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Robust L,—L, control for nonlinear networked control systems
with random time delays

LI Yan-huif, WU Di
(College of Electrical and Information Engineering, Northeast Petroleum University, Daqing Heilongjiang 163318, China)

Abstract: In this paper, the problem of observer-based robust La—L.. controller design for a class of continuous non-
linear networked control systems is considered in Takagi-Sugeno (T-S) fuzzy model. A new system model with probability
distribution information is established by introducing a Bernoulli random variable to represent the probability of the delay
distribution in different intervals, assuming that the time-varying delay in the network environment has a certain stochastic
property. According to the parallel distributed compensation (PDC) and Lyapunov stability theory, the Lo—L o criterion
based on T-S fuzzy model is established to make the system mean square exponential stability. And the state observer gain
and the controller gain matrixes are obtained by linear matrix inequality (LMI) technique. Finally, the simulation results
verify the effectiveness of the proposed method.
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2 A8 (Problem statement)
RSN T-SHEORI R g 0t 5.
Rule 7 :
If 01(t) is My, 65(t) is M5 and - - - and
0,,(t) is M;,, then
&(t) = (A + AA)z(t) + (Bi+
AB;)u(t) + Brw(t),

y(t) = Cuia(t), M
z(t) = Coz(1),
Hr: z(t) € RYBIRELE, u(t) € RPEAL &,

y(t) ERUZEX Z MM EHH, 2(t) € RUEFHNTHE S,
w(t) BN, Hw(t) € Ly[0,00), 61 (t), 0(t),
0, (t) T RTAEAE &, My (=1,2,- -+, n)f
1‘3'3*?5)39% r BRI AL, RGHRE A, B, By, Ol
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FEFE, RN R A AR AN E P BRI HEEL
HHHiw e
[AA;(t) AB;(t)] = GiA(t)[Hyi Hyl, (2)
Hrf: Gy, Hyyy HoEHEHEEIERE, A;(t) &R A Lebes-
gue FTITCHH R AT (#) A; () < TRFREGERE.
LR B R BORIAL . SRARHEBEAI IO T3, v
(1) = (A(t) + AA())x(t) + (B(t)+

AB(t)) x u(t) + Bi(t)w(t), 3)
u(t) = Cr()a(®)
2(t) = Co(t)x(t),
Hrp:
(0(0) = T1 My 6,)),
pi(O(0) = h(O(O) 3 hi(0(1)
A(E) = X m(O(0) Ai. AAW) = 3 (1) AA,
B(t) = £ m(O(0)B.. AB(t) = - m(B(1)AB,
Ca(t) = 32 wul0(0))Ci, Ca(t) = 3 u(6(t))Co,
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Fig. 1 Network control system structure
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Rule 7 :
If 6,(t) is M;y1, 05(t) is Mz and - - - and
0,,(t) is M, then

{é(t) = A (t) + Buu(t) + Li(y(t) — Cri(t)),
u(t) = K;z(t — n(t)).
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i(t) = (t)ﬂ?() B(t)u(t)+
L(t)(y(t) = C
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P{6(t)=0}=P{di < n(t) < dz2} = do.

NI AR iy (8) Flin (¢) 430 < my (¢) < di, dy <
7’]2(75) < dg, T]l(t) <mn< oo, ng(t) < To < OQ. .[H:EH‘
XE)FNT

() = A(D)&(t) + B(t)u(t)+
LOGO - G0,
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(1= SENE Dt - ()
IR ZE
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E X
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Zre 3 (3)(6), M ARG BARKHE AL 347 40 3,
(eE
(1) = (A(t) + AAW)EN) + 0o (B(E)+
AB()¢(t —mi(1)+
(1 — 80) (B(t) + AB(E)E(t — na(t))+
(5(6) — 00) BE)IE(E — m(£)) -
E(t - m(t)] + By(t)(t).
(t) = COE(D).
(7
Hep:
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3 alt) 3 (e (0) [ﬁ P _(}jCh]

AA(t):i:ZT‘,luz(x(t)) iﬁjg ﬁgg ’
B(t) =
Zéﬂz(fc(t))gjl pi(x(t)) Bi(.f{j _BOK
B(t)K(t) —B(t)K (t)
0 0 ’
AB(t) =
Snteon Emenan [ 7]
AB(t)K(t) —AB(t)K(t
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AA(t) = GA(t)H,, AB(t) = GA(t)H,.
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EX 1 WTHEEHy > 0, Hie:

1) FIE RGU(T) 2 BT FE0E E 1Y

2) EERVIMEFKMT, MTEIEENwW(t), #i4
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([ w(s)ds) W ( [ w(s)ds) <

b
b—afwTszsds

3 FELEE (Main results)
AR WSS R (BT e s e

HEA Lo L NEREFBAR I B 2 AFAE I 78 79 25 .
EIR 1 AEhrEy > 0, BAEAE LR
P,Q1,Q2, Ry, Ry, Wi/
D [y (45
.Q = * ..(222 .(223 < O, (8)
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P Ct
ij
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0% 6OPBij + Ry 0
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R 00
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.913 — 0 0 (50.[?[;5 )
0 0 0
[—(1-7)Q2—2R; Ry 0

922 = * —R2 0
L * * 022
[0 0 (1-6)H:

923 — 0 0 0 B
00 0

933 = dlag{ I —81_[}

Q= PA,. +ATP+Q1 + Q2 — Ry,
022 = d%Rl + (dQ dl) R27

MRS (T)¥I T HREREE Hipi 2 Lo—L o IWHI .
ik FiE T B LyapunoviZ ki:

V(t) = V( )+ Va(t) + Vs(t) + Va(t) + Vs(0),

Vi(t) = € (O PE(L),
B = [ Qs

Vi) = [ € (5)@ut(s)ds

t—n2(t)

Vi(t) = Lt . Lt £7(0)d, Ryé(6)d0ds,

J«tt dlI §T

E{5(t) — 60} =0,
E{(o(t) - 50)2} = do(1 — do).
Xt LIRZ R T, AT
E{Vi(t)} = E{2¢" (1) PE(1)),
E{Va(t)} < B{"()Q:8(t) — (1 —m)E™ (¢
m(6)@i&(t —m(t))},
E{V3(t)} < E{€"()Q26(t) — (1 — )€™ (¢t
)
(

— dy)Ry£(0)d0ds.
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N2(t)) Q26 (t — (1))},
BAVA(D)} < BE" () d2E (1) -
[, E@dREs)as),
EAVA(0)} < BAET(#)(ds — da)2E(¢) —
[ s) s — ) Ris)ds).

FIIFH 51 B L AR 2 TEA T AL B, w] 15
El=d [ &) Rié(s)ds} <

~[E(0) — €(t = mON Rile(t) - &6t~ mi (1)) -
€t = m(®) ~ €(t — (@) Rile( -
m(0) = &t = (1))
P&
B{(d — ) [ €5 () Roé(s)ds) <
{6t — dy) — £(t — ()] Ralé(t — ) -
E(t = ma(t)] - (¢~ ma(t) -
E(t = A Rale(t — (1) — €0 — o))
X
7 (t) =
€7() €7 —m(t) €7~ d)
£t o>€af@>awwwm.
HITAEE{V (1)} < T(1)28(1),

(W, W, 0 W, 0 0 PBi(t)
x* Wy R O 0 0 0
* Uss R, 0 0 0
N=1 x x Uy R 0 0 ,
* * x —Ry 0 0
* * * * Uss 0
* * * * * -1
]

AA()] + [A(t) + AA@W)"P +
R

1

*
*
*
*
L *
¥y, = P[A(t) +
Q1+ Q-
%2:50 [_( )+AB( )]+R1,
Uiy = (1 —80)P[B(t) + AB(t)],
Wy = —(1 —11)Q1 — 2Ry,
L[’33 = _Rl - R27
Uy = —(1 - 7'2)Q2 — 2Ry,
L1766 - d%Rl + (dQ - dl)zRQ.
FRE SCHR [913€ LIFT A, Hw(t) =0, AR5 Schur
K BIEL, A AER @) THE{V (1)} < 0, WA &
ST iEERE. e A RS Lo-Lo M
REFEPT.
E X
J=E{V(t)} - f w" (8)w(s)ds.
TEEYIEFA T, XT?E%?HEALL)( ) € Ly[0,00)BA K
t>0,4
T=E{| V() - " (s)w(s)]ds} =
E{jot 8" (5)08(s)ds} < 0,
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E{¢"(t)PE()} <
E{V(t }<E{jw (s)ds}

J§AL, B Schur #h 51 #L, AT RHICT (1) C(t) <
e

v*P,

E{z"(t)2(t)} <YE{ (1) PE()} <

~? jooo wh(s)w(s)ds

HIE{|2(t)|I2} < v2lw(®)||2, EFEIFE.  iEHE
FETEM 45 TSR, SRR R B kbl L it
FEPEASE B A, 45 A5 2 (8)—(9) B4 LMIs [T
3, FFAR B RO 25 S i g BBt .
EHR 2 XAERREy > 0, WAL E SR
W >0, R >0, Q; > 0MM,;,N,(j =1,2,3, g =
,3), AR (10)-(13), MR RS (7) B 7165
%i" HBEA Ly— L A B .

-511 S 0 Ey
*  Ey 5:23 Zo4 <0, (10)
* k 33 0
L * * % 544
(W, W, W,Ck
x Wi WJrCS | >0, (11)
| * * 721
PRzl s AUL#s 1 S 40N

Ki = M1W1_17 Li = N2W2_17

Hr:
= Hy 6oH, + Ry
—11 — % A4 )
o a-enm
—12 — Rl 0 ’
= —_EIQ E[g Rl R2 RQ
S = 50]9.4 y D29 = N A |

R 0
38 | * d%Rl + (dg — d1)2R2 ’
[T 0
—44 = . )
x diag{—ei I, —e11}

~ Ri1 Ris ~ Ry1 Ry
R, = _ , Ry = ,
! l * R13] 2 [ * R23‘|
A Qu Q12 - Q21 sz
@ l * Q13 @ * Q23 7

(A s (46 A L [T
HO_[*A3‘|7H1_lO 01?H4_lAg

Bli ElGi] Hg _ lleE] 7

_

H~— =
2 Bli ElGi WQTH—;;

Ay = AW, + Wi AT + Qui + Qa1 — Ry,

Ay = AW, + WoAT — CENT +
le + sz — RlQ;
As = A, W5 + W3AiT — N3Cy; — C1TiN3T +

Q13 + Q23 — Rus,
Ay =—(1-7)Q: — 2R,
A5 = —(1 - 7'5)@5 - 2R57
Ag = B;M, — B;My,
A7 = B; M, — B; M,
Ag = Hyi My + Ho My,
Ag = Hyi My + Hoi Ms.

iE EX

W pi_ lwl WQ]

* Wg

4

Ay = diag{W, W, W, W, W, W, I},
A, = diag{W, I},
KA, ARATEI(8)~(9) AT 552, FFHX
Q; =WQW, Ry =WRW, i=1,2,
M; = KW;, My=KW, W,Ct =Ctw,,
N,=WL!, j=1,2,3, g=2,3,
MATER(10).
FIHATRR1), BH2FE.  FEE
3 kAW, oL = T W, (g= 2, 3) R

8, 3% BRI 2  SAE 20 i (singular value decomposi-
tion, SVD), Xt FHIHHIEFECT, 4

Uy
Uz
Hr: U, VARIEZHRE, SN A ICER NIERIXT fRE.
WA FEW i £ Wy = UFW21U1 + UQTW22U2, o
Wai > 0, Wag > 0, 1715 [ Wo il /£ Wo OT = T W, M
Wyt = Vet w oV, B AR A R 4 o

K=MW;', L=NvtwylzvT
4 i B354 (Numerical example)
FREARGU(L), MRS H g T h:

A, = —-0.88 0.1 Ay — 0.52 0.9 7
093 -1 0.11 —-0.9

X

)

ctv =
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—-0.2 0.05
y Bll = )
—0.8 0.01

1.7 1 ' 1.3 '
B == ) = o — :
12 l01] ) Cll l05] ) 012 l02‘| )

11" 01]" 0 3
C — C = ) H =
2t M P lo.m] P l—3.8 1]’

d1 = 05, d2 = 08, T — 01, To = 06,
G=1, H,=[0 0.05]".

732:

sin t
0
A AU 2S S50 T

SERA (1) Sig tl’ 1 B T R SR

—1.7226
K, = [8.9677 0.7906], Ly = ,
—2.0635
—570.6310
K> = [6.8797 —1.9292], L, = .
—53.6090

N T BUEA ST VE A R, 23 e B E
P -5 R 1 e R 4% 425 1) 28 96 ) e/ NS0 BE oy
AT T b R GUAE LA 1 e M A 1 0 R I
By Ay ) e KA, (5] 38 By Ay ) 3 KA, BlVd =
max{dy,d>}, 7 = max{r, 7}, 7 HEFEHLI A 4
JE 8o =0.74. F145 X PG T ~EXT L, wI%n, 1£
N S AFDO 5 /N, B 5 P B 5 BB ATL B s T A5 1y
FZETE L, ABAERS A ORI, AT LLE H 25 RR I Rl AL
PR AR 1 v2 = 0.0194 B & /N F 8 % PE I Wy =
0.0447. BT LA, AR 715615 B /Ny E, HA
FEUFIA Lo—Loo THRAMSIAKCE, BRAR T 25 R AR .

% 1 H R AR 8 3 b
Table 1 Comparison of ~y values with or without
random time delay

dy =5.5,dy=8 dy =16, do =20

B e iy 0.0293 0.0447
BEHLES 5 0.0279 0.0194
IR R A

My (1)) = e 50,
My(aa (1)) = 1 — M (a4 (1).

A HPIERIRE2T(0) = [0.1 — 0.1], TeEhHAw(t) =
e~ Vi LA RIE2-3FR. B2 AR 35 i i 7 2R
RGUIRAS IR, P32 J 1 00000 35 F 2 il VE R fA 1A
PR GURAS R L. 7 BLA5 SRR W] RGP i
FAE I AR MR, BB T AR T A
R,

t/s

2 JFHARAS I R
Fig. 2 Open-loop state response
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0.10F —, A

0.05 T A
0.00 [{ 4~
-0.05 ! .
-0.10( ! 8
-0.15}; 1
020 ]
-0.25 8
-0.30 .
_ M | | | |

033, 20 40 60 80 100
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Bl 3 FERRASIA B

Fig. 3 Closed-loop state response

x(t)

5 45 (Conclusions)

A HET Lyapunov s M ERS FIZE M H FEAN S X
R, K HBernoulli 0-17) A7 41 5= T T- SO AY 1)
TESL AR 1t I 28 4 1 R 0 TR A AE I BEATL AN ZE [ R, 7
SEAHRE PR vt B 2T U8 A8 PR T R R
Y e EAR e Hali /& Lo— Lo PEREFR AR 42 il 25 912k
BT ELIIE 7 %07 R A R BT AR R I R
AR R A R, RN N — P U E A
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