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CODESIGN OF SCHEDULING AND CONTROL IN
WIRELESS MULTI-HOP NETWORKED CONTROL
SYSTEM

ABSTRACT

The networked control system is a closed-loop control system that connects
sensors, controllers and actuators through a communication network. It is widely
welcomed by its advantages of low cost, easy installation, easy expansion and easy
maintenance. The wireless multi-hop network control system is a networked control
system that uses wireless multi-hop networks for information communication. The
wireless multi-hop network has smaller restrictions on deployment, wider application
scenarios and stronger fault tolerance. The networked control system constructed by it
has great potential application prospects, which is of great research significance and
practical value.

Multi-hop networks introduce many new advantages to the control system, but
also bring many new problems. The delay and packet loss problems that are common
in networked control systems have more complex causes in multi-hop networks, which
leads to greater analysis difficulty; multiple nodes bring multiple communication paths,
which may cause conflicts when multiple systems communicate; In addition, the node
energy is limited and cannot support the long-term high-frequency communication
requirements of the control system. For these new problems that must be considered,
the traditional control theory and processing methods are either inapplicable or
conservative, which poses new challenges to the design and analysis of wireless multi-
hop network control systems.

In this thesis, the problems of energy limitation, data error and communication
delay in wireless multi-hop network control system are studied. The corresponding

design ideas and analysis methods are proposed. The effectiveness of the proposed
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method is verified by simulation. The main results of this thesis are as follows:

1) Aiming at the energy limitation problem in wireless networked control system,
the power-aware event triggering strategy and power optimization scheme are designed.
The energy-saving goal is achieved by reducing the communication energy
consumption. Then the stability of the closed-loop system under the design is analyzed
and proved. . The effectiveness of the method is verified by numerical simulation
examples.

2) For the problem of node energy limitation and communication delay in wireless
multi-hop network control system, the traditional routing rules are improved. The
energy and delay considerations are taken into consideration in path selection. At the
same time, packet-based design is designed for the communication delay that cannot be
ignored. The predictive control method ensures the stability of the closed loop system.
The effectiveness of the method is verified by simulation examples.

3) For the problem of limited node energy, communication path conflict and delay
analysis when multi-hop networks are shared by multiple networked systems, the
mathematical model of multi-hop network is used to clearly describe the working of
nodes and communication links. The calculation method of delay in the network is
established. Two different scheduling algorithms are designed to reasonably arrange the
node work and communication link. At the same time, the predictive controller is
designed to compensate the communication delay that the scheduling cannot eliminate.
Then the stability analysis is carried out. The stability of the closed-loop system is
demonstrated. Finally, numerical simulations show the effectiveness of the above

design.

KEY WORDS: wireless multi-hop network, collaborative design, scheduling strategy,

predictive control, random stability
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Figure 1-1. Networked control system
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$B RS RGP EEME ERSHEEUIR

A FWFT— RAFAEIEAF ZRAY A o2 X 48 A0 128 1) 28 ¢ 388 5 19 R RE AN 1) 3%
Ge Itk BE 1A R 144 i L, Xt e it 1 DR O F A fd A SRS AN TR ARAL, FEXHZ AR
RGRETEREAT T W IL . AR IZHI RSt BE R REEA R IZ —MER
FRUE I o 2 JB A5 1Y R BEPRARRUNS , ARMIC 2 M 4 34T 15 S AR K AR S0 nT RE L B
B 5 AR TV TAERIE L. BEAh, ToLili 5 52 M85 T YA £ Bt iR 65 1)l
LA ST 1) TG 2 9 6% e 42 1) 28 00 1) A s 28 42 i 45 R 2 1) 4 2 PR AT 2 R (5 48 52
BENLIRADSZM, TSR GEVERE . A SARYE RS 5 E M BAA, @57 1 &5
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TEREL, RIS A% KA B B 5% AR R A N5 18, K FH Al ds i BLAE
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x(k+1)= Ax(k)+ Bu(k) (2-1)
Hrhx(k)eR",AeR™,Be R, u(k) e R".

— 7T, ARG A G, AR TG 25 P 28 3047 SR A Heth A4 i 040 1
&4 R HERA SE I S SR A FHS BRIE . SEG0H L M1 RGAE,
TCEIEAE T B 28 AT il R G0 — RO/, DRI I S 78 FL v i AR AE R AR R E
PEAER, 0 EL T R G SE i PR 2K, iR EBE B — Rt B3 EF7, K
AR T EE R T A AE P 283 R s B 1 25 R IR R
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Figure 2-1. Diagram for wireless networked control systems
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Pr{p(k)} = {1_ b ) =0 (2-2)
HH p=pPur 3 P, P KERE
M (2-2), FEAFETCEIEME M2 F BN E RGO T SEPR 6l 228
u(k) = p(kju,(k) (2-3)
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il R G ) S I R T B B — RS G AR, TS EE . RIS R RS
T T WA RN, A KIS, AR D R R RO, 4745 € IO N R HE RS,
WP R AR, BlRISZE, 1208 SER, Al KIEDIR o [ k%L
SER ~e™ (2-4)
H v 5HIRA RN, (SBT3 5 W 28 SO S R 2L
R BJCZEE M 25 (1) RIS 28 SER FIJCZ M 284356l R Z a3 p AR
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R TSR R R RPIR S B B i % S

(k) = Kx(k) (2-6)
T A e A kLR ) BTt DR AL R BT R LR PR R 4
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Seur ]
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Bl2-2 A B el 4 K M 28 AL R 4t

Figure 2-2. Networked control system with intelligent controller

2.2.1 EHHLHHIEIT
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V,(x(k+m) = V(4" x(k)) (2-7)

V,((k+m) 2 V(A" + Y A BK)x(k))
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Hob, bk REYuNZ ERIENE—-REHAREZ, R NEs K,
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RBUIRAS 5 R GRS m) 57 T AR SRR, A8 FH A TIUIAR S 110 2= T 5 3 5% o 4
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FE I8 I 5T fl R ) (2-8) SR i/ A A O B ) Rt b, 3 X PR AR i Dh 2 1T DA
B ST BRI . SR, ARH DDA B RS, — R BRI T e rT R 5
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O<gy<l (2-9)
0<o<&E<E,
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DA EARA I R B T T RE RN R G RE Z R F i T ReH IR, FRA 1A AL
Wi o RaTRe/N, I Bk B30 RATRER . T RS REMIZR SfE T2 1 &R
GERE IR (1) LI & BIPR BTN R AT RE /N o ISR % AR LR R 1) R, R DAAS BIFEAL
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28U A5 5 RIEIREL, T/ MU RIE T o BARERRT 55 TAERIReRE. Hrp, AUE
REARER T MR SN E B, ATTAT DUARYE S by 75 Z23E T R %
2.2.3 RAEEIEHSENAT RS

RIE LR,k elk,,k,,,) BRI 05 N

{uo(ks) kelk,,k, +h]
u(k) =
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Hk, R s IRRG MR Z,  9(k) Rl IEOLTE R TER S 0 2k 5%
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FA kR 0 SR AR RGEHAT T DI, W R SRR IE H A T
BARALTAT NS T MO0 R e RIS A Ml 5 R0 428 1) B v A T A% Sk 2 22 s i 4%
(R DAL S, AR N EEmR 1 355 28 1015 5 RIR TGO AHNL IR R S8 P P 264
R T S,

T S e(k) Fom k I 2 RGAET HISAT, BILE 20 A% SRR IR S B ) I 1t
A, A AR R SR A, R AT S R T B s R R . B4
Pri{e(k)} =Pr{p(k) =1,9(k) =1} = pPr{d(k) =1| p,.(k) =1} -

TEAZALE] N AR RS, o i (0 AR AR v B A/ T H AN i 1%, AN e 2
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2.3 IREMSH

AT R R GRS .
EE 21 FERAFREFRBSQ10)8FFE %K. WRAELEEEK eR™", E
ST ARIEE P e R™ FetRvE B,0 € (0,1),y € (I,0),h, € N* A& 45 F @ 69 1 F Kok L
(A+BK)" P(A+BK)< P
A"PA<yP (2-11)

hy hy
(A" +> A'BK) P(4" +) A'BK)< 5P

i=0 i=0

h h
Fb hy = max{h| (A" + 3 A'BK) P(A" + 2 A'BK) < 5P}, RITT ARl A 1 2%

i=0 i=0
MRENF G, MASHS . NG 2 KA m,, REEEEHE <1 TR %A
%, B

E{|x(0) [} <& 2, (P) 4,,,(P) | X(O) | (2-12)

A A k>0kek,k +1], k k5% skAFEFR, A,,(P),A4,,(P)2AEXTP &R
K5 R DA E,

WERR WIEW] AI3A R GEEAR LIl AR 26 AF(2-8) T AR E , R AR IEME R ISP
R AR GL I B2 R 5 R pR B0 IR, JRAER [elEa T IE 57 I, 2= v R s o T
%

AR HI ST vt ATTA] DURE PR IR AI3A 2[RI R GEAT 9 70 MR BL FBr fk
FEPT B PR Bl AWML k, IS ZI R G4 T3, BT o(k,) KA. AT

x(k, +1) = (A+ BK)x(k,) (2-13)
HQE-1)A1E, k=k +1, REGE
V(x(k)) < gV (x(k,)) (2-14)

NRGIT ENIRFE B (k,, &k, + k)], PAT S 4ERF R REFE N, A

x(k)= (4" + kzk: A'BK)x(k,) (2-15)

FR, WRIEQ-11), ke(k,k +h], RGHL
V(x(k)) <V (x(k,)) (2-16)
IS, PUTH CEANFHFRATEUOREE, 25188 b IR RS T U6 I W 2 5
fil & o BRI, LA R RAORE 7 AU B AL, IR H T Ay 2 FH e 15 & JGOR B
ARQ-IDREH, KR BES YV (x(k, + k) B — AR ORI _E S XA 5C
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DRI, UK S AE &, + hy W ZIRIK il & 56 A, RGAFAE — B TR I T3R8 AT 3
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V,(x(k, +hy) [ x(k,)) = 8.V (x(k,)) (2-17)
H H A R 2 A AE &, + By +n, + 1 005, (710E
V, (el + by ) [x(k, +1y))
<6V (x(k,)) (2-18)
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NINTEIR XS R GeE RE P AL HIANRE I, FE S e vt oh, FAT T A 5 il
WE RN RS Z G A E n, , BRI EL (n, —my " = max{n, —m,,0}
Mkelk, +hy,k,+h], h =h+[n—-m] , TEMIANE, BELE—AEH
5,<6,, <&M NHSEAMROL:

V(x(k)) =0, V(x(k)) <V (x(k,)) (2-19)
PAEHTIER], R EIRGd 1 — B 8] 1 FHr OR 1A — BUR TR (R P38 1T

{EHEREAIE RGMEREA T A B2 N Mk ek, k +h], B p (k)=1, fik
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BEHLYE, EFQ)|xtk)=V() . TMTEXZ 5B 2, filk %1455 80 2
Pr{d(k)=1[x(k,), o, (K)=1}=1, KRG GHIP T @ER 2T HIHE, A7 E
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Ak, Z JG N — S 2Rk, R ke(k +h,k, ], H
EV (x(k,.,) | x(k)}

0

= > Pristh) | x(k)EW (k)| x(k,),e(k)}

k=k, +h, +1

0

< >0 pg" Ny RSV (x(k,) (2-20)

< Y plgn) oV (x(k,)

= limM poV(x(k,))
—-qy

|

B ERTLEH, AFETEHEIEp , RIRIEqgqy <1, EXETRSk. £
e=—L s, %
l-qy
EW (x(k,, ) | x(k,)} < SV (x(k,)) (2-21)
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R RS P ER B Z (8] ke (k,,k,,,) B R S B AT 1 oL . iR K (2-15),
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<E{V (x(k,,,)) | x(k,)}
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i bEprdR, X TR RS, URGHEM 4,BHEE, FLLENE SIS
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Figure 2-3. State trajectory of two controllers
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Figure 3-1. Diagram for wireless multi-hop networked control systems
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Figure 3-2. Truncation of communication path caused by blocking in multi-hop network
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NN, z I/FN/,Nk ( )
keFT;
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3.2.2 ETHEMTNEHIZE R

Fe T IO LS 1 W 22 A0 128 1) 2R G0 TGV G A I S P SR B, AEAR
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4) Z B A R, W MBS I A7 7E E 5.

WEFTR, Pl 251 T LM (S A E DRI 1T, B R AE 7 5 3T R A
7., FEHIES K 2 BE W R I RGR S B x (k' -7 ,) > FE TR B AT AR AR
BAAY, A ERAGA N F i

u(k'+11k" -7 )= Kx(k' -7 ) (3-10)
[l SRR O IR B IS U 7N 113 L S /AW v A NS I ol = e |
UK |k ~7,) =[u(K 1] K 7, (K + 1| K =7 )tk + 7, [ K7 O o ST,
NETAEERE EF . 25, B R AT GAGR G AT A%, AT 2R AR A
[k 4721 s P A S 0 42 i 2

FER F R — 5 b B BE B 5 N S SR i el 0 2 Bk R 2% b, B UME B A S S
BIRGA, ABFA T DR I8 45 B A2 i B KRR EOR AL N IE 1) _E 57, BRIAE AT
FRATAR A T AP 2 (1) B AR vt 7l 8, AT A KGR B2 2 Fr 51 e 8 73 o
GE PR, FERAT A8 OISO S 4 ) (R 1 L AT M

3.3 REM T

L X (k) =[x(k) x(k=1) - x(k-7)], HHFT=7_+7, MREARELE EF. A

ALK IR PR RGeS ean Tk
X(k+1)=ZX(k) (3-11)

24



To 2k 2 B 2% 4 1) 3 G0 (R - P B R s

/\I:F[
K .. ..
I 0
== 1 0 (3-12)
I 0
Hodr 1 & nfr AL 5 R

EIE 3.1 MR RARG- 1D FMHAAT (T, +1)x(T, +1) 49 LMIs:
='PE<P (3-13)
BEEZMP=P >0,
WERR A2 iR R R B V (k) = X" (h)PX (k) , AT LIRS REG M HE &=IE
v
AV(k) =V (k+1)=V (k)
= X" (k)(E"PE-P)X(k)<0
lﬂEEﬁ?ﬂiT PLZ 2% SCHR[38], IFAIEEE.
XEME N B FA BB EN E A, ERe i AT B T am
TIIA ) 25 4 P R GRS AR

(3-14)

3.4 YUEME

FEAST A P EE 0 B R AR SCBETH AT R
B G-Ds et ZRESH T

0.98 0.1 0.04
A= ,B= (3-15)
0 1 0.1

, -1 - o Y s ] L2 e
FIME x, 2[0 zj s S IRESE B BA I A L ARCE R AL, SR R T

L2 A B A1 BUTE PAT 48 Z BT SN o BOs A% Jk s B 2 4 1Y
I S _EBR 7, AP 45 BIPAT A I SE IR 7, 7008 5 DA 7 08, IR RE N
o RREANITHATE RS
P XA ATE R AR AE S T R A TR 8% F REF A€, JFHRCR
AL G IR R RCR AR o AT B ORIESAT A% B2 BEWS 1L TAE, Rtz as
TR IR K 8 T 12 25 2 R R, PR T R RE S AT AR .

25



[ BN | e T e VA 7098

—-0.5372 -1.1084
-0.4471 -1.0182
-0.3687 —0.9380
-0.3006 —0.8656
-0.2414 -0.7993
P -0.1901 -0.7382 (3-16)
—-0.1458 —0.6816
-0.1075 —0.6289
-0.0747 —0.5799
—-0.0466 -0.5341
-0.0227 -0.4914

-0.0024 -0.4516

APAT AICEIFT R AOE IR R P 2, 3T DURSE 2 b A I TR Rk
e N H I 2 WP B, S T A S B AT e S U R GMERE B R
F R L

BI3-3 PR T T R GRS HIE

Figure 3-3. System state trajectory under two control methods
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Figure 3-4. Input change trajectory under two control methods
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Figure 4-1. Wireless multi-hop networked control systems
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