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Abstract

This paper describes the synthesis of robust decentralized controllers for uncertain large-scale

discrete-time systems with time-delays in subsystem interconnections. Based on the Lyapunov
method, a sufficient condition for robust stability, is derived in terms of a linear matrix inequality
(LMI). The solutions of the LMI can be easily obtained using various efficient convex optimization

techniques. A numerical example is given to illustrate the proposed method.

.M 2

A, CIADEAY, TED A2, A A
R R T IR EC R DR T AR
Zell] 3] AT 4 Yk AWAOZ ol2iF it
= Azde ol A 4 QEE ¥ Asdez T
gslo] glek o)) Axde] Y 2 BHoE
Aed 9%, Axd Fxe) 2, Az
e A5, J=w Rxo) B 5 5
% BYEE ] vt Alwe] PSS 9
& Ael7le] Al SloiA o] Aol gue

P
T

o
)

*IEEE, SRR BRI

(School of Electrical Engineering and Computer
Science, Yeungnam University)

B HF20004F4 B10H, =448 20004£10A31H

(3717

A2 X 2® (centralized system) 22 FAISH=
Aslx] 23 Hol o' oleigt A4z T0d
FHRRE dlqre AlaEle] 2dy oA sy
3 vjEe] 24 Aloy7] (decentralized control) A
o W 7o) ks APsejgr}. B3], e
A%E 7He Ay diFR Alzde] Al A
QA7) ChenB], Chen g%[zu, Wang%[S’G], Ik eda%m’
Trinh 5% ojaje] @us] o] Foizich w3t AA)
"ol GA A 4 e 94828 AlelEA
ol sEsfoldt A F syt Az et 53,
A|2El7ke] dlolg]  ar8bA] A4X]d(transportation
delay)e] 2] A ke iR Al2glelMe W=
Al mefsleld 84 5 dhielch olEdl Al7kx|ade]
EAsh FA Alxdle] FgAE iAW, Al sk
S84le] Hrf, olg} #HF AFE T 7RIS
os 25 A=At Hu®, Tranh? Aldeen™,

Al
)

H
B



AR

mlo

z

rlr

xa). Hzels A REAE o]4sle] aoiy]
S 78RR, (Wonsh Park"). 2]
uhoolelgt FTES] YREEL EA|zE Al A4
2ol AlAdoz o 4 Aol A 2w AAFE
71z W o)Ak 7) Aolr} o]F )R] g}
v R A2EHe] olAEE 9% o] A7 o)A
9] 4L 9gs] AT (Leet Radovic™, Wus!¥)ej
E33jck

=

B EEMIE 0 sG] 43 92 A A
AT AFE 7P olbAIZE BT Azwle] 7<)

S HE e AR AlrE AR Fozl
A]/\Eﬂg] o]-x%;?:]»E_ 0]117] _?,]%].o:] B 0:]—?—0]]/(—]‘;. By
9] Lyapunov SHAEA o]2o]| FHIol| & zks3g uly
Qe AFALIEA (LMD 0|82 AT} A28
7}l o]-zg/\gg A 2R2S LMIE XA}
12351 a)7h wkz Aleiz]e] JJrE}ﬂlEVP
=, o] #5418 5 vhkt A3}
Bgoms 47 2e & ek
B QT Alsdl dde] FEA AR a4
g A Qgkend, 71e) ATARE ol o)

o

o] 27%

25 A" PHe] FnomyES FoE xEE A
EHol E AFole] IMIZ 23" kst =4
d AlgAd 7FsAdo] gl

o] EEAE ()7 uE mE Ye] AAE 2
Slahn, re 4Ee e weRdels), « = Ay
F(symmetric part)L ¥}, block diag(--)S& B

tiztst B™Ee ofm|gith diAYYE X, vl ok
XY S X2ve 98 XY 7} e (positive
definite), & e
c},

E =] 7L o 2ok IAeldE RS A

ok5kA) (postive semi—definite)S

Al AA7[E AAske, MAAE F971 Alol7]
2 AzEe] okAe waksle £E-271E4 AAELE

VAlAE e Sa4 Folxl duzizel e
A e, vixEe 2 VAol BEE Wck

(o3

.

2He 4%

chest ol N S - ALRZK S)9] AkE Aol
Az o] EAlske i Al2ge

TA=2 ks o4 8

AR AR

AlzE el 73l Aeir] AA

(378)

FhEERL

+ 3UA -+ A D), (k= h)
+ (B 2B ul,

o))
y{k) =Cxflk) i=1,2, N

A7 x(BeR™E e
B, y(BeR"L EHE o}
A; B; C; A; & A4 A (dimension)& ZH=
28] ol 4ALR), AB(R), A LB © AF &
Zk= A2dlel] Eafishe A Fejrle Egalide]d,
B> 05 5 AlaE As A7 g Az AledE e
ik

2 % AsgEd dig sleHel e
25 Alel7Fs{completely controllable)s}c}ar 3]-74' &=

u{k)eRrR = o];a_:]luj}

Al

(A; B) *#o]

@ A 2Ry @Ee oew e 722 s
al ghe}
dALk) =D, F.(RE,
4A ,','( k) = Dai}Fai/'( k) Em';, (2)
ABi(k)zpbini(k)Ebi
71X Du, Duy, Diiy Euir Eviy Eoy <= 8T 2
& Zh= 93 A -], EEAA 8l
FuR), Fu(k), Fu(k) & W57 & xS 4=

22

FI(RF (B <1,
inj(k)Fazi(k) <]

FlARF (B <I Yij=20.

Folql Azde] BE ARpEsTl Asug sla) &
A 7PsE W, 7 Aade A% Bl T2

L
w

ulk) = —Kix (k) (4)

9o} Zomd o714 K(i=1,
5 Alzgle] Hony sjFolc)

@E ol&3lo] HA dAFZ Az A
ohe3 7t



20004 11 EFIZeH

x{k+1)= [A,+4A R — (B; + 4B(R)K]x (k)

+ 3UA,+ A4 (Bl k).

Al

G)9] FH-E o3 2ol vk & lok

x)
X(k+1)= [A + 4A — (B + 4B)KIX(k)
+ (Ap + 4ADX LR
o471
X(B) =[x (B xR 2B T]T
XAR) =Lk = hy) T xp(k—h) T xp(e— k) 17
A = block diag(A,, Ay, -+, AN
4A = DaFa(k)Ea
B = block diag(B,, B,, -, By)
4B =D, F (R E,
K = block diag(K,, K,, -, Ky)
Ap = block matrix with elements A (i%F7)
4Ap = ngdiFdi(k)Edi
D, = block diag (D, Dy, **, Du)
D, = block diag (Dy, Dy, -, Dw)
E, = block diag (E,, Eg, =, Ew)
E, = block diag (Ey, Ewg, =, Ew)
F (k) = block diag (Fa(k), Fa(k), -, Falk)
F(k) = block diag (Fu(k), Fp(k), -, Fplk)
D 4 = block matrix with elements D (7, )
N Dy, v=1i, i#j
Dalr.)= {0, ’ otherwise
F (k) = block diag with diagonal elements F,(j,j)
. n_(Fg, 7¥i, =1, N
Falj, )= { 0, ’ otherwise
E; = block diag with diagonal elements E4(j, j)

j*i, j=1,,N
otherwise.

Eii. D= {g:aij
(7)

olAl, B el Fol EAle Alzdl ©)0] AF
ol B-ratal 7l HAEA He ok 22 g
o] Bab Aol & Ak EA2 AREC)

U k) =—KX(k) )

m. Moiz| A

o] HolME Akl (6)22 FHFHE o|AbAITEY
o] UiFE Al2gle] AEE 3 Ale7E AR
213t elolz ez MRS o]-83l LMIE EA|HE=
FREAE A

Azte] AAlell FAA A2 A2lE dedl 28%

==+®
o

(379

$B3TH SCH % 6%
she RaAelE WA Zledict

BzAE 10 olele) gAY H(x), Rx)el osked

cheel T A ¥EAE Sl
H(x) S(x)
(2)
ST R(x)

(i) H(x)— S(x)R(x) 7'S(x) "0, R(x)>0.

nzAz) 29 qoje) = Wy x, v o ko] ~ze)
ol Tisled Thge] REale] A=lgich
XTY+ YIX < eXTX + % YTy

e

S 17‘(} 5

FIF

o] Aele A2 6)9] 7l
271§ ARk
47 1 hesl ARAY F5AE NS o)
7z} s M3 R HAst A @, S, ke 4
T e 67F BRI HFE A2 Alolr] (§)

el 7pel ks

(

(e}
o

Bs
J

0 ApSE}
Q QE] M'E]
-5 0 0
* —gl 0
* * —&l
N

- QteDDI+ el 40_my o o
+eaDpDh+ ApSAD
0
0
0
0
— &3/ + EpSE})

<0 (9)

-

*
*
*
*
*

* *

1714

7 1/2 r 1/2
(ﬁlDdiDdi) , Ep= ( glEdiEdi) .

ofdl, Alol71e AQl B K chew
o

Dp

| #A€

K=MQ™". 10)
Zv: oot e ol I wEskAt
V(X(R)=XT(k) PX(R) + ithT(DRX(i) an

o714 P, R oF¥H S0k
Vel WiskA = vhg3 Rk
4V, = V(X(k+1)) — V(X(A)
= X"(k+ DPX(k+1)— X (D PX(R)
+ 3 XTORX() - $1 XTORX()



10 AZADE e oJAHAIZE dqF Al 2"le 7Fal Ale]r] AA FMER
=X"(WI(A+4A—BK—4BK)T <6120 D,DIz;+ e 2JETE 2,
P(A+ A4A— BK— ABK) — P+ R1X(#) CEZEIE DE IR
+2XT(k(A+JA— BK—4BK)T
2XT(R(A+ ) K) . eDD] 0 0]fz
P(Ap+dARX LB + X (DL (Ap+ dAp) [le 27 237] 0 e ‘ETE, 01! 2,
_ _ 0 0 0l =
P(Ap+dAp—RIXAH= X' BDIXGB) 12 ’
714 5, olel|9] §-54le] Alwdghd
_ 0 D F,(RE, 0] [eD,DI 0 0
— T T T a
X(B=[X"(k) Xz(A)] ETF(B™DT 0  ol<| 0 & 'ETE,0
[A+dA—(B+4B)KITH A 0 0 0 0 0 0

) (A+4A—(B+ 4B)K) "P(Ap+ dAp)
(Ap+ A "P(Ap+ 4Ap)~ R

+4A—(B+ABK) = P+ R

*

o

13)

aEE, #3 ro] S o] HH 4v,.E &

o] Hr}
& ot o] a7} =
—(P-R (A+4A—(B+4B)K)T

2:[ 0 —g?]_ (Ap+dAp)T

[~Pl[A+4A—-(B+4B)K Ap+4Ajl,

A7IAM, B2AR 15 o]&3Pd £¢00] Hrks A&

—p! A+4A—(B+4B)K Ap+4dAp
W= * S PR ;
* . A
_P_l A—BK Ap 0 (4A— ABK) 44,
= * —(P-R) 0 |+|* 0 ‘
* « o * 0 0
__P'I A_BK AD
=| * —&-R 0
* * -
D,F,(RE, . A
0 ("’Dbe(k)EbK) ,ﬁ;Dszd;(k)Ed,
I . 0 C0 a4
* * 0
2} E7)eo|rk.

714, A (4ol e = Wi el gl B
A 8l F(k), Fulk), Fyk) 7t EA3leg, &
A 240t g F52le 4] flsled, WA A oA
A ERAA 859 F(BE X8k 32 9l9je] o)
Bl 2,25, 2300 et ohgo] FAE sk

0 D,F(RE, 0

Zy
(2] 2] ] |EIF(BD™DF 0 0|z
0 0 0 23

=2{D,F K Ez;+ 2] EIF (B TDlz,

(380)

Aol FEANE olgomH, TN EWhe
dPe A0l e Fom AT 4 ek v
A % SRIAE B FIE B Pow
el st e Ang et

—P '+ gD, DT

A-BK
+&,D,D] + &3 gn,,,o,,f,-

Ap

we W= N —(P-R)+¢ 'EIE, 0
+e, ' KTEJE K
* * —R+te! gE:;EJ,
( _PiltE‘D"D"T) A-BK Ap
+&D4Di + &3DpD},
_ " —(P-R)+e'ElE,) 0 <o
( +& 'KTEJEX
* * —R+e5 'EJE,)
(15)
3714 Dp, Epe 210004 A=, ¢ e e

T ko] 2zkelr).

oA BxEAle] 18 o]&ahd, 4

(150 o2l A=t

Al
7kelek
“P4eDDS N apk 0 0 A, 0
+&DyD] + e3DpD},
* —-P+R ET K'ET 0 0
* * -l 0 0 0 f¢p
* * *  —&l 0 0 ’
* * * * —R E}
* * * * *  — g5l
(16)

=g 4] (16 BEA] 18 oA ZALshd, v
A= Zrleltl.

—P '+eDD]

A o A—BK 0 0 0
+ &:DyDy + e3DpDp
* -P+R EI K'Ef 0
* * -l 0 0
* * *  —e&l 0
* * * * — &3
Ap

0

+| 0|RT'[AF 0 0 0 EJ)
0
Ep



20004 114 ETI28eH
—-P" l+ElD,,D +52D;,D A-BK 0 0 ApRIAL
+&,DpD}+ ApR™
M -P+R EI K'E] 0
- N «  —al 0 0 < 0.
* * * gl 0
* * * *  —eJ+ERT'E]
an

A D¢l oo B2

I 0 000
0P'000
T={0 0 I00
0 0 01710
0 0 001~
Pl FAE FEAE Wald] ghos], 2 Ak
chemh 7k
“PT+eDDI DDl gpri_ppt g 0 AsR™'ES
( +eaDantAnR AD) . +P 1RP! prIET prIKTET 0
—al 0 0 <0
* — &l 0
¥ — e+ EpRE])
(18)
A7 kel wedEsE M=KP', S=R7),
Q=P Edle A (18)L t}es} 7o) Wtk
-+ &,0,DT+ &;,D,D] 5
( +5315;DDZ+AZ;AE7) Amam 0 ’ e
. ~Qras” 'Q QE] M'E] 0
- —&al 0 0 <0
N * * — &l 0
N " * * — g3+ EpSE]
(19)

2xAE 14 gJ8le] 4 19= A 9F Srlelch
ooz Fye husct I
AF 1 d=w gy A KS (99 NENE
M=EKP™ Ql BARRE A T + Q) ole@
LM g zh= WARE #H o
N interior—point YzelE o FIdem e
4 slck

A7 2 WusMe 2aAielr] AR gsted win=
Ky{k) 2 0|88 &9 Alo)7)& Al8sigict. 33y
C7F A=A (full rank)E 79, Al 142 )k
Al & adE Agsled, M= KCP'el BAE A4
E9A017] AA EAls A AF Aer] AATAZ
AZE) olu A=t PH K= K=MmQ 'cT(cchH '3
AZRE & 5 )

(331)

=+
[

F3TH SCHE H6K 11

7]5_91 htR AlxEle] Bal Alolr] A
ATANE Fold 7 Bel Ak 71
7} BlolE e WAl 22 2]71A] (Riccat) B
o83k Zolck ol2F WASE Aol HE
A7) SEiAE golmix WAl o gjykx] wxlal
A5 HAg dAeprlesy] F4de AXA dojok
gt ol il F WS o83k 7Y
A-g3hedl o3A whes 2% shioleh xRl A
PP RS o] g3Pd olei3) 2L A3t 5 gir}
A ol B Aol-3g- Holollr] o] whale] F
o] d2] o]ga}aL glck

= 0
HE &

ru rlr

V., x| of|H|

o) AoAE Sl AAE wpEE $3 oA
ajo] b,
chewt o] e

2Hg w83kRL

=
3

¥ Aagon FHE O A

#(k+1) =([8 %] +[O.ZS?n(/e) 0'4C(())S(k)])xl(k)

[T 1ame@l) ®

(o 5"

0 ]+[8 0.05308(1@)])

(%0 0

XQ(k_ hg)

+[0.04c0s(k) 0
0 0.04sin (&)

xz(k+1)=<[0 —(1) 5] +[0 092in(k) O'OQ%OS(k)])xz(k)

+([1] [0 lcos(k)])u )

])x3<1e~h3)

+

(12 % +[o e O4cos(k)]>xl(k_h])

0.15 0 009cos(k)
("0 onl*]

+

0. OQgin(k)])x3(k" hs)

x5 (R+1) ([ 0905] +[01cos(k)

(| }“L[o tssinw]) “(#

0 0.0
0.02 0.1

0,208 ) 5P

U1 [o.1ameey "L ®) 2l

0.04%05 (k)])xz(k— )

+
—
—
oo
OO

=

=2

—_—
+

[ 0
0.04sin(k)

oA7IA 2 3 Aol geiae chest Zdov

x(B=[x5R x5B1", ulD=[ul B uLF BT,



12 AZEA A& Zhe oAbt digtE Al 2=®E 733l Aef7] A MR
i= 1,23
K, = [0 1.9446] |
_ K, = —1.0018
7 Alzslel EAlshe AR g oflsh 2 K = %0— g O.??Gl]
ok

k=2, hy=3, hy3=5.

sle] oA Az A

4]
A2 Az gEe dE

4+ 9k
D“‘_[O 60325 0. 447] Da= 0o3 003
Da= [O ?6162 0. 4472] Ea= [0 4(1172 . 6325]
Ba=[g5 ' 2a=[*9% .4im2
D[l g Sl Pu=[12 5]
Dﬂl:[g 002]' D“”_[OOB 0(.)3]'
D"B‘:[O %16 0 30162]' Dan= 062 o(.)z
ol [0 0.2236] Eas [ 0
Eﬂ‘=[8 0(.)2]' E“”Z[Oé 0(.)1
~lo. 30162 0'%162] ob;, féz_[ 02 02]
[0 3162] Da "[ 0o I

Dy= [0 2236] E,=0.3162, E,=0.3162,
E 5=0.2236.

olA|, A (9] IMIE &4 ey g e 9=

©)°] Y= AL o o}

23
3.6433 0.14 0 0 0 0
0.14 0.9687 0 0 0 0
Q= 0 0 5.0098 1.19%59 0 0
0 0 1.1959 0.8952 0 0
0 0 0 0 1.2632 —0.35
0 0 0 0 —0.35 1.4234
7.2229 1.1413 0 0 0 0
1.1413 4.5041 0 0 0 0
s=| © 0 10.2176 0.1669 0 0
0 0 0.1669 3.6581 0 0
0 0 0 0 3.6296 0. 186
0 0 0 0 0.2186 2.44
0.2723 1.8837 0 0 0 0
M=| 0 0 2.1341 —0.1014 0 0
0 0 0 0 —0.7742 1.244
&1 =1.7966, £;=1.9864, e3=1.5786.

slel MERE|, K=MQ '=diag(K,, Ko K5) A

238 24 3 A" oskle Alolzle] A #

Le]
8L

s} 2wk
FalA Aol A Aswe s
o7] Slate] the) 27l2AE Az

e B

xn(k =[1 -0.5]7
x(B) =[0.5 117

x3(k) =[~1 0.517, for —hy < k <0.

A EHolAd-e skt

T3 Aer7h AlzHe] B3R Esla
B AxEE A ksl g8 a3 1ox] 42HE
& 5 slh

T T T T T T
— Xg4(K)
1+ . —- X0 |

States

-0.8F

. 2 L 1 ! H
0 5 10 15 20 25 30 35

Azd 19) AeEsEe) A4
State responses of subsystem 1.

a8 1. &
Fig. 1.

H L i L L
o 5 10 15 20 25 30 35

k
a7 2. % Axdd 29 gepasEe] A4

Fig. 2. State responses of subsystem 2.

(382)



20004 118 FEFILEemGE

i L
20 25
k

a3 3. ¥ Alxd 39 AuaEe] 43
Fig. 3. State responses of subsystem 3.

L L L
0 5 10 15

— ”x(")

Control laws.

i
051
!

AL

1
20
K

a2 4. 7 A2EESY Ale] §1E
Fig. 4. Control inputs for subsystem 1, 2, and 3.

L L L L L
0 5 10 15 25 30 35

V.&d E
B E=Follie AAAH AES 2 Sl olatA]
7 W Aol Al s EARkgich
are A Ag A7 Fdsisl e, A
Mg 23le] oz HRAlS ol g3le] kA 2A
o ARy Hsalow maEsilsl ARWR H5A
o

S o] 8=y r|Ee] 2jolzx HA H ElA
WA olg3l] Alzd PP Fo= FHH= A
5 weh ° APAQ s 271 AL 5 s,
Aelzle] =gk A S 7 ok Aol Ak
Fodcks, B Az oiAzkd gl LML s
W olgsle] difm AlXEe] HabAelr1S AlAs
v T WS AARE Aol 22 297} ok Abs et

L

(383)

£31H SCHE # 6%

(11

[2}

[3]

(4]

(5]

[6]

(71

[81]

(91

{10}

13

ik

b

rak

Mo

D. Siljak, Decentralized control o complex
systems, Academic Press, London, 1991.

M Jamshidi, Large-scdle dynamic systems:
modelling and control, North-Holland, New
York, 1983.

Y. H Chen, “Decentralized robust control of
decomposed uncertain interconnected systems,”
ASME J. o Dynamic Systems, Measurement,
and Control, Vol. 111, pp. 359-363, 1989.

C. Cheng, W. Wang, and Y. Lin, “Large-scale
Uncertain systems under insufficient decen—
tralized controllers,” ASME J. o Dynamic
Systems, Measurement, and Control, Vol. 115,
pp. 592-599, 1993.

W. Wang, and C. Cheng, “Robustness of
perturbed large-scale systems with local
constant state feedback,” Int. J o Control,
Vol. 50, pp. 373-334, 1920.

W. Wang, and C.Cheng, “Stabilizing controller
and observer synthesis for uncertain large-
scale systems by the Riccati equation app—
roach,” IEE Proceedings-D, Vol. 139, pp.
72-18, 1992.

M Ikeda, G Zhai, and Y. Fujisaki “Decen-
tralized Hee controller design for large-scale
systemns: A matrix inequality approach using a
homotopy method”, Proc o the 35th CDC,
Kobe, Japan 1996.

H Trinh and M Aldeen, “Decentralised
feedback controllers for uncertain interconnec-
ted dynamic systems”, IEE Proc. Part D, pp.
429-434, 1993.

Z. Hu, “Decentralized stabilization of large
scale interconnected systems with delays,”
IEEE Trans. on Autom Contr, Vol. 39, pp.
180-182, 19%4.

H Trinh and M. Aldeen, “A Comment on

‘Decentralized  stabilization of large scale



14

(111

[12]

(131

AAQE Ze AL At Al2ge] 7l Aler] AA

interconnected systems with delays’”, IEEE
Trans. Autom Contr., Vol. 40, 914-916, 19%.
B. Xu “On delay-independent stability of
large-scale systems with time delays”, IEEE
Trans. Autom Contr., Vol. 40, 930-933, 19%.
T. N. Lee, and U. L. Radovic, “Decentralized
stabilization of linear continuous and discrete-
time systems with delays in interconnections,”
IEEE Trans. Autom Contr., Vol. 33, 757-761,
1988,

H Wu, K Mizukami, and S. Zhang, “Robust
stability conditions for large-scale interconnec-
ted systems with structured and unstructured
uncertainties”, J. Math Arnal. Appl., Vol 230, p.
70-96, 1999.

& KOEER)

[14]

[15]

(161

SRR |

AL

S. Won and J. Park, “Observer-based controller
design for uncertain large-scale systems with
time—delays in subsystems interconnections”,
JSME Int. Journal, Series C, Vol. 42, No. 1,
pp. 123-128, 1999.

S. Boyd, L. E. Ghaoui, E. Feron, and V.
Balakrishnan, Linear Matrix Inequalities in
System and Control Theory, SIAM books,
Philadelphia, 19%4.

K Zhou and P Khargonekar, “Robust
stabilization of linear systems wit norm-
bounded time-varying uncertainty”, Syst. Contr.
Lett., Vol. 10, pp. 10-17, 1988,

100, 1992 A¥ojete ARgsks) ek, 29
A} 1097 ERgslelE AR Res et
A, 1997 ~20004 ERFZI S ASAFSAFA
B @74, 20009~ JietEm AR
54, Aok AIAe], B4 A5

(384)



