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Robust H-infinity control of nonlinear networked systems
with uncertainty

DAL Jian-guo, CUI Bao-tong

(College of Communications and Control Engineering, Jiangnan University, Wuxi Jiangsu 214122, China)

Abstract: The robust control for nonlinear networked systems with parameter uncertainties by the T-S(Takagi-Sugeno)
fuzzy approach is investigated. Firstly, with consideration of the effect of network conditions, such as network-induced
delays and data packet dropouts, we develop a sampled-data model for the closed-loop feedback system based on the
updating sequence of the event-driven holder. This model is converted to a continuous T-S fuzzy system with two additive-
delay components in the states. Next, by using the delay system approach, the robust H-infinity performance for the
uncertain closed-loop fuzzy system is analyzed, and the robust H-infinity fuzzy controller is designed. Finally, a simulation
example is provided to illustrate the effectiveness of method.
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1 5] (Introduction)

1T A7k, W 4% 5 il & Si(networked control sys-
tems, NCSs)7EHAHE il TAEd 52 1)) 32 N, 17 H,
A RNCSsI1 73 87 5 £ B B — HEAF 7 R ~3)
[FIIS, H T T-SHOMI BB e AR IF Him T A Sk R 4,
Jir AR FT- SR 0] Al 2k PENCS s EAT B2UE 1 20 H7 A1
P g de vk Uy TR A 1R 2 wE L,

AR RSN, DR 28 25 15 | R AN 2 (10155 5 I SE R K4
oA, LA, pey At 3 R P0AT 4% 0 Bt G A AR IR
FEFPHI. R, RS 5 20 A/D Feffeds At
INF, BRI LA N [R]85 228 /N TR R, P A —A
KL TN I DR BRPIR S 5 A 7T BER S AKX Bl Y
AR 2 R AL, I BLRAS AN R AR A% A I S8 147
28 BB R 0 A i DR b, DA T i DA A Ak i
T RFE P BT HIFRANCSs PR A S AR R, 3 b 2
SCHER L, 4, STHTR FH (R 7 VA A CSO3E 1R S A

ke H #: 2009—08—25; W& ook H #: 2010—01—19.
AT H: A TR AR 5% B IR H (107058).

AR, 40K S 1K) % B 1R FF 2% (zero-order holder,
ZOH) X H LIRS I, M2 {5 5 el . 9 48 4% 3
N S R 2 A 5 DA i R AT A I M 5
e S ZOH M) — B, B, L FR HIZOHAH AR T
BT ISE Z 1 1) B, 590 e AT A5 NCSsAE — 32 I A X [a] p &2
D REAT — RS A AR 3 LR IR [ 10t R Se A e
M. 40, SCHR 6,71 A ZOH ) BB s 21 ok B 780 2 57 1)
I 18] 3 51, 43 S 98 T 2 PENCSs I HL, S5 i 42 il il
H, B8 A&l

SR, 48 6 G 3 I A AR 53R 1 3 2 PR 2
SCHR [6, TIBF I EE A THE . A% T, AR
I 25 18 BRI S 50 1) — A AR A e 1k, R
FHT-SH R J7 v 001 77 JE L PENCSs I & FeH 75 . B
5, & TZOHM 3B 7 41, 4357 A FANCSs 1)K A 45
Y I LA A DAy DR 2574 1 v B VR S AS [ 1 B
i AR B 1) 3 2 I ) S A R 4. SR, AN 5 T A
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B 3R GE AT & MeH oo 1 BE 20 A FIH o 455 11 #4525 55
H1 T 2% 18 T AP RGN IS 5 KA B R fr
(RIAT A9, FT AR 280 AN 5 22 B A
2 RZGHIA(System description)
5 RSN TINCSs, BB RS e x] BT DL
RAT-SER R L8, A4 RN A
If 21 (t) is W and - - - and z,(t) is W}, Then
i(t) =
(Ai+ AA (1)) z(t)+
(B; + AB;(t)) u(t) + Bjw(t) = (1)
A;x(t) + Biu(t) + Brw(t),
y(t) = Ciz(t) + Dyu(t),
b 500G = L p)h i R Wi =
Lo n) BRI, n BB o(f) € RTAE
RGURE, u(t) € RMZFEFRA, y(t) € ROEHH,
w(t) € RPESMNEILED; Ai, By, Bui, Ci, DB
FE, A; = Ay + AA(t), B; = B; + AB;(t). 74k, 4
SCABGA AR AN - g A AR NS

RO
w

FELAEFAER R

X
Vo ARG | w4 | AT
ORI s %
B 22

Bl 1 ARLIENCSsSi# 14
Fig. 1 Structural diagram of nonlinear NCSs

AA(t), AB;(£) R W R A HI SR H A 5D
R VA5 Y, B ELA i S M 2180,

[AA;(t) AB(t)] = HHA[E, Euyl, (2)
A=[I-F@t)J) " F(t). 3)
Py Hy, By, Bos JRFSCEE, F(t) € R HA
FY(t)F(t) < 1. )

3Ah, S ARAE T f0 VF I A 52 K F(E), T —
F(t)T ST, 04
I-J7%>0. &)

WAR, T = O, SAFQ)~(S) Bl (1 ANl P st
I TV HTE B AN E . SR BRI AL, ofe
RHERE, Lo S AR A (I BE 5 32, D 4 e
RGN

()= 2 s (2(8)) (A () + Bou(t) + Buw(t))

y(t) = z s (2(8)) (Cio(t)+ Dyu(t))
- (6)
Horp:

pe (=) = @, (2(8)) ) 3 = (=(0) .
= <z<t>>=j1ﬁl Wi (2(0))
Wi (2 (1)) Fz; (O FEW SRR B B, L
(=) 2 0, 3 ((0) = 1.

2(t) = [21(t) z(t) - 2(0)]

WE R, BT g ds ot AZh ke &, rT A
FREEA N R G I ROCR I 5, B S
BURE S BR, 2 t R P 2 DR 7 6. I et
SR FRAE RS A I IR 5l HLINi ] 22 SRAE SR IR
FEJE I R by 2 ) 2% FZOH BA R B0 AT 2% 0 S 3k 5).
H1 T ZOHI S5 5 WORAEIN %0 7 28 345 5 e st I
(T = T3¢ 4 T8, TRORITE 93 93] I ) 45 (R I ) ]
753N RE) A e B O 45 4, RLEE, 5 AR 1L ZOH) B
BN 2 N, (k= 1,2,-- ), WIEE T 147 70 A 42 AL
AT AT G T 28 4 AR 425 Tl L) -

If 2, (t) is W7 and - - - and z,(t) is W/, Then

U(t) = K,*IE(tk — Tk),
ty <t<tk)+17 Z:17 , 1.
Horp KO R G 5. e LA, 4 R BRI R A
u(t) = 32 pi (2(tk — 7)) Kiw(te — 7),
1=1
Ty < T <tlpga.

E 1 WA PR RS, FEAT FHX
)Y, DRIt R AR B 99 48545 5 A% 330 IR Sy A7 B /N
{t o A KAV, BIO < 1 < 7 < M.

2 B T g S A% A (B ) X[
B ZOHK A BEAT FAFTEHr, TR 2% (1 280 2 KA
Wb, BB AN SRR ) AVD e 3 2 AT — IR, T4 9 2%
TR A AL, WA PAT 45 S (4 52 Wi 5L 2 ZOH ) S8
ZIHE J5 — KRR L 4055 2, W B R — AN Eds e s o
SR ZOHI SE T AL A (18— A RAE A S ) I

)
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TR I SEAN RO B |, ARt S
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FoE A5 AN B AR M 4R Ak R S M H o 425 7H) 1571

T T AL B IS E Ay, AR I Rt SRR S AR
396 I E Ky 7y, T DA ERS 5 N S A IS [ TR) Bty — t
WGBS IS SE N T — 7 JEIR, HITE2WT 0, 5K
N T ST I 22085, B BB IS 21 ¢, BT SRR IR s 2 A0
WA O, WU EHEHE A0 AE g — E TS R IS SEE Dy
Spprh. eha, IS Zt ke, 2004 > DA% 18 11 Hcifs
AAEI 2ty BOBZOH, I At — 6. NBR T4
[ A 38 I8 S 7, AR AE 35 B IAZOHAR, A5 5[k —
ASKAE I E. P LA, A ik K

tip1 — e = (Opq1 + DR+ Tr — T 9

H20(6) N (8) I -l R LICRAE R G R an K A PR
NCSsE’JéETﬁ*ﬁMﬁm

(1) = ZZM(())

=1 j=

B,K;x(ty — ) + Buw(t)),

TOEDY Z pi (2(8)) gy (2(te — ) (Ci(t)+

i (2t =) (Asm(t)+

i=1j=
DiK;x(ty — ), te <t < tis.
(10)
D7 I SCHR [6) ) 732, T LA
ty — T =1t — T — 7(t), (11)
e
T(t) =t—tlp+ Th— Tm,s b < T<lig1,
y

0<7(t) <thyr —ti+ (Th — ) =
(Opr1 + Dh 4+ 71 — 76 + (T — T) <
O+ Dh+Tv—Tm = A, (12)
EEPS%%RZOHEMHSB%’P%%EH#ZUZl‘ﬂ (1 55 K
P EAHL W0 <0, <6k =1,2,---).
gi e, it(9)$uit(12) CIF:t
thgr —te SO+ Dh+my—mm =X (13)
B 7R ZOH B JA A ) dee K Fu VP .
FAADRARK(10), FfEH
i = i (2(1))
pim T = (2 (=7 () — 7))
W) AT A543 2 I A3 P B0 R 40

(t) = ZZUZ papty™ " O [ At
B:K;x (t—T(t)—Tm)+Buw(t)] ;
y(t) = ZZMT”)[CUL’()

1=1j=

DKz (t—7(t)—7m)] ,

(14)

IR >0, 3 T =1,
j=1

E X 1 45Ey >0, M TIrEHZRQ)~05)
AN 3 T, 45 DA A il A2, IR A ER R e (14)

HAH MRy S e

1) w(t) = OWf, FIFRRGE(14) WA E 1

2) FEVIHEAE T, X TAEEAEF M w(t) € Ly[0, 00),
il Hy (O [y ()2 < v [[w)]]2.
3 FEZ K (Main results)

ASOHG B E T G 20(7) 1 S 4 o1 o, A8 15 P 3

RE(HTEH MRS Y T BT E .
EE 1 HEEIKNCSs. 4Ey > OFNEH

U, T, N, p, W2 2U(S) ) HE BRI T LA ) s 428
W K;(j =1, -, n), WRAFAEXFRIEE I FEP,
Q, My(l = 1,2)@5%11117:?32VI“)‘EW?T#EVE(IS)EE
37, U PR ER R GE(14) 02 A Hoo Y0 20y & B il A8
JE

II;; pS Ng Ui,

x —pl pJT 0
—pl O
* * * -1

< 0, (15)
* *
Z,j:17 y 1.

Ullij HlQij Hl?n’j H14ij H15ij
* H22ij H23ij 0 0

Hr: I;; = * *  Ilz3i5 Il3455 0 )
* * s Ilygy Iysig
L * % ES k H55ij_
N;; = [Em 0Ey,K; 0 O],
Lp = [HlTGZ] O H:;[f;lj 0 O]Tv
I1,,;; = PA, +AiTP+ Q — M,
II,5;; = My, Il3;; = PB; K},
H14ij = UA;FP, H15ij = PBM»
165 = C?» 5 = —Q — My — My,

U23ij = M2> HSBij = —M27
II34:5 = UKjTBZTR II36:5 = K;rDiT7
H44ij = TiMl + >\2M2 — 2Z/{P,
H457,'j =UPBy;, H55ij = —’YZL
S=[H™ 0 0 UH'P 0]".
ik izﬁEEXﬁD?Lyapunovziﬁ
V(t) =2 (t) Palt +j (5)Qu(s) ds +

[ s ) #7(5) Mai(s) ds 1
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5 B %27 %

AU s (- v
) :m #7(s)Myi(s) ds. (16)

o P, Q. Myl =1,2) K IESERTBRHINE, v = 1y .
V() RG4S T S 3
(t) =

> i

i=1

T(s)Myi(s) ds +

s <

() (PA;+ATP)a(t)+22 () PBryw(t)) +

Ms

ilu 1 (20T (1) PBK (t—7 (1) — ) +
2t (1)Qux(t) — T (t — 7o) Qu(t — T) +

72 2T () My (t) + NaT (1) My (t) —

Tm T (s)Myz(s)ds —

t—Tm

&
Il
IS

AT ET (s) My (s)ds. 17

t—v
XF A7) IR 73 U I SR (1014 5 1 B3 A 15
—Tm Li T (s)Mya(s)ds <

—(Jals)ds) ™A

z(s)ds), (18)
t—Tm
- ) T (s) Maz(s)ds <
t—Tm t—Tm
— i(s)ds)T M. d
( tf(‘r(t)+‘rm)x(8) 5) 2(L7(T(t)+frm)x(s) 5)
(19)

A, R U > 0, X4 T4
—2Ui" (¢ )Pa'c( )

245" (1) P(3 Z it

1=1j5=

BiK,z(t—7(t) =)+ Brw(t))) = 0. (20)
(A, % 2 (14) B SCRR (51705 131, w) 3
yT(t)y(t) <
Z Z pa ™ (Coa(t) + DK a(t — 7(t) —

O (Aa(t)+

Tm)) " (Ciz(t)+ DKz (t—7(t) — Tw))- (1)
,%éﬁ(n)m(zl) CIES:
V(t)+ (t)y() YT (tw(t) <
52 5% TIN5+ UEDEDL, 22)
Hrr:
§(t) =[27(t) 2" (t—Tw)

— 1) 2T() wT(®)]T,

2T (t —7(t)

Diig Ihoyy 2hsiy Xha 1hsg
* H22ij H23ij 0 0

Eij = * * H33ij 2341‘]‘ 0 , (23)
* * k  Ilygiy Ilasig
L * * k * H55ij_

i = PA+AP+Q—M,, Yisij = PBin7
(23) A5
JIT AN FH SCHR (8115 | 22, 4 1F
Xij + @gwg =
IT; + W W +SAN+NATST <0
RO FREELAT A, 4 HAUCUAEEH B > 01
HU‘FW”WE pS N;g
* —pl pJ"| <O. (24)
* x*  —pl
HIHISchurh a] 5120 (15) Be RiE R (24) AL, T
V() +y" (0)y(t) — o (Hw(t) <0.  (©25)
P25 A2 NOBITFA I3, 2T — oo, WIHEZFA]
F L NCIEE
ly(@)l2 < vl[w(®)]]2-

LUK, Hw(t) = OR, IR BER I, TR
V() < 3 30 malm T ICT02uC0]. 26)

i=1j=1

CO)=[z"(t) 2 (t—7m) 2 (t—7(t) — ) &7 ()"

$2;; 0 3K23) 255 DU B 3= 7 R e PR R R 3F
i, N (1) diase. MR X1, & B AEHIE.

IERE.

T 2 HEEIMNCSs. 458y > OFIEH
U, Ty A, p, LRGN BOERET . W RAFAEXS
FRIEESMEX, Q, M(1 = 1, 2)FIF &8 2 4 $4E
FEY; (5 = 1,- -+, n), 43 FXQ7) AL, WAELE B
K HI AL AR R G (14) R H B &
E S Bl Y

Iy pS Nj Ay

—pI pJT 0
FPeT 0 g =1, @)
x x —pl 0
* % * —1
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Horr: F45z’j = UDBy;, F55ij = —’YQL

Iy oy Thisig s Lhseg
* F221'j F23ij 0 0

Lij=1 x ¥ I35 Tha; 0,
* * * F44ij F45ij
* * * * F55ij

5‘:[HT0 0UH"* O]T, Aij:[Fljéij 0 F?E;ij 0 O]T,
I'y; = A X +XA;F +Q — My,

FlQij = Ml, FlSij = Bina F14ij :L{XAiTa

F151'j = Bu, FlGij = XCiTa

F22ij = —Q - Ml - MZ; F23ij = M27

I35 = —M,, I = UYjTB;Ta

Is6 = YjTD;F, Ly = TflMl + N2M, — 2UX,

Nij = [E.X 0 EyY; 0 0].
RN, RSB SEHEK, =Y, X (j=1,--- ,n).
4 i A+ (Simulation example )
B Pl 1 PR A2 0 5 oy e e WAL 3 N TR T
JO = —(0.5mgl + Mgl)sinf +u,  (28)
b 0 HLE NTFRE IERE M, m = 1.5 kg A 54K
PR, M = 3 kg W FERIE, g = 9.8 m/s? & &
TS 1 = 0.5 mALT = 0.875 kg - m?43 5l 4 F
T R BRI s wiom T8 AR IR AN,
M5E Ly (t) = 6, 2a(t) = 6, WAEL P R 55(28)
A R T-SER AL i R

Rule 1 : If 1 (¢) is about 0, Then &(¢) = (A1 + AA1(t)) x z(t) + Bru(t) + w(t), y(t) = Crz(t) + Dru(t),
Rule 2 : If 21 (¢) is about g,Then &(t) = (Aa + AAa(t)) x x(t) + Bau(t) + w(t), y(t) = Cox(t) + Dau(t).

SRR AOSE
pa (1 (1)) =(0.5m—fx1(£)[) /(0.57),
po (1) = 1= (21(2)) -

AR
w(t) = 0.5sin(27t)exp(—0.5¢t).
R
0 1
Ay = | —(0.5mgl + Mgl) ol -
J
[ 0 1
Ay = | —2(0.5mgl + Mgl) ol -
wJ
Bi=Bo=| " |, Cci=Cr=10 1
1= b2 = 1] 1=02= ;
Dy =Dy =0.

KQ~GFTR IS EAE D H 921 47 1,

0 0 0 0
E =

05 0] » bl [—0.5 0] :

J =0, F(t) = sint.

X T M IREE, i DMECREE B A = 0.01 s;
WY 285475 5 A% 3B I S 1K) e /ME A 7 = 0.01 s, 2K
My = 0.05 s; ZOHAH AR 537 I 21 1) 1) £5c K
PWEELENS = 1. Pk, nIfRIEN = 0.06 s.

MIEHU = 0.1, p = 0.3, FJJHIMATLABH M E
2 (/MRS B U Hoo TERE S Iy = 0.2345,

Eal =

P2 WK = Ko = [—1.7454 — 9.3413].
%m%&&mmgmwim%%%umm
L 2 R

1.0 T T T T

0.5

0.0 >

x(1)

-1.0F .

u()

0 5 10 15 20 25
t/s
PITEAR 28 490 (140 FRDDR 78 i I3 AR 4 ) N 1 5

State response and control input curve of the

K2
Fig. 2
closed-loop system (14)

5 #Z5i8(Conclusion)

HI A5 5 AL, 5T I SE AN Hds 25 55 k) 45 [
BRI, A [ S I Bk R (0 B30 e VA ATy A
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SRAFIIRE M. A7 %5 T 0k, ASCRHHAAT 233 ZOH
(KSR fR =, SN AN 32 A 2R PENCSs I T-SRREA i
B, JF T B R H o IR S S IR 42 1 5. I P
R0 A T P Jrik il AT 4.
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