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Quantization Feedback Control of Networked Control Systems with
Delay and Data Packet Dropout
Wang Chunping

312369, China)

Abstract: Feedback control systems wherein the control loops through a real — time network are called networked control system. Network

(Keyi College, Zhejiang Sci— Tech University, Shangyu

intervention brings many uncertain factors, such as network induced delay, data packet dropout and quantization error, which will affect the
stability of the system, and even lead to the instability of the system. As for delay network control system with quantizer, sensor— to— con-
troller channel and controller—to— actuator channel both have data packet dropout, and the system is modeled as an asynchronous dynamic
system. The stability of the system is analyzed by using the exponential stability theory of asynchronous dynamic system and linear matrix ine-
quality toolbox. The numerical example is simulated by linear matrix inequality (LMI) toolbox of Matlab software, and the feasibility of the
scheme is verified. Finally, the design method of controller parameters is presented.

Keywords: networked control system; short time delay; data packet dropout; quantization; asynchronous dynamic system

0 3%

Mg 24 (NCSs, networked control systems) J&
T A — A S R 26 R TE P B0 0 S R R GE B AR
. ZAMATR . X R . 201 B R R 2 R A
MR T AT LS A A P R R T B CRIAR R g —
s 1] 455 0 TR AR ) 45 — BRAT SR A TED T & R AR 12 3 T
BE A P A BRI, AR TR A R B R R
5i, NCSs A LI/ REEATL, BER 52 BLXF 28 56 1 52 I 1
HES, BT X REHTISE ALY F GEE 5 45 5 8
FEML=E, MMAKMWRE S, EFHMTFZa. T
XL, NCSs DATEMEMRAREGE . B RS, Lkt
BEWNRG., REEHAEFIARZH T 2T
N

EN L A S S S ol T e W NG R =R -
B rEEg e PR BRI TERER S E,
W anAe sl It vh R G AR 2 ) & SO0 iy, AR AR —

i H#I:2020 -04 - 28; fEE BH#A:2020 -05 - 17,

ESWB:HEARP¥EEEI I HE (61374083), #iiLIE T
KEBH 5 2R BRI B B35 B (KY2018013)

EBRB AN : THF 978 -, J Wi v W B0 BF 78 A U
2 2 N Tl A T R G I 4% A s o R R O 1) R B AT

25 T 250 TR A 2 — PRAT A% 2 (8] 15 B A% B S A A I
fE, W HAEMK RS, 240 AL EEN%, 1]
BB SPBEUMEMH EL =P, M5 RMEFE SN ES
R L REAELY . B BER RGN 05 RS
BN A, NCSs b b iyl 5 B #8 2 Bor 5 =i, Mg
T TE AL 0 A 2 o B A R AL FETY K s R
P ) e e WSO R R K T SR R i DA B P T 0 2 A 4 o
R EREE, MENSSBRERTE. TUERH RS
)53 87 5 BT AR A U G

FLTF L, AR SCE X AHEE NCSs, WA iE (%%
s — 1 o A I AR R #F — ST A EED B B &
2 D R A it — 5 ) 4 0 0 18 AL AR AE I R R G AR E
[, X RGEHAT T R, R e o A T AR ik, OF
F A Matlab #9244 50 [ A % LB LMI (linear matrix ine-
quality) T HAH" 4T T 545 ELIE .
1 WEEHNRFEEHNERER

BRI EBH R —E, B ZEd R LS & — &
MR TF G, JF 06 M G R Bl 1E L . JF OGITIF
FOREAERE . S A, NCSs g # Wi 73 b — A
ME M F T AE, R RE R BA B 45T
BFEER R, T8 A FE W R G PERE Pl RE 2349 BIREAL, T E



% 12 39

EAHFF: INIES E AT T R4 5 R SRR 5 E . 187 -

REREMFRRERE. RNit, A BFEREHELEL
Ak SEE 1% OO0 o SR SRR — 2 T 9 A AR B BT RE IS R
to . RIS — AT A EAATE BB AE, 2N .. A M4
BBHE r=c¢, +o, <T, T HRHFM, FRESIERFZ
B E RS, RERBEHME 1R,

J” XBHER B x, (k)
AT B BAEXNR > RS ey
u (k)
= sl
ZE
sz\ T s
u, (k) il x, (k)

P17 AE S I SE A AL R NCSs 8

H T I 45 50 RS T8 32 B R DR IE R 4R 1 B A 5 AL
i, FEPRUE FR G0 M BE I A B TR AT AR I IGGE {5 9 R o5
R, WATER G AL 4 m b 5| A BRs, idh h (o).
Wt AR FRAT AT LUK A IR R A B Y 3 S {5 S EAT B
TRAbFE, 554k ok — 52 B 0 B S 5, 3K S8 B s 5 T LA
RFALEAEREMAE S, gl 155X 2 B HUE 5 T L
W KRR BE b BEARE S5 5 AL i .

HABICH R () = [h (x) hy (2) = h,
FESCHINF

(l'”)]’

u" sz, >0
h,(x,) = JO sz, =0
—h,(—x,)sx, <0

1 () _
Vs & T
1— En,

Horp: B 2, >0 1, 0" <, <

1
1+€/,’

1—o, .
ﬁ’ Ho € [0, 1], o RAREAKE, m=1, 2, -,

n, MESCHR (3], & X
v, = {Eu" 0" =0 v, v==t1,+2 -}
U {Ew”) U {0},v"” >0

it Ah=diag {Ah,, Ahys ++s A}, HH, AR, € [—

€, o e/»m]o f&ﬁ%iﬁk [%], ’ﬁ
h(z) = U+ Ah)x

B FR G0 K T i A E B PR 3 A8 S s . BDTE Bl . 3 38
ZHTPREERT — R 0 A . AR IR AR SR P I ) 3K By,
aMPAT IR A F IR, B4, AT LUK RGE MR
IR 4 FpE oL .

D XS, S #HHAE:

x%){u+umaxm, RT <t < KT+,
‘ x(k—1).  kT+rz <t< G+DT
u (k) KT <t < kT + <
%%>:{m%41% ET +c<t< (k+DT
2) JFR S M. JFR S, 4T7F:
I+ A)x, (k) KT <t < kT +r,

x (k) =

x.(k—1), kT +re <t << (k+1DT)

u, (k) = u,(k—1)

) JF% S, HTIF, TP S, M4

x (k) =x.(k—1)

u, (k) = u,(k—1)
D IS, S, IF

x (k) = x.(k—1)

u, (k) = u,(k—1)

HE— B A bR S B R PR B Y R T
GF¥ S, S, WG SREFM TFXS RIS, hELA
AT . WRBIA A A R E R RSN E A
50

L ARREEH
l*{aﬁiz@

W, =10,

u (k). KT <t < kT +¢
m%):{WQAJ),kT+r<L<(h+DT
2 =2 K,

u, (k) = u,(k—1)

FATAT LUK B 1 SRR A 2 BT R I Bt 2 A e e A
A4,

]
i

P{w&w%}{ R ﬁﬁ|ﬁm%
u (k) }
|

-
\s

B2 SRR Ll 2 4 5 JE N SE NCSs B2

16 NCSs H1, isxt g —BoRE L0, 10 il 45 50 2 5
Ry BT LA XS AT B Ak . BB T S A R R A A R
SRS R .

x(1) = Ax (1) + Bu(0)
y() = Cx ()
BRI ] RS RO AN
u, (k) = KU+ AR z. (k) = (K+ AK)x(k) €))
4 AK=K »* Ah, BR824, BT ER 0835 6 Gk A

PR
Gx (k) +H, u, (k) +H, u,(k—1),
i=1
x(k+1) =
Gx (B) + Hu,(k — 1)
i=2
y(k) = Cx (k) (2

T e
,H\:EF':G:e‘ATyH:(J eA"da)B’HIZJ e Bdo ,H, =
0

ﬂew%¢%ﬁ<n¢W@ﬁtm>¢m%:
x(k+1) =



. 188 - TR AL I 5 s il

% 28 &

(G+H,(K+AK) (k) + H, u,(k— 1), P
Gx(B) 4+ Hu,(k—1), i=2
EXH RS e (b = [x7 () ul (k—D]",
WA R -1 F LR RS,
p(k+1) = Dok D

Hp,
G+ H (K+AK) H, G H
@ = [ K 0 J’q” h [o I}

2 FRYREESH

AL Y NCSs 2 [7] B3 75 7% 20 B 8] B i 45 X 3 5 1
WHEAENHRRSE, WA F LB RGE (ADS, asyn-
chronous dynamic system), 23 BB #sh S MEL s S0
ARG, WHNIRKRARG, B Hassibi 5 AFE 1999 4 5 R 42
W, R By AR 224 r AR I, VIR OF G ik

B Rl 2 R B A0 B R R R FE R LA RO R
MIFIE S P RE ] 5 2 sh S R A B . A% JERAR i o

IR SR AT ELIE A 2 AL 4 B 3R 45 2 . SRR R A0 S 4 B 1
ok P A, PO 1 AN T R A R I A T s 5 Y Bk
SEEWAEK., XL7TISH T REIBREHBE R E T
B2, AR EBL S Al B I NCSs BE i, b &
JHEN T 5B,
SIE1M, BE—
= f.(x) s = 1,2,
P 0<r<1H>)
V: R">R.. ﬁfiﬂ
e <V <p [ xll?
Hrr, ,31.2>0, HHAFERR R a1y ass s ans WL
Vixy) —Vix) < (a;" —DVix) (5
i ay ttay > a > 1(6)
NZ R G tR B E W .
S1HL 2" (Schur #h 51 H) . G 24w HEUERE A, P,
0. AEPQ Q", P=P">0, f4 A" PA+Q<T0 {57, X H

41%1[ 7 Q]<o@z[ C

A3 XWX D) MR REIERGE ¢ (k+ 1D =
¢I‘P (k) ﬁf$ﬁ:h (i) = {E19 Ez ’ Xff‘$f¢$jﬂ r;
= {r., r}. ntr,=1, EI Lyapunov RE V (@ (k))

N ZHEFERARNELNERE xn
SN B RAEERR riary e
ri = 1, WRIFELE— Lyapunov FREL

1

A
1}<:oo

=@ (k) Pp (b), PRH—ARFRIEEMBE, A, WHRFAF
E*ZT‘% Qs Q2 {VJTJ/E
al' ay >a>1 @)
HAEX=P ", k.
—-X @oX
" < 0, 1 =1,2 (8
Xo! —o*X

M= (4 FFiR i NCSs 21550k &1 .

WEHT: ARAESIE L, BT (D RN RENE W
ABHCEM, TR (6) ATRIEES S o) o >a>1,

RS H 1 sk (5) wTLAAE#]

0.9931
G+H K H,
D, = = |—0.0690
K 0

Viplk+ 1) —Viph) < (o — DV(p(k))

yo
=

Viplk+1)) —a;* V(p(k)) < 0
BV (o (&) =¢" (B) Pp (k) fLANE,
@ (E+ DPp(k+1) —a, = 2) ¢" (B Pp(k) < 0
e(k+1) = &, (k)
fRATS .
o (B) O PO, (k) —a;* ¢  (F)Pp(k) < 0
(AR
O PO, — ;" P < 0
BT PJE— DX FRIEE M, BT LA P X R 1 G 46
M, K EXamzER. AR P, ATLMSE .
(@, P H'P(D,P')—a P <O
FIGIBE 2 0 LTS 5] .

—P' @P
. .2
[P_l@l —a; :|
# X=prP"', ﬁ/\J_Jﬁ 5%
X
.2
[X@T _ ( )XJ
EPH 3R,
5 L5«

BN GORZS J7 R A 1) NCSs %y&ﬁnT

. 0 1
x(1) = x(2) + u(r) 9
0 —0.15 0.1

RAEFI A 0.3 s, F2 1 A% FIPAT 5% 15 5 0HR R =1 3K
g, RELMBFEFNIEN 0.1 s, HEBHBEHEN K=
[—3.50 —11.55], R RGN KA X048 HE E
Mo MAEEE: HEENEN AT, RAEBEEM. 5
A A T R R =0.90, RIEHE 0 % A4 R N
r,=1—r=0.10, B}, FIH Matlab ¥y LMI T EL56#4) 1& £&
PEREREAN SRR, SR e M X, T IS8 P45 2R .

_pl0000 0.20345 0 £0.0044
a [ 0.9360} - [0.0293J’
0.0020 0.0025
H, H, =
[0.0197} [0,0096J
RAZ @, @, hH1d.

0.2705
0.7284

0.0025
0. 0096
—3.5000 —11.5500 0
1 0.2934 0.0044
G H
q>2=[ }: 0 0.9560 0.0293
0 I
0 0 1
BE an=1.07, a,=0.76, MWHEFEHK a=qa) o =
1.034 0>1 W R EH 3 I (D, ¥ LR RRAEH 3

g (8), FIF Matlab iy LIMI T H A A4 i 28 M S5 o A 25
KRG, I RIAATE I O FRAEE X h



512 THEY: BIESEEEIE T 0S5 2R 5 0 b s e - 189 -
11.9006 —3.8315  2.9143 — P! G+H (K+AK) H,K
X = |—3.8315 1.3873 —2.0778 (G+H,(K+AK))" Q—a’P 0 <0
2.9143  —2.0778 31.2453 (H, K" 0 —a’ Q
3 AT LG E B 3 A4 R R A N, RGIE MK I 0 0
BT ST, LR 0 P O},%ﬁmTﬁ%
3 RERZEHSFIZIT 0o 0 P
LR G F, FAEFEAIHSEHARRER R .
FEMESH BT RS A S8, AT RIZE &1 NCSs 1y L3, — P (G+H,(K+ AK)) P H, KP™
FIR LMI T 24 3% 11 8 1 28 2 80060 1 37 NCSs J2: 38 50k * P OPT — ot P! 0 <0
EH. . . et P
3.1 LMI&EF% an
A B RS B ALy s 7% K I RV 7 22 0 X RO
x(k+1) = 9y W i3t
(G+H, (K+AK)x(l) +H, Kx(k— 1), i=1 B T
Gx (k) + HKx(k— 1), i=2 Vum>f@”Mn>:[ﬂk7D}
i=1, NREFEM, i=2, BEFEM, , . .
G'PG—a,"” P G'PHK x(k)
M= [ (HK)" PG V22 }[xwg—DJgo
x(k+1)
[ x(k) J: Hrp: v22= (HK)'PHK+Q—a,” Q. [IF:H,
G+H (K+AK) H K; - x(b) - ¢ HK
J[ I o}[ﬂk—n] e G' —a'P 0 <0
} G HK x(k) S (HK)' 0 0—a’Q
[o I } [x(/e—l)] I 0 0
(10) ST, ARk |0 P 0},%ﬁ=
NEAWABBF R L IERGE. BHZRGGE 0o 0 P!
e kA E . IO ATE Bl B 1 TS AR, AT A5 F L —P'  GP HKP'
ZmRER BHEERES M. X 6 ATLLE#ESRG, K x  —q, P 0 < 0(12)
(5) AJ LA o 2R P P R A U AR 3 * * P QP —o, P QP!

PEM AR KRBV (x (b)) =x" (k) Px (k) +
xT (k=1 Ox (k—1), PRIQ BIyXFFRIYIEE M, B4
W51 =t 5.

Vix,) —Vix) < (o;" — DV(x0)

CINPREER

V(x,) —a; " V(x,) <0
ey 3 PN AW
2" (k+DPx(E+ 1) + 2" (B)Qx (k) —
a; [T (DPx (k) +2"(F—DQx(k—1)] <0

WG Q0 mTRIEH].

1 Y4 =10,

) x(k) i x(k)

Vg —a;” Viz,) = ' <
Eme—l)} Eme—l)}

X

¥1l (G+H,(K+AK))"PH, K
[\1/21 (H, K)'PH, K —a" Q }

V21 = H, KP(G+H,(K+AK))",¥1l = (G+H, (K+
AK)TP(G+H, K)+Q—a " P, A Schur 5|3 (Ri 5|34
2) AlLIAGE]

4 X=P ', T=P ' QP ', Y=KX=KP ', AY= (AK)
XK (D Fxl (A2) (b, e AT LS B0 2Pk A B
ANEEAA
—X GX+H,(Y+AY) HY

E, = * T—a’X 0 <0
* * —QI’ZT
— X GX HY
, (13)

E, = * —a; X 0 <0

* * T—a,"T
X>0
T>0

ot 2 Hp A A R A 2R PR I AT AL BT AR 4 Schur 518, 5K
(13) AI44hF .

—X GX+HY H,Y H, 0

J ¥  T—a’X 0 0 y’

E = | % * —a'T O 0 <0
5 * * —el 0
* * * * —e ol



« 190 -

TR AL S

% 28 &

— X GX HY
E, = * —a' X 0 <0
* * T—o"T

IX >0
T>0
AT LMI T AR ) 2 e 2R PR e A 28 50, ol RLSR AR
X, T, Y. #H&SSH00T T K=YX 3.
3.2 FEXBRESN
T3R8 25 FE X GORETT R AN (9) Bz i NCSs.:

. 0
x(t) = [
0

fRIRARRAFE M 0.3 s, REMMEIHEFH LN 0. 1s,
BRI BT R =0. 90, B ECHE % A4 1A R
K r,=1—r, =0.10,

WRIETIH 1R (6), B =1.07, a,=0.6 IF, Nz
WE «=1.034 0>1, R &KM . EHE=0.02, 6=50, T
FA LMD T B4R (13) BRI M A%,
CIEEE

1
N 15}(@) + [07u

| -27.2525 —6.4426
4’[4—&4426 2.015 5 }
Y= [1.8159 —8.468 0
- 0.1205  —0.0501
B [4—0.050 1 0.1287 J

FEUEEE Al b 3E— D B S S A K=YX ' =
[—3.7922 —16.323 2], il Simulink %F 2 %¢ $& 7 #m,
ARG S, ATANE 3 FRi g, o M ox SR
i=1 M i=2 B R GG BRI Y . BB 3 mI T, #E NCSs
KAEFEME, G000 B BR A DL R 2R A7 4R RE O R RIS, IE
W TR Gk,

30 T T T T T T T T T
25F : : sl : 4
20
15
10
05
0
-0. 05} . . R RN S
-0.10 i I | i i | I I I

e ee

30 T T T T T T
25_ e N

20
15
10

f; 1‘0 1 5 2I0 2I5 3b 3:5 4b 4:5 50
t/s

Pl 3 ZR GEAT A I I 0 2 e g bR 24 i o it £k T

4 HRIE

NCSs S 2 il U WF 7, (R T 2 A A2
Wk AF £ m S B S A E RN
B RGN TS BT AR O O, AR SO A e
FER) NCSs, AMURE T X HaAas, 1 H % S0 B F 5
o E AL, R J i — s o 4 A T R o 2% — T
T ] At 7 A B 2 2k I 0. I R G B EL A A
BHETNF SSRGS, FwIEME, BREFEDER
SikasE Mk 6 47 3% NCSs 19 35 5088 8 2 0. 36 R
MATLAB {4 1 LMI TR R TR LB RER
Wl S8 W BEATSCI 0 F . O HAS R E T A Sy
JEA R H AT .

SE 3k

[1] Zhang W, Branicky M S, Phillips S M. Stability of networked
control systems [J]. IEEE Control Systems Magazine, 2001, 21
(1): 84 -99.

[2] Walsh G C, Ye H. Scheduling of networked control systems
[J]. IEEE Control Systems Magazine, 2001, 21 (1): 57 —65.

[3] Peng C, Tian Y C. Networked Heo control of linear systems
with state quantization [ J]. Information Sciences, 2007, 177
(24) . 5763 -5774.

[4] Fu M, Xie L. The sector bound approach to quantized feedback
control [J]. IEEE Transactions on Automatic Control, 2005,
50 (11). 1698 -1711.

(5] a7 o7 BUAREEHIEE [MD. dbst. WA d A, 2007

[6] Hassibi A, Boyd S P, How J P. Control of asynchronous dy-
namical systems with rate constraints on events [ A]. Proceed-
ings of the 38th IEEE Conference on Decision and control [C].
Piscataway, USA, 1999. 1345 -1351.

(7] x) . BT 52D 3 S A f BRI I 2 42 ) R g8 00 i 5 it
[D]. dext: dEamsciKaE, 2014,

[8] Rabello A, Bhaya A. Stability of asynchronous dynamical sys-
tems with rate constraints and applications [J]. IEE Proceed-
ings: Control Theory and Applications, 2003, 150 (5): 546
-550.

[9] SRR, MEER R ESHr. S S (D). .
ARALK#, 2010.

[10] Ax2p4%, skJF4E, ZFWisg., PTP M4 Ak XS ) B iE £ 3 5 15
HF S [ A AL & 540, 2020, 28 (7). 210
-213.

[11] Farnam A, Mahboobi E R. Improved stabilization method for
networked control systems with variable transmission delays
and packet dropout [J]. ISA Transactions, 2014, 53 (6):
1746 —1753.

[12] Gu Z, Shi P, Yue D, et al. Decentralized adaptive event— trig-
gered Hoo filtering for a class of networked nonlinear intercon-
nected systems [ J]. IEEE Transactions on Cybernetics,
2019, 49 (5): 1570 - 1579.

[13] Wen D L, Yang G H. Dynamic output feedback Hoo control
for networked control systems with quantisation and random
communication delays [ J]. International Journal of Systems
Science, 2011, 42 (10). 1723 - 1734.





