i F 183

LR E: ZRRBRIBETMELEH RS

Y% 4t 4
38T
FAEF L
FlL R
B3k KA
g%

IG5 539

WRAR B
AR B
EHAFESIAE
It
&R HFRERE

126 TR

RXEH: 2019 F 06 A



Cooperative Design And Analysis of
Networked Control Systems under
Multipath Routing Communication

Dissertation Submitted to
Zhejiang University of Technology
in partial fulfillment of the requirement
for the degree of

Master of Engineering

Junyi YAO

Dissertation Supervisor: Prof. Yunbo ZHAO

Jun. 2019



AL Tl KX F A8 3R B 14 A AR

ANFBE ] : BRSNS 0 SOR A LE SITHIIE S R, BSr AT 58 T A
FIFERAH B TR o 250 L2 LURRAE 31 FH 6 P 284, AR 18 S0 R 4 Ho A Ak
AR DL R RIS TR, A S 3 RARIIT Toll oK 2 s e 7 AL
FAY 22 5703 40 S AR o St A SCRRIE 0 Hh 8 8 Sk A ARAEAS, 389 226 30
e BB B 77 SRR o A AR AR 75 I () e AT

lEss: LlaTh 20 H:A§ 4 ¢ A

FHAOL R ER R P

AT 554 T R SR | A SC s, R
I 160 R 504 1 SRR 2 S S EDAR AN TR, S0V SR A AN B A
NHEAHTT Tl K 55T DI 5 7 4 S 1 4 S0 5 4 85260 N 6 500 P AT
%, DA 4 E S 5 BURAE RO G 1 3
KGR CRT 1. BED, RS AR.
2. REO, EGEARE I E AR
3. R0, 1SR R AR
4. AMRED .
CHTELL EABTENHT v 7
fEssd: AleTe 3 AaAS 4 ¢ A
SIS Lo ujhe Aaf 4 & A






TS TP273 RS 10337

UDC 6213

(0] s e ot B T w0 e o

&) ite X K73
ik = R PV

By A

IR AIBE TMELIEH RGN EI T S 75

Cooperative Design And Analysis of Networked Control
Systems under Multipath Routing Communication

B & R B BB

S e A

R RS TR 2SS VAN S
WEFTT 1A 2L EMERRTE BB

ZREHE: 2019 £ 5 H 15 H



WL Al RS A 22 18 S

ZIRRHIBE FTMEUHES RERHEIT S o

wm =

TEM BT RS, RIREE . PATIRAIEHI A X, HEdT
28 X 28 TV BSORH 2 (3 o [mT i o b, 243 e A A 7 oUAE X b s 1) 3 4 Hp i
WAFAE, (R4, DA MEFF R E R . st b, ZHREEM 4 2 ik
W%, BIAIE Y s 3 B BT B AR S 7R 20l 2 A 4k s, TTEAE NS AR AR
SR SNAS (1 8% B R AL, X 45 AT — 5079 55380 B 197 S L ek 2 A —,
BUFiE “ 2007, MWIBE M MR, 2108 R 2 IR Sy . 26t )
FEVESE T A BRI A2, 2400 tH AT W28 AL 45 ) R G vk 0 3 i
R T HIHLEFIBRER . — 77T, AT DU B BT 78 o I 242 8 R R
DAFE i P 28 A 3% R B AL S e, h— 0T, 2RI A E AL
S5 T BB R T

KX EEHF T 228 B E TR R H R G R iR . B 5Ext
ZAT I H X AL 125 1) R GE AT AR, DA IH% ) 22 GiAs e T AN R T X 4 B A B
B R, SR T 2 AR R R B SR AR DS i i 2 B v, AMURIIE T
RAMFENE, FREH B MBS RTIR T, LT MRk . ARS0™ 4%
PR T S A 1E, SRR — D T i PR, 25 RETE 2 AR08 S W 45 e S5 4
AL A Ak P2 [ BT FR) 308 T8 U 1) 97 SR B30 8 FH 36 TR RO S8 ke it e i 1Y) 4% 114
G AT P DAAS: 21 B — 0503 P o7 B R4 1 W R e v B o RSO R T
VEFI R AN T -

1. BEFL T 5T 24006 1 00 I 25 AL 1 1 SR eI SN2 1) R, 42 HH T — Pk i)
Z AR HBEATLN RE @A 7V BP0 IR T 2R I AL R G0, X 212 8%
HAAEALE (IS SE AN AL AT AR, i ph K I AN 22 B 42 5 T S B A B EL
FISEI, 5 ST R BRAR S I Markov BE2E RSB, ARG R T
R 5 R AN ] B PAAT 48 B B R 155 V0 B TR 48 o T EAMURIE T RGEH)
FsE e, ST 4 RS 0 BT . B (5 P Al S0 7 R A R
PRAEPEHEAT T I

2. WEFL T 5T 24206 AL 51 KK 2 I A8 D) 48 ol /i, i 17— 11 D 8%
A ) 22 48 1 B AR VR BE AN P[RR TE TV o B0 T- 2 400805 4 EH I I 2% Ak %
1] 22 G0 38 A B A VR PR AR A2 1) 88 0 I )8 T 1) A0, e A ) 30 1 % AR ) 46 Pl e

II



Z Al B 1S N A H) R G P R B S 0

RIS JEAARRAF N R GRS VI, 138 1 Pk 7E R SV R SRR, 25
T AL PP R SR B0RE e T3 R A IR B P 7 A2 26 A, IR IR T3 2 R GERE
S RO 85 7 A8 A 1 [ PR % A2 R B 7 SRR 5 BE T U7k o T AN ORAIE
T RGBS E I, JFAET B SCI PSS DL ATIR T, SEBL T RS R i o
B 2T MATLAB RIZEEME 0 KA T LabVIEW R & 5 FOX
AT VI, SRR T O F v TR A R A A

KAl i, EH RS NECTE, RO, EEGRE

I



WL Al RS A 22 18 S

COOPERATIVE DESIGN AND ANALYSIS OF
NETWORKED CONTROL SYSTEMS UNDER
MULTIPATH ROUTING COMMUNICATION

ABSTRACT

In networked control system, sensors, actuators and controllers are distributed in
different areas, and corresponding control loops are formed through wireless networks.
Among them, the transmission mode of multipath routing is ubiquitous in networked
control systems, however, it is seldom involved in the existing research. In fact, most
data communication networks are multi-hop networks, that is, data transmission from
source node to destination node needs to pass through multiple relay nodes, and
communication networks often adopt dynamic routing discovery mechanism, which
makes the transmission path from any source node to destination node not unique, that
is, the so-called "multi-path routing". From the point of view of communication
network, multipath routing is of great help to load balancing, routing reliability and so
on. However, the existence of multipath routing brings new opportunities and
challenges to the design and analysis of networked control systems. On the one hand,
we can make full use of the characteristics of multipath routing through novel design to
improve the data transmission efficiency of networked control systems. On the other
hand, we need some new solutions for multipath scheduling, allocation and
optimization.

This thesis mainly studies the cooperative design of networked control systems in
multipath routing communication. Firstly, the multi-path routing networked control
system is modeled. From the perspective of both the stability of the control system and
the overall network environment, the multi-path routing scheduling algorithm and
related controller design methods are proposed. This not only ensures the stability of

the system, but also realizes the optimization of the network considering the real-time
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network conditions. This thesis strictly restricts the conditions of the network, the future
research direction is to further relax the restrictions of the network, considering the use
of competition mechanism to handle simultaneous channel access requests in multipath
communication networks or the use of state-based priority to determine the order of
access to the network, so that a more general and universal scheduling and control
cooperative design algorithm can be obtained. The main work and achievements of this
thesis are as follows:

1. The problem of delay compensation for networked control systems based on
multipath routing is studied, and a new method for modeling stochastic time delay of
multipath routing is proposed. Aiming at the networked control system based on
multipath routing, this thesis models the delay and packet loss in multipath routing,
emphasizes the effect of data disorder caused by long delay and multipath packet loss,
and establishes it as a finite-state Markov jump system. Then, the controller is designed
according to different actuator end delay by using the packet-based control method.
This method not only guarantees the stability of the system, but also realizes the load
balancing of the global network. Finally, the effectiveness and superiority of the method
are verified by pure numerical simulation.

2. The multi-delay handover problem caused by multi-path routing transmission is
studied, and a new path scheduling and control collaborative design method for
networked control systems is proposed. Aiming at the problem of cooperative design
of communication path scheduling and controller in networked control system based on
multipath communication routing, the switching system model of the studied system is
obtained by modelling the change of delay caused by different communication path
switching as the switching of system mode. The conditions for exponentially stable
communication path scheduling of closed-loop system are given, and the closed-loop
communication path scheduling scheme and controller design method satisfying system
stability and network load balancing are proposed. The results show that the
collaborative design method is effective and superior. This method not only guarantees
the exponential stability of the system, but also realizes the local optimum of the system
considering the real-time network. Finally, the algorithm is validated by pure numerical
simulation based on MATLAB simulation software and virtual instrument simulation

based on LabVIEW.

KEY WORDS: multipath routing, control system, load balancing, collaborative design,
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Figure 1-1. Structural block diagram of networked control system
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