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ABSTRACT

Wireless communication can adversely affect the performance of control
systems due to delays, packet losses, and data transfer uncertainty. To address these
challenges, this thesis presents an event-based Linear Quadratic Regulator (LOR)
control approach for a rotary inverted pendulum system utilizing a Wireless
Networked Control System (WNCS). To facilitate the control system, a WNCS is
employed to transmit data between the rotary inverted pendulum, unstable process,
and the controller via IEEE 802.11n Wi-Fi, a wireless network communication
executing in the CYW43439 wireless chip of the Raspberry Pi Pico W development
board. The wireless node consists of a sensor node, actuator node, access point
node, and controller node, which transmit and receive data via the TCP/IP
communication protocol. The event-triggering mechanism is integrated into the
control loop. It allows the control algorithm to adaptively adjust the control update
rate based on the system's dynamics and network conditions, ensuring efficient
utilization of network resources while maintaining satisfactory control performance.
The experimental results of hardware in the loop (HIL) in the MATLAB/Simulink real-
time kernel show that the proposed event-based LOR control technique can achieve
stabilizing and improve resilience to network induced disturbances. Although the
network delay exceeds 10 msec, the balance of the rotating base inverse pendulum

system can still be maintained.
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a8lpeIAENITHDAITIINTAUARN

2.3 sTUUMNURANNNRULUUFIUYY (Rotary Inverted pendulum)
szuumugduNnfuLUUFIUEUUsEneuMeuIuL UL iTiFieseg iUateduniauasd

walavgegNuareBnnunily YanelneggninAsinuuuuadnaniessulintinvesyngiu
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WuAg (Inverted Pendulum) waginisgnauduiiesnwlvieglusunisnnsy Feseuuildl
n1suszendldlusasudlniitassde (Seqway) NUsuannaldlotuazusuagIuluuaed
(Humanoid) ldvdnnisiegieduiieshuiatesamanziadeundauiludnisuszendldly

QAAIMNTTUUINTITU
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2.4 yufingIvns

2.4.1 FAIVANLTNLHUNNAIE (LQR)

#1AUAL LQR 30 Linear Quadratic Regulator 1u3snnsildlunisiiasii
svvuifudadulnemdsdenfivanganfianvesiiisaussouy (Performance index)
el la manevauamuiigons enfiau vilkszuuiiadiosnmanniu (stability) 1ndu
videdaussourludunanevaussiis uazliviinumslingdsnuiites

N1798NLUUTZUUATUANAIETE Linear Quadratic Regulator tutfaanuuy

o < L a ydy dl v v Y 1 lel
mLﬂumammm'gwugmm’bﬁumiaaﬂqummsuamaiﬂu



2.4.2 m3seanuuUsTUUAtUANLUUlaundUanIUE (State feedback)
1n835 Linear Quadratic Regulator (LQR)
MANNISY0IIBAIUANAIETT Linear Quadratic Regulator agliiAsneniszuy

¥
1A

a & a 2/ 4 o = = 1w 1 dy . 14 = W
MUULTIEUBALHDIATUINIAIAIUITANIIDUL (Performance mdex)l LANNEHN YINIUNY

[

aussouzazaglusUaniug (state) wazdygyramuay (Control signal) Asil

AUNITAIVITANTTOUY
J(x,,k,,u()) =m(x,)+ iL(xk,uk,k) (2.1)
k=k,

lusguunangawuulidsuiuamiunan fMumaussougaunsadouls

e
e

J=x 5%, + i(x,:ka +u, Ru,) (2.2)
k=0

v

Wi J iduilaftusunummuiy (Quadratic cost function)

q q

(%
o cY

S Wuilaiduimdn (Weighting function) vesdauzgnving

£
Y

O Juiladduimidn (Weighting function) vesanug
R Juilafduiniln (Weighting function) 903dgysyrasaruauilly
waztduluyisnduaniaue
< ¢ Aaaa
x WUINLABSEULNNLG 1

[ s o Aaaa
u LUUL’JﬂLm@iaQJwﬂfMQQUQNWNNW r

WaNITUIAUNIT 2.2 NEnIULAIs (steady state) N 11lnamotuiung?

6 * a1 < 6 IS o 1 d’l M Y
watl x, Sx, denduaug avannsawsuaunisiu@ansaugldlaidy
J= i(xZka +u,Ru,) (2.3)
k=0

[

aunsssvvansalsulieglusuilaidunes x,u uaz k ladedl

X = (61,6



Tuszuunanigmuuulidsundamunataunsadeulamiu

x,,,=Gx, +Hu,

ng  x, Ao LAWesANIUZLR »

u, AD INMBITYYINAIVANLA ~

G 79 WnsSNoaR

G 79 WnsSNGaR

nxn

nxr

10

NSINNITIIANMLNEaUNEA (Optimal) ABNIIUIANNIMINTAUNFAYDIANNTT

Uagaussaug LWen1snIAIwNEaued IINNSMeRRUSIvIAUAUE SugulsnAInUanean

\ = v ) a = N o A | 19 .
ABUIY KIAIYBUNAUNINGA N —1, N -2 lﬂmaamumamimu umamquﬁﬂu J o (X,51)

I~ Y | Q’lj A a Ql' > o v
JuuswaussausNvnegaungnan x 1 i wagimuali

apz‘

Wesann J(x

N-1?

szt 7 (x

opt N\TUN-12

g, (x

opt N-17

g, (x

opt \TUN=-12

Iﬂ&ﬁ P, \Juuan (Positive definite)

N -1)=min_ 7[x;,,ley,1

+u, Ru,

Q

mnamms‘m 2.5 NSUNIUNRAR

{u, Ru, +u, HPGx,

1 (I) v § a = Y <
ﬂ?ﬂ’l@]’l?jﬂiﬁ]EJﬂ’IﬁVT']E]HWUﬁLV]EJ‘U NEUNS 2.6 @ansaieulamdu

oJ(x

N-1°

N-1)

ou

N-1

A u

&y, N)=x, & 7 ), Px

N —1) =min_ . [(x;,lefol + u:HRu

N =1) =min, [xN Ox, +u Ru

 +(Gx,

=
N-1

+u, H P Hu,

A

opt

 +J,,(Gx, , Hi

opt

uV*l ) y R\’ (Gxnfl

N-1)=(x, O, +u, Ru, )+J (x,,N)

D+J (x,,

4

NI

+Hu,

+x, G P,Hu, }

]

(2.5)

(2.6)
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2Ru, , +2H P,Hu,  +2H P,Gx, =0
2((R+H PH)u, ,+H P,Gx, ,)=0
(R+H'P,H)u, , =-HP,Gx, 2.7)
Fadunnaunsi 2.7 awld u, | fe
u,,=—(R+H'P,H) HP,Gx,, (2.8)

= 6 * -1 v v A 1
FINIY (R+H PNH) annsanniu (Inverse) lotflesan R 1Wumtuan
\@e (Positive definite) way P, tduminuan (Positive semi-definite)

NFURNURIsEULAIUANLUUTRUNd Uan gl

<
|

N=1/ 7 _KN—lxN—l (2.9)

[

Woaun1sh 2.8 way 2.9 aglean K, a9l

N-1
K, =[R+H P,H]"'H PG
INAUNTT 2.6 Waneuiussudvaeiiey u, , 9zla

62J(xN_l,
ou’

N-1

N-1 ]
)=R+H P,H (2.10)

Weosann R Jurvaniade way P, Wuafauan deaunisi 2.10 Wuuan

wdueu A1 J,, Alddaduaign Wewnuaiainannis 2.9 asluaunis 2.5 anunsadeuls

791
Jopt (fol N - 1) = x:\/—leN—l + ij—IK:/—lRKN—lxN—l + x;v—l (G - HKN—I) * PN (G - HKN—I )xN—l
Jopt (xN—l N — 1) = x]*\/—] [Q + K;—]RKN—] + (G - HKN—I ) * PN (G - HKN—] )]xN—I
Jopt (xN—I N — 1) = x;\/—]PN—I'xN—I

p9tu P, =Q+K, RK, +(G-HK, )*P,(G-HK, ) (2.11)
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AoynmATanzaufianil N -2 viautuneu N -1 awnsaideuldiduy

J (X s N=2)=min, [(x,_,0x, , +u, ,Ru, ) +J,, (x,,,N-1)]
J (X5, N=2)=min, [x;_zQxN_z +u, Ru, +J,,(Gx,_,,Hu,_,),N —1)]

J (X5, N =2) = min, [fozQfoz+u;72RuN72+(Gfoz,HuN%)*PNfl(Gfoz +Hu,, ,1(2.12)

Wownu u, , =K, ,x, , asluaunis 2.12 agld

J()pt( N- Z’N 2) xV ZQx +xN ZKN ZRK x N Z(G HKN 2) I(G HKV 2)x
J, (x, ., N=2)=x, [0+K, ,RK, ,+(G-HK, )P, (G-HK, )lx

N-2
opt(xN N~ 2) x P, x,

patiy P, ,=0+K, ,RK, ,+(G-HK, )P, (G-HK, ,) (2.13)

mﬂammsmamumanmmmsaLsuauiwaa”luiﬂmiﬂlmmﬁ B

=-Kx,

K =[R+H P H]'HP G (2.14)
P=0+K RK,+(G-HK,) P_(G-HK) (2.15)
y_ =B e PF: (2.16)

WAUAT mﬂaumsﬁ 2.14 aﬂuammiﬁ 2.15 mmsmﬁuauléﬁ]u
P=0+G P ,G-GP HR+HPH|"'HP,G (2.17)

dun13 2.17 13eNNaun153AA (Riccati equation)

910 [39] @unSA 7-36 WU

o = X, Sx, + i(xZka + uZRuk)

k=0

J =xPx, (2.18)

opt
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WoNaNTauNanIuLALdd (steady state) wag N ndaAatiudwdy P =P =

Y

ANASN HITIUANENNITN 2.18 aunsaeuledy

.
J,  =x,Px,

op

WAL UREIAUIINALNITN 2.14 hag 2.15 Azlein K Asifisallls P Aefiile

P, =P =P guwnsadeulimiu

P=GPG-G PH(R+H PH)'H PG+Q
K =(R+H PH)'H PG

¥
A

IFn1smAn K Fsaunsavinlasasalull A

(2.19)
(2.20)

1. whaun1snIan P leainaunisin 2.19 lagi P idus1ulniaus (Positive

definite)

2. UNUA1 P AlANT0utadluannisi 2.20 39@1u1saniAn K Akaain

NIMAIANEAYDIANNTUITAUTIOUE

luunNaaassunssuUsvatlaznguineatss 1n15UNausdIuIeIN1TNUNIY

1530un3su Tuihdesyuuaiuauesetine ITauinsvesnelulaglsauawsiannauiedagdu

HAYINNTITVUINIAVB LAY NISTALTEANUAITN mimmmmmwumuﬁasﬁaﬁﬂwmm

waznandalyminazanuvimelunisussgndssuuniuauatanailesa ludiungu)n

NYIT89 NAEN MATUANITIHUMAERY NMRanLUUsTUUMmUANLUUT BuNdUanIUE 34
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STUULNUAANNARULUUF UV

Unfinai40eAUTENoUTRINITINUYDITEUUNUASUNRUMUUF UMY N13lAuNTs
lwnanisadaeans nsussanalindulumaliglianiuy waen158enkuUTTUULINURY

HNRUBUU UM UiUeSetnelTanY

3.1 SYUUWURANNNRULUUFIUNYY

[y a

WU SN UL U TS oiun AU s gnUssRustulul 1992 fanitumalulad
wislawfen Tnednddas yine (6] Duszuuiidudeunarlidaduitlisunuaulolungued
szuUmUAY falanslusud 3.1 esannsileguesnrmibidadulunaeans wu wailled
(Sine) uaglalel (Cosine) Msngluaunisnisiadoudiluszuu [40] uanant nsvsuwes
wuiildFunansenuanussdanld Sdsnadednunzihidudaduvesszuudnie Tnganu
g12v0duIUAR £, waginugaure £, LLsuuLLazLmuaé’mﬂﬁusuaﬁswﬁimuuﬁmmL?iasl J,
way J, Feduiusiugagudnaaavesdiuystneusazaiu desiolunisvyuusiazdedes
ogneldmambauvuvilalaefidnduussansnmamisiaenndesfudaaniiu D, uay D,
lag# D,

TEWINUVUNYULALHUAAUNN Y

LEARIDINITRUIIANIINNUUIIUDIUDLABSNTEUAN TS LLﬁ%Lﬁﬂ’*ﬂ’]ﬂﬂ’]'ﬁ‘U‘i%ﬂUVii{ﬂ

o [ v a < a A

\iguIuY AN AUK AR UL LU MU Nl LT AN19MINLNENT (CCW) LiTaueain
auu Melussuusuueu yumale 6 asiauludeuan Weowsswulniaiuay v, 7
' Y s < ! a a 4 o Y U
Pelvitunemeinszuansutuauin useda (Torque) Mualnainszuansaxiiluldiu wvu
gounugdunnRuL v duuIniufiamanuduunin amelusgunuiuiueu yuitie
Idvoanugdy o azmutulu@uindonyulufianenIuduuIing Weuesaindiumii
mMeluszuuwnns wasduguddiovisgasiiuaisluiumisaunaiiung

1%

MiEneaBITTUUmURaLNNRuLUUg U illdgnesnuuuLazinddlnuanisdeansls

Y

aeluunu Z WewAtgudedidnvesaneindadivilvidamaunyuld 360 sareg1adasy
uuinemesumIuad UL AU ANHNRULUUF WU UTENa UM BduUTENa UNAN
fuwiolud sowesnszuansamdouiadnsialas MAXON MOTOR, wsssulnifinfifwmua 30 v,
nszudlwiiniidivun 2.72 A wagfduldaines (Encoden) (Fuduldninessiayneeudda
£5) Iy US Digital E5-500-157 single-ended @duldnines (Encoder) Favyulunaun Z

v 1

TNUVWBLADINTLULANTI FIANLUUINTOIRUAUTNUIRNT FlA 2,000 Sruruiuseseuly

o '
= a v

Iuansasefiunamdsudnia (500 Turutdudesov) lasiuawmasnszuansilay Cytron
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Technologies Co.ltd @msasessussiulnitvesuamaslafua 6 V fis 30 VDC nsgud
geanrowlosdsdn 13 A uasgagedan 30 A (10 w1l AruAuAIEIAIIND PWM 83dn 20

KHz (Audiodnnasamilouiuanunduny)

B

I8
Battery 3.7v

Encoder

RP2040W
(CYW43439)

DC motor
with encoder

DC motor
drive

JUN 3.1 YA91989TZUUINUARUNN UL UL UMY

3.2 HUUINDBIMNNANAAEATIZUULWURSUNNRULUUFIUSY

3.2.1 @unN15anIusLIaLaY

aun1snsiedeuniluduaiunsonansduaunisuigliaauznaiseiliosls

De
=Dy

x(1) = A x(t) + B.u(r) (3.1)
y(t) = C.x(¢)+ D.u(t) (3.2)
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el x(r) waz i(r) \Dunnnesaniuz(State vector) u(r) LNKBTDUNA
(Input vector) LA y(r) 1INMB3LOIANA (Output vector) 4, WJUUNINGVBITIUU

a ¢ L2

(Systern matrix) B, Wwun3ndduns C, WJuwn3ndiordne D, luwminddeunau

q

(%
1Y

dranth Fanwesaniug wazlninesioming seylinsil

x(t):|:9(t) at) o) d:|T (3.3)
o =[0@) a@®] (3.4)

3.2.2 HUNAFIUVBITTUY

1) maweweiuasiaud 1 fotudeudedusuumnarudeodntliduan

2) wrunwugdy feudseddlififiduan

3) unuiifnvesuy 1 waziou 2 Wuwnundnleefluwudaudesduun
TN,

6) enuidesvedsmesveniemesientosuin edrelsimudauiioradiudn
Aulinadanudesvasuun 114

5) WAITAUMANIZANTYU (Damping) Afmnamiaindy NIUUIIgULUY

e Vianualy Aaewd (Coulomb) azgnastayly

o o~ -4 a/

3.2.3 LL‘U‘UQ'T@EN'VI'IQﬂﬂdﬁﬁ"lﬁﬁi?la\ﬁz‘UUL‘W‘Ug}ﬁllLLU'U@'TU‘VI&I“‘U
Tudiulinr oAU 8 AUUTIA0M NANAMANTYBITEUUMLARULUUT UMY
[41] mMsassuuusiaeenmnmansamnsarilalagldaounaindundn Taun 5926u-
I3 [ L3 a a e’t:;ljd £
20818935 (Newton-Euler) Lagooulansi-a1nsed9 (Euler-Lagrange) Tuanednusiiinagld
wallAoYlaes-a1n5034 (Euler-Lagrange) Fsldnasanuaatuaznassudnglunisninun
AUNNINTSIARBUNIYRNTEUY AunIsHadusliianlusUwuulaluldvessilauaznisnssdn

A1NN5008LADS-a1NTDINT U ILAR

d 0L, L OR _

E(T(}i 67(]14—8711 fl (3.5)
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v o

e £=T-v Wuseuiunisainsass 7 Wundsnuaatvesssuy v

'
v @

Jundaudndvesssuu ¢ WWuiidavilu (Generalized coordinates) f Huussfinsgsi

Y UNNAVBITLUU

fidanaluidenlidmsussuulifio 0 uag o FIAAIDIUVUNYULATNIS

[y

NIEdnTaNvLNUAuALaTU ssuuansagnesuiglainlutenomugauddiniue

[, Weourariuuaeuvuvay luuufnuRe8Yed N uQI LA LY UNYUTOUIAAUENAIIUIA

[

Ao J, uay J, aud1au yuimudunnidy o awluguduasidonglunuisisessauysalbuy

TusunusRns LLaZNﬂWLﬂuU’JﬂSLUﬁﬁV}’JULGﬁNUWﬁﬂﬁLﬁ@ll’e]ﬂ%?ﬂﬂ’m‘uaﬂig‘UU WISTRDS

YDITTUUINURANRUUT UM UeSUE LN 197 3.1

A15197 3.1 Gﬁi’]ﬂLLaﬂﬂ‘W’ﬁWﬁLG]E]%"UEN?%UULWN@&HLLUU;%BWH‘VTHU

A195UNY YU
LOLNBINTLLARNT
R, FIFIUNIUVIDBN 1.2 Ohm
t usadnnsdi 0.0389 Nm/A
K, AAaTiusaadoulniingu 0.0389 V/(rad/s)
TEINE)
m, UIAVBIRUYUNYY 0.1032 kg
l, AN TIULYUNIYY 0.06 m
D, AnduUsyananumtg 0 Nms/rad
J, Tuimdanuion 5.7E-5 kgm?
lugalnugdums
m, WIARANLORY 0.0308 kg
¢, ANNEILYUNIY (mulﬂﬁﬂmmwiﬂam) 0.14 m
D, AndulsEAnEALmLag 0 Nms/rad
J, TuuAnudes 2.3843E-6 kgm?
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aUFEANSYIsTUUlASUAIN:

X, L cos@
X = = _ (3.6)
v, L sin@

| x ~L Osin@
x=| "= . (3.7)
Y, L Ocosd

[
—I sin@+-Lcosasinfa +—
v 2
3 !
Y=y, |= Z,.siné?—zpsinacos@ (3.8)
Zp /
L cos
. 2 =
| k! "~ @ ;
—[ sin 9+Epcosasm Oc +Eps1nacos 00
. %, A / )
Y=y, |= lrsin@—zpcosacos@o’c+§sinasin6’0 (3.9)
Z % ¢ S
~Lsinag
2

‘wé’qmuﬂaﬁﬁwmmJaqsz‘uwﬂﬁmﬂmaiamaﬂwé’qmmaﬁmmquaé’maz

Y o

&
wuumyu lonail

T = T:zrm + T;)emdulum (310)
2 2
T—l(m ZiJ +m E—psinza)6"2+l(m é—p+J )dz—lm (0 Bacosa (3.11)
20 prrTp 4 2 p4 p 2°prp '

W uFngnauavasssuulesudu:
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V=v +V (3.12)

arm pendulum

1

l
— 0 (— p__P
V=0+( mpg( >~ cosar) (3.13)

[
v 1%

AN5999 £ YBITTUUMIEAINNITAUNSINUIAUNINU AR NI UANE

[
v

VNURUAVNTEUU Imaﬁmumﬁu

L=T-V (3.14)

12

I >
el P in® )0 ¥ = (B a2
2 p 4 p

) 2 o [ AN WA Y
And K I

1 ' oo,
+EmPLpr6’d cos o +mpg[§ —écos aJ (3.15)
flaridunisnszaneues Rayleich flddmsuszuuilduran
D62 +Lp 42 (3.16)

lag#l D, AoAduUTEANTN1IINUNANUNLATDIUIUNYULAE D, ABAN

duUsrdnsnisminanunilavadnugey

Yo [
FUN15Y0IsTUVAINTRRlAs ULl
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d oL 6£ OR _

oL, oL (3.17)
i'\0 560 56"
d oL, 0L OR
(aa —sotag =0 (3.18)

a wva

wen1ni ludrunisudaunsiadunynuiiinis (@=0), aun1snis

\AAeuTTanwERl (3.18)~ (3.19)

(mpz%+Jr)é—%mpzpzroe+3,9=f (3.19)
1 5 1 5. myl,ga .
—Empﬁpﬁ,ﬂﬂJp+4mp£p)a—*+3pa=0 (3.20)

ASHALNBUAULY taaNN1SHaT

T

= 1 1 1 1
0= J—[—(Jp +ZmPI;J D Q—Emplperpa+ A mplpl} +(Jp +Zmpl;] z’] (3.21)

ppr r

“ayld | _~d 1
N [zm 11D6~ (J,+mpl!2,)Dpa+Emplpg—gmplpl,,TJ (3.22)

T

TneN

Jy=d 2+ s m 2 (3.23)

ppr 4
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Tuannstnsdulanifiawssdniiinainssuuweslalsnis (Direct-drive rotary

1Y) a Y s v o a vy YN &
servo) mULﬂaau@ﬂﬂlWﬁqﬂigLLﬁﬂiﬂ ‘Wa@hﬁfﬂim@ﬁm?%anﬂJqﬁﬂ@ﬁUqﬂlﬂﬂﬂUaﬂJﬂ'ﬁ@ﬂm@lUu:

B L (3.24)

aunadseyiusnlasuantsduausasandusluuuvesdigianiugla
AMTUTTUUWMUQAUNANURUUTIUNYY A0 1UBYBITEUUAD Z=|:6? a 6 d]r IGE

3 = T a A v a LY Yo
wnefe y=[0 o] Uiglianuznieulaufinvessnarugulaiuain:

2] 0 0 1 0 o 0
a 0 0 0 i o 0
a. ) i) (3.25)
o 0 a3 ay3 ag|| o b31[ ]
a 0 ay ay ay)|a by
el
2020
aSZZmPTStrg_ (3.26)
-D ml: K2 K 1
A S U LU
—m,l, Dl
a34zmp+tw (3.28)
l
a42:mpg 2(J, +m,l2) (3.29)

t

__mpfpfrDr_Kiz2 K,
U= "R Grr ") (3.50)
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ay = _f 2(J,+m,L2) (3.31)
b, ZJ,LIQ(JP m,13) (3.32)

Lm0 0) (3.33)

a

P ] a R Y] A 1 ° a
LLazLﬂJ@LL‘VI‘H?’YTW']?'HJLm@i%ﬂﬁﬂ@@ﬁiumqﬁqﬁw 3.1 Q%l@lLL‘UU‘UWﬁ@\‘]Uﬁﬂ@J

Y

anuzdmSuTsUUmugaNRNR UL UUT UL diauslusuresl3nlianiuysiaunis (3.34)

5 L0 0 1 ollél fo

al |0 -0 0 1llal |0 { }

451710 5626 —0.41 0| &|T| 259554 | " (3.39)
&1 1073015 <1.37 0|| 5| |862.31

3.3 fAIUANLTILEUAIANERY (LQR)

mpuAEgLduidaeddilsndusuunvuid (Quadratic cost function) LiteA1WIN

wyEnddnstleunduanuztounduiivanyauiian K
u(t)= Kx(t) (3.35)
dlelardusuyununufe
J, = E (xTOx+u?R) dt (3.36)
Sasflounduanugiimnyauiian faazanilsidusunuwunlivdetesiian:

K=R'BTP (3.37)
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wsngensleunduimunzaniigalasunsuilelagaunissnang:
AP+ PA-PBR'B™P+Q=0 (3.38)

NsUSUMEiwesveIiInIUANBLAUMAEeY (LOR ) muauns (3.36) lm3ngens

Jounduimungauiganuintniiden tauwn:

10 0 0 0
0 01 0 0

o R=[ 4] (3.39)
o\ b/ /v 52

nauns (3.37) \uidamuinumsng K gnesuaulaewnind 4,8,0 uaz R 39 4
Lay B Yuediun1smvuaAIuasnIsdineiuedseuy 39nIsiden O uag R anunuel
Useansnnlneyseunamaznisusediuumsnd K egrelsaninauisavinlalnensaaely

'
o w

Andaluldswnsy MATLAB

K =1gr(4, B,O,R) (3.40)

[y

Yrpdnluaunis (3.39) dwalinenataunau K o9l

K:[—1.5811 13.5568 —0.5680 0.9367} (3.41)

3.4 NalNNIIAIVANLUUAINMANITA (Event-based control)

=l 1A a

seuvlzfendiadesnmilonisdeaunduaniueasd [44] lwnsnd K wieaunagnsnig

MUANIT AD

u(k) = Kx(k) (3.42)

¥ L

lneNA1anNeveINITIULAANITIA NIDANEATINEVBITORANAINTENINAIO19B AL

9

ANDUARNISIA A
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e(k) = x(k) - (k) (3.43)

(%
K'Y

AT FEYEIAIVANTDIFIAIUANTUAUIAIADIUUURAUMANTOLRD
u(k) = Kx(k) ~ Ke(k) (3.44)

unasuvingund 3 iin1snantiauudnaemeadinmansseuunug SUNNRULU U
nyu Wielvlaungausglaniusvesszuy Bntsmsuinisdwmesdmiunisdouiulusa
AuAY weuAIe1s Faluunseld axnaniiniseenuuunimasesienisussendldiniunu

7199NLUUN



unii 4
N1599NIUUIZUUNITAIUANINUASNANAULUUFIURYUUY

RN AGISGRE

Unagna1i909AUsznaulun1508NkUUTTUUNMSATUANLNLASUNNIUMUU §IUNLUY
w3etgliane Usznauldme Inuamwaes nuadidu Wnusgadnldnuwas Inunda
muay iduluausudesnissuiainiseeniuuiasdiannsetndlutnasnualinsaany

uAMaN B

Controller Node Wireless Network Sensor Node
& &5 - e 23 E w
o~ & b (1 @

:)'_L_l.(.) , (
L " ARAS
L4 l | RP2040W
4,0 SAVLAS (TCP client)
MATLAB/Simulink

(TCP server)

! ! .

! ‘

! )  —
| RP2040W

i(‘“cess point): Sensor/Actuator Node

SEn e
i u 0,0 |
S

|
o\
RP2040W
| (TCP client)
L |

JUN 4.1 1p38U18NTAIUANIATEUIELTA 8T U U UASUNNRUL UL UL Y

4.1 wavaungliany (Wireless network)
n1snegaauUsEansamvasszuuauaunglaaIeisliany IEEE802.11n vuuasa
Waunauesnailafy Raspberry Pi Pico Wireless (RP2040W) &l43U15a1s CYwa3a3g i
TUsunsufMBn1w C/C+ uaz Cmakelists Alwnsiinfmsnennsifiuszansangeanlng
n151% Programable Input Output (PIO) farlugaauvasdy RP2040 Fainendnusilily
nssusdnsaiionuiugr msdanisiedetngliaeldlausd Lwip uavdoansuu
Tuslnaeaiidiled (TCP/P) TuinTetrensaunuliane Fuanlvuafeuauunsdoniiy
WuluslaAea Address resolution protocol (ARP) Lﬁammﬁﬂﬁagj MAC address Uo3l#un

i ldauaefe Raspberry Pi Pico Wireless Lilaiin1snaundu Jasuidngnisdeaisniu
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=

1Uslama Dynamic host configuration protocol (DHCP) ﬁugﬂ‘ﬁ' 4.2 Flnusuiresasd

a v A o v o o o =
ﬂqﬁLiﬂJWUﬂqiﬁ@ﬁqiL%ULﬂﬁnﬂUﬂUIMu@W'Jﬂ'J'UﬂqﬂJ ﬂ\‘lzﬂ‘ﬂ 4.3

No. Time Source Destination Protocol Length Info
1 0.000000 Intel f6:39:d4 Broadcast ARP 42 Who has 192.168.4.1? Tell 192.168.4.16
2 0.002388 RaspberryPiT_@b:23:8a Intel_f6:39:d4 ARP 42 192.168.4.1 is at 28:cd:c1:0b:23:8a
6 0.036273 0.0.0.0 255.255.255.255 DHCP 364 DHCP Request - Transaction ID @xd@8a4805
7 0.038821 192.168.4.1 7552515 A5 P55 DHCP 316 DHCP ACK - Transaction ID ©xd@8a4805

JUN 4.2 Jayauiinunanissudunisdeassenindliuniinuanwagivungadilgiu

No. Time Source Destination Protocol Length Info
1555 39.560679 192.168.4.1 255.255.255.255 DHCP 316 DHCP Offer - Transaction ID ©x23356384
1556 39.564043 0.0.0.0 255.255.255.255 DHCP 350 DHCP Request - Transaction ID 0x23356384
1557 39.565003 192.168.4.1 255, 255 SENP00 DHCP 316 DHCP ACK - Transaction ID ©x23356384
1558 39.566217 RaspberryPiT_04:2d:9e Broadcast ARP 42 ARP Announcement for 192.168.4.17
1559 39.588721 RaspberryPiT_04:2d:9e Broadcast ARP 42 Who has 192.168.4.162 Tell 192.168.4.17
1560 39.588787 Intel_f6:39:d4 RaspberryPiT_04:2d:.. ARP 42 192.168.4.16 is at 50:e0:85:16:39:d4
1634 41.578528 Intel 6:39:d4 RaspberryPiT_0b: .. ARP 42 Who has 192.168.4.1? Tell 192.168.4.16
1635 41.579766 RaspberryPiT_0b:23:8a Intel f6:39:d4 ARP 42 192.168.4.1 is at 28:cd:c1:0b:23:8a
1733 45.278987 0.0.0.0 255.255.255.255 DHCP. 350 DHCP Discover - Transaction ID 0x72b68090
1734 45.278987 192.168.4.1 255 255,255 255 DHCP 316 DHCP Offer - Transaction ID 0x72b68090@
1736 45.380423 0.0.0.0 255.255.255. 258 DHCP 350 DHCP Request - Transaction ID 0x72b68090
1737 45.381296 192.168.4.1 255.255.255.255 DHCP 316 DHCP ACK - Transaction ID 0x72b68090

JUN 4.3 Jayauinunanissusunisdeasssmdiungugesiaslnungadilda

Tusgningnnsdeanssenielnunaziinisdeansiiulusinmnea Address resolution

protocol (ARP) tilennafisfieg MAC address Tu IP address fananagiaiasuanslusuiisy

fiaa

Tim3 Intel f6:39:d4 - Raspoerry?iT_00:23:6a Y| RaspberryPiT_04:2d:ed Comment
5076391 L wmomsosooirrnsszicaate’ Lt j ! ARS:Wno has 25001 Te 192168416
9727892 [ womssoovmteieatel g i AP Wiho has 2500.17 Tl 162168416

10.586474 fo  whohas2s001AtG2iERATE i : ARD:Wno has 25001 Te 152168416

11.023572 L wonswmsanaiadte. I AP Vo s 192168417 el 192168416

11.024816 ¢ 102168412t 3 f AR 15216841 s 2 81062388

11578165 L cwomsasooratsieadis | AR-Wno s 25001276 192166416

35074632 s has 152 164l Tl 12 16815 ; ARP: o has 192168412 Tl 192168416

35075776 P AL, s e | ARP: 19216841 is 3t 28106238

35630545 ! honas 192 168,417 Te 192168416 AR W hs 192168412 T 192168416

35631937 ; 19216841 s 3t Prcsc1 0023 Y i AP 21664 T 3t 21062568

37.309761 L weomsstovmteade : d AP i hs 2500.17 Tl 192168416

38087405 L whomsoscoriesds 012 7ol 152162416

39086369 L wmonasosorventsziesats L) 250017 Tel 152168416

39566217 455 ARD Announcament e 192168417

39.588721 ARP: Who has 192.168.4.16 Tell 192.168.4.17

39588787 2168 i AR 1921684161 3t S0aD85 463934

41578528 Whohas 192 168,417 Tel 152168416 ] A5 o s 192168417 e 192168416

41.579766 T2ICE ARP: 19216841 is 2t 2Bed 1062388

45.483062 i 192 168418 455 ARD Announcament e 152168478

45483570 i o s 1929604167 Tl 152162418 AR Wno s 192 160.4167 Teh 162162418

45483610 192168416 5563004 ARP: 192.168.4.16 is 3t 50:20:8546:39:4

47581202 o hss 192.160.412 Tl 192168416 A5 i s 192168417 e 192168416

47582302 10216841 AR 19216841 s 3 2Bedc1 06238

53578779 W hss 192168412 Tl 192168416 A8 o s 192168417 e 192168416

53.579995 P dZe | ARP: 19216841 is 3t 281062388

59083498 H o has 192 16841 Tl 192168416 i ARP: o has 192168412 Tl 192162416

JUN 4.4 Foyauiinuinnisdearssenindnuarulusinnea ARP
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Wireshark I/O Graphs: Wi-Fi

800 -

700 -

600 -

Packets/1 sec

500

400 | =~ AV el \\\‘_/‘\_/\/\_‘/\_/\_/_\/\/\/\MJ\]\-/\A_/\/V\_/‘\_/\/ Mh_/\f\/m/\,\/\__/

I
0 25 50 75 100 125 150 175
Time (s)

JUN 4.5 n5mluansduaueinunnsznIansdeanslunatiaiund

Wireshark I/O Graphs: Wi-Fi

08

06 -

Packets/1 sec

04 -

o 1 1 1 | 1 1
0 25 50 75 100 125 150
Time (s)

] ° < W e i A P a =
E‘IJ‘VI 4.6 ﬂi']WLLﬂGNT\]’m’JuLLWﬂLLﬂG]NG]‘Wﬁ']@i%‘M’J'NﬂﬁﬁaﬁWﬂULLWU'N’JU’WI

) i <& g i = 93 =] Y & = o 2 &
Gl’JEJEJ’]\‘iﬂ'ﬁLﬂ‘ULLWﬂLﬂmIU§$M’JNﬂ’]§a§JaWS ﬂ\‘i‘g‘ﬂ‘ﬂ 4.5 LLﬁﬂﬂI‘ViLMUﬁNQ’]‘H’JuLLWﬂLﬂC‘l

a ) I

& A ' = ! a [ < ' [ [ A =

Nanualun1sdeasluLaazIuy F9Alafuuesuiniig agn 400 WANLNARBIUTA UV
cl' Y @ £ o < <@ a A a £ ! A ! 1 a =

SUN 4.6 wanslirudesnuiuLiniinianataiinnvuluseninanisaeansluwnazaiiuii

Y

wudvsnalaeadeegi 0.15 uininseiud

4.2 \nunruas (Sensor node)

Tnunugasusznaulusig Raspberry Pi Pico W wustaasdunatsy w1 3.7 V ladn

anaTInmes (Logic level shifter) WagiLlUNSHEEIMSUNTOUAT @, ¢ AIUNUATNT 4.7 §2
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WrswallnuaudRedn 2400 Wadaasou Inunduiresazeudyyiaiadiid1siadems

Y

Wsunsulilagld PIO Weannisldnineinsveduunmiuay seninenisaivauwuuliane

Wadneguanmidnsiassgnewinneunvzdwinindeyaludilnunfmeaiuny Faeiisves
' = [ d' v 1 (] = = a ! '

TENINMTAOATAWUANITUN 4.8 frpgauiianInIsdeansuansienisindeseninaluu

wuesiarlnuadiauny Nilvuin 128 ludiulusinaea TCP/IP dawandlugun 4.9

AL€ Yyvywooll +
1-09Q-c049.3
0249/ 05¥€093

pberry Pi Pico W ©2022

CL B O

‘ Ras

GNR fritzing

= a & a ¢ =~ i |- s
:’J‘U‘VI a.7 LLNUﬂWWN"\]iE]LaﬂVIiE]UﬂﬁﬂWiL%@MW@iUI%U@L%UL%@i

ﬁmmmgﬂ https://fritzing.org/

Round Trip Time for 192.168.4.16:4242 — 192.168.4.18:49693
Wi-Fi

25

Round Trip Time (ms)

Time (s)

JUN 4.8 nuanstisaInisdearsiuniiefiadiunivediuaduges
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| ‘ Wireshark - Packet 6 - tcp_pac.pcapng = o X |

> Frame 6: 182 bytes on wire (1456 bits), 182 bytes captured (1456 bits) on interface \Device\NPF_{153E732A-2F79-4CEC-9687-6DOE1F993170}, id @
! | v Ethernet II, Src: RaspberryPiT_04:2d:ed (28:cd:c1:04:2d:ed), Dst: Intel f6:39:d4 (50:e0:85:f6:39:d4)
> Destination: Intel_f6:39:d4 (50:e0:85:6:39:d4)
> Source: RaspberryPiT_04:2d:ed (28:cd:c1:04:2d:ed)
Type: IPv4 (0x0800)
v Internet Protocol Version 4, Src: 192.168.4.18, Dst: 192.168.4.16
0100 .... = Version: 4
.. 0101 = Header Length: 20 bytes (5)
> Differentiated Services Field: @x@0 (DSCP: CS@, ECN: Not-ECT)
Total Length: 168
Identification: @x89e4 (35300)
v 000. .... = Flags: 0x0
@... .... = Reserved bit: Not set
.0.. .... = Don't fragment: Not set
..0. .... = More fragments: Not set
...0 0000 0000 0000 = Fragment Offset: @
Time to Live: 255
Protocol: TCP (6)
Header Checksum: @xa7f8 [validation disabled]

[Header checksum status: Unverified]
Source Address: 192.168.4.18
Destination Address: 192.168.4.16
Transmission Control Protocol, Src Port: 49693, Dst Port: 4242, Seq: 129, Ack: 129, Len: 128
> Data (128 bytes) ‘

| No: 6 Time: 0.010851 - Source: 192.162.4.18 - Destination: 192.168.4.16 - Protocol: TCP - Length: 182 - info; 49693 — 4242 [PSH, ACK] Seq=129 Ack=129 Win=11168 Len=128 ‘
() Show packet bytes

Close Help

Y

o . N\ i e
gﬂ‘w 4.9 FIBENLNNWLNANISEDANTIENININUATULLDS

4.3 Tnuaduwasuazfiatu (Sensor and actuator node)

Inuauskagditulsyneulialg Raspberry Pi Pico W WURLABITNUNANY UYUIA
3.7 V a3 nnalsaua 12 V ladnaiatniaes (Logic level shifter) uainosnsgilanss

Tasnuamas (Motor drive) WagALUSHAFINTUNISBIUAT 0,8 FILNUAINA 4.10 §7

v v Qs

a 1l v 61 I3 3 v ] a Y 4
LUNINANAUFNUADYN 2000 Wadro3ou MUY IuaZAITULTUAINUINUALEULYDI AL

q

1 o v 6 o 14 o =t 3 2/ .:! U £ CY 1 [ s
27U agﬁgﬂmwaamLémswammiﬂﬁl,l,ﬂsuimﬂ% PIO IRV IINANDDYNUNDIABINITLLETAI Tu

i o v

AunsneNs Ut ulnuAuees seninanisaIuauwuUlTaeiadneuInLn e
3 ! Q{' ! (] @ Y [ (Y = = ! = v
rgnAINfeuNIzdwiniinveyaludilvnuadiniuay 19eilseueseninen1sdeaises

LAAIUT 4.11 freguiininansdeansuanitenisinsessinlnunugesuazidunasy

Tyundeue fiflvun 128 ludrulusianea TCP/IP fauanslusud 4.12
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E603450 7B20
E7B02-D60-1
+ 1000mAh 3.7V

Encoder

MAXON DCmotor
A

B
fritzing
JUN 4.10 unun1maasidnnselindnisivenselulnuniduigesuaziidu

ﬁuﬁﬁuaﬂgﬂ https.//fritzing.org/

Round Trip Time (ms)

Round Trip Time for 192.168.4.16:4241 — 192.168.4.17:52661
Wi-Fi

Time (s)

JUT 4.11 nsmuanstianainisiearslumbefiadiviivednuadumesuarfdu



‘ Wireshark - Packet 5 - tcp_pac.pcapng - o

31

X

> Frame 5: 182 bytes on wire (1456 bits), 182 bytes captured (1456 bits) on interface \Device\NPF_{153E732A-2F79-4CEC-9687-6D@E1F993170}, id @
v Ethernet II, Src: RaspberryPiT_04:2d:9e (28:cd:c1:04:2d:9e), Dst: Intel_f6:39:d4 (50:e0:85:F6:39:d4)
> Destination: Intel _f6:39:d4 (50:e0:85:6:39:d4)
> Source: RaspberryPiT_04:2d:9e (28:cd:c1:04:2d:9e)
Type: IPv4 (0x0800)
v Internet Protocol Version 4, Src: 192.168.4.17, Dst: 192.168.4.16
0100 .... = Version: 4
.. 0101 = Header Length: 20 bytes (5)
> Differentiated Services Field: @x@0 (DSCP: CS@, ECN: Not-ECT)
Total Length: 168
Identification: @x8af3 (35571)
v 000. .... = Flags: 0x0
0.
.0 = Don't fragment: Not set
..0. .... = More fragments: Not set
...0 0000 0000 0000 = Fragment Offset: @
Time to Live: 255
Protocol: TCP (6)
Header Checksum: Oxabea [validation disabled]
[Header checksum status: Unverified]
Source Address: 192.168.4.17
Destination Address: 192.168.4.16
Transmission Control Protocol, Src Port: 52661, Dst Port: 4241, Seq: 129, Ack: 129, Len: 128
> Data (128 bytes)

= Reserved bit: Not set

No.: 5 - Time: 0.010463 - Source: 192.168.4.17 - Destination: 192:168.4.16 - Protocol: TCP - Length: 182 - info: 52661 — 4241 [PSH, ACK] Seq=129 Ack=129 Win=11168 Len=128

|
| () Show packet bytes

| Close Help
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g‘ﬂ‘VI 4.12 feg1uinLAnNISERasYeslAuAg LD LAYAITU

4.4 Wungadnlgaru (Access point node)

Inungaldaulsenauluse Raspberry Pi Pico W kumaasgdnnals auin 3.7 V

f14

A AN v oA o 4 @ Y g v ¢ Y
wanaluusunIni 4.13 tneiiviaiivan dedugadildnures Inuawuges nunfaiumu

v @

UMY UL DSHaLAITU Tngaziinislaaiu 1Uslnaea DHCP wWiaas1en1sitauda LUslanoa

ARP tiamuvnfisiiot) MAC address Tuusazleil @slnunagainldanuaziived IP address 9

192.168.4.1 feg1aufiniinduaanisdeans veslunupgmdildau waslwuaiiniugy

uandluguil 4.14 uag 4.15 siwluslnaoa DHCP

M4



32

m
N
o
(=)
I\IJ
O
(o))
CID
—

+
— m
o (o)}
o o
SO
>0 3
=y

w3
N N
C<t o

© 060000 e 0o ce oo e
® 090000 e 0000000060

fritzing

JUN 4.13 unun1wasasBiannsedindnistensslulvunqaiildanu

ﬁmmmgﬂ https://fritzing.org/

M Wireshark - Packet 6 - begin.pcapng = o X

> Frame 6: 364 bytes on wire (2912 bits), 364 bytes captured (2912 bits) on interface \Device\NPF_{153E732A-2F79-4CEC-9687-6D@E1F993170}, id @
v Ethernet II, Src: Intel f6:39:d4 (50:e0:85:6:39:d4), Dst: Broadcast (ff:ff:ff:ff:ff:ff)
> Destination: Broadcast (ff:ff:ff:ff:ff:ff)
> Source: Intel 6:39:d4 (50:e0:85:f6:39:d4)
Type: IPv4 (0x0800)
Internet Protocol Version 4, Src: 0.0.0.0, Dst: 255.255.255.255
User Datagram Protocol, Src Port: 68, Dst Port: 67
v Dynamic Host Configuration Protocol (Request)
‘ Message type: Boot Request (1)
Hardware type: Ethernet (@x@1)
Hardware address length: 6
Hops: @
Transaction ID: ©xd@8a4805
Seconds elapsed: ©
Bootp flags: 0x0000 (Unicast)
Client IP address: 0.0.0.0
Your (client) IP address: 0.0.0.0
Next server IP address: 0.0.0.@
Relay agent IP address: 0.0.6.0
Client MAC address: Intel f6:39:d4 (50:e0@:85:f6:39:d4)
Client hardware address padding: ©0000000000000000000
Server host name not given
| Boot file name not given
1 Magic cookie: DHCP
‘ Option: (53) DHCP Message Type (Request)
Option: (61) Client identifier
Option: (50) Requested IP Address (192.168.4.16)
Option: (12) Host Name
Option: (81) Client Fully Qualified Domain Name
Option: (60) Vendor class identifier |
Option: (55) Parameter Request List |
Option: (255) End

No.: 6 - Time: 0.036273 - Source: 0.0.0.0 - Destination: 255.255.255.255 - Protocol: DHCP - Length: 364 - Info: DHCP Request - Transaction ID 0xd08a4805

‘ [ show packet bytes

Close Help

JUN 4.14 fregrauiinuiniunisdearsvedinungadildau
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‘ Wireshark - Packet 7 - begin.pcapng = ] X

> Frame 7: 316 bytes on wire (2528 bits), 316 bytes captured (2528 bits) on interface \Device\NPF_{153E732A-2F79-4CEC-9687-6DOE1F993170}, id @
| | v Ethernet II, Src: RaspberryPiT_@b:23:8a (28:cd:c1:0b:23:8a), Dst: Broadcast (ff:ff:ff:ff:ff:ff)
> Destination: Broadcast (ff:ff:ff:ff:ff:ff)
> Source: RaspberryPiT_0b:23:8a (28:cd:c1:0b:23:8a)
Type: IPv4 (0x0800)

> Internet Protocol Version 4, Src: 192.168.4.1, Dst: 255.255.255.255
> User Datagram Protocol, Src Port: 67, Dst Port: 68
| | v Dynamic Host Configuration Protocol (ACK)
Message type: Boot Reply (2)
Hardware type: Ethernet (0x01)
Hardware address length: 6
Hops: @
Transaction ID: 0xd@8a4805
Seconds elapsed: @
Bootp flags: 0x0000 (Unicast)
Client IP address: 0.0.0.0
Your (client) IP address: 192.168.4.16
Next server IP address: 0.0.0.0
Relay agent IP address: 0.0.0.0
Client MAC address: Intel f6:39:d4 (50:e0:85:f6:39:d4)
Client hardware address padding: ©0000000000000000000
Server host name not given
Boot file name not given
Magic cookie: DHCP
> Option: (53) DHCP Message Type (ACK)
> Option: (54) DHCP Server Identifier (192.168.4.1)
> Option: (1) Subnet Mask (255.255.255.0)

Option: (3) Router
> Option: (6) Domain Name Server
> Option: (51) IP Address Lease Time
> Option: (255) End

No.: 7 - Time: 0.038821 - Source: 192.168.4.1 - Destination: 255.255.255.255 - Protocol: DHCP - Length: 316 - Info: DHCP ACK - Transaction ID 0xd08a4805

O show packet bytes

Close Help

3UN 4.15 fegrauiinuindsnisdeasveduungadildanu

4.5 WuaRAIUAN (Controller node)
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Tuvauzil MATLAB/SImUlink SunfiniAndoyaanntnunduinesuazdrdu Tnelduden
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Sensor Node (2)
(RP2040W/Encoder/Battery)
TCP client
Controller Node (3) :
(MATLAB/Simulink)
TCP Server

RP2040W/Battery
Access Point Node (4)

Sensor/Actuator Node (1)
(RP2040W/Encoder/DC motor drive)
TCP client

5UN 4.17 vdonlaezunsudmsulnuadinuauuu Simulink Desktop Realtime

A 3 = ' o a Y o w
€\]'V]EUW 4.16 LLamﬂﬂﬂUﬁ@ﬂ‘lﬂaﬁLLﬂiN ANUINUIYVBINTEUIUNTS G]'JW'JUQZJLGUQLﬁuﬂ']aQ

v
o 1

a0 Inuawuwes wavluuadumesuaziidu faisasdnunil Sudainiaduluunda
AIUAL WIUUADN “Stream input” wag “Packet output” Feardlamnsniwesidu TCP 1w
195 UUNEsH 4242 uag 4241 Nliruddmsulnunwuwesegi 0.01 waslnuadugoiuay

fduegil 0.01 FAALUAAINITAIAIDY 9 Aslugun 4.18-4.21



4\ Block Parameters: Packet Output - X

— Simulink Desktop Real-Time Packet Output (mask) (link)

Write binary data or a CAN message to a communication channel.

—Data acquisition board

Install new board Delete current board
TCP Protocol [4241] v Board setup
— Timing
Sample time:
0.01

Maximum missed ticks:

inf

(] Show "Missed Ticks" port
(L) Yield CPU when waiting

— Input/Output
Packet identifier:
1 ——————

.1 ey =

Output packet size:

1128
Qutput packet field data types:

f128°uint8) D)@y %

Output packet field byte order  Little Endian

Show "Data Ready" port
("] Show "Data Error" port

Initial value:

Final value:

‘OK - Cancel & felp 7 V| Apply O
L y SK\ (galg)/Cancel M \g Wl /Ly =,

JUN 4.18 Wisfiwesdmsvudonuiinifinieminslulmiaguigesuaziidy




Z Block Parameters: Stream Input - X

— Simulink Desktop Real-Time Stream Input (mask) (link)

Read formatted ASCII data from a communication channel.

—Data acquisition board

Install new board Delete current board
TCP Protocol [4241] v Board setup
— Timing
Sample time:
0.001

Maximum missed ticks:

inf

(] Show "Missed Ticks" port
(L] Yield CPU when waiting

—Input/Output
Block output data types:

A A Sl ) N ¥ _

{double’, double’ double)

Format string:
%okt

Message termination:

v}

Show "Data Ready" port
(] Show "Data Error” port

" 0K /| Cancel . Help = .. Apply |

kd' a s o o < a a s v v
EUVI 4.19 ‘W']i’]llLW@?ﬁW%iUUﬁ@ﬂﬁ@ﬁﬂJ@uwGIIHI%UWL‘(JUL‘UE]iLLagm’JGUU
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4\ Block Parameters: Packet Output - X

— Simulink Desktop Real-Time Packet Output (mask) (link)————

Write binary data or a CAN message to a communication channel.

—Data acquisition board

Install new board Delete current board
TCP Protocol [4242] v Board setup
— Timing
Sample time:
0.01

Maximum missed ticks:

inf

(] Show "Missed Ticks" port
[ ield CPU when waiting

— Input/Output

I :
Output packet size:

1128

Qutput packet field data types:

f128°uint8)

Output packet field byte order  Little Endian M

Show "Data Ready" port
("] Show "Data Error" port
Initial value:

Final value:

oK | 2) 7 cancel

| Help : Apply |
9 A\ \\Cay/ DA\ - S PGV a

JUN 4.20 nyfiweidmiuudsnuininiovinelulnunaees
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'7, Block Parameters: Stream Input - X

— Simulink Desktop Real-Time Stream Input (mask) (link)

Read formatted ASCII data from a communication channel.

—Data acquisition board

Install new board Delete current board
TCP Protocol [4242] v Board setup
— Timing
Sample time:
0.001

Maximum missed ticks:

inf

A S NNV S S N S

() Show "Missed Ticks" port
(L] Yield CPU when waiting

—Input/Output

Block output data types:

AMewnr,. [ W\ ool 111 N
|{double’,'double’,'double}

Format string:

’ Message termination:

SAUN

Show "Data Ready" port
() Show "Data Error” port

QK Cancel

a a s o o < a a s v v
EU‘VI 4.21 ‘W']'i’]llL@@iﬁ?%ﬁUUa@ﬂﬁmimauwG]IUI%U@L%UL‘UE]SL@%W’J‘UU

Help Apply

nsdeassuduiinuinuulnunfimuaudeaisiuriuniclusinaea TCP/IP Wiafinas

a

WweanseiulusuuuunIduauniyna (Three way handshake) vinisdsteyasawanslugy

a

4.22 fegrawiniadmiunissudsoyasintuuadigyuluglnuadumes dauandugy

4.23 wagguUil 4.24
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192.1684.18 192.1684.17
192.1684.16 192.168.149.129
0007699 Seq=1Ack= 129

Time Comment

0.007851 Seq=1Ack=129

0.010463 Seq =128 Ack =129
0.010851 Seq =120 Ack =129
0017711 Seq = 129 Ack = 257
0017889 Seq =129 Ack = 257
0.020252 Seq =257 Ack = 257
0.020814 Seq = 257 Ack = 257
0027707 Seq =257 Ack= 385
0.027865 Seq =257 Ack = 385
0031117 Seq =385 Ack = 385
0031532 Seq =385 Ack = 385
0037739 Seq= 385 Ack= 313
0037911 Seq =385 Ack =513
0.040496 Seq=513Ack=513
0.040928 Seq=513Ack=513
0.047695 Seq =513 Ack = 641
0047839 Seq =59 Ack= 661
0.051536 Seq = 641 Ack = 641

JUN 4.22 ununiwasasiannsefindniswensielulnuagadildanu

r
‘ Wireshark - Packet 4 - tcp_pac.pcapng

- [m] X
> Frame 4: 182 bytes on wire , 182 bytes captured n interface \Dev1ce '32A-2F79-4CEC-9687-6DOE1F993170}, id ©
v Ethernet II, Src: Inte. g (50:e0.85.f6. ] \

> Destination: Raspl iT_04:2d:ed (28: -
> Source: Intel f6. 9' ‘(50 e0 85:%?’39@)2 \
Type: IPv4 (
v Internet Protocol Version 4, Src: 192%?*:&% 4. 18
0106 ... = Version: 4. 9
l

0101 = Header Length: 20 bytes (_52I 7 - | ¢ 1 =,
> DrFfer-g(xt ed Services Fiel ﬂqami"(n , 'ECN: -
Total!Lgﬁgth 168 N
I:ylfﬁféatmn ox9588 (38280)
vl ....= Flags: Ox %’njr
a’e‘r-" J _r‘u'e§en bi

t
| "ifl.. “‘f’ = Don’ ‘t ragm oo b
i @mﬁ 4
0000 0000 a: Fr‘a?nefﬁ: ?ﬁqet (
/T eto'_f«xze 12 L Ji |

| PH)toqn;-r TCP (5)
' Header cks’lﬁh__d oxe00c
Tt

e 2o
Header ch at f%ﬁ.;/ ¢
d

\f' \ <
::ma::eisﬂlrag 16?{\13 { " J i?j{y M‘—?\é)
himt: o \C.

/}f

1 Protoco S rt: 42 , 3, AS

TSNPV

@ . Hep
P A= y
@1 mugﬁv f,:szw@u

(".

\ i‘dﬁ/ 4.23 fiee W,LL
\\\ / ; e 34 1Y P Ny §
A\, ¢ “ \ ’ﬁ Q;f“*f\/;‘x\ ¥ NI ’i\ VY 4

o &

N ~ N | /{/

ng 3 QJ' Y o [ % d‘ = 1 5 Y o 9/ € Y %
waastlduenansnanulidnsunisiaanuiianisane ity Weugalrminlulguseleviniunisan
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y ¥
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| M Wireshark - Packet 3 - tcp_pac.pcapng

= (=] X |

v Ethernet II, Src: Intel f6:39:d4 (50:e0:85:f6:39:d4), Dst: RaspberryPiT_04:2d:9e (28:cd:c1:04:2d:9e)
> Destination: RaspberryPiT_04:2d:9e (28:cd:c1:04:2d:9e)
> Source: Intel_f6:39:d4 (50:e0:85:f6:39:d4)
Type: IPv4 (0x0800)
v Internet Protocol Version 4, Src: 192.168.4.16, Dst: 192.168.4.17
0100 .... = Version: 4
. 0101 = Header Length: 20 bytes (5)
> Differentiated Services Field: @x@0 (DSCP: CS@, ECN: Not-ECT)
Total Length: 168
Identification: @xb616 (46614)
v 010. .... = Flags: 0x2, Don't fragment
. = Reserved bit: Not set

= Don't fragment: Set
..0. .... = More fragments: Not set
...0 0000 0000 0000 = Fragment Offset: @
Time to Live: 128
Protocol: TCP (6)
Header Checksum: 0x0000 [validation disabled]
[Header checksum status: Unverified]
Source Address: 192.168.4.16
Destination Address: 192.168.4.17
> Transmission Control Protocol, Src Port: 4241, Dst Port: 52661, Seq: 1, Ack: 129, Len: 128
> Data (128 bytes)

> Frame 3: 182 bytes on wire (1456 bits), 182 bytes captured (1456 bits) on interface \Device\NPF_{153E732A-2F79-4CEC-9687-6DOE1F993170}, id @

No.: 3 - Time: 0.007699 - Source: 192.168.4.16 - Destination: 192.168.4.17 - Protocol: TCP - Length: 182 - info: 4241 — 52661 [PSH, ACK] Seq=1 Ack=129 Win=64255 Len=128

| () Show packet bytes

Y

‘ Close Help

o 7:| ddid‘ ' 7:.'4 3 uitui
5UN 4.24 dregrauiinuinnisaeanssenintalnundugesiagimduiarivunniuny
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ﬁu’maﬂgﬂ https://datasheets.raspberrypi.com/picow/pico-w-datasheet.pd

AanURLazUoyad NIz Raspberry Pi Pico

ArIEEIMLRNRUE LT 48MHZ wazaauiEigeaail 133MHFoTin 15
i) anansalden USB Micro B Tunisdnglnuazleudielusunsuls sesfu USB 1.1
Host WA Device \ilaileusiafiu PC W1y USB Port axusingiiugunsalifiudioga USB Mass
Storage Ineld@asld Driver s995Un 141 MicroPython, C waz C++ lunisleuldaiiie
lUsunsusivesn Inanlusunsuasdaueinlaedn99418mn1en18n1s Drag and Drop a<lun
vainwilouAnaandoyaasunlaylns 40-pin 21x51 ‘DIP’ AUMUT PCB 1 13, WagI83sums
finde male header pin 5282919581919 pin 0.1 Savilfananseldeusauiu breadboard
1§ uneuurey PCB US1and Pin LUy edge castellations PCB 3avinldanunsadndslduu
usiy PCB dunuulagds sMD lagliidedldgunsaiduiisida saueialilfiinisdans male

header pin 197

AN INENLNTO D 9 Wislfigl

1) 26 x multifunction 3.3V General Purpose I/0 (GPIO)

2) 23 x digital GPIO wintiu

3) 3 x 12-bit ADC fpudusandad 500Ksps, Analog to Digital Converter

4) 2 x UART (Universal Asynchronous Receiver/Transmitter)

5) 2 x SPI (Serial Peripheral Interface)

6) 2 x 12C (Inter IC)

7) 16 x PWM (Pulse Width Modulation)

8) 1 x Timer W3auAU 4 alarms

9) 1 x Real Time Counter

10) 2 x Programmable 10 (PIO) ﬁawmamﬁaaamiwﬁmuLﬁuqﬂmzﬁ high-speed
interfaces 71199 1% SD card %30 VGA « Built-in 12-bit ADC temperature sensor - 3-pin
ARM Serial Wire Debug (SWD) port - Onboard Programmable LED, GP25

11) 5095un5918 Ly USB Port, external power supply #3auumna3
SDK finsauagumsiaunlusumingg, fegiwenldug wazionarsuseneudue

12) wansausieg1adunisnisain Raspberry Pi Foundation

13) sea5umsvihanusaufureufinnesfidnesn USB wazld 0s 7du Windows,

macOS, Linux
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14) ¥191unU Raspberry Pi 4 Model B 38 Raspberry Pi 400 wag Raspberry Pi OS
Ieeesudulisensie

15) wuna: 51 4. x 21 13, X 1 14

16) AauURaztayadnnzYes Raspberry Pi Pico W

17) P2040 microcontroller with 2 MB of flash memory

18) On-board single-band 2.4 GHz wireless interfaces (802.11n)

19) Micro USB B port for power and data (and for reprogramming the flash)

20) 40 pin 21 x 51 mm 'DIP" style 1 mm thick PCB with 0.1' through-hole pins
also with edge castellations

22) Exposes 26 multi-function 3.3 V general purpose 1/0 (GPIO)

23) 23 GPIO are digital-only, with three also being ADC capable

24) Can be surface mounted as a module

25) 3-pin ARM serial wire debug (SWD) port

26) Simple yet highly flexible power supply architecture

27) Various options for easily powering the unit from micro-USB, external
supplies or batteries

28) High quality, low cost, high availability

29) Comprehensive SDK, software examples and documentation

Raspberry Pi Pico W f2995n18uaniltSouitouadanguiiiosesdudy RP2040:
PUIAIUINEY (Winbond W25Q16JV), ASasa (Abracon ABM8-272-T3), wuasane
wazmIuendau wazdase USB Aululasrerlnsaiaes RP2040 danilvigjasgnddlussdiu 1O
voslifiveusudenazanaesuosa RP2040 1O Asnlddmsuiladdunielu: nmsduindeu
LED, N13A7UANNS 1IN sknasdngliinunaing (SMPS) uuuesa wagn13nsIady
wsanulnlvesseuy Pico W HBuwmesineliaie 2.4GHz Tudilagly Infineon CYWA43439
aemaduianenieesuueiniildiueuny1nain ABRACON (Aude ProAnt) Bumedinals

ANeLYaUABHU SPI U RP2040 Pico W 1a5Un1599nWUUN LN I d1uiu0Ifiulnnsvuln

a 4

0.1 17 @sflszpz@ing 0.1 Tafindandauiana DIP 40 uuasgIU) Hsoazesunuady
Tuga' AfadauuiuRaldluguzdly | /0 MuAlidnyasiduamamaguiu Judu SMT agld
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v 1

92610 USB wazy BOOTSEL &sraelwanunsaiinfsdeyarasmartilamnldiduluga SMT 9
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RP2040
[ UARTO TX | 1200 SDA § SPIORX §= GPO_ SEIS'® 1 ‘ x40 IRV W Power
| UARTO RX J 12C0 SCL § SPIOCSn § GP1S¥NSc'®: o L 39 IS B Ground
BEETEE 3 AT SISEIE GND | Bl UART / UART (default)
[ 12C1 SDA § sPiosck | GP2 oV 37 B GPIO, PIO, and PWM
[ 12C1SCL § SPIOTX §  GP3_ JHigp ® o ¥ 3v3(0uT) | MW 4oc
6 =N 35 B sPI/SPI (default)
[UART1 RX} 12C0 SCL J SPI0Csn | GRS SbRRw® - © el8 P28 F  ADC2 | B 120/ 12C (defauly
[ cno  QEleprel . IR E il GND | AGND |
[ 1201SDA § SPIOSCK§GP6__3Iipe " o Q78 GP27 } ADC1_J 12C1SCL | B Debugging
12C1 SCL § _SPIOTX § _GP7 _QIlip ® - @il GP26_} ADCO__J 12C1 SDA
o~
UART1TX § I12COSDA § SPIRX § GP8 Wilee ® § 30
UART1RX § 12C0SCL § SPI1CSn | GP9_RVER @ © o SFIN GP22 | Infineon 43439
13- T eily  onD |
o
12C1 SDA § SPI SCK § GP10_gligp'® O (R 27 - 12C0 SCL
[ 12C1SCL § SPITX § GP11_Flep e & (X7 i —
UARTOTX § [2COSDA § SPITRX J GPI2plep e = eIy GP19§ SPioTX §2c1SCL |
- 2 ® I8 GP18 1§ SPI0SCK §.12C1 SDA |
[ _cND  RERSTS| e/apiy  GND |
o
12C1 SDA § SPI1 SCK § GP14 _BTRp'® o8 GPI/] SPlo CSn §12C0 SCL
[ 12C1SCL § SPIiTX J GP15 Sl e ‘ o /gl “GP16 } SPIORX_J 1200 SDA J UARTOTX]

gﬂﬁ 1.2 NUUDIA Raspberry pi Pico W

ﬁuﬂﬂlaﬂgﬂ https://datasheets.raspberrypi.com/picow/pico-w-datasheet.pd

Raspberry Pi Pico W 14 SMPS wuuifindnesuvesndsaiunsaadie 3.3V figosnns
(ifednelal RP2040 uAvsaTNBUEN) KTl BunaRNaNMans (1.8 Fa 5.5V) Bl
Audavguegrannlunisirallvfugdnanuvasineg wu weddiseulossuigadifen
nIelwad AA @1u9adn0aYnTl LA309Y IS aLUMADIaIN1TalYauTINAY Pico W
powerchain Wedasiene nsialusunsuunas Pico W ludanusarildlagld USB (ites
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Wireless Connectivity Family
CYW43439
WLAN subsystem

2.4 GHz
RF 20 MHz

Advanced on-chip
Bluetooth™ / WLAN
coexistence

|

Bluetoath”

Bluetooth® subsystem

2.4 CHz

atooth®
Bluetooth® Bluetooth

PHY

|in Ul
RE PA Link Layer
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Arm® Cortex®-M3
“

Coexistence

R =)

Arm” Cortex®-M4

U 1.3n laezunsunisvisnilud CYwasaso

ﬂm‘uaag‘d https://www.infineon.com/cms/en/product/wireless-connectivity/airoc-wi-

fi-plus-bluetooth-combos/wi-fi-4-802.11n/cyw43439/

M19197 1.1n Wdwesauautivesty CYwas4d39

Parametrics cYwa3439
Antenna Configuration 1x1
Bluetooth Interface UART/PCM/SDIO

Bluetooth Specification Bluetooth 5.4

CPU N/A

Core Cortex M3

Dimensions 4.87 x 2.87 mm

Family AIROC™ Wi-Fi + Bluetooth® Combos
GPIOs 5

Launch Date N/A

Longevity - 15 years No

Longevity - 20 years No

Longevity — Extended No

Memory N/A
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Parametrics CYwda3439
Operating Temperature  min max -30°C 70°C
Operating Voltage min max 1.71v 198V
Operating system support Linux, RTOS
Package WLBGA-63
Partner Module Y

Pitch 0.4 mm
Planned to be available until at least N/A

Product Description Wi-Fi 4 combo
ROM 576 KB

SRAM 160 kByte
Software Support ModusToolbox™
WI-F| Interface SDIO/SPI

Wi-Fi Band 2.4GHz

Wi-Fi PHY Data Rate ((MBit/s))

upto 96Mbps

Wi-Fi Specification

Wi-Fi 4 (802.11n)
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1.2n MD13S 13Amp DC Motor Driver

sUfl 1.4n vosalnsnlelnos MD13S

ﬁuwmgﬂ https://www.thaieasyelec.com/product/496/cytron-13amp-6v-30v-dc-

motordriver-grove-compatible

MD13S Isunisesnuuuaiiodusewes DC WU brushed fifinstgsiis 13A 8t
oo fnsusudsmanedsyms 1w sessudyanas PWM MUy locked antiphase. wag
dyaa-vuan dygan PWM Lﬁaqmﬂiﬁf{éauﬂizﬂauﬁnamameﬁmgmwu Faanusaliaan
pavALesTIE IR dnnIsseTestadidna

AN T AYAMANTR

1) MIMuANLUUaRsiAn1admTutemes DC RVRIERaILATE

2) usesuBIRDSRaus 6V i 30V

3) nszuagaania 13A siowiles (lflEndedd 25°0) uazgean 30A (10 Funi)

a) Srfianszuad 30A.

5) BUNATTAUARIN 3.3V Uag 5V

6) paruAWasIAULFTY GROVE

7) d1uUsenoulwAnanm lia N UaURIIITULALYIANITANUTDVRISAOLTNNE
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8) NMOS H-Bridge ifingunuuLiieUsz@vsnminvusazlidndudedlduruszuioni
Jou

9) AIVANAINITIAIINA PWM aegn 20KHZ (rudiendnassamilouiuainuddunm)

sUii 1.50 laezunsuvesalasilueines MD13S

ﬁu’lﬁuaﬂgﬂ https://www.thaieasyelec.com/product/496/cytron-13amp-6v-30v-dc-

motordriver-grove-compatible

A15199 1.2n AenFun1svitanuvedlasiuemas MD13S

theiu A

A Terminal Block

B MA LED Indicator

C MB LED Indicator

D MA Test Switch

E MB Test Switch

F Input pin

G Power LED Indicator
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A15199 1.2n (siv) Handunisyinauveslasiuawmes MD13S

ey Hana

H OC LED Indicator

| ERR LED Indicator

J SMD Compatible

M15197 1.3n Yun1sieuvedlasiuenes MD13S

Pin No. Pin Name Description
1 POWER + Positive Supply (6V to 30V)
2 POWER - Neeative Supply
3 Motor Outout A Connect to motor terminal A
il Motor Output B Connect to motor terminal B

landunisyieueesluwaginanug

1) MA LED Indicator — Turns on when the output A is high and output B is low.
Indicates the current flows from output A to B.

2) MB LED Indicator — Turns on when the output A is low and output B is high.
Indicates the current flows from output B to A.

3) MA Test Switch = When this button is pressed, current flows from output A to
B and motor will turn CW (or CCW depending on the connection).

4) MB Test Switch — When this button is pressed, current flows from output B to
A and motor will turn CCW (or CW depending on the connection).

5) Power LED Indicator = Power LED. Should be on when the board is powered
on.

6) OC (Over Current) LED Indicator, Output current is over 30A limit.

7) ERR LED Indicator - Error LED Indicator, it will illuminate when fault detected
in the MOSFET driver (Usually this indicates an undervoltage).



A5199 1.40 AULaZN15YINUY9lasAuaLmas MD13S

Pin No. Pin Name Description
1 GND Losgic eround.
2 PWM PWM input for speed control
3 DIR Direction control.

1.3n DC motor by MAXON MOTOR uag E5 Optical Kit Encoder
AuaNURveas DC motor by MAXON MOTOR

M19197 1.50 WisnilnesaaanTnveuanainszuanss MAXON

GRIGHGI Value
Supply Voltage 24 V dc
DC Motor Type Brushed
Power Rating 150 W
Output Speed 7580 rpm
Shaft Diameter 6mm
Maximum Output Torque 170 mNm
Dimensions 40 (Dia.) x 71 mm
Current Rating 577 A
Length 7Tmm
Core Construction Ironless
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maxon DC motor

148867
sSwiss made

2367191

sUT 1.6n waLApFN3EUANTE MAXON DC motor

ﬁjﬂﬁumgﬂ https://th.rs-online.com/web/p/dc-motors/4684804

AuaNURves E5 Optical Kit Encoder

1) Quick, simple assembly, and disassembly

2) Rugged screw-together housing

3) Positive latching connector

4) Accepts .010 in. axial shaft play

5) 32 to 5,000 cycles per revolution (CPR)

6) 128 to 20,000 pulses per revolution (PPR)

7) 2 channel quadrature with optional index

8) Multiple Output Drive Options

9) Mounting compatibility with HEDS-5500

10) 60000 RPM is the maximum rpm due to mechanical considerations. The
maximum rpm due to the module's maximum frequency response is dependent
upon the module’s resolution (CPR). Add 0.125" to the required shaft length when

using R-option.
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g‘lJ‘ﬁ 1.7n @ads¥d E5 Optical Kit Encoder

ﬁmwmgﬂ https://www.usdigital.com/products/encoders/incremental/kit/e5/

1.4n Magnetoelectric Incremental Rotary Encoder

@mﬁuffﬁsuad Magnetoelectric Incremental Rotary Encoder

1) This product has 600 p/r (Single-phase 600 pulses /R, two phase 4 frequency
doubling to 2400 pulses). A great choice for you

2) Power source is DC5-24V. Stable working performance and good working
condition. You can use it wtih confidence

3) AB 2phase output rectangular orthogonal pulse circuit, the output for the
NPN open collector output type. Its quality is guaranteed

4) The encoder can be used to measure the rotational rate, Angle and
acceleration of the object and the length measurement

5) Suitable for intelligent control of various displacement measurement,
automatic fixed-length leather automatic suillotine machines, steel cut length
control, height and weight scale, students racing robots. Meet your needs

6) 1pc Incremental Rotation Encoder 600 p/r 6mm Shaft 5-2dv
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7) Pulses: 600 p/r (Single-phase 600 pulses /R, two phase 4 frequency doubling
to 2400 pulses)

8) Power source: DC5-24V

9) Shaft: 6*13mm/0.23*0.51"

10) Size: 38*35.5mm/1.49*1.39"

11) Output: AB 2phase output rectangular orthogonal pulse circuit, the output
for the NPN open collector output type

12) Maximum mechanical rate: 5000 R / min

13) Response frequency: 0-20KHz

14) Cable length: 1.5 meter

A157197 1.60 Qmamﬁamm Magnetoelectric Incremental Rotary Encoder

Manufacturer Y0500

Part Number MC-ECODER-MX

ltem Weight 5.5 ounces

Package Dimensions 3.94 x 3.39 x 2.4 inches
Is Discontinued by Manufacturer No

Material Metal plastic

Voltage 24 \Volts

Batteries Included? No

Batteries Required? No




gﬂﬁ 1.8n FL919%8 Magnetoelectric Incremental Rotary

ﬁuwmgﬂ https://www.amazon.com/Photoelectric-Incremental-Encoder-DC5V-24V-

Voltage/dp/BO1HRBRZK2
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1.1% Virtual studio code

Visual Studio Code ushudlowedaldmimtnuuinsmds fwhanuuuaaiiiou
vouarnsanldeudmsu Windows, macOS way Linux 5895U JavaScript, TypeScript uag
Node.js Tuf? ﬁsswd’mmmaﬁwmﬂwmaﬁm%’ummuaz%’ﬂwﬁuq (WU C++, CH#, Java,

Python, PHP, Go, .NET)

File Edit Selection View Go Debug Terminal Help serviceWorkerjs - create-react-app - Visual Studio Code - In...  —
NS: MARKETPLAC = — 5 Js Js serviceWorkerjs X

> registe
@sortinstalls

checkValidServiceWorker(swUrl, config);

Python 201962 H549M *45

Linting, Debugging (multi-thread

GitlLens — Git sup.. navigator.servicelorker.ready.then(()

» Suj rge the Git capabiliti

Eric Amodic

C/C++ 02 M %25
C/C+ #+ IntelliSense, debugging, and

Microsof TRatall 1 requestMediakeySystemAccess
nstall

sendBeacon
ESLint 1 G219M *45
Integr ESLint JavaScript into VS
Dirk Bacumer

7 serviceWorker (propert Navigator.servicelWorke

pecificTrackingExceptior
Debugger for Ch... 41 k4 or deTrackingException

Debug your JavaScript code

Microsoft

Language Supp...

Java Linting, Intell terValidSW(swUrl, config) {
Red Hat

vscode-icons 880
Icons for Visual Studio Code

ISCod hs Te A
SCode Icons Team st TERMINAL 1: node

Vetur (
Vue tooling for VS Code You can now view create-react-app in the browser.
Pine Wu
: ¥ 131 Local: I localhost:3000/
2% On Your Network: htt //10.211.55.3:3000/
{"Jo\} m C# for Visual Studio ¢
Microsoft Note that the development build is not optimized.

Pmaster C Q040 Ln43,Col 19 Spaces:2 UTF-8 LF JavaScript @ A

g‘lJ‘ﬁ 1.1% Visual studio interface

ﬁmﬁumgﬂ https://code.visualstudio.com/

Visual Studio Code WaLNATUAIMULSIIUINEUDILUSENSULN bLasalAnNAULATIE B

dAmSunwanniduseansnm wu nsiulan IntelliSense wagnsavn

1Y

AN YAEEAYYVE Visual Studio code
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1) Td9ula iy macOos, Linux wag Windows Visual Studio Code 5845U macOS,
Linux waz Windows — feiudsenunsadusuldiulsliinsduumanesalafang
wily @319 wazAvnlaednsineniy Flandnves Visual Studio Code TlUsunsuuilages
aléndisanss wngdmiunisidnuluwiaziu fenssesdunaedosniw Vs Code He
Tovhanldtuiidrenisiiubieinsal msdugradumisy nadessnludd nadenndes
fegnsdoya uazdug Snunnune udufasidaildauine nmsufuussiinenie Yool
aunsarmslanlaegisiieaie

2) Ufuusaniiaefnuiidesnisuazinddiuvensvesynaafiauduauinla Rl
Tuvagfianunisaldilngvihay "uennseu Tnelifinisinunei Vs Code ulasanis
Towiugesa frfudsannsedidnnluguuiimdaiulav Github 16

3) VS Code simsatfuayulushiinsunsudmiumsiann Nodejs fe JavaScript wag
TypeScript e‘ﬁﬂﬁuLﬁ?iauimEJmﬂiuia§1‘7’§u§’1uﬁmﬁuﬁ’uﬁ%’um§au Visual Studio VS Code
failpesilodmiumaluladidu i JSX/React, HTML, CSS, SCSS, Less Wag JSON

4) Visual Studio Code filumani1uainisalunisueieaisisausiigaglminiawn

a1u15nas 1 wazldduvene tazUsuwmalszaunisainsualu-as1-funlaag1amud

1.29 MATLAB Simulink Desktop Real-Time
Simulink Desktop Real-Time Tiaugunsainesiuanuuisealnddmsu Windows®,
Linux® waz macOS® Usznaumiguaentnstaas Simulink /0 wuvarnuazaefigagles
aa o a a s ¢ J A A v o v
A1U130MIVANIEUUTEARL UL TRINARNIIWasnanvioU naedesesdotigliteusariu
Gulwed koA wargunsaldue ieassuluukarindoussuunIuNlaglidedldy
gunsainageuluuisealniilagianie Simulink Desktop Real-Time 3835ugunsal /O 19y

Uasn DAQ, guUnsal CAN uaztiuums USB
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Simulink Desktop Real-Time
Target Executable

— e e e e—— e— - e - - e— - e— = e— e— -y

/ \
[ Solver | |
| |
| Model ) | Operating System
1/0 Driver Kernel Mode
-
| Methods | Process
| |
| |
\ /
External
Mode
Simulink
Simulink
Process
MATLAB

g‘dﬁ 1.29 Real-Time Execution in Run in Kernel Mode

ﬁu’maflgﬂ https://www.mathworks.com/help/pdf doc/sldrt/sldrt_ug.pdf
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Simulink d1eleudeyaludeaninuingey MATLAB® ’iuludaniguen Simulink A1561e

o w 2/

laudeyaiinnud Ay teeniin1ssnyIN1seunAnLIa1TMIAMUARINYINIA 0L
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§99N15 NaIINAITAIAINLAALESIFY n1saeleudeyaigyinnumeaiuaud Ay
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miedld ansaiudelnalalaednluli@ vinlvanunsatuiinuazdmnudvinesveyadiuiu
wnld widngansludinesazsaiiasiu winandesldlunisaneloudeyanduluds
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1.3% Wireshark

Wireshark {usivimszsiuinfinniotne wnseslinsieiwiindnesetis diavedoya

<

& S o o = = A & y A a ¢ @ @ A o %
uwinanduiinliluseaziBeauinfigaminezdullls insesiiasziuinnaesodiedu

gunsalindmiuasiaasuaiiiauneluameindansovig

M ti-netflix-problems-2011-07-06.pcap - ] X
File Edit View Go Capture Analyze  Statistics Telephony « Wireless Tools ' Help

amco fEmE R ez aEEaar =

h | | Apply a display filter Ctrl-/> ad '} Expression... 4+
No. Time Source Destination Pratoco! Length | Info A
343 65.142415 192.168.8.21 174.129.249.228 .~ TCP 66 40555 » 8@ [ACK] Seq=1 Ack=1 Win=5883 Len=@ TSval=491519346 TSecr=551811827
344 65.142715 192.168.0.21 174.129.249.228  HTTP 253 GET /clients/netflix/flash/application.swf?flash_version=flash_lite_2.1&v=1.58&nr
345 65.230738 174.129.249.223 192.163.0.21 TCP 66 80 - 48555 [ACK] Seq=1 Ack=188 Win=6864 Len=@ TSval=55181185@ TSecr=491519347
346 65.248742 174.129.249.228 192.168.08.21 HTTP 828 HTTP/1.1 382 Moved Temporarily —
347 65.241592.192.168.0.21 174.129.249.228 TCP 66 48555 = 80 [ACK] Seq=138 Ack=763 Win=7424 Len=0 TSval=491519446 TSecr=551811852
348 65.242532 192.168.8.21 192.168.08.1 DNS 77 Standard query @x2188 A cdn-@.nflximg.com |
<+~ 349 65.276870 192.168.0.1 192.168.€.21 DNS 489 Standard query response 9x2188 A'cdn=-8.nflximg.com CNAME images.netflix.com.edge |
35@ 65.277992 192.163.0.21 63.80.242.48 TCP 74 37263 - 8@ [SYN] Seq=@ Win=5840 Len=@ MSS=1460 SACK_PERM=1 TSval=491519482 TSecr—|
351 65.297757 63.808.242.48 192.168.8.21 uCH 74 80 -+ 37063 [SYN, ACK] Seq=@ Ack=1 Win=5792 Len=@ MSS=146@ SACK_PERM=1 TSval=329%—]
352 65.298396 192.168.0.21 63.3@.242.48 TCP 66 37063 = 80 [ACK] Seq=1 Ack=1 Win=5888 Len=@ TSval=491519582 TSecr=329553413@ =
353 65.298687 192.168.08.21 63.8@.242.48 HTTP 153 GET /us/nrd/clients/flash/81454@.bun HTTP/1.1 |
354 65.318730 £3.80.242.48 192.168.0.21 TCP 66 88 » 37063 [ACK] Seq=1 Ack=88 Win=5792 Len=8 TSval=3295534151 TSecr=491519503
355 65.321733 ©3.3@.242.438 192.168.0.21 TCP 1514 [TCP segment of a reassembled PDU] 7
< >
Frame 349: Ebytes on wire (EEEE;S), 489 b-);te_s—t:aptured (3915 _bits) I (7' = > ¥l ~

Ethernet II, Src: Globalsc_@90:3b:@a (f@:ad:4e:0@:3b:@a), Dst: Vizio 14:3a:el (@@:19:9d:14:8a:el)
Internet Protocol Version 4, Src: 192.168.@.1, Dst: 192.168.0.21
User Datagram Protocol, Src Port: 53/(53), Dst Port: 34836 (34836)
Vv Domain Name System (response)

[Request In: 343

[Time: 8.234333288 seconds]

Transaction ID: @x2188

Flags: €x818e Standard query respense, No error

Questions: 1

Answer RRs: 4

Authority RRs: 9

Additional RRs: 9
V Queries

cdn-8.nflximg.com: type A, class IN
Answers
Authoritative nameservers

2020 00 15 00 35 84 f4 01 c7 83 3f PRNEL 51 80 0@ ©1  ...5.... . E .5 ~
@0 04 00 @9 00 09 @5 63 64 Ge 2d 30 @7 Ge 66 6C ..
78 69 6d 67 @3 63 6f 6d ©0 00 01 88 01 O 8c 00
@5 @0 @1 @0 @0 @5 29 80 22 86 69 6d 61.67 65 73 . ".images
@7 6e 65 74 66 6c 69 78 ©3 63 6f 6d @9 65 64 67  .netflix .com.edg
65 73 75 69 74 65 @3 6e 65 74 0@ c@ 2f 0@ 05 00  esuite.n et../...

v

@ 7 1dentification of transaction (dns.id), 2 bytes Packets: 10299 - Displayed: 10299 (100.0%) - Load time: 0:0.182 || Profile: Default

gﬂﬁ 1.3% Wireshark captures packets interface

ﬁuwaagﬂ https://www.wireshark.org/docs/wsug_html/#Preface
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2023 The 23rd International Conference on Control, Automation and Systems (ICCAS 2023)
Yeosu Venezia Hotel & Utop Marina Hotel, Yeosu, Korea, Oct. 17~20, 2023

Event-based LQR Control for Rotary Inverted Pendulum Using

Wireless Networked Control System

Baitong Thongsakul' Arjin Numsomran'”
Vittaya Tipsuwanporn' and Jutarut Chaoraingern?

! Department of Instrumentation and Control Engineering, School of Engineering,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand,
2 Department of Robotics and Al Engineering, School of Engineering,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand,
(arjin.nu@kmitl.ac.th) * Corresponding author

Abstract: Wireless communication introduces delays, packet losses, and data uncertainties, which can degrade the
control's performance. To address these challenges, this paper presents an event-based Linear Quadratic Regulator (LQR)
control approach for a rotary inverted pendulum system utilizing a Wireless Networked Control System (WNCS). To
facilitate the control process, a WNCS is employed to transmit data between the rotary inverted pendulum and the
controller via WiFi, a wireless network executing in the CYW43439 wireless chip of the Raspberry Pi Pico W
development board. The wireless node consists of a sensor node, actuator node, access point node, and controller node,
which transmit and receive data via the TCP/IP communication protocol. The event-triggering mechanism is integrated
into the control loop. It allows the control algorithm to adaptively adjust the control update rate based on the system's
dynamics and network conditions, ensuring efficient utilization of network resources while maintaining satisfactory
control performance. The experimental results of hardware in the loop (HIL) in the MATLAB/Simulink real-time kernel
show that the proposed event-based LQR control strategy can achieve balancing and improve resilience to network-
induced disturbances, making it suitable for real-world applications where wireless network constraints are prevalent.

Keywords: Event-based LQR control, IEEE 802.11n, Raspberry Pi Pico W, Rotary inverted pendulum, WNCS

1. INTRODUCTION This paper presents an event-based Linear Quadratic
Regulator (LQR) control approach for a rotary inverted
pendulum system utilizing a Wireless Networked
Control System (WNCS). To facilitate the control
process, a WNCS is employed to transmit data between
the rotary inverted pendulum and the controller with an
IEEE 802.11n (WiFi) wireless network executing in the
CYW43439 wireless chip of the Raspberry Pi Pico W
development board. The wireless node consists of a
sensor node, actuator node, access point node, and
controller node, which transmit and receive data via the

TCP/IP communication protocol.

The control of rotary inverted pendulum systems has
been a subject of interest in the field of control
engineering due to their inherent nonlinear and unstable
nature [1-2]. Various control strategies have been
proposed to achieve stable and accurate control systems.
In recent years, the integration of wireless networked
control systems (WNCS) has gained attention as a means
to overcome the limitations of wired communication in
control applications [3-4]. However, wireless
communication introduces challenges such as delays,
packet losses, and data uncertainties, which can degrade
the control performance [5].

In the context of rotary inverted pendulum systems,
several studies have investigated such as the performance
tests of various control techniques for balance and o e
upswin, such as PID, LQR, LQG, fuzzy, sliding mode :
control [6-10]. Reinforcement [11-13] makes the results
well under control. The application of event-based
control in [14] presents an optimal control design based

....................................................

TComtralier Node Sensor Node |

l REZ8OW |_Escuier

(TCF elienty "1

on an efficient and reliable network of two-wheeled
inverted pendulum systems to achieve system stability
over a wide range. (LQR), and to ultimately reduce sub-
errors, event-driven control is used in conjunction with
LQR control to reduce network communication
degradation. And to solve the problem of instability in
non-periodic measurement updates, thus improving the
stability and robustness of the disturbed control system
or delayed network.

978-89-93215-26-7/23/$31.00ICROS
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Fig. 1. Structure of wireless networked control system

The event-triggering mechanism is integrated into the
control loop. It allows the control algorithm to adaptively
adjust the control update rate based on the system's
dynamics and network conditions, ensuring efficient
utilization of network resources while maintaining
satisfactory control performance.



The paper's structure is as follows: The second section
describes the design of the LQR and event-based
controls. The mathematical modeling of the rotary
inverted pendulum is expressed in the third section. The
fourth section demonstrates the details of the
performance evaluation and experimental results. The
conclusion is stated in the final section.

2. EVENT-BASED LQR CONTROL

This section discusses the linear quadratic regulator
(LQR) [10]. An event-based LQR control is also
presented.

2.1LQR
The linear quadratic regulator uses the quadratic cost
function to calculate the optimal feedback state gain

matrix K,

u(t) = Kx(t) (€3]
when quadratic cost function,
Jp= I(.rTQx +u’R)dt (2)

An optimal state feedback gain, which minimizes the
cost function:

K =R'B'P (3)

The optimal feedback gain matrix K is solved by the

Riccati equation:

AP+ PA-PBR'B'P+0=0 (4)

2.2 Event-based control

Consider Eq. (1), the state gain matrix K with event
trigger strategy [11] is

u(k) = Kx(k) (5)

where X(k) is the last value of the measure update,

or the final value of the error between the reference value
and the measurement update value.

e(k) = x(k)— x(k) (6)
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where x(k) is the last transmitted signal. Let the
error between the last transmitted signal and the actual

oneis e(k).

e(k) = x(k)—x(k) (7)

Therefore, the control signal of an event-based LQR is

u(k) = Kx(k)— Ke(k) (8)

3. MATHEMATICAL MODELING OF
ROTARY INVERTED PENDULUM

The rotational inverted pendulum or Furuta pendulum
was invented in 1992 at the Tokyo Institute of
Technology by Katsuhisa Furuta [1]. It is a very complex
and non-linear system of interest in control system theory
as shown in Fig. 2. A system has been created for
designing a controller under a wireless network
environment.

Battery 3.7v

Encoder

RP2040W
(CYW43439)

DC motor
with encoder

DC motor
drive

Fig. 2. Structure of rotary IP

This rotary IP experimental unit has designed and
installed a Z-axis wireless communication node to solve
the problem of cable constraints that cause the rotary to
rotate 360 degrees independently instead of the
traditional slip ring motor. The rotary IP consists of the
following main components: DC motor with encoder by
MAXON MOTOR, nominal voltage 30 V, nominal
current 2.72 A, and encoder (E5 Optical Kit Encoder) by
US Digital E5-500-157 single-ended. The optical shaft



encoders rotate along the Z axis, measure the angle & of
the DC motor, set the positive angle of the clockwise pin,
give 2000 counts per revolution in quadrature mode (500
lines per revolution).

Part 2 DC motor drive by Cytron technologies co. Itd
can support motor voltage from 6V to 30VDC, maximum
current up to 13A continuous and 30A peak (10 seconds),
speed control PWM frequency up to 20KHz (Actual
output frequency is same as input frequency). Both are
connected to the 1st RP2040W wireless node to read the
rotary angle variation and output a controller (PWM)
signal to drive the DC motor. Finally, the encoder with
the pendulum rotated along the Y axis measures the angle
a of the pendulum, set to positive rotation clockwise,
giving 2400 counts per revolution in quadrature mode
(600 lines per revolution) connected to a second
RP2040W wireless node. In order to read the changing
pendulum angle meanwhile, the important parameters are
shown in Table 1.

Table 1. Parameters of rotary IP

[ Description J Values
DC motor
R, Termigg} 1.2 Ohm
resistance
K, Toque constant 0.0389 Nm/A
K, Back-emf 0.0389 V/(rad/s)
constant
Rotary arm
i Mass of rotary 0.1032 kg
d arm
¢ Rotary arm 0.06 m
= length
D Damping 0 Nms/rad
: coefficient
J Moment of 5.7E-5 kgm®
i inertia
Rotary pendulum module
m, Pendulum link 0.0308 kg
mass
Rotary arm 0.14m
£, length (pivot to
end of metal rod)
D Damping 0 Nms/rad
" Coefficient
i MQmegt of 2.3843E-6 kgm®
mnertia

To find the mathematical modeling of rotary IP,
consider the Euler-Lagrange equation shown in Eq (9).

d oL, oL @R _
Z(_',) = % +a =1 ©

Where £=T-V isthe Lagrange operator, T .is the
kinetic energy. ¥V is the potential energy. g is the
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generalized coordinates, f 1is the acting force. Total
kinetic energy of pendulum and rotary arm:

=5(mp£,+Jr+m,T’sm a)f

2 :
+%(m‘,7"-i—Jp)cir2 —%m’trl‘pﬁdcosa (10)

And total kinetic energy of pendulum and rotary arm:

£ ¢
V=0+(——mpg(7’—-2icosa) (11)
Lagrangian:
L=T-V (12)
The Rayleigh’s:
r=1p@.+lp & (13)
2~ \A~’
The Lagrange’s equations:

i(CL ——L:i+6—R_=T (14)
dr ¢6° &6 ¢6

dvalt!"“ 9L é&R
scaleoy £, ¢F _g 15
dr(éd) aa+6d' g

At operating point (& =0) . the ODE equation of
Rotary IP is obtained as in Eqs. (16)~ (17),

(m’€3+.l,)é—%m,l’[,d+8,9= r (16)

r

) . (
—%mpfp[,e W, + %m,e— Yid -""Zﬂ+ B,a=0 (17)

where,
2 X 1 2
J=Jdm it +JJ, + Zj'm’f’ (18)
r= K,(ﬂ) (19)

It is presented in the form of a state-space equation as
Eq (20).

@: R W
o
o
o
—

X a 0
= @
0 a;, a; ay,|é by
a 0 a, a; a,)lal Lb,
where,
2,2
5 myl t.g

@n



-D, m I"z, K K,
a,3=Tl(Jp+f) R JR —(J. +4m,,l,,)) (22)
-m { D/
5 = 2 r pp 23
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And when substituting all parameters as in Table 1, we
get this state-space model for rotary IP as
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Parameter tuning of the LQR regulator according to

Eq. (3) optimal feedback gain matrix K by chosen
weight were:

100 00 0 0]
0 01 0 0

0= b\ 0207 and R =[4] (30)
0,10 <0 22]

The weights in Eq. (30) results in the state feedback
gain given by

K =[-1.5811 13.5568 —0.5680.0.9367] (31)

4. EXPERIMENT RESULT

WNCS experiment configuration in Fig. 3 included a
sensor/actuator node (1), a sensor node (2), a controller
node (3), and an access point node (4) that executed
event-based LQR control of a rotary inverted pendulum
using Simulink Desktop Real-Time, as depicted in Fig. 4.
In Fig. 5, the Raspberry Pi Pico Wireless (RP2040W)
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microcontroller with a wireless processor CYW43439 is
programmed with C/C++ and CmakeLists to develop as
a sensor and actuator node (Node 1) for precisely reading
the encoder pulses from a DC motor. The sensor and
actuator node computed the angle and angular velocity
(6,0) of the rotary base for transmission to the
controller node, while receiving the manipulated control
signal (u) from the controller node over IEEE 802.11n
WiFI via the access point node (4).

The sensor node (Node 2) in Figure 6 is used to receive
encoder pulses from the DC motor for calculating the
pendulum rod's angle and angular velocity (a,d) and
transmitting them to the controller node over IEEE
802.11ln WiFI via the access point node (4). The
controller node created by the Simulink Desktop Real-
Time MATLAB/Simulink program operating on a laptop
is connected over IEEE 802.11n WiFI to sensor/actuator
nodel and sensor node2 via access point node (4). It
employs the "stream input block" to receive data packets
from sensor/actuator nodes 1 and 2, and the "packet
output block" to send the control signal to sensor/actuator
node 1.

The controller node created by the Simulink Desktop
Real-Time MATLAB/Simulink program operating on a
laptop is connected over IEEE 802.11n WiFI to
sensor/actuator nodel and sensor node2 via access point
node (4). It employs the "stream input block" to receive
data packets from sensor/actuator nodes 1 and 2, and the
"packet output block" to send the control signal to
sensot/actuator node 1.

Fig. 7 illustrates the reference tracking results of the
rotary base’s angle control which could reach the setpoint
and the beginning while still having some effect from the
noise in WiFi network. Fig. 8 shows the balancing
performance of a pendulum rod, which could swing a
little: around equilibrium even when the angle of the
rotary base was changed more than 10 degrees.

Sensor Node (2)
(RP2040W/Encoder/Battery)
TCP client

Controller Node (3)
(MATLAB/Simulink)
TCP Server

e o

\
RP2040W/Battery

Access Point Node (4)

Sensor/Actuator Node (1)
(RP2040W/Encoder/DC motor drive)
TCP client

Fig. 3. Experiment setup for WNCS
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Fig. 4. Simulink Desktop Real-Time
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Fig. 6. Sensor node (Node 2)

The control signals in Fig. 9 showed the boundary
range between -2.5 and 2.5 volts. It demonstrated the
effects of noise and low bandwidth in - wireless
communications. Fig. 10 showed loop time varying in
wireless control network that deviated from 10 msec to
20 msec, which referred to the obstacle to control
performance. Fig. 11 expresses a packet transit event that
arrives and triggers within 1 second of the event-based
LQR control.

Response
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Fig. 7. The experiment response results of WNCS (6)
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Fig. 11. Network schedule of sensor/actuator (node 1)
and sensor (node 2)

5. CONCLUSION

In this paper, an event-based Linear Quadratic
Regulator (LQR) control approach for a rotary inverted
pendulum system using a Wireless Networked Control
System (WNCS) is presented. By integrating an event-
triggering mechanism into the control loop, the proposed
approach efficiently utilizes network resources while
maintaining satisfactory control performance. Through
the implementation of WNCS on the rotary inverted
pendulum and the controller with an IEEE 802.11n (WiFi)
wireless network executing in the CYW43439 wireless
chip of the Raspberry Pi Pico W development board, the
results demonstrated that the event-based LQR control
strategy achieves control performance. Additionally, it is
more resistant to network-induced disturbances, such as
delays and packet loss. Although the network delay
exceeds 10 milliseconds, the pendulum balance can be
maintained. Future research directions may include
investigating the applicability of the event-based control
approach to pendulum swing-up mode while exploring
advanced event-triggering mechanisms for further
reducing network communication and computational
requirements.
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