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Absolute stability analysis for control systems with multiple

time-varying delays in both state and control input
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Abstract: Based on the linear matrix inequality (LMI) approach, this paper analyzes the absolute stability of Lurie type
control systems with multiple time-varying delays in both state and control input. Several sufficient conditions for the absolute
stability of such systems are obtained. The derived sufficient conditions are expressed in terms of LMI to find the less conserva-
tive criteria. Finally, a numerical example is given to demonstrate that the derived conditions are less conservative than that

given in the literature.
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1 5|5 (Introduction)

Xt F EA B # Y Lorie B H REMLEXTBE
R, BRI EERT TR, AETRER
W RGAX BT M TS RO BT R
ZREFERE B EE RN ERRY, RTIESF T
i 453X S 44 B B4R 5F . F 1 A Lyapunov ¥ &
FExFRA £ ARES M5 88T 2 5 #F A9 Lurie
REfHARENEN R EHR#TINT, AEILAFHY
RGN BENTE S &4, X8R 4FH IM F£R,
BA SR RTHE.

2 EEZit(Main results)

BT B AR Fdd i B A 5 B A9 #5 l

EA0)

2(t)=Agx(£)+ D, A (t = hi(£)) +bofolao(t)) +

S 8ot - b)),

;(t) = ¢%(¢),i = 0,1, ,m,
x(t) = o(t),t € [- H,0].
(1)
HrmBRE «(r) € R*,ELERF A, € R™",i =0,
1, ;AR b,,c; € RB*,i = 0,1, ,m, R} AN #f
Ro(e) WO < hi(e) < by < »,4,(8) < d; <
1,i = 1,2,>,m + [;H = ls',?‘é‘,f‘,,,,lh"}’ﬂ(') S
Fro.e = 1fi{a) 1 £i(0) = 0,0 < 6:fi(a;) < kid?, o
% 0,5(+) EZ),i = 0,1, ,m; () HELMH
BWH R,
FHE U < 0FF URNAESERE, | - | X
R™ PR BKIS TGS,
lelle-uon = ,sup I o(O)I.
1B # a(s) ER%,b(s) ERY,s € 2,1
MEBERER X € R~ REREKE M € RV
TR
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- 2[ pT(s)a(s)ds < Hb (2,2) = (M™X + DX (XM + 1).
T X - EE 1 BN > 0,0 >0,0= 1,2,
ae ars ; e 3 P
In[b(s) [MTX (2,2)][b(s)]ds L > 0, = 1,2, m RIFAEREP > 0148

i m
ATP + PAg + (D ai + Zﬂ,k,c,c, + eblbokiedco) I,
i=1

P
L

WMESZ(DEXRE. Kb

LT = [ P4, PA; Pb, Pb, 1,

R = diag(a;(1 - d\)1, all -d)I, 8),

= diag(p (1 - dyy1)
i #9& Lyapunov iZ iR

V =xT(t)Px(t) + ‘”J;_h,.m
f,(ai(s))ds’

Z‘B‘f -h, (D)

MWEEE ay > 0,a, > 0H15
a1l O 12 < V< aall @l Z(t-mon-
B EARER
1 7

20Ty < euTu + v

:Bm(l - dl+m))-

27(s)x(s)ds +

(3)

Hfu € R",v € R*,e > O WIEELE,RINA
dVv
de

<
)
i
ZT()ATP + PAg + (D a; +
i=1

Eﬂlklclcl
Ebobok COCO)I + 'le] (t) +

2ExT(z)PA x(t - hi(2)) +

2Zm)xT(z)Pb Filai(t = hiyi(£))) =

a,-(l - d,-)xT(t - hi(t))x(t - h;(t)) -

1=1

> 8O- Hoit () = (D) @y (1),

A - WA, - WT4,

- AW (d-1)Qy
- AW

bg P

b P

(dy - 1)Q

L TP

p LT
0, 2
_e 0 |€ (2)
0 - R

Hrh

¢=[B LT],

B-A€P+PA0+—P2+(Za +

i=1
S aa%Te; + eblbokiclco) Iy,
i=1

y(t) =
ERE))
f(t) =
Ailo1(t=ha(2))) fulon(t =Ry ()]
i Schur #3141, & < 05 uw(z)%m B 34
RO)BRAK, FEEE a > oﬁ o
—all xCe) |2 BX[2] AFLQ) %ﬁ%ﬁ
.
EE 2 MTHEHWH >0, EHEEXRK
a>0,a;>0,i=1,2,,m,X5FFEEP>0,U >

xT(t-hy(2)) T(e-h(2)) f()IT,

=

0,Q0; >0, =1,2,,] REKE W5
[ Bo BY B} B} }
By (di-1A
B, (d,-DA < 0,
L B, (d,-1)A
(4)

W2 H < HBRF(DBITE, KT

Pbo Pbl Pbm

al(dh-l - 1)

- am(dh-m - I)J
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[ l ] m !
A=ATP+PA+ D0+ WD A + D AW + D akTel, + acleol,, A = 2, A;,
i=1 i=1

5 [ UA; Ao UAA, UA; A,
T lga(wa+P) 0O e 0
1 i 1 -1/2
iag( ) ! 2 1-d

E 4 o(t) = o(-H),t &€ [-2H, - H],H
t = h;(1) B,

x(t-hi(t)) = x(z)-J:_h_(‘)x(s)ds, i=1,2,-,1,
Mar (1) 3]
! t
x‘(t):Ax(t)—Z Aijt_h'(‘)x(S)ds+bofo(oo(t))+

S bifiloix (e - hui(1)), (59)
x(t) = ¢(2),t € [-2H,0]. (5b)

BX[2)8, ZREG)FERE, MARLE(1) &
ERE BT RE(DMAEXRERE, A% TiE
REG) T BENE.

AV, = 2T(e)Px(t), W

% - =xT()[ATP + PAlx(1) +
233 AT Pbu it — hiaa()) +
2x7(t) Pbofo(ao(t)) -
22f(z)pA,-j:_hmx(s)ds.
37048 |

! t
- 22 xT(t)PAij #(s)ds <
i=1 t—h‘.(t)
{
DThaT()P(MTX + DX"'(XM + I)Px(t) +
i=1

! t
22xT(z)PMTXA,-j g #(s)ds +
=1 t— ‘l

]

_ Er 2T(s)ATXA; % (s)ds.

i=1 t—hi(t)
& W = XMP,U = HX, W

av,

i < xT(t)[ATP + PA +

(5)

IHA( W+ PYU N (W+P))x(1)+

22[: xT(t)WTAiJ ) )x’(s)ds +

t
t—-h(t

UA; by

i=1 i=0

UAb, UA;b,,
]: i = 1’21' 1l1

0 0 .. 0
1 e ,T T ,
H; t_hi(t)x (s)ATUA; % (s)ds +
2sz(l)Pbiﬁ(0',;(t - h,'_,,[(l))) +
i=1
sz(I)PbeQ(GQ(I)).

4

{ h(t) (e
V, = %E l-—ld,-jol j‘tﬂx'T(r)A}‘UA,—x(r)drds,
!

1
H
Vi = j xT(s)()ix(s)ds +
i t-h(2)

_Zm:aij:_h fiz(Ui(S))dS,

i=1 i 208)

il
V {
d—2$2 1 x'T(t)A'EUAix'(t)_
L i=1 1 - d,;
1 <~ (¢
1 T _
ng“h;(!) 2T(s)ATUA; 2 (s)ds,
dvV, .

dr ng(t)Z Q:x(t) - 2(1 - d)x"(2 -

i=1

Bi(8) Q- k(1)) + 3 adk?cTea™(1)x(1) -

Z,_"]ai(l - di+l)fi2(0i(t - hii(£))) +

acgeox (1) x(1) - afd(oo(1)).
Bl LyapunovZ B V = V, + Vo + Vi, MR
B oay > 0,aq > 0 5 a3"¢,‘0(0)"2 s V <
asll @ N %t2mon 2 H < H A

av
dt 5) =

«T()[A + IHH(WT + PYUN(W + P)Jx(1) +
230 (1) Phifiloilt - hipi(£))) +
2xT(t) Pbofo(ap(2)) -

ZExT(t)WTAix(I - h(t)) +

1 7 Tria
2 (t)ATUA; %(t) -
14

M-

(1-d)x"(t - h;(2))Qa(t - h: (1)) -

i=
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S (1 —dp ) 2o (= bt () - af@(oo(2)) =

y () Qy(2).

He

y(t) =

[27(e) «T(e-hi(2)) T(e-m(1)) f(DT,

() = [foloo(£))  filo1(2=hin(2)))
fulom(t =i n(IN],

i
Q = Bo+ 2, l_ldlB,TA"B,-.
i=1 '

Hy Schur %3141, 2 < 05 LMI(4) % . Bt 24
H< HB, &) R, WEEER b > 0fF

|, < bl aC) 17 B 2D (1) xR

L.
BE3I MTFAEWH> O, EHFER: >0,
A > 0,j = 1,2,-,m3a; > 0,8, >0,7: >0,6: >0,
i = 1,21, RXAREE P > 0 FS
[~ P r I II I I
P — el

rr -6
hg - 6, < 0,
ig - O

g - O,

Nig - O

i

(6)
WY H < HERGE()BXIRE. HP

{
S=ATPyPA+A 4, A= DA,

i=0

Z=Za.Ao Ll,ll-d"”"‘”

r = [P p - P], I = [HP HP ‘- HP],

6, = diag(A,1, Aal, Anln) s

0, =diag((1-darl, (1-dy)azl, (1-d)ad,),
Oy=dise =00g, s, Ustilpy o Ul ),
O, = diag((1-d}) 71 I, (1-da) 721, (1-d)nd.),
@s_diag((l h)s . Q‘rn—d’)azz (- d’)a,In),

MH= E d k%b?biC?Ci +
i — &

i=1
3

i=1 j= j+l

P

bIATAD, K e

j Ci%

]
Z Yk} b§ATAbocgco + €bibokb e co-

E 4
(1) =@(-H),t € [-2H, -H], Vi=x"(1)Px(2),
! h(0) (e
—;;Za,-j“ J- xT(t)ASATAAx (T)drds +
y t—-3
] i h(t)
FRIDA R NP CE
v=1 j= t—s
hi())AJATA; Ajx (- by(o)drds +
1 ! k(1) (1
—EZ)’kZb AAL-bocgcoJ- J. xT(z)x(r))drds +
t—3s

ia b1ATA b,k,c,c,f ()J £ (r -
hj. (T))x(r— ki (7))dzds,

xT(s)ATATAAZ(s)ds +

_2 i 1 A J,[,_;.,(

i=1 j=1 -

27(s)x(s)ds +

] m
'[‘T 2T
2 1_ AAbk,,,jh()

i=1 j=1 j+l j+l'

)J

kzb e cj xT(s)x(s)ds.

et
WLyapunov EEV =V +V,+ Vy, WEFER
Bas > 0,a6 > 018 a5l (0| < V <
ag || @ “ 2C([—2H.0])'

KT EH 1 WIEHARE

dv
dt

=
(5)

T(t)[ATP+PA+(—1-+ i%)PZ_’_
i(l E+_1_+‘o‘ﬂ) H2

T(t)[Za ATAT A Ay +

22 n fidA}A}"A,Aj]x(t) +

N 2
(}] l_dHlkbbcc,

DD

J+

bTATAD; k,c,c,) T()x(e) +

(Z yk2bEATboclco +

€b0bokococo)xT(t)x(t) =
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" ()ATP+PA+A 4+, + EP*+ H P ]2 (1).
Hf

1 1
{

1 1 1 m)_1
7]=§(a1+ﬁ:+yi+6i)l—di‘
é’.Hsﬁw,%|()sxT(:)[ATP+PA+71+

5

ol + EP? + I_-1217P2]x(t)- By Schur #M81 %1, ATP 4
PA + A + ul, + §P* + H*9P? < 0 5 LMI(6) %4 . B
W H < Hot, %R (6) S, MEERE O > 0ff

(ETH(S) <- 01l x() 112 EX2JBRKE() Lx

E.  iFHe,
3 {FEEHI(Simulation example)
X RN T B R 5
2(t) = Agx(t) + Ayx(t = ) + bif(o1(t - 7)),
{Ul(‘) = cix(t), f € Froo.s)s
x(t) = (), t € [- H,0].

(7
Hep
_2 0 0 0.5
A":[o -1]’A'=[o.5 0]’
e [oga= 1)

Xt F ik &G, B 23X [ 6] B KIIE X9 BE 2 8 H e %t

RBReEE BEE«=8=1,%
_ [2. 1821 0
0 1.7813

R M) ABEEE 18, RE(7)EX R
E. HER2 REB3IABEIE, Y H < 0.69 B &S
(DHITERSE .
4 %t (Conclusion)

Xt ELA 22 ARSI Hl A9 B A8 B R B Lurie B

BHARG, A XETERUEEEASEX T EXMNHBE
TEREAT 20T, BB T R IRE K LA FE 5 %A,
XERUHAKMEEAEAER, AERBBORT
HOBRRRTBITEERRONBE.
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