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P P RESE B A SR, I AR AR fT A, BEAR
U A B A5 2R M 28 AL RGBT IT R, 1E RCP &
Gepb T A AR RTINS H Simulink 4 22 A4 4 il
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Bk 100 Mbps DK R4 1145 STM 325K 50 #51 He S%
JH ST 23 ®1H9 STM 32 F 103RBT6 i ib 2%, 3T
ARM Cortex-M3 W%, fie = M3 72 MHz, #1548
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WA | 7T Bl B 4T
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T 9K SR et S BRAa L, ADC I g B 2% 2 BE
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JFE (MFC) &, LA AR B2 ANLEE Bk,

(4) FIRSAEPEIA IUAE R GL MR P B R B T
ANSI C LK POSIX il & 1, w] LIMR 7 (8 b i 7
F A FAE (47 5 24T, 4 Rock Pi | Orange Pi 5%
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B AE = S A R

EAF U A, A SO 22 0 B ARALEE AR T T
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GA Wy EHARHLAT LA EAT IFAT 1158, BT B i 1t 5
PERE, JF HCRROIEEA A F E X 170 Shse B4
Ber VO, [RIEFAE X A A8 5 5 LAk FPGA 15T &

TS AR TE 7 Verilog HDL, S 8UH T & X i
FHXHEA, v 52 P DL AT B hl M 25 36T Rasp-
berry Pi HARHLELAT 538 (132 54 58 LA JRAR I
AL HA A 0T 10, K BRI T IR 5,
i Hol FHPEZBR . 3£ T Arduino Due B HFRHLH A%
B, BA F 5 i E e R 170, (H 2Lt B AR
PEREAT IR, JovA i 2 e | A2 2 py 4 il 5K
I, AR E 53T FPGA Raspberry Pi L% Ardui-
no Due B9 HARHL T X LU 1 iR, AR SO %k
FHE U AR BT 26 T HAB DT B, B
APEREIR AR T A TR] B i PP AT AT RS ARG |
MU 4 1 F 5 S 2

F1 ZEFESET FPGA Raspberry Pi,Arduino Due & /7 =83

HraL PERE AR JTJOMERE nITESAEME EAME oD
Raspberry Pi + STM 32 G (GNEN Y 50 It B
FPGA 5 Mt HE % % ey
Raspberry Pi — i fHEE Y 4t % B
Arduino Due 559 (GNEN 5 — i — i B R

3 W4 L@ &F RCP 24

N T SR B A R 45 AL T TN RCP R SE Y
AR, AR SCBHE A T — B M 45 Ll &
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7 MR FE RCP RGELYE

— 1296 —

WIS Bl WOCAR RAS TR R BR 1 SERT L
LA AIE RCP RGP Y PC ML G RS E N -
REFEES Intel (R) Core i5-7500, CPU F 45 3. 0 GHz,
A 8 GB, #5:4E & 48 Windows10, % /4-F- 5 & Matlab
R2019B;PC L5 HFRHLAL T [/l — Jay 35 ) o B L2
[ >R 4] UDP/IP PRSGHAT AR, X0 1Y 1P ikl 4351
M 192.168. 135. 100 F1192. 168. 135. 107,

i AZC HERHLH B Raspberry Pi ELAT &5 404 #f
SERTEE TG, ME N M 4510 RCP R S8 e ] 3 4, A
TP LK B 00 S IO 6% 2 90 1) IO 8% 30815 I 48 /)N
W RGEH CRAE) I T =2 ms, 25 53—
1) B P9 A AE /NI R 8 B, IR 8 AT R 4t
A i ELAT LR A AR R, L R AT (R A A4 K e 2 B
%o FHEES ARG ETE RCP RGBT T 5
LRI IR R, WEEITE R G A MBI AT LIRSy
e

{a’c(t) = Ax(t) + Bu(t)

y(t) = Cx(t)
x, T NRGUIRE, x, 1 x, SR

(1)
/\E’Jx = [xl
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NEREGDOL B MR EE 5w,y 5050 b 28 40 B8 A A R
;A B .C ¥ HAEA R, AR, 451 {5 I HE 25
XoF ZR G P e R R, 73 301 5 RS AT A I A
JE N AR R I SE T B0 T A R 2% A B G AR

6

4

fi} 4iE /ms

2

0

0 2 10

4 6
B[] /s
8 ML RCP REiE{SHIE

3.1 HTEREREE

7 L8 I 728 ok I HEE 5 T, O P R0 265 I SE 7 i
0 <7, <T, i T 15 R I E 3R S X, 42 ]
for DL SCPRAT A5 R TR AR Bl ] 45 38 i 28 e
SETEIE T 9 R Gl A R AN IR 9 B

omwan DDA
NN RNANAN

phgA —— ||

Loy t L lira

B9 HERIEERE T ERBANRFE

A IS AR R N SE A A S A R R

T, =T, + AT, (2)
Hrpr o, ¥ A7, 5390 3R0R 7, BIFRFRIE R 23 FUAS i o
oy 9 AL FERE M ER RN EZ A 2
P AR I g 4 b B

u(t) = u(t,,) te (t,t +71,] (3)

u(t,) te (t+7,, ty ]

DURAE R T X5 RGeS 2R G0 B Ak, [R) i =% i o 2%
INAE 7, B2 | AT IS N 22 1 0 288 A4 1) 3R 452
LI BL

x(k+1) =Ax(k) + Bu(k) +d(k) (4)

T-T1,
Jofi A, =", B, = [ eVBdo,d(k) Bt

THR,

d(k) = A,©(Ar,)Bu(k)
+ (B, - B - A,0(A7)B)u(k - 1)

o -Aty
AO — e/l(l—fo) , ®(ATA> — j eA(rdo_

0

B, = | "Bl

(5)

3.2 MTREEER

XS RGN AR B e, > T, &
Jofgan st

BRig 1 EBEE AR T < 7, < d,T,
dy HIEEERL, MRBAT & PR R GEHFAE

R 2 R PAT v A e (0 25 42 ol Sl 301
R ST R IR A 2, LR ) S 2 A R R L
HI TR RS2 UDP/IP f5 50 75 3, A 2 0] ik B i
ol R L e A BT A, s o T AR
JEAE RS R Y A, AN 2 A AR P B L 5 ol T I
TR B, O 1 R AT T e BB A
S FRAT i 8 P 5 I3 A0 N e STE 3 2K A 4 o
R SREAE 25 A A 30T A PRAT e oA R AR B ) 4
i, SR P L S0 R AT A, SO R s S

ARG L VRIBRE, AR B SE R T A4 28 G4 i
LN 5 NS I (VIS T N 8 N TR - B

A (6) B,
7, =nT+71, +A7,, 1 <n <d, (6)
AR RN E 28 2 MG EER
FEREERT S L
u(1) = {u(tknl) te (t,t +1,] 7
u(t,.,) te (1, +7,, t,,]
i3
PATER

TN I i B R

le L L leia

10 KEFEER TEHIBNRFE

R 2T AAT S ELA I 284K I S ey X 268 A 42 o 2R
GEp .
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x(k+1) =Ax(k) + Bu(k -—n) +d(k) (8)
Hita, = " B, = [ "evBdo,d(k) HF RS

d(k) = A,®(AT1,)Bu(k —n)
+ (B, -B -A,0(A1,)B)u(k -n-1)

-Ar

Ao — eA(TfT()) , @(ATk) — f keAUdO'
0

T
B, = feA”BdO'

(9)
EAR U R, SRS (8) HiY n = 0, &
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typing of low-complexity orchestrator targeting cyber phys-
Networked open rapid control prototyping system

HUANG Guangpu, WU Xiang, YU Li
( College of Information Engineering, Networked Control System Laboratory,
Zhejiang University of Technology, Hangzhou 310023 )
Abstract

Aiming at the auxiliary design requirements including theoretical analysis, algorithm research, and product de-
velopment for networked control systems, a networked open rapid control prototyping ( RCP) system is proposed,
which has many advantages such as simple structure, low cost, convenient deployment, and strong expansibility.
Firstly, a dual embedded lightweight, plug-and-play target is built based on Raspberry Pi and STM 32 open-source
hardware. Secondly, the online real-time modification function of system parameters is designed based on the Simu-
link environment, which can greatly simplify the parameter adjustment process. Furthermore, a networked control
mode is devised based on TCP/UDP/IP protocol, and a general open hardware-in-the-loop simulation system is
constructed using a personal computer (PC) as the controller. Finally, a networked control experimental platform is
built with a magnetic levitation ball, and the effectiveness and superiority of the system are verified by experimental
cases. The RCP system can effectively assist the analysis and design process of the networked control systems and
can be used in various scientific research and educational course experiments, which has good reference and appli-
cation value.

Key words: rapid control prototyping ( RCP) , networked control, hardware-in-the-loop, Raspberry Pi, mag-

netic levitation ball
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