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Bilinear matrix inequality approach to the absolute stability

of interconnected Lurie control systems
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Abstract: This paper studies the problem of whether a large-scale Lurie system can achieve absolute stability through effec-
tive interconnections or harmonious control between subsystems . Sufficient conditions for the absolute stability of interconnected
Lurie control systems are obtained, and the algorithms for calculating the interconnection matrix and parameterizing the harmo-
nious controllers are proposed by using the methods of bilinear matrix inequalities( BMIs) . It is shown that two unstable Lurie

control systems can be combined into an absolutely stable large-scale system via effective interconnections. The imrational restric-

tions on interconnections in traditional stability analysis of large-scale systems are eliminated . Finally , examples are given to illus-

trate the results presented.
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2 9@ %A (Problem formulation)
SBEFMHE M B Lurie £ H R4

(1) = Aixi(e) + by f1(ay (1)),

' {ol(t) = clTxl(t,), W
i2(2) = Ayxa(t) + by f2(02(1)),

2 {oz(t) = c3x,(1). (2)

XH: A € R¥5,b, € RU,¢; € Ru,fi(+) €
K[0,o] = {f:(:)]fi(0) = 0,0:f,(s;) > O},i =1,
2. —fEH RE T, < 0,i = 1,2.

B 1 Lurie £ H] RS H KB

Fig. 1 Interconnection of Lurie control systems
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(1) An][2(D] [ bifile)
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HXFERE X B x,(¢) € R™, 2,(1) € R AREE
B, A €ERYWM, A, € R HERIEHER, A, €
RM*™, Ay € R™*™ ARHLEERE.
2 REFIERSR RIEHIS
up(t) = Kpxy(t), (4)
un(t) = Ky (1) (5)
{1540 T KB Lurie ¥ %1 &40
{xl(l) = Aix) + Bpup + by fi(ey),
25(t) = Byugy + Ayxy + by fr(03)
# X E .
3 FEEPL(Main results)
B, TR Lue BEH ARV XKL R T
] .
EE 1 EHEESE Y > 0,8 Ay, Ay, P
MIEEER Py, Pp WERHEEEAEFR

(6)

Py Pn]
[PB Py >0 )
ML EEARAEFR

B(Ay2, Az, Py Py PpyY) o
Zn 2Zp dn dp
3h Zpn dy  dp
) d;l ClTbl 0 <O ®
di, dh 0 clby
WK BX Lurie #EH REE(3)EXTTRE X B
iy = APy + Py4, + A;lPIZ + PpAa,
S = ATPy + PpA, + AL Py + PyAyp,

zn==A%Pn4-PnA2+A5Pn4-PﬁAn,
dn = Ppby + A101+ 2701
dip = Ppby + A2102
dy = P12b1 + A1201
1

d22 = P22b2 + A262 + = 2 Ycs.
iE ElLyapunov BRE

xl(t) Py Pn][xl(t)

+
xz(l) P12 xz(t)

J;{f(a,)da,.+J;.f(oz)doz,
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MR (7)) RALHE, V(x) N IEE Lyapunov PR3
(XE x = [2],23]D).
BT EEAER () BN, BEAERX

Zn 2Zp
[ T ] <0 (9)
Zh 2Z»
Al A12 Pll P12
ﬁEI.%iE{Ag[ ,Pé[ ],DI'PF
A21 2] P12 P22
EZROAIEH
ATP + PA < 0,

HMEME A N M. HIK, Lyapunov s8R 4
V(x) BT RGBT i B8 S HC

dV(x) B
dt 13

(2TPx + x"Px + fi(c1)oy + fr(02)02]5) =
b1f1(0'1)] N
bzfz(ﬂz)
Az fi(ay) + clApx; fi(ay) + ciby f(ay) +
3 Arxs £r(02) + c3Anxz f2(02) + c3by f7(02) =
x 1T2n 22 dn dp X
x2 EE 2p  dy dp X2
Al || dh dh db 0 || AieD) |
Sf2(o2) dh, db 0 cth, f2(02)
Y0, file)) — Y02 folo2),
H ARG () HXFaxE . UEEE .
TS Lurie ¥ 61 R G0 A PR Hl 8 . 5 8
ARG (6)TERS R BIEH 25 (4) MO ERT WA
R4t
[xl(t)]z[ A, BlzKlz][xl(t)] [b 1 fi(ay) ]
%2(t) BnKy A x(t) by f2(02)
(10)
EE2 EREIH 7y > 0,5 K, Ky, P
MIEEHEM P, Pp WREHEBHEAREX(T) MM
KHEEALER
B(Ky3, Ky, P1ys P12y Py 7) A
i, I, d, dpn
oy, Oy dy dp
le1 dgl ClTbl 0
‘ﬁz dgz 0 Cgbz
WSCER Lurie HHIRFE Q) L3 E X B
I, = ATPyy + PyA; + K3 B3 Pl + PyBy Ky,
I, = ATPy + PpAy + K5 B3 Py + Py BpKy,

xT[ATP + PA]x + 2xTP[

< 0, (11)

I, = Angz + PpA; + KszBszPlz + PszKnBlz,

1 1
dy = Ppby + EA’IFCI + ~2"7’01,

1 .1 ot
- K31 B3¢,

dp = Ppby + )

1
dy = Pszbl + 5

T BT
> KiBpeys

1 1
dy = Ppb, + SAgcz + 7}’c2.

iE xEHMEASEH 1 650, REHEH 1
) A B Ay r B BpKi 1 By Ky BARERA].

E1 EEEIMEE 2P FREERES 4,4,
¥ R SR, BT P A~ JE B XA E HY Lurde B H R AL
AT LA A DG BR B B 4 R L4 X AR Y SRR K R BE Y
TETF K4 B A4 3T ARE B Lurie 5 5] 2 508 if KB 5K,
WREHERENREXRRKRENHT.

2 EEAERQ)NETFESLER Py, Pn, Po,
Ap, Ay WIRAMERASR, A A ER 1) HETE
MR Py, Py, Py, K, Ky BIREMEREA S B H A
Kk, NEHEEEAEXTBAEA EEA RO RBEFE. B
¥ BE R R MR AL T4 .

TS e REREARFERA (7)), (7)F
(D) A TR R I k.

BREEREEAZERX () M) KT ERE, &
BRI FLEN 7 > 0,48 P, Py, P BE
B, R AR SR

B(Ay,Ay, P11, P12, Pp,7) <0 (12)

HAXRTHEZR Ay, Ay WEREEEAEF Y
Ap,Ay BIES, WMAXTHEETE P, Py, P ¥
KHEEAERX . HIE AC) AEMERNRRFFEE,
e G F B BSR AR (7) F(8) MRT 1 T## .

HiE1 WMkt .Sk = 0, ABAEHE(P),,
Pyn,Pp) = (P, P, PY) WRARER(T).

BN .2k = k + 1, SRAFSAEAE R

min A(B(Ayp, Ay, Pif™", PG, PiF~"))

12° %21

MR A, A FFIE(AR, ASP) = (A, A2);
SKARLRMERE R AN 2 (7) FRHAE {E 5] &8
min A(B(AY, ASF, Py, Py, Pp))

n-"2n
K Py, Pn, Py, FE(PY, P, PF) = (P,
P22’P12)-
25 BB B(ARP A, P{E-D, pE-D plk-Dy o
0%k B(AY A0, PIP, P, PIY) < 0.
[F12E, A AN T BBk REBA %R (7) (1)
YR AT AR .
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B2 W4 k= 0, ABWMREP,, 1 07 o 1
P2 Po) = (P, PR, PR) HRTHR(T). Ba=lo 1| B[] ],
UG .4 k = k + 1, REBHREE RS bo
minA(B(Kl2sK2lnglk_l)ngc_l)sP%_l))) -0.5 -
Kpa- &y b, =] -0.5], b, —[ s
M Kip, Koy JFIE(KE L KSP) = (Ko, Ko L _ 0.5 -
KRB REA S (7) MBS LR 5] B 1
P“n’};nple(B(ngk),K(k) yPis Py, P12)) ¢ = 1], ¢ = [gz]
L1 )

(i Py, Pn, Py, 3FE (PP, P, PY) =
Py, Pp).

ZW. BB B(KP KPPV, PV, PEY) <
0= B(KP, K, P, PR, PIP) < 0.
4 F{EHIF (Numerical examples)

THEHR A A SR RE.

1 EERA Lurie #H R4 (1) F(2) 4 AL
KBk Lurie 4 R 4L (3) #a Xt Ra vk 1A, B e

(Plls

) 1] [1 1]
Sl SR Il P
- 0.5
bl=_ 2=[_ ]’
NS
R ST AR VW1

B A, A, WATEE , W Lurie %I R4 (1) F1(2)
WA RRE AREE K 1,5 ¥ = 0.01 B, KYIE

P?.:P?2=[1 0] [OSO]FHMAT-

LAB Toolbox A K78 [ A (7) F1(8) ) — 4 7]
5y 1

- 2.1612 - 0.2858
Ae =1 0003  1.4500!"
4, o [17404 07734
[0.1288 - 1.1376
r1.2584 —0.6214]
Pu=1_o0.614 1.006)"
p, | 18267 -0.1750)
L_0.1750  1.0854
p, [ 1:3109 0.2479].
L~ 0.9047 0.6342
Bl 2 EEFEA Lure #H R4 (1) Q2) Wih
VAR ) &, 1B E

[l

-1 1 0
A= 0 0 1, 4,-=
1 0 -1

A[LABGHIE, A, A, AT, i Lurie 5% &
GE(1)M(2)HFELXTERE .

1 00
%y = 0.01 Bf, B¥IH P = [0 1 0],

001
0.5 0
PY = [1 O] Py = [0 0.5], i MATLAB
0 0.1
Toolbox ARG ARER(7) M (11) By —LH T 47H% -
- 0.1458 0.6521
Kn = J.
L _0.8122 1.4594
K, - [~ 0.5329 0.2399 - 1.9199 ,
L _0.0289 1.7648 - 1.4802
[ 1.5657 -0.7224 - 0.1481
Py =|-0724 1.5213 _0.1475],
L_0.1481 -0.1475  1.4476
(- 0.1547 0.2115
P, =| 0.0388 0.6236],
L~ 0.4633 0.5539
0.3987 - 0.6266
Py = .
L_0.6266  1.6200

B 2~58Y fi(o)) = a1,/(0,) = 403 g
ARGEREA E R AL BRI .
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Fig. 2 Curves of functions f; and f,
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Fig. 5 State responses of harmonious control systems
5 %5ig(Conclusion)

BYFE T Lurie 35 il 2 55 HY SC Bk 4 X £a & PRI B
AR RS FRERKRA: AL REN
Lurie ¥ il 2 4t AT LA 38 52 5% Bk 5% b 8 45 i #49 gL o %o
RERKBKKRLS, MRS H TETWREEER
%3NHIAT Al MATLAB T H AR K% 0911 B IR 40 [
BT U A AR A B B

£ % 3Lk (References) :

(1] SILJAK D D. Large-Scale Dynamic Systems: Stability and Structure

(2]

[3]

(4]

[7]

(8]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[M] . North-Holland: Amsterdam, 1978 .
MAHMOUD M S, HASSAN M F, DARWISH M G. Large-Scale
Control Systems ; Theories and Techniques [M] . New York: Dekker,
1985.
SILJAK D D. Decentralized Control of Complex Systems [M] . New
York; Academic Press, 1991 .
EONR, B R RGMERE H . 4 OIS i 53 B £ R
(M) AER AL SR K2 HARAL, 1994,
(GAO Weibing, HUO Wei. Foundations of Stability , Decentralized
Control and Hierarchical Control of Large-Scale Systems [M] . Bei-
jing: Beijing University of Aeronautics and Astronautics Press, 1994. )
BAILEY F N. The application of Lyapunov’s second method to inter-
connected systems [J]. J of SIAM Control ,1966,3(3):443 - 462.
THOMPSON W E. Exponential stability of interconnected Systems
[1]. IEEE Trans on Automatic Control ,1970,15(5):504 - 506.
ARAKI M, KONDO B. Stability and transient behavior of composite
nonlinear systems [J]. IEEE Trans on Automatic Control, 1972,
17(6):537 - 541.
WANG S H, DAVISION E J. On the stabilization of decentralized
control systems [J]. IEEE Trans on Automatic Control ,1973,18(5):
473 - 478.
DAVISON E J. The decentralized stabilization and control of a class
of unknown nonlinear time-varying systems [J]. Automatica , 1974,
10(4):309 - 366.
SEZER M E,HUSEYIN O. Stabilization of linear time-invariant in-
terconnected systems using local state feedback [J]. IEEE Trans on
Systems , Man , and Cybemetics ,1978,8(10) : 751 - 756.
IKEDA M, SILJAK D D. On decentrally stabilizable large-scale sys-
tems[J ] . Automatica ,1980,16(4):331 — 334.
SEZER M E, SILJAK D D. On decentralized stabilization and struc-
ture of linear large scale systems [J]. Automatica, 1981, 17 (4);
641 — 644.
IKEDA M, SILJAK D D, YASUDA K. Optimality of decentralized
control for large scale systems [J] . Auromatica,1983,19(4) :309 -
316.
SHI Z C,GAO W B. Stabilization by decentralized control for large
scale interconnected systems [ J]. Large Scale Systems, 1986,
10(2):147 - 155.
DUAN Zhisheng , HUANG Lin, WANG Jinzhi, et al. Harmonic con-
trol between two systems [J] . Acta Automatica Sinica ,2003,29(1):
14-22.
DUAN Zhisheng, LIN Huang, LONG Wang, et al. Some applications
of small gain theorem to interconnected systems [ J] . Systems & Con-
trol Letters ,2004,52(2):263 - 273.
LURIE A L. On-Some Nonlinear Problems in the Theory of Automat-
ic Control [M].London: H. M. Stationery Office, 1951.
WER. AR EERe M (M]. L5 B W R,
1986.
(XIE Huimin. Theories and Applications of the Absolute Stability
[M]. Beijing: Science Press, 1986. )


http://www.cqvip.com

1004

= H M

5 M A 0k

(20]

(21]

(22]

(23]

(24]

(2]

LIAO Xiaoxin. Absolute Stability of Nonlinear Control Systems
[M]. Beijing: Science Press; Amsterdam : Kluwer Acadmic Press.
BEE . ZTMROTBHNERNREMESRBERI]. PER

2,1987, A(8):785 - 792.

(ZHOU Suxia. Absolute stability of control systems with with sever-
al stationary components [J]. Science in China ,1987,A(8):785 -
792.)

RAPOPERT L B. Problem of absolute stability of control systems
with several nonlinear stationary compositions [ J]. Aviomar Tele-
mekh ,1987,1(5) :66 — 74.

HADDAD W W, KAPIL A V. Absolute criteria for multiple slope-re-
stricted monotonic nonlinearities [J]. IEEE Trans on Automatic
Control ,1995,40(2) :361 - 363.

FBRO AR Z N PATIHN Lude BH ZENBGERENE
(3]. B 3k¥H , 1998,24(4) :562 - 565.

(NIAN Xiaohong. Robust stability for Lurie control systems with
several stationary components [J]. Acta Automatica Sinica, 1998,
24(4) :562 - 565.)

R B Z MM PATHUN Lude B H REM B ERE
YE[T]. B S50, 1999, 16(1) :43 - 46.

(NIAN Xiaohong. Robust stability for Lurie control systems with
several independent stationary components [ J]. Control Theory &
Applications ,1998,16(1) :43 - 47.)

[26] GOH K C, TURAN L, SAFONOV M G, et al. Baffine matrix in-
equality properties and computational methods [C] // Proc of Amer-
ican Control Conference. Baltimore, Maryland: [s. n.], 19%4:
850 — 855.

(O

R (1965—), B, #1981 4E 1992 4 1 2004 SE 43 B T
LR R E MR K ERMI T RERE+ B0, 28
WMRAFMANERRERESES RS RER w85 F g
il , E-mail : xhnian @ mail . csu. edu. cn; .

FHR (199—), B, {0+ ML KFER RS TB¥REBHE, T
RITE ARG ER GEEH B RREHF;

B F093) .8t AR KEANESTRBERRHAE, +
BERR A AEEER E R R G KRR %

EEE (1973), 5B, BIBE, FEHR TR hEEEH E
ERERGEEHE.


http://www.cqvip.com

