + HDw(t).
(10)
gy TR SR AR
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1) FEREIE A w(t) = O, iE W1 shAE 2507 12
FE A RVEIN;

2) MTEERFEE y > 0, fEFEWIRZM T, Hy

<~ (11)

PEREREAR A D)X TAERAEZ RS w(¢) TE AL

FE1 X THEMERy > 0, &7 7E1EEXS
FRHFE Ry Ry Ry, iFE X Y\ Z Kk Hie, > 0(i =
1,2,3,4), #5400 T LA FERE A AL

(11, IT,, ZTA, 0 0 0 ]
x II,, 0 ZYHA; Z'HD X,
* x  Il33 0 0 0 <0
* * * ym 0 0
* * * * I 0
| % * * * * — X
(12)
He

T, =sym{Z"A} + Ry + e, N"N,
II,=YC+X"B",
1155 =
sym{Z"HA-YC}+ R3; +C"C +,N'N,
IT33 = —Ry + 63N, Ny,
II,, = —Rs+ 54NdTNd;
X,=[Z"HM Z¥ HM Z'HM Z'HM)],
X, = diag{e I, eo1,e51, 41},
Z"=E'R, +US",
S € R N E ETS = 0T FH R
BN s T FE (9) A (10) 7 Hoo PERETE bR T2
A ZEVRIA. BRI, RO RE K. LA AWK =
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B B %6, Bk (1) BT, % $% Lyapunov B8
"
V(t) =
2" () ETR,Ex(t) +
J O Ra(o)ds + [ e
VUV i 0zent 20 (13) SR 5 T 45
V(t) =
28T (t)ET R\ Ex(t) + 2T (t) EY R Eé(t)+
T () Ry (t) — &7 (t — T)Ro(t — 1)+
e’ (t)Rze(t) — e"(t — T)Rze(t — 7). (14)
R, =B ETS = 0,0l 54 45X
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{0 =2eT () USTEé(t).
PRl e, K 2K (15) AR (14) AT 45
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22T () ZT{A%(t) + LCe(t) + A& (t — 7)}+

el(t )ETRlEe(t)+

(s)Rse(s)ds, (13)
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e")Z"{[BK + HAA(t)|z(t) + [HA— O, =sym{ZT A} + R,

LC + HAA(t)|e(t) + HAA,()&(t — 7)+ O, =Z"LC + [BK + HAA(1)]* Z
[HA; + HAA (t)]e(t — 7) + HDw(t)}+ Oy =sym{ZT(HA — LC+
& (t)Ro(t) — 2" (t — T)Ro(t — 7)+ HAA®)}+ R;+C"C,
eT(t)Rse(t) — €T (t — T)Rse(t — 7). (16) Ons — ZTHAA(L),

[FI, AR 5 B 2, W 1547 E &1, €0, €3, 64 > 0,815 Oy = ZT[HA4 + HAA(t)],

" ZTHAA()Z(L) =

e"ZTHMF(t)N&(t) <

1
—e"t)Z"THMM" "H" Ze(t) + 12" (t) NTNz(t),

€1
(17)
2T () ZYHAA(t)e(t) =
2" (1) ZTHMPF (t)Ne(t) <
éeT(t)ZTHMMTHTZe(t) + e (t)NTNe(t),
(18)
2T () ZTHAA;()&(t —7) =
2" () ZTHMPF(t)Ny&(t — 7) <
éeT(t)ZTHMMTHTZe(t)Jr
e32T(t — )N Ny (t — 1), (19)
2T () ZTHAA (te(t —7) =
2eT()ZYHMPF (t)Nge(t — 1) <

ieT(t)ZTHMMTHTZe(tH
cset (t — )N Nge(t — 7). (20)
PR b, e 5 FT LA 2
YT (t)y(t) =y w  (Hw(t) + V(t) <
ET(1OE) < €T (HEE(). 21

=

©, 0, ZA; 0 0

¥ O Oy Oy ZTHD
G = % x —Ry 0 0 ,
* * x —R3 0

| x * * * —2I |
(=, B ZTA; 0 0 |
x Hyp 0 ZTHA,; ZTHD
E=x *x FEi 0 0 )
* * * = 0
| x % * * —2I ]

gt =

[@(t) e'(t) aT(t—7) e'(t—7) wi(t),

= = sym{ZTA} + Ry +eNTN,
E,=Z"LC+K'B"Z,
Ey =sym{Z"HA - Z"LC} + R+
CTC 4+ e3NTN + (e + 651+
'+, WZTHMM™HY Z,
E33 = —Ry + EgNd Ny,
E4u=—Rs+e,NJNy.

B, 4 BX = ZTBK,)Y = ZTL,@id
Schur #h 51 #, K (12) M T & < 0. KL, X T45 €
H Ay > 0, B (12) T 13

V(t) < —y"(Oy(t) + Y w T (Hw(t).  (22)
FEERIMG KM N, M@ BB T(T > 0) 45, 1]

ongthK
—f dt+7f

GICECY: r%ﬂmmaﬁm&4
BTk B G w(t) = O, BRIy R AT
AEVFYEST T I L. B R (9) B (10) P 5 Ay

a

(Hw(t)dt.  (23)

En(t) = A(t)n(t) + Aa(t)n(t — 7). (24
oo
fzw] . [E o0
m(t) = L(t)] B [0 E} ’
A(t) =
A LC

BK + HAA(t) HA— LC + HAA(t) |

=] ’
¢ HAA.() HA; + HAAL(1)|
SR AR P = diag{ Z, Z}, 1§15
ETR.E 0
> 0.
0 ETR.E
[F B AT 0, AR Q = diag{ Ry, R3} i /&
[ATP +PTA+Q PTA,

E™P=PTE = l

. 25
. _Q]<0 (25)
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Ak, 20 (12) A0 T (25). HH 51 2 145, 24308 w(t)
= O, W BN TR nT 5V, O
24 BIRANAMS

TE 2 B3 & G0, R AS 1) & 9 A 58 58 4w, H
A S U 2% R G5 R 2 R G H ) AT A
T B AFEAR A B va, v3, 04 > 0,175
[z < v2llg@)], lle(@)]] < vsllg(®)]] + vally (D)l
JROL. FEAR SRR 1R 2 A 15E 4, 15 20 0 R A5 X
JROL:

IGAAQ@)[[[|2()] + [|G(A + AAQ))]l[e®) ]|+

IGAAL(L)||[|&(t — )]+

1G(Aa+ AA4(t))l[le(t — )] <

Ll + Llly @), (26)
Hobly, 1 > ORRAE FERER, L AL )RR
AEAS 3, R4, (4) T (8) S35 1 R, H ik R
WEREL ) = L) — 11, 1(t) = L) — L. ik,
Fanm AN EPu R g L e

Uad(t) =

Ki(t) — (GB) " {L()9@)] + L)y (t) |+

[Gllg + |GD||[lw(®)[| + p}sgn(s(t)). 27
o HEREL() = alg®l]bE) = oly@l,
e~ e NIEFEL TS B p AT/ MR IEH 2L

EE2 fE GRS Q) MER T, 3
A7 FE IR A T 76 A RN 8] P 3 28 45 1] I 2
2.

UEB PR

V(t)=(s"
st EACRF 013

V() =

s*(t)

[Is()]l

s'(t)

HUH

At
)

R R AL

8(6) + ey (D)1 () + ealo(t)l(t) =

[A+AA(t)]e(t)+

G{AA(t)(t) +
V2(t—7) + [Ag + AAy(t)]e(t — 7)+
Bu(t) + f(t,z(t),z(t — 7)) + Dw(t)—

BK&(t)} + a()L(t) + caly(Dla(t).  (28)
BN (28), 143
V(t) =

H T(())H {GAA(t)z(t) + G[A + AA(t)]e(t)+

GAA ()&t —7) + G[Ag + AA4(t)]e(t — )+

Gf(t,2(t), 2(t — 7)) + GDw(t)} — [L(t)[9(0)]+
L)yl + IGllg(lz ()], lz(t — 7))+
IGD|[w ()] + p] + erly (D1 (1) + eala (1)l (1) <
LG + Ly - [ 0)la@))+
LY@ + ) + il (1)1 (1) + eala ()l (8).
R s, v 7 3
L) = h(t), L) = (D), (29)

M&ﬁ@%ﬂ%

V() <

L@ + Lyl - L 0la@)]+

L)yl + o) + L5 + L) ly(@)] =

—p <0, [s(0)] #0. (30)
I, B 2 (30) P9 L [R) IEAN O B tg, AR AT 4,
[Vt < —pho. HETHL S > o, =
;m) T (o) I, B8 2 () = O BT BRI, S TAE

Bt > ta, 184 |s(t)]| = 0. O
E3 AL DN IEE Be, A A

_ s
sgn(s(t)) = sl +2 A R G FHR.

3 HEEH
ZEAAWTREM AL ():

10 -1 0 0.1
F = y A= y B = )
00 0 —1 —0.1
T

0.2 0.1 0.2
Ad = y C= ’
—-0.5 —0.1 0

0.1 -0.1 0.2 -0.1
M = , N = ,
0.2 0.1 —-0.1 0.2

0.1 —0.2 1 ,
[O L 0o , F(t) = sin(t).
LA g(||2(¢)]], ||ac(t — 7)) KA B w(t) 7T
EHg( ) = ( ()-sz()) +(@(t—r)+a3(t-7))?

Mw(t) = sint - e " FNIEFEy = 0.6541,p =
0.01,c1 =cy =1, U\&%EIQEG = B".
I 544 Matlab H ) LMI T B AR R R (12), 12
B AT AT i
€1 =0.9887, e5 = 0.963 1,
€3 =0.9960, ¢4 = 0.9796,

~ [1.0331 0.0454
> 10.0454 09505/

~[o09433 —0.1110
7 201110 05135
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X =[-1.6474 —1.8771], 02
Y = [2.8461 3.2380]", R 0'/‘
_[1.0635 0.0875 = 021
~0.0875 1.2504| ‘0-4u
HH LG AT 45 S TR OO0 20 30 40 50
K =[-15506 —1.7669], o tls
L =[2.4774 2.4161]". 0'05_
B, HE R (3) T LI B 5 < 0[&
s(t) = 0.5[y(t) — §(1)] — 0.5[y(0)— 7 oo
9(0)] +[0.1 0]z (t) — 2(0)]+ 010 A
t 0 10 20 30 40 50
fo [0.131 021 (s) — 0.064 725 (s)]ds— s
wd [ [0.0721(s — 7) +0.02(s — 7)]ds, B2 FREQ RS
0.03
H = (27) A1 H N i ] 28 9 ool
Uaa(t) = [~1.5506 — 1.766 9]2(t)— o
. . < 001t
S50{LL)lg @) + L)y )]+ ol \
1 LS
0.1414[(z7(t) + 25(t))% + (23 (t — 1)+ 001 e
23(t — 7)) 3] + 0.01}sgn(s(1)). oA S0 Ar s
K 222 R 2 S(t) > g 2
AT B%ﬁ & 4 bk, H <1 + 001 R
sgn(s(t)). AL RWE 1 ~ B4R, = Y
0.4 <
. 0.2 —4 , , . .
= 0 10 20 30 40 50
: 0r t/s
S B3 BEETE S B SRR R
] 10 20 30 40 50 0.88
t/s
0.20 M
0.15 3 0.84 1
g 010k 0.82
0.05 0'800 1.0 2.0 3.0 4.0 50
0 " N N t/s
0 10 20 30 40 50 0.48
s 0.46 — ]
1 FREQ) HIRAS IR L% < oul
KRR T — B SRR A& ) 040
W R 13 VR B . 2, RO R e
9, Mt 1 — /AR 2 Y AR T BB 2 ) B Lyapunov £2 4 BEiERNE R g
E e AR PR A S XSS TR 58 7 — 1M
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