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Predictive compensation for networked control systems

WANG Rui-min, FEI Shu-min, CHAI Lin
(School of Automation, Southeast University, Nanjing Jiangsu 210096, China)

Abstract: We propose for the networked control system a predictive compensation scheme which effectively eliminates
the adverse effects from the long time-delay, data-dropout and the system instability caused by the confusion in time-
sequences. This scheme consists of the buffer, control prediction generator and delay compensator. The stability of the
closed-loop networked control systems with the above mentioned scheme is analyzed. Simulation examples validate the

efficacy of the proposed compensation scheme.
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1 5| (Introduction)

W 28 47 il R 48 (networked control systems, NCSs)
SR AT AL SN [ T R e, R
2R G0 B AL S A% 250 2%« AT 4% 45 P s o R
W 23 3 S R T PR BRI 23 A U F5 T R 6. NCSs 5
RS T R G AR L, BAT n] DLSE B U 3 =2 | i
FEEHOR R L R AR B 0 BRI i2 W e
I R AP RIE | e 8> REE N S A
B8N AR G R N TR ] SRR S 2 A0 .
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P JE 391, ANSE T A B I S KT 1A SR A A 5 .
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WA H 393: 2010—07—-06; W& ik H 9: 2010—12—14.
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@) 1% B B P 1 2% 22 18] PR I SEE DL R 7 ) 2% 2 04T
v B PR IR S AR EL AT, I 220 BE A PATEA (] 6 ) A
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2 ) IR (Description)
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Fig. 1 The structure of networked control systems

H B AT DL, R M2t 5l A B R Gt)A, T
2 N 3Ll AR ek, N2 W46 58 A R, A9 AE
PRI PAT 4% R JE s 22 ) AN T e 1) B T
I, X LI S JE H R R A HLIN AR R AE R g P T
AN 3 G M A7 A 90 2% FELIE AR I, Mo 3 30U
28 B B FR) IR PP R LA 25 2. NCSs T R 199 298 15 5 I
i_ Bl Z A0 LU IR P B L A% 1) R 2 PR R Gk
REF R TIERGARGE. B, A0 vt —fers
E’J?’WB‘J%M*?%J??%%%H&JZ%IH] BT R GE HE
SN, DADRAIE R 25 P2 1 AR G RO RRUE 1
LY I 8] Ze PRI AN P20 SR KA Dy

z(k+1) = Az(k) + Bu(k), 0
(k) = Cu(k)

BV RN R 2% ) R 58 PR A S s il 4 4
u(k) = Kz(k), (2)
Hrp: z(k) € R™, u(k) € R Al y(k) € RIGFHIFRR
PR PR S TR AMBPAER G, A, B,
CRE SEAH N 4E B

NITEVHE, AR A BB

RiZ1 (A B)Ee#E, (A C) B2, If
HAR RN 9 258 (I3 R G AR B 2 e 1.

BRI 2 RIS 2 AT HRAT 25 22 R Ik (]
975 3N, HAT AR R (R A A . %5 i e )
A2, IX AT LU T 7 9 2L S I ORI v G S R R I
EEZERIIYE SR

BRI 3 A Eals S il 0 it s A A I
] (time-stamp). A A 75 20 HA A% 4.

BRI 4 Bofl s 2 ] S A2 ) 4 2 HAT 4%
{1 F5 K IR ZE 53 590 R NG TR NG T, 3% 82 5 A B KA
K053 590 9 My AN M, WAE Z2 o LN S ASHH I 1)

KISHERTT = (Ny + My)T , BiS0EIE (1) 5K 4E
j’\de = (Ng + MQ)T EPN17N27M17M2i/jij”E
ikivis

3 P4 | &R 48 ¥ 11 (Design of networked

control systems )

ARSI AR, FIUA 428 1) A= 2 1 FH e 46
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Fig. 2 Networked prective compensation control system

3.1 IS S22 25 (Controller node’s buffer)
T i 2 FE B e B FE A LI R s, o LG
B A TR R ) S T Bk ) T S s PR BT I
2000 S 5% s W3 1) B ks B ISR BB, W22 b 3
HL PR E s A ST 0 R B B H s s B
Hds L IR B TH, 22 ph2s B B B IR FEA AR, 12
SR, G APl BB AR I A I ELAR e T 4L
A5 Z5 AR i L 1) .
3.2 REMBZE (State observer)
TS B R G RS TR A A 2 58 A mT LU &
(), BT B VIR IS s AT 2000 K, K Ta]
T A IS ) Ll A R4S A B B il S I 8 7 (k) T
A I 20 2% i s 0ds 50, Wi (k) < 7(k—1). FIH
FRGEHAR N G 1) o R AT JEAE RS I 25 1)
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N, A A3 B R S R S BN (y(k —
7(k)),u(k — 7(k))), Ha(k — 7(k) + 1|k — 7(k))%&
REI PRSI EIE Ty (k — 7(k)), u(k — (k)15
BRI 2, IX MBS ke — TI 200 PR hR 25 08 4
gk—1(k—1]k—1—-7(k—1)Hy(k—7(k)),u(k—
7 (k) Al TS 201
a3 a0 T RS LI -

2k —71(k)+ 1k —7(k) =

Ad(k —7(k)k — 1 —7(k — 1)) +

Bu(k —7(k)) + L(y(k — 7(k)) —

Cik—1(k)|k—1—-7(k—1))), 3)
Hidr: L e RO 25, JF H

zk—1k)k—-1—7(k—-1)) =

A= B gk — 7 (k — 1) |k —
1—7(k—1))+
T(k=1)—-7(k)
> AT Bu(k —T1(k) — 7). “4)
j=1

Frk i R R P 2R E AR, W (k) = 7(k—1)+1.
BEERIRZS WIAE Ky
Z(k—71(k)+ 1|k —7(k)) =
Gh—rk—Dk—1—r(k—1). &)
3.3 RATE 2%(State predictor)

NG E DR SR E AT VA BT T PAITIUES
GUIRAAEREATIRA A5, 10 1 T I S R AA A, T
Z AR By (k—7(k)), Frelst Hy(k—7 (k)X 24517
I 20 1 R GORSAE AT P, IR W 2845 21
W (k—7(k)+1) Bt EE (k—71(k)+1|k—7(k)),
RS b, nf DAE— 2B M ik — (k) 4+ 220k
ZI R G PIRAS A, B
(&(k — (k) + 2|k — 7(k)) =
Ad(k — 7(k)+
1|k — 7(k)) + Bu(k — 7(k) + 1),

Tk —71(k)+ 3k —7(k)) =
Az(k —7(k) + 2|k — 7(k))+ (6)
Bu(k — 7(k) +2),

L(klk — (k) =

| Ai(k — 1)k — 7(k)) + Bu(k - 1).
HH UG T A5 RIS 220 FRPIR S A T R

L(klk —7(k)) =

Z(k—7(k)+ 1|k —7(k)) +

TR 2P RS TR 1475
T(k)—1 ]
>, A" Bu(k —j). (7)
j=1

WAL, BT 45 I 2% B PAT 98 8] A7 A1 IS ZE
Bl LA, 7 LI A A AT AN T
AReFFy(k + 1), -, y(k + d) K15 R, HaeRH
RGO AN BN 2R GRS AR EAT LA, AT o 5
WEH Rk + ik — 7(k), i = 1,--- , dA fetrREE
A AR G G R 0. DA, FIOA, s s 2 20 A
Wk + 180k + d 2R, B
#(k+1|k—7(k)) = A (k|k—7(k))+ Bugx,
2k + 2k — (k) =
Az(k + 1)k — 7(k)) + Buga, ©

z(k+dlk—71(k)) =
L Ail?'(k’ + d— 1|]€ — T(k)) + Buk+d,1|k.
3.4 CIRE R 1EH 25 (State feedback controller)

WIRAS It il 48 A
HP K e R h#iilds i am. i

z(k+ ik —71(k)) =

(A+ BK)'2(klk — 7(k)), (10)

Upripy = K(A+ BK)'2(k|k — 7(k)). (11)
-, A E AR R S0, =
{Whpe, Wegrjie, - -+ s Unpae b, 59 I TRV — 4T e — A
B A 1) PAAT 4% i ) M A
3.5 W ZExME2ES(Delay compensator)

FEFRAT 93 0 15 B FE A IR I S M2 85 R A7 i %
WS 1) e T R 45 T e 1), o I T B8 g AR b I [R) A L
BERAT I 1) T8 38 N 4E.

K INF ZI) H ) 3 3 IS AE Ry d (k)T WK Z) i 4E
A2 2 BB ) e A R SR ek — d (k)
B B Uy 1 Tk — d(k)IS %0 2 WOE 3
WAE AT (k — d(k))T, B CLEE ZI 3 A [B] i (1) I 4E
W) + 7k — d(o))T. 3T B 25 08 By th £
5y (k— d(k) —7(k—d(k)) UG Fu(k— d(k) —
7(k—d(k))) AR AL &4 oA 2 (k — d(k) 4+ ik —
d(k) —7(k—d(k))), i = 0,1, -, d. L, kI ZIH
LSO S NEATEIL PN S)

Uy = Ug|k—d(k) =

Kiz(klk —d(k) — 7(k — d(k))) =

K(A+BK)" ™3 (k—d(k)|k—d(k)—1(k—d(k))).
(12)

)[%'uk—‘ri\kyi = 0717"
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BER IS 2 I AEAME2 & 1 22 2 210 )
Uk—d(k) = {Uk—d(k)|k—d(k)a Uk —d(k)+1|k—d(k)) """ > x(k: +1- T(k T 1)) -
Uko—d(k)+dlk—d(k) }+ Al_T(’““)[:c(k)—T(ki)ilAjleu(k—j)], (19)

Ijl:”iﬂiﬁxﬁ%E‘:{?};\‘%Uiﬁﬁ)\ﬁji‘zj‘j?k\kfd(k)- k+ 1 HHLZ‘Q Wi =
I, TR BIE A A e 47 L R (4 i
S, WM Al sy VP TTERD =
P PP 470 BE DR R P2 1 e S0 1H 002 1 e 47 O A CA=™ D (k) — S A Bu(k—j)).
g U R B A T 5 B5E, W Y SR O A =1

AR Fk A+ LI ZIRME2 2% 5L #5510 5 A28 Ak, )
?‘&%N%E"]ﬁ%”iﬁ)\%uhLuk,d(@.
4 PHIFR I 4% 45 ) 3 Gi A R P (Stability of the

closed-loop networked control system)
WHERERIRZE N
e(k) =xz(k) — & (k|k — 1(k)) . (13)
7k 4+ 1) < 7(k)BE, G
Tk+1lk+1—-7k+1)) =
AT+ 1 —7(k+ 1)k — 7(k) +

T(k+1)
ST AT'Bu(k+1-j)+
j=1
ATk +1 - 7(k+1)) —
Ci(k+1—71(k+1)k—71(k)). (14)
FEENEOTES
z(k + 1—7k+1)|k—71(k)) =
AT® =D 3k — (k) + 1|k — 7(k)) +
T(k)—r(k+1)
> AT'Bu(k+1—-7(k+1)—j). (15)
j=1
()
Tk —71(k)+ 1k —7(k)) =
T(k)—1
AT (klk — T(k)— > AT Bu(k — j).
j=1

(16)
A6 15
§3(k:—|—1—7(k+1)|k:—7( ) =

A'r T(k+1) Al T(k})[ (]C“{—T( ))

T(k)-1
>, AT'Bu(k—j)] +
j=1
T(k)—7(k+1)
ST AT Bu(k+1—7(k+1)— 7). (I7)

j=1
ik +1) = Az(k) + Bu(k)f
2k = AT (6 11— (4 1) +
T(k+1)-1
S AT Bu(k - j), (18)

j=1

(20)
FAADROMRNRAH
:%(k:+1|l~z+1—r(k:+1)) =

AT L7070 4170 ke — 7(R))
T(k)-1

>, AT'Bu(k—j)] +

j=1

7(k)—7(k+1)

> AT'Bu(k+1—-7(k+1)—j)}+

j=1
T(k+1)
> A'Bu(k+1—j)+
j=1
AT(k+1)71L{CA177(k+1)[x(k,) _
T(k+1)-1
> A7'Bu(k—j)] -
j=1
CAT(k) T(k-‘,—l)Al T(k)[ (]{7|k‘ ( )) _
T(k)—1 )
>, A7 Bu(k —j)] -
j=1

T(k)—7(k+1)
A'Bulk+1—7(k+1)—j)} =

=1

(k)=
Az (klk —7(k)) — Z:: AﬂBu( J)+

7(k)—7(k+1) )
S ATEEDTIH By (k41 —71(k+1)—5)+
=1
7(k+1)
21 AT 'Bu(k +1—j) 4+ LC[z(k) —
j_
T(k+1)-1
S A Bu(k — j) — #(klk — (k) +
j=1
T(k)-1
> A"'Bu(k —j) —
j=1
7(k)—7(k+1) )
AmFD=2H By(k+1—7(k+1)—j)] =

=1

(k)=
Az (klk —7(k)) — z:: AﬂBu( J)+

T(k)—1 ) T(k+1)—1
> A'Bu(k—j)+ Y, A'Bu(k—jn
j=7(k+1) j=1

Bu(k) + LCx(k) — z(k|k — 7(k))] —
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7(k+1)-1 . ] 7(k)—1 . . )I_\”Jﬁ
LC[ Y A7'Bu(k—j)— > A’"'Bu(k—j)+
T(k>_1F1 = ik — d(k)|k — d(k) — 7(k — d(k))) =
j_T%‘H) A Bu(k — )] = Az (k|k — 7(k)) + 2(k — d(k)) — e(k — d(k)). (24)
Bu(k) + LC[z(k) — &(k[k — 7(k))], o HREHRARADE
il - (75T % U = Uk|k—d(k) =
)UEE(E?%T% g Ka(k|k — d(k) — 7(k — d(k))) =
) K(A+ BE)¥®g(k — d(k)|k — d(k)—
xk+1)—2(k+1k+1—7(k+1)) = (k — d(k))) =
Axz(k) + Bu(k) — Az(k|k — 7(k)) — Bu(k) — K(A+ BK) ®[z(k — d(k)) — e(k — d(k))],
LC[z(k) — 2(k|k — 7(k))] = Wi
(A~ LO)[x(k) — &(klk — 7(K))] = o(k+1) =
(A — LC)e(k). (22) Az (k) + Buy = Az(k)+
EHE 1 XROFTHR I RS, 25 (A, O) T M, BE(A+ BK)"Wlx(k — d(k)) — e(k — d(K))].

XTI SET (k), A — LC W] LLSEHURR 5 AT =L
.

WE R, (A, C) IR, e HAFE.

EH UG AT L, A IR I SE T (R, 4508 R 2E RS
Q2) MY L, AT DA BAH Y 1) S AR R L. iy
DAAS ST PRARAS DI 385 1) DL S B0 48 A% R (R AT
HMICHE, 1A — LC MR B IR ) N 171, W
WL I3 28 SEIRT 25 38 RGUIRAS IR TG 1R 22 BRI

N THHE T PRI 28 3 1) R G As 2

Bk + 1) = 7(k) + 10, aRG)(7)

G+ 1k+1—7(k+1) =

ATk 41— 7 (k + 1) + 1k + 1—
T(k+1)—1

T(k+1)) + 2 A 'Bu(k+1—j) =
ATk — 7(k) + 1k — 7(k))+

7(k)
Z A 'Bu(k +1—j) =

=1

AT(k)Al W[ (k[k — (k) —

T(k)—

> 4 Bulk— )+

=1

7(k)

Zk AT'Bu(k+1—j) =

=1

Az(k|k — 7(k)) + Bu(k),
-

e(k+1)=azk+1)—

k+1lk+1—-7(k+1)) = Azx(k)+

Bu(k) — [A@(k|k — 7(k)) + Bu(k)] = Ae(k).
(23)
R (13)74
e(k —d(k)) = z(k — d(k))—
ik — d(k)|k — d(k) — 7(k — d(k))),

)
Mk +1) < 7(k)BF, B22)73
(

e(k) = (A= LC)"We(k — d(k))
e(k = d(k)) = (A= LC)~"We(k),

JUESH
z(k+1)=
Az(k) + BK(A + BK)*™[z(k — d(k)) —
e(k —d(k))] = Az (k) +
K(A+ BK)"™[(A+ BK)™ " ®g(k) —
(A= LC) ™ De(k)] = (A+ BK)a(k) -
BK(A+ BK) "™ (A - LC)"™e(k).  (25)
7k + 1) = 7(k) + 108, @3
e(k) = Awwe(k — d(k)),
e(k —d(k)) = A=4We(k),
JIESH
x(k+1) = Ax(k) +
BK(A+BK)"[x(k—d(k))—e(k—d(k))] =
Az(k)+BK(A+BEK)¥®[(A4+BK) 4" z(k)—

A~ M®e(k)] = (A4 BK)x(k) —
BK(A + BK)~ %0 Aaw e(k). (26)
B Rz (k) = [2T(k) eT(k)], WA
NS R E S I E
2(k+1) = 22(k), 27)
Hrp:
0=
+BK —BK(A+BK)¥®(A-LC)~4®
0 A-LC ’
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T(k+1) < 7(k);

_[4+BK  -BK(A+ BR)1 a-d®)

B 0 A ’
T(k+1)=7(k)+ 1.

T2 6T FroR g SR T 4 il
%, PR 0 2% 3 1) 28 G0 (27) 1) 4 1l 4 FIUIR 285 W0 00 2
WA 3 2 S L3,

TE 3 X T UGG RGQT), 4515 K
o B P 2% 00 I ZE ST, 506 2% B AT 2% 1 B
SE S dT, W) T AR 1 7S A QT AR
B 1 4 SRR AR AR IR A 3 /N F-1.

WM RN, RAQTE A B 4
I RS 13 T 25, Hh 8 B ) 4 P I 28 R 5
B PR BT AT UE 3k,

TEE 4 SRR G0 I 0L R
s, WU A 92 0 TS 9 45 ) 28 0 1
fryu31

SE DR V5 2R 1)y T T LR
(A, BY ¥, (A, C)iT W H AW ERE. 184, B)
AT, LU (A + BRI A AT BT 2
[RI(A, )T, 7 LUK (A — LC) UM% T AT %
B 7 LR 2 4 T HUE 03,

5 4 E3Z#l(Simulation examples)
WP R MIAT = 0.04s, B HAE
uehy

9]

_ 0.0541z + 0.115

23 —1.1222 —0.2132 + 0.335°
J AT B, B LR AL ORISR R, RS0

i3y}

1.12 0.213 —0.335 1
A=|1 0 0o |,B=1lol,
0 1 0 0

C =1[0 0.0541 0.115].

ANTE: 18 ) 5% IS SO R HS AR 25 BN R O )
JIE T i A 5 WL 2%, 48 ) 2% 1) AR A
(—0.3857, 0.7428 + 0.5999i, 0.7428 — 0.59991), ¥
L 00 2% P A A TG B A (0.645, —0.0744, —0.4506), 7]
DAAS S48 -5 DR 2 UL DU 28 P 38 2 0] A

5.9341
—0.0166], L= |6.1467| .
5.8041

K=[-0.02 —0.5517

FIMATLAB/Simulink#t 17 1/ 2. R %A% B 2% 3]
PRI PRI BENLIN G 2T ~ 3T, ¥l ae 24T 28 2
(8] (R BE ML SE R 3T ~ AT. W% I ZiE FH e = A2 Bl L

I S FR) I AR R R A7 B, S 2 T 7 A 5% AT I S b
o 245 73 1) EET DO 298 7 T A ERRTT IS S8 32 BR R AT L
JIT AT IX 6 A5 e 35 FIMATLAB 1) S o8 £ B2 7. 41 2411
iR K3, Bt DAARAIAME A, 20 A&
SR AMEE SRS, 30 ANAEAE I ZR IR SE, 400 [ ek I 48
H[d(k) + 7 (k)] T 5.

\
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Fig. 3 Simulation experimental results

MG ECEE T U Y, 25 RS N 4% I 28 A0 25 4
AN RIS R, R GE A BEAR K, 5 1 )
IRAC. (0] e I 7 HY SOk (910 T 2, B [d (k) +
(k)T 2R T A ST 1) 45 1) SR 3R AT I S 1 2 ) 43
S B KA YR T ST ARAR K, 1T B TR AR . (7]
6 IR S (¥ 7 O R G A2 R 1. 1T SR P A SCHE
(R4 S 7 ) 7 A X 4 e 4 i 5 e s 75 3
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