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Abstract : H, controller is proposed for networked control systems with time-varying delay. The time-varying network delay is
assumed to be unknown, but its lower and upper bounds are assumed to be known. The time-varying delay is treated like a
parameter variation and robust control technique is used to deal with the time-varying delay. The proposed controller can be
computed by solving linear matrix inequalities. Through numerical simulations, the proposed controller is verified.
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Fig. 1. Networked control systems.
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Fig. 2. Timing diagram of control data on the network.

flo

7F4 3 Alef7)oll A ZHzhe] AFedolHE b W
B2 EANAEE Fite Al dedrt

A9 AAANAM 74 29 Toin B Tmax 9 2 VIES

a9 37 % ol 2AZY PUS AT Gt @
2Rtk Y] Aojg MIENZY BF, Tmax 7F IFA
3R e ~AEE wEo] A3l 13 2= vEY=
’ge] AojdlolEl(AlAHolE] B dAFdo]E Aojr#)e] A
FAHQ 8585 vERd otk

Ao gl FHE Gv T 2 AFAEY Al
Holeta 71g ot

x(t) = Ax(H)+ Bu(d
= oo @

7|14 xeR"& Aol yeR's £%0|3, usR”
< Aotk FHE  GollA (A,B, O« a9 =
A& 9Egia 7Ry g

=1 1 1 (A, B = 7} %)(controllable)dts (C, A)&
7+ #Z(observable) 3t}

ZH 2: A9 AR TE I3 FAA AERES 2
slEe] A7k AT o) Aul se gk

AolA =112 Ji?"ﬁ]"] 7Hgela, &2 EHE

2kslgk A zFlo] FiAol ] B ZMAEAAS FAE] g °
[FEFHo|Th8s]

ZAEEZ Aolslr] 93 Aor|2E T e o4k
2w Aoj71E A3k
Y = AL, +By
C(2): Z:l -t +Dcy: ©)

B RN RE A2RE YA, el Ay
AEE ALBHE Aol7l C(2)§ T Zlo] Bt

/= ;::O((IZHy(kT)H%+ llee k“%),x(O) =x; @

AFAR @e 27]1X]7) 00] ofd Aedr] &
002 ZAFE Jo ko] HolAA Hol St} AZIA g=
27k} g A HARI sepdE o] AgE gtk g9 %

o] E4°% £ H|5E Bo] FA Hol, B=F 94¥S
AREAEtE £8E W 022 YHETh

Aol71g 7317 A WA FHE Go VIEYA A
AR AR TFE A 2ES olaixElo g FEITH
ArMEEo] 7] T MEHL, AoEHEE g F7]4 &

=7 o] wil-z]

10, No. 12, December 2004 1197

H ANEeZ tga 2 ofikxxEloz THY 4 3
ok oA 2"l &9, A", JEE 47 gST Zol A
ofsid
v =D, w ,=u(kT), mz[x(”)],
Uy
ZAE Go) MEAZ ATAD 0,F EFF A2
W T vhest 2ol xd@ed:
e ~751e+1: AAk’;Ck_F ;Bz,k%k )
Ve = tz Xp

714
71F[exp;AT) f exp(AE)T~r))Bdr

T
B, = [fr exp(A(T— 7))Bdr
I

Mz Te A¥ ARAGRE T8 TP
7] whizel, AlwiAlzdo] e,

Folzl ASAE WF A2 Aol

A vHE7) g chew B Ans &

}kﬂ = 7[/@ 56/e‘*':Bl Wyt Bz M
Gg. Zp = tl xk+ Dmuk (6)

Rl
X2

rSLNm
oo

21

71
JEE

015
H

! mlm

Bi=i) peslt) Tl 0]

B ARHE AlaE Gpo wolA 27449
Hy 59 Ao, 9928 wel dEARS de &9

240 TSI The T o] ek
||Tzw||§z$nzkn§ %)

AN, T wold 2z7HXe) AD5E Yehd.
mek YEQE ARAA 07} Ageka Z1geE, F
2 AEAE J= 9 1T )53 92984 Ao gapy
Fold ABAE JE AadAe AolrE Tahe BAE
IT .Ml 8 Axrsieshs Aorls Fahe B4z AZED.
AAzE YENZ ARAA 1,7} ARolm 1 go] ofw
A bsher] Fes] mas] fi), 1T ,,/0,5 gas 4
HE 5 g A Atk o ojges asy] sis),
B ERANE S ()e DESE BE 0] diEA

1T o0 Aok Azslske Aoizlg 272 @t



1198
Aduta} TAE Got Aoly] Cl2)7h AR HARzA
a8 T o v Zo] Foldtt

. }k-f-l] = A [ }k]+B
Tzw'[ §k+1 cl k é« W

k
X 8
2 = Ccl[ gxkk] ()
o714
Aclk= 2;24‘ FBZ,ch’C2 Bz,kcc]’Bclz[ FBI]
' B.T, A 0

[

Cu=[ C/+ DD, Ty, DC,.

BzAE e 1T Mhe) deke Fae w42 o
2ot

BxHal 1: Q=@ 07 ¥ min =TT may o
s mE Tl e OE HIARRENE S,

A QA —Q+B B /<0 ©

() BE3FE ZE 1ol YisiA, TS BAlle] BEEL
1T ,JI3< Tr(C.QC.)). (10)

=% : ASA A" g 2% (912 @)l Heshw
(10)e] THEITh= AL BY 4= gloh ]
Bz 18 o)gs T 09 A3ks a7 9814
E ()& wEehs ZE ol UsiA O A"Ee QF
Holol 5w, o) £o]3 FA7} ohith B =RoME
7,9 WEo] os|N WX P PRI W= BEom
23 AdAle 71U A Aol71E Ta7IZ k.
guts}l e Gola A ANRAR A 1,0 9FEE}

= nEe A9 fo ‘exp(A(T—)Bdr 2 B, 9

T
| exp(A(T— M) Bare) % o] Ik 45 TuomE At

%—8}'0:" E}%‘ﬂ} %O] A( Tps 7:nam)‘%‘ @ﬂa—‘ﬁ,
W)= [ exp(A(T-DBar D

A ABALLL 1ol ofEshs FEE e 2ol
Jepd & glek.

forkexp(A( T—7»)Bdr = formexp(A( T— 7)) Bdr

+ A( Tpy T nom)
r T (12)
f exp(A(T— 7))Bdr = f exp(A(T— »)Bdr

- A( Thy 2 nam)

(12)'0’] 3’1’_]'74]?3: O]_g-:g}o:t ’A nom s B 2, nom ];'l A cl, nom
2 trest 2ol Aol

RO - RS3E - AAgBet

rr

SN M 10 &, M 12 = 2004. 12

4 = [exp(AT) [T exp(A(T- B ar

0 , 0
By yom = [JT exp(A(T— ")B dr (13)
I
A ol nom — [ A nom+ B 2, ”0mDC t? B 2, nomCC].
' Bc ’CZ AC

(D 2 (13} 42T olgated, ATEAZAL ehy
W thes 2tk

[ xk+1] = (A cl‘ngm‘*’Fld(rk,rnam)FZ)

k+1 _
T . * i+ B (14)
£
-l
k 1| élk

3714

F = [(ﬂ} F,=[[0 N-D.TC, , —C_].

0

(14)0“1‘1 }‘]%_8_/}_16— ;ﬂ“‘:l" A( Ths z.nom)oﬂ EO:} 3}‘15‘ 7)‘]\%
& 4 sick wEANE A1) T,,,) 0 B89 7} 4
(15)8} o] FojAe= EFLT Rz HFs A A]7]
g ek
Ir'= F>O9 A( Tps T nam)d( Tps T nam)’SF
(15)
\V/T mingrkgr max
(15% olg3tel A8 77 o, 7issd o) (3
g Io ARSolAt A HE Tam 2 TE Foe
o olE #3l A o HAE FACNAM T s

M <€ AKX ¢ oo,

o( AT, T ) AT, T o)) (16)

(169 HAHs BAE 278 W] Bg HHszA]
22 0 ABA T T 5 Yo Lon® TF F
(158 BFse IS #2129 Pyos Foha gk

m. H, ®mojz| M7
1A T Toom D (T4 T o) o} 4392 TS
olgs) Hy Aoi71E 7ach T llae 43ke oe 3
2ol A P,
Hel 1 ge B5dg uEsie g8 P=F %

W= W,7}‘ %Xﬂﬁ‘,"?ﬂ,



Journal of Control, Automation and Systems Engineering Vol. 10, No. 12, December 2004 1199

_PPAcl,nom PBcl PFI 0

x —-P 0 0 F

* * -1 0 0 (<0 7

* * * —-I'!

* * * *x =1
P Cc1]>o

c, W (18)

HFZA LR gt vaol ARtk
”TZWH%S Tr( VV), vrminéfgfmax . (19)

A7AM HHRDS D3] A Hof A ¢
Z 9% 2Egk ey, »}um RS K Z A
B9 WA (NE wEkee P=PIt EAE,
=P 7} 44<I'E %é—okc EE 490 dsiA o A
£ w=Eke Holth
&0

(A cl, nom+F AFZ)Q(A c/ nom+F AFZ) (20)
- Q+ B clB cl <0

Schur complementol o]8}A, (20)& Tk 43} F7lolck
—-P P(A , ,out F4Fy) PB
[ * “p 0 ]<0. @)
* * -1
WY M7} AX<I'S DES 9, Oee] DAV AUF
2 4 BY & gk

0
Fg'}d'[Fl'P 0 0]
0

0
rilto 0
0

PF,
0 ]A[o F, 0]+
0

PF,

0 ]H F/'P0 0]+
0

9 AL 1)l 2l Schur complementE Z-8-A]7]H,
(N WENIE P=P7t EA3E, Q=P ' (20)
< USRS & Ak 49 FYdA ol 9F TEA
A1E @7} EAsle AL gvsch weld BRERAE 19
A gol gHdith

T Ji3< Tr(C,4QC )= Tr(C ,P'C)

(18)9] Schur complemento A, 28 €& 5 At W

CclP_lcd —W (23)
(22)9} (238 ASE (197 AYTS BY 4 Yok
e 19 A3 g [10]9] WHE o] 83t AR UE
3 ARG FHAE A2"e] Hy Aojrg o e
A ek
Hal 2 o] HEAE v
A B, TE D A

= X=X, Y=Y,

01'

X -1 E E,
* -Y A YA, +BC,
* * -X iy
*x * * Yy
* Kk * *
* * * *
x * % *
!
B, [0 0
7
YB, Y[O] 0
of _ ,
0] _ ,
0 0 [1] T, D<o
—7 0 0
* —I! 0
* % —1

x v T D12 + T (25)

X I XT+7TTDy }
* *

(17) B (18)y& sk Ao)7|7h B4 o7]A

El - A nm)zX+ FB ’,)m)n/c
EZ = + —BZ nmnD FCZ'

nam

59 47 1s4 (17)3} 8ol &

249 Aol7 %ol W
#ABe 98, P2 Pl

o

*

Y N] P—l: X M
: =l v (26)

N X=X,Y=Y, U=U % V=V9g2a
T (nt+m)x(n+ m)olth. (10149} 2o o]

7]
= BEF
HEE o33 o] HEI

=
7]

A = NAM +NB,C,X+Y By youCM
+Y( At By uowDe THX @7
B = NB.+Y By, yomDe
T = CM+D, TX
D

HARE LS [1S vt o] Aolste] (179 e,

Diag (/1,11 1,1,]) 2 $Wo| Diag (I,[T,L I D& 3}
W, )AL de F Utk uETIHE (18)9) FHulo
Diag (/I,) % Wl Diag(WT,DS F3}H, 258 o
< 4 ok [10]9] e a2 AMEEPE, (1) (18)
nEslE Ao7] (A, B, C..D)Ee v MN =I1-XYE

=



1200
wEshe M 2 Ng 78 H, 23 2o] 78 4= Qiok
D, = D
C, = (T—D,.Tyx)(M™) !
Bc _l(/B YPZ nomD)
Ac = N 1(2 NB ’-CQX YP2 nomCCM

- Y( ’71 nom+ PZ, noch tZ)X)M T .

] 2014 A Ak Do) Qe AlzElel] g Hy A)
o715 (24) R (259 AFRFANN & F ok Hy
wol Havt He AlorlE ke o] HH|EE, (24)
9 25)9] AFRFAL Tr (W) o 3% Aasstar +
3l "o} o] Haisl e Matlabe] LMI toolbox & A}
43 4A & 5 Aok

Iv. 29 Al
At Ao)71E AL A3t gt BlHdE S 3}
arck Aol ZAE Ge the o] 783tk

ORI x(t)+[3° uld)
WD) = [0 34.7 x(9)

71 2713 ta Ze] 7HgEkith

xO:[O(.)l] '

BEF7) T=4ms, g=1, B Tmn = 10552 14

813, Tmax & WSMAHE WY @A HsA% JH A
A Toom®] Zhol E 19 094 Utk & 1414 7L 2
A4S T3 o3 2ol TRk

T= S EDIE+ Il 1)

334

.

azei | W
_

320 L
05 1 15
T

¥ 3. 9] ®istel] whE T #te Wtk
Fig. 3. Change of [ with respect to change of 7.

Mo - XtSaE - AIAEZs =2X M 10 &, M 12 & 2004. 12

Tmax ©] WSO WE ] o] WislE Hop FFHoF B
7] s 29 39014 7,5 500us~1500us o el
HBIAIZIEA, Jo 3he 3 Biioh AAH AgozA

| Hlﬁ'i it f ll\] ‘

. L L
0 1 2 3 4 5 6 7 8

1Y 4. A UEYF ATBAG T

Fig. 4. Time-varying network delay 7.

35

01

0.2

03

-0.4

-0.6

-0.7

.08l

o8k

a9 5. ARE Azdelde] ZUE Gel 23 2 Aol
max = 120045).

Fig. 5. Plant G output and control input of the closed-loop
1200 1s).

2(r

system( T max =



Journal of Control, Automation and Systems Engineering Vol. 10, No. 12, December 2004

FE L Tped A3 @2 ], T, D 7,09 W3}k

Tablel. J, 7J, and T uom variations with respect to 7 max

change.

T max ] 7 T pom
750 ps 324.3 251.0 4470 us
1000 ps 326.5 252.1 570.7 ps
1200 pus 328.9 2529 6944 us

Tmax @O AZFE ]9 gho] ARE & F Sk & Ml
EQF] AAAe] AW F45 AlojA|2Fe] Ao F
oAtk i F gtk T 16A JE VEYA AAG
TpZt 3™ 43 o] AAduje] FAAIIA TR o
B, Tomax = 1200059 wjo] ' g o} o] Aakdch

= [ 0.002046 0.00002
0.00002 0.001540

olme} FAES] 7} Aloigize] 18 o] FolA itk

V. d=

B EROME AW A EAsiE WENZL 7]
AoiAzHe] A A ARAALLE BAHeE T
HE H, 40718 Adstgch A AAA9 L8 9T
of sebie WEOR Agstel, 1 WEel e yEL T
s ZelAele] Ao Aol/1E Ak At Aol
Pl ABREAe FUR Fold WA ANY & ek

A ARADR 2] WE) FEE T PN
o HEE 49e T Piol gow, Hy Aojrle) 4
o] ok o AAUEI oo U @77 oz
o]k

My s

1967 1092 644, 19900a A-gohshan
AAAZ gt} £4. 1992 Aevfst
. AAASTHR (HAD. 1979 F
e (FEUAP. 20000 ~ )
gt A7 AR HA 2w R
Hpa 79 Bop= YESA 74k A
oA 2El A, BYAME o837 A T E Ao

L

1959 19 194, 1981 AAuistw
A7)zey £ 1983d Fuisky A
7188t (BAD. 19879 FEY (3
kA, 1987 ~ 1991d AHdAA} A
AlEdTA YT 1914 ~
QA sk A7) AR RA E
FIE a5 B Boks 2HEX mal HH, 2853

(11

(2]

13

4]

B

(8]

[9

(10]

1201

uzs
A. Ray, "Introduction to networking for integrated control
systems," IEEE Control Systems Magazine, vol. 9, no. 1,
pp- 76-79, 1989.
W. Zhang, M. S. Branicky, and S. M. Phillips, "Stability
of networked control systems," IEEE Control Systems
Magazine, vol. 21, no. 1, pp. 84-99, 2001.
D. D. Blair, D. R. Doan, D. L. Jensen, and T. K. Kim,
"Networked intelligent motor-control systems," IEEE Indu-
stry Application Magazine, vol. 7, no. 6, pp. 18-25, 2001.
F. Lian, J. R. Moyne, and D. M. Tilbury, "Performance
evaluation of control networks: ethernet, controlNet, and
deviceNet," IEEE Control Systems Magazine, vol. 21, no.
1, pp. 66-83, 2001.
S. Niculescu, Delay Effects on Stability, Springer, 2001.
J. K. Yook, D. M. Tilbury, and N. R. Soparkar, "A
design methodology for distributed control systems to
optimize performance in the presence of time delays,”
Int. J Control, vol. 74, no. 1, pp. 58-76, 2001.
J. Nilsson, B. Bemhardsson, and B. Wittenmark,
"Stochastic analysis and cotnrol of real-time systems with
random time delays," Awtomatica, vol. 34, no. 1, pp.
57-64, 1998.
T. Chen and B. Francis, Optimal Sampled-data Control
Systems, Springer, 1995.
A. A. Stoorvogel, "The Robust H 7 control problem: a
worst-case design,” IEEE Trans. Automat. Control, vol.
37, no. 9, pp. 1358-1370, 1993.
C. Scherer, P. Gahinet, and M. Chilali, "Multiobjective
output-feedback control via LMI optimization," IEEE Trans.
Automat. Control., vol. 42, no. 7, pp. 896911, 1993.

0|

195799 109 15948, 1980 A|-&ojjst
m AzjEsts 4. 19829 Eoishd
AZ1Fe= (HAD. 1990d Fuish
(FaAh. @A) gqhshae A7)
AEA~RFER af Ha] Bole

A, DY NEA=

Ok
Jou

28 =
196113 109 1A 198513 A-guietm
71AE8#H &4, 1991 Texas Austin
sl (FERERP. 19923 ~ A 24
i A g B e R B Pt e 1
F B Eole 2R Ao 2 38,
Y, vFE MR, AR o)a.



