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ABSTRACT

This thesis presents the integral-based system identification methodology for
parameter identification of the physical model of wirelessHART communication in a
level control plant with data transmission delay of 8 seconds. A linear physical model
and model with delay of wirelessHART communication factor were compared to
system identification by using a toolbox in MATLAB. Results show that a mathematical
model of wirelessHART communication derived from system identification by integral-
based method had the least absolute mean error between the actual value and
model, and hence the model represented an actual process most. A PID controller
was then designed based on the mathematical model derived from system
identification. A response to the set point from the PID controller shows the percent
overshoot which slightly exceeded the set point and then steadily returned to the set
point, and the PID controller could firmly withstand disturbance to the system. These
results indicated that the mathematical model was close to the actual process,
thereby enabling an efficient design of simple controllers, which appropriately manage

a process with the presence of wirelessHART communication delays.
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2.1 szuuAuAl (Control System)
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Input ———» System ——— > Output
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sruUmUANLUIeanty 2 Ussanlaun szuumusuwuuilda (Open Loop
Control System) wagsruuauauLuuln (Close Loop Control System) [10]
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Input Output
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anr1ALAaadeuliosatauluaug Feseuuaviinganiiensi (Steady Error) fegui
2.3

Disturbance

Input Output
— Controller > Process

v

Feedback

A

5UN 2.3 unudsszuuaunuiuula

[ 1 oo .
2.2 N1338YdNaneadUadseuy (System Identification)
msszylenanvaivesszuy  Wuisnsmilueaniadinmanivesssuy Jauinanya
ToyanianunsnInlavedunm  LavNaneUaNeIvaITTUUNIRLWMINMTANIINNTMARERAY
£ A & [ v o J a (3 (Y a
Toya lngilaaatuduanuduiusiusgninadunm wagleVinneassun 2.4 [11]

Input—>| Process Data Identification > Model
5UN 2.4 uHuian1sseylendnyaluesssuy
v [ 1 U ::l' t-:f! a a (% 1 a’lj
miaiNhJma%agiugﬂuwsumﬂam (Box) P9gUv 2.5 91 3 yfnnamaluil
Input ———> Model —— Output

5UN 2.5 urusluwaluguuuuvesnass

2.2.1 White Box Identification
White Box  Wumsmluiaalasiiansnsairmnsiimeslassairsvesszuuls
favun Selaafignulédae White Box avanunsaesuneuusluliaaldifinnuduiug
oghslsfuszuy uazlumadivmlfaziimnugniesuiugranniian



2.2.2 Gray Box Identification
Gray Box \fumsmlusalasfianunsadmmsimeslasiairevesszuuliua
vty Seddmanfiwesuseiailianmsameld msfgdamnimeiimundy
wsediangitoyaildainsyuy

2.2.3 Black Box Identification
Black Box ifumsmluiaalaeilidmmimeslasiaiicwesszuuies e
szuuitlianansarmguiivuansessuld Fanmsemiluaadeisdazdunmsmanudiius
FENINBUNN (U LB WINNVBITEUUDBNUAILTTABIRAADIGN

v ¢
2.3 UINUS (Integral)
USHus vi3e dufinda unismiuilansin Usuna vienasiumg q Jansmusnus
s dufitnsm (Integration) Wumsihdwges 9 wsaniuawdudeulva) vie Uszneviu
) ] & a la = 1 PN
udsiuvesiaie Mssuiinsaleusgluglaunisi (2.1) [12]

d= j).f(x)dx (2.1)

91NEUN159 2.1 WuRemABunnTainaIn MU £ Asunus X dieszey dx kawinissy

Hagauneglugae X =a 89 x = b FanszuaumaiavaaseniinsmUIiusrIen15aumine

sxdaneleiedewneduiinga I JEARILF S MUN9INAIIT Summation BIMNEAIILT
N353 ADNNSTINEIULRY | LTPefiU

N19BUNNTH AD msﬁwmmgqﬁﬁ%mm X vasianduaniiennunIg dx i
fuasiinduiuiiduasutuimensus anduthitufiduasuitufinnsuiy dWetlasldd
Suiinfavesileifula q lnensmuiaituilénsrivesiteitudu o éﬁ’a'gﬂﬁ 2.6

>

VACOR

e

L J

a b

JUN 2.6 nsBuilinsalagTiuiiuiivany 9 daudeieiu



idleen dx fidndnlndagudazanansamaduiinfavsenuilansmngniesigavesilanduiy
lo1 flaguin 2.7

»

J(x) ]

//\//

a b X

6

5UN 2.7 M3duiinsalagsiuiunvate o dudiseiudienn dx Iandnlnamue

2.3.1 nAmasun1amy (Trapezoidal Rule)
msmaraunnfalaglingdvieuaamy (Trapezoidal Rule) fe ABuiinsaves
laftumlaaniiundmasuany daguin 2.8 8935 0uIsNagaINn

S(x) ¢

S(x)

/
\f(x)

A
A 4

h

sU# 2.8 nMsduiinalagldngdmaeuanany

INFUN 2.8 Metu f(x) 1 91w a < x<b desmsmeduiindasusidig a f9 b
azle

I = j.f(x)dx (2.2)



ABuUNnga  Aeunlanswveslanty  £(x) leefazUszunumduniniasmaiiunaivasy

A9AUNNSN 2.3

I~(x, —xo)f(xO);“f(xl) (2.3)
h
I:E[f(x0)+f(xl)] (2.4)

We x,—x,=b—a=h
=3 1% = I a a o [d & Ao d' &
pulaanaun1si 2.4 Aduiinsassilunismnunamasuamyiuies

2.3.2 ng?i'm?ilﬂumwguuumwma
ﬂg]?%m?{ammwuuuuwawm v‘iﬂﬁﬂ'wSuﬁﬂ%’aﬁmmgﬂé’aamﬂﬁu dlosanyh
Msuuene a o9 b eenludiedey ¢ LLﬁﬁﬁ’]ﬂﬁiﬂ%ﬂﬂﬁuﬁﬁmgEJ@JﬂNWJﬂ’]ﬂ“Zf’NEJ"@EJ 9
mﬂﬁ?ui’mﬁjuﬁ?ﬂw?iwmwyjﬁgwmLﬁﬁﬂﬁ’wﬁ’uﬁ)ﬂé{ﬁh%uﬁﬂ%’aﬁﬁmmgﬂﬁawmﬁu ﬁqgﬂﬁ
2.9

S(x)4
)
f(x,) <
S () f(x,)
Jx) 7 |
rea et T
f(x)

X
Xo X Xy X X Xn2 Xa1 X, i

a b

h h h h
JUN 2.9 m3duiindalagldngdmasumamyiuunaiey

NUN 2.9 Wit £(x) 1o 9 Tuge a <x <b awuvsin a 8 b eendu n 99 ay

TaAunANe h vaeusazdng Ao



h= (2.5)

IngignlaeesaunynUanensaesluusazyis fie
X, =X, +ih i=0,1,2,...,n (2.6)

AsmAduiindavesilenidu £ (x) Tt a <x <b mndumardufinsacendu n ¥

(%
Yo A

Tngsuanye x, < x < x,x <x<x, wow q Wauds x| <x<x, lededl

= j F(x)dx 2.7)

e Tf(x)dx+Tf(x)dx+...+ ] f(x)dx (2.8)

Pnduldngavdeummymiunaviouatmydlussasdnanund b galvaduinda

TngUseuuaInNYe a 99 b o9t

1zg(f<xo)+f<x1>)+§(f<xl>+f(x2>)+...+§(f(xn_l>+f<x,,>) 29)
1=§(f(x0)+2f(x1)+...+2f(xn_1)+f(xn)) (2.10)

1 =§[f(xo)+f(xn)+2nf:f(x[)} (2.11)

[y

ANNYNABIYRIABUTINTANLY Yuagiudruaugis n Ballvsninnmddiaugndemiuniy

[
=

2.4 JsM1assasaeign (Least Squares Method)

) A

Tidaeiosnan Ae en1sadindusuildy AlEISIRaTINMGIaoIaImasIg

'
a

1 1 v % 14 < Yo o b4 dl Qﬁldgj < Qddl 1 dl =
sgrinAlduiudeyaiinuanlviliadesiign (Least Squares Error) F8iluisMinweie
Tunsmiduivaneauiign (Line of Best Fit) Mlusunuvesdeyamiuun dsausaldadng
dunnldundudunssolilidudunsadle  duwunldunlaannniseiulaaledsindsans

WeeNgalugunuuldunss Asgun 2.10 [13]
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f(x)4

data = y(x;)

IS

JUN 2.10 wuwwilduiilaannisawinmedsidaestasfianlusuwuudunsy

Y

HATINAERUBINaA1TEI AWl TN Uy Ay ulanall
1 2
E =Y (y(x)—(ax, +b)) (2.12)
i=1

ANIUMNAT a kay b laeyeyiiusuediu (Partial Derivative) Wiguiu a uae b aela

& 23 (vx) = (ax, +5) () =0 @13
a i-1
Z—i =23 (@)~ (ax, +5))-(~1) =0 (2.14)

WwNUIEaNNsN 2.13 Wemseny x, vililaaumsifediuiuaunisi 2.14 Fee a uaz

b wldannasInesd@unisa 2.14 azls
y(x)+y(x,)+...+y(x,)=(ax, +b)+ (ax, + b)+...+(ax, +b) (2.15)

Feuauni1si 2.15 Wuaunisiunsng Overdetermined System §ail

AX =B (2.16)
_‘xl 1] _y(xl)_
% 1[a]_| ) -
b : '
X, 1] L v(x,)
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PNANNTT 2.16 dasnmsminnwes X Wesenddluwinduis 47 lilg desviinng A7
leeail
A" AX =A"B (2.18)

-1
X=(4"4) 4'B (2.19)
Fanwes X Aen1sAiameIsidsaenioeigalunsvie a uay b

2.5 AA3uAd (Controller)

imuauitlilunsruiunsmuauasdusmunuiuuteundy Tnsunddaaiaan
gunsaimsTmazgniunaumlfmnzaulaefmugy amuguiudnnanaingn
a1 (Error) Y9IAUUANFINTENINAIRILUTVOITe UUAUA Q1001984 [14]

2.5.1 é’ffmfmqmmué’ﬂd'au (Proportional Controller)
fmuauwuudagin fe Mmuauithedyaaumiuianainsginsdnaa
1989 vide andhmune Fudyaaneviwnunduduwnveshaauny antusauamaerh
nsasadyansEAu (Manipulated Variable) mgni1suengAdayay 1 ukanaInaangad
sheeinuvesinuay  ilifiuauiilunisnevaussuesssuy  and1muAawanad

ANN1IPATIVBITEUUAI TN

MV(t) =K ye(?) (2.20)

SP KP MV (I)

UM 2.11 damuauluudngdiu

2.5.2 §9AIUANKUUYINUS (Integral Controller)
FIATUANKUUUTIUS AB fIAuANtANdYIAURANA A TEnINad sy 1o

o

o L3

91989 vise Awthuune Audyarasemiywundudunnaesiniuny wdadmuauasiinig
A9F YN TEAUAIINITIUNNTAAIFYYIUANURANAIAAINGY UALAMAILANNUVBI
AIUAY ImsJ%v‘fﬂﬁﬁhmmﬂﬂwamﬁamazmﬁsuaﬁwuamﬁwaaaummsmé’ugjamwﬂﬂa i
nalirnudlunisnevauewesszuvanas vilhatesnnuesssuvanauannsi 2.21

wag aglumanvasrIaIAvednveeUius (1)) viheuii fswaun1si 2.22

MV (6) =K, [e(t)dt (2.21)
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MV (t)= e(t)dt (2.22)

N|N

o+ e K, | My
S

JUN 2.12 fpuauluuUTIuS

2.5.3 fIAIUANLUUBYWUS (Derivative Controller)
fmuauuuUeyius  fo shmuauiitieedyguenuianaiasening
Fryarausnsdaiseandmung dudyaraseninmundudunnvesiinuay wddmuaues
INTANFYINNTEAN  FINTOUNUSAFYYINANURANAIATIEU  LaIAMAIEANNY
vowhmuay  vhlssuvannsavnuldesafiafesnmnniy wasdfiuddadan
anusslfusEUUMS usaannnsi 2.23 way eglumenvesiniansivesdnuey

auus (7)) w3l daunisi 2.24

My (=K, %0 (2.23)
myay=k,r, %0 (2.20)
sp + e K;_) g MV(1)

SUN 2.13 FamuANLUUDYIUS

2.5.4 gnaunuuuUiled (PID Controller)

AIAIUALLUUTLER FiB mmummaawmm 3§ Fefmuauuuudndiuiu
fulfnsemermnuEanan Uiy G\’Jﬂ’J‘UﬂllLLUUUiWHSﬁ]uL‘Uuﬁ’JuUQﬂiU’mLﬂ(ﬂ"\]’]ﬂ
nasIvRIANAaNaIRlunaTHLIN FauauuUeyTudduduUfATe AR ISR
nsidgulUasdiauRanan fanansauiuussman K,, K, war K, vselumeum

- 1Y) a o ¢ I a A ' - 1Y) Y4
aAvednTvenelsius (7)) v uazriannmvessnsvengeuius (7))
I a A A % v = o & v o
mhgduniiielilananevauesiiseints  Faasupuilagnulaunnluanuenaivnssunill
Wesnndudimuauiiaunsaldouldineg  nsusuamsiwesvesimuaulilddudenu

aglsun Aanunsalinanevauealuiiveusula
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MV(t)=K,e(t)+ K, j e(t)dt +K, de(t) (2.25)
- K, de(?)
MV () =K ye(t) +7i [eydt +K,T, — (2.26)
o K,
SP_+>O £ |
— S
o K, S

JUN 2.14 fmuruukuuitlen

fmmuAuLuUileaninisUsuAmdwes K,, K, war K, wnasiinasonanouauas
YoeiIMIUANTTlaRAILAI91N 2.1

M15199 2.1 nansusuiinamniwes K,, K, uwaz K, vesfmuauiled

ANUNANAA
ARIVRPRFYT b e FI9IUY ANSLAY auddauna | @anndzegin
AIUAY (Rise Time) (Overshoot) | (Settling time) | (Steady State
Error)
o Wasuwlas
RN, anaq LU N anad
@ntioy
K, anas WHTY WANTY AAAIIURUA
WaguUas Wasunlas
K, P anad anaq L
\@ntioy \@ntioy

2.6 g1imluslaAaa (HART Protocol)

HART (Highway Addressable Remote Transducer) Hululnaeadilddoansly
gnamvinssulanils ldfuedraunivarelugnamnssuluilagiu Jsnsdoasazdednya o
Juowiaen 4 - 20 mA wisumedyguninealuniouiu

gsvluslanon fflugiuanainuinsguvesnsdeansvdnadud (Bell 202) Tngld
Mé’ﬂmima@mmmqmmﬁ (Frequency Shift Keying : FSK) Lﬁaiﬁé’aujzgm%’amuaﬁuaqmm
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a%maal:df?wlamﬁué@mmmmﬁgﬂﬂ?{ulsuﬁéhaLLauwagmeQé'zg@wmﬂaﬁ ildyaadeya
Wasulumuaudfiuiuouseludy  (Modem)  Tnsmsaidynnaudeyaazgnuiulid
mfidesgIuAe 1200 B5RdIay 2200 1B509 9nnsNBgIEANIIANRTezaNsaSEY
fheeieyananea 1 wag 0 AU uansiagUR 2.15 ﬂ?{uﬁ'zgﬁyﬂm%’agagﬂisaﬁﬁu’aaaaﬂmmﬁ
ggniinganedadayayod G‘E’iqa’zgzgflmzgﬂﬁﬂﬁﬁu%’auagmué’zgfmmﬂ?{uw'mz (Signal
Carrier) 2U189NNINIFIY 4-20 mMA %qazﬁaaiﬁé’migmﬁﬂWi?ﬁlamﬁagaufuuaaaﬂﬂma
Aedundontu  dedyanunsessdusuugulsdfigniundndansdssifluansenude
dygnuewaen  eligunsaiiinislisnivivslanea deansadeyarineanieniunisds

[ a

Fouanaeuasnistulunatiedny  ylraiuisawdlansenisusSuasunisiimesvas

T

aunsalawulsegsazaInTIns899u linazidunisdemigiunisin nisidsundienisia

9

WiIeNTaRuLTiey N1sasdyn1veee1snLUsinARARARIRIFUN 2.16 [15]

T B EA
\J U\

Analog Signal

=0.5mA

FSK freg: 1200 Hz 2200 Hz

Logical 1° 0"
5UN 2.15 Msuegann1epudvesesnlusinaea

4 | | | | | |
20 mA | | | | | |
| | | | | | | | | |
I 1 1 I I I
Digital Signal i i |
N e, (/A7 S WUQ'
|
g | A"0"
% L] i " 1 2 i 1
--'ﬁ ! I 0 I I I
2T g ! ! ! ! !
w0 i i Analog Signal
| | | | i i i i i |
| | | | |
| | | | |
| | | | |
| | | | |
4 mA | | | | |
Time

sUN 2.16 nsdadyayrauvesaniniusianes

2.6.1 a13nuuuliang (WirelessHART)
Wireless HART ¥3p 11nsgiu IEC62591-1 tfun1sdeansileguuiiugiuein
Wilaron  wiunsfeansuuulfanegqunsnimsiafiagldinaluladfaeldduasdoadu
Smart Device annsalifoyavesgunsnineindedinlduniy  eudszansamaes
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nszuvunsAIvANlvaTy  gunsaimsianldmalulagnisdeansuuulSaneinisldanuuniy
\Wesan Yssudamaedyau taz anarldanelunisine [16]

[ 4

2.6.1.1 n1sasduNIvRIgNsnwUUlsane

v v

msasdyaaoseniniuuliane Tunugaannssuuulidy 2 szeu
fio 1) Wireless Plant Network Aifimsfudsdeyauuugaidensiouaymsnszaedeyarinny
Hulassheihmihideulewmiedsinudoyanngunsainsindigszuumuny Jegunsalus
agsilAuaIansEedyy I ileairaaTetneanszuuesenluggniueiegluiadl
mMsnsznedyannvesunsaififmuslulsdeasifeatu 2) Wireless Field Network 14
waluladuuuldmelugiunmad 2.4 GHz fiflafesnmsunudeasiomaluladlasmie
(Mesh Topology) sil¥gunsnidsdyanaduannsamidumsiinfianlddedues  Toed

HART Gateway iusnandlunisdeansiussuumunuvisensuitines

% @ = é
Contral Network
P -——= - :
\
Smart Wiraless - 1
Controller |10 Gateway 7 smwtWirsless 1
LT R & Fiela Network \\

T Smart Wireless
il THUM Adapter

JUN 2.17 lassasvesensnuuuliany

Uszinmuasnsasloyaiensielaserne 1 2 anwazAa wuuInsedn (Point-to-Point) way
LUUMaIe3a (Multipoint) Al

2.6.1.1.1 uuuaanaln (Point-to-Point)
nnsdeansiuvesgunIniaotgunsal Fatlveamnalunns
A ~ | a 1 v | ) e = o 9 ) P a
doansiiestaanaien Inglilinisldveamiesiniugunsaidu Juibimngauiunisldnun
1ns5udsdyasaLliosla 9N
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2.6.1.1.2 wuuva1eyn (Multipoint)
msdeasidenlesdeyaiugunsaivansgunsal Tnsusazqn
\Wousoanunsafiudeyanewihmsdsteyald  uasdlifimsdsdoyaaansoldifutemis
nsdeansly dideyadwnnfenuoafinaudsmetuiudeyald iliFesdaudnandlu
msdamstoya vilimnzauiunmsldauninsudsdyaailieidouasidnouling

JUN 2.19 nsdadyanuuvaieyn

2.6.1.2 ausmnadlians (Smart Wireless Gateway)

aundmnandliane  fe  guasaifiBeudelnietneveinisdeasenin
wuuldane iednnisdeyavesaunsaimsiauasemunuillinsdoasenimuuulianeiuszuy
muAuviorsuiunes  audnnandl¥meannsadessteyatugunssinaauuiiiing
domsarimuuulimeluanmnndeniiivdsuulawasanmlsesnd owmnamininand
BFanwannsninnaesetglasaluiflumvnidunsiidngn  uazliswdusoamund
dumsmsdeans  SeanauiRdfelriilathaunsaineauufinmsdeansensnuuliane
fidumsinidofiofigalunisdstoya Tnedeansivgunsalaualugiuaud 24 GHz 3
Fowsoszuumuauvieasuiumediiriuanminandliane agldmsdeasmdu Modbus
WU RS-485 ¥i3e Ethernet LAN TCP/IP faifusnasgiuanauasiivszansnmunnlusyuy

N5inlarAIUAN FauanaRagun 2.20 [17]
_ %i) Wireless
E&E 'z

TCP/R

TCP/IP

5UN 2.20 N1siewsesEUUAIUANVERARNTIMESAUaNSIINAnELTae
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L

2.7 uveinNg29949

Chung et al. [2] ladnauemsliasigrivanlunisdsdeyavesnisdeansansnwuuls

a1e Wisdinorgnsldnuveawunweslugunsaliildnisdeansensnwuuliane Fawuiwaily

|\ v - a a = v A o 9 | v = a A

nsdadeyai 8 UM anansadnergveunwmeila 46% Welsuiunisdwoyai 1 Jund
lngAinsiiiunalunisdedeyail Hannuun Ae vilisednsamnisauauanas

Chung et al. [3] lniauenisinuazmuaulaeiin1smianallagnsaweinseuIuns
fifimsAeanserinuuulians  leAnwmanssmuAntutussuy  Ssmansgnuvaamaiag
nanturiliuesidusvesdmaAufannnu naiddaunauniu waraavheiiudnsa
APNAATBINTEUILNITINNTL

Christopher E. Hann et al. [5] linauanisiaunisnisssyienanvalvasssuulag
T§3sUsiuseszyszuUves nglea-dugdu lnaiudnglaa-dugduangUielulsimeiuna
Felglumaniangnneail

G:—pGG—SI(G+GE)ﬁ+P(t) (2.27)
G

FnstimelianunsoszysmaiwesiuUsimunadsnsamntus Sadlinadnsi
wiugunntudmiunssy lualagldideyassezen  Tuaadivhnmsszyondnunivesssuy
annsdueruAananeiinnnifumesldie 7% lweataunsomansaivadimdld 1
Hlus Tnediermuamaindeuduysalsenineeasstulinasgi 2 8 11 % daduiivonsy
1AluN13AIUANNIINITHNNE

Napasool Wongvanich wag Viriya Kongratana [5] lounauenisssytondnynives
szuulagldiSusiudifiessysyuurennsouanUasunnuion  agvhnsiiumaumgiion
wazvreansilaiFeunazundu AUl 2.21 wasilinanianienInasdl

1,out

Liin

T,

2 it

5UN 2.21 MsuaniUdsuanuipuvenaTasaniudsuauseu
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le;zot,out (t) + 7;101‘,0141‘ (t) = klnut,in (t) + (1 - kl )Zlold,out (t) (228)

z-ZTLOId,out (t) + T;old,out (t) = kZY—;lod,in (t) + (1 - kZ)TYhot,out ([) (229)

mu%’sﬁﬁé’mmﬁzui‘umm1ﬂmsLﬁUmmﬂﬂssmumiﬁq FaAnannsdnsialunissuds
A1veIRUNIAISUAN 1

Suandyaasunuilliinaselueafiviinsssyenanualuedssuy NAans
Tuwailidudefigaiinnissyendnvalvesssuulagldizusnus Mdnaueliaunsanuniy
Ren1sindaasunIulaynUssny

B et al. [7] Mhinausmssryeondnualvesszuulagliiiaamiiloainsauns
dmsumssvyendnyalvasseuulagldlinaroinszuauns First Order Plus Dead Time
VAAOULUU  Step Test wadnsluwadldzduaunisonoeadady  Sefinnumuniuse
doyausunaulunisin waganunsatllgiunisdunasmauauitledls

Blevins et al. [8] liunauasimunuiiteduuuliany wse PIDPlus Aefimiuauiilef
fudiansesAauy wag fmuaniileftudihwevesalls lagldinsiawuuliany wasiinis
mhanalunsddeyalunisdeans  finfedronsdsfeyauuudounduisuin  (Positive
Feedback Network) tioswiandeyaiigninld deanmsamuaunszurumsle

Abdullah et al. [9] lndausmsusuussdianuauitted lnevinnisnsestoyarednis
ﬁamﬁauﬂmmuﬁmaﬁm Dynamically  Filtering Lﬁaﬁﬂﬁmimmmwéwﬁu Bnnsi
thiaueannsathllddmsumsldnuluetonts quies, ams wavatie Jwadnsils

Y & 1 a a a a 1w = O
wansliiiuIduszansnmanindimuauiileaaly

P. Somkane et al. [18] dlauan1sAIUANTEAUVBIVAY ngdnlesaunisatunuli
Huuvumaan daiusauaundnifussiuveunan uasiudsmususeaiudnnnisina
Tgunsalfnsesu  wagdnmmsinafuuuuausuuanin  Afnisdeanseninuuuliany
lelFeUlTlEUaTIIUE TEMININTMUANLUUAALAR WaENITMUANLULITEURE Taeld
Wsunsu LabVIEW Judheunuiileflnunusuqusnlud® wadnsuansliiiuiinisauny
LUUAAAATLTALSIOuEAIRNTINSAUALLIUNTOUIREY



unil 3
N1338YLBNANEAIYBITEUY

unilagnanfsuuuinasinisnIvaussAuniinisdeasensnwuuliane lgluniside
WAZMIITYLNGNYAIIDITEUUMEITUTHUS  (ntegral)  Tagldlamaiudunaylunaniinng
doansennuuuliany dnvenisseytenanuaivasseuulaglyd Toolbox lu MATLAB

3.1 WUUTIARINITAIUANSEAUNNNITRa1TasnNUlTane

3. Differential Pressure
1. Orifice Plate
Transmitter with Wireless
THUM Adapter (inH,0)

2. Rotameter
4. Differential Pressure

Transmitter with Wireless
THUM Adapter (psi)

7. Control Valve

5. PLC Omron 6. Current to Pneumatic

Converter

5UM 3.1 LUUTaeINIIAIuANTEAY

LY

IN3UN 3.1 Usenaumme 2 diu fie gunsaln1sinuasyngunsalniuau deadl

1. Orifice Plate
2. Rotameter 0NN
3. Differential Pressure Transmitter with qﬂﬂim’mam’lmﬂwa
Wireless THUM Adapter U inH,O
4. Differential Pressure Transmitter with
Wireless THUM Adapter e psi }
5. PLC Omron with Digital to Analog Module

6. Current to Pneumatic Converter ﬁﬁﬁ;ﬂﬂiﬂjmuau

LY (%
punIUInTEAY

7. Control Valve

M3inseauazld Differential Pressure Transmitter with Wireless THUM Adapter
Wiy psi Myingninsivaazld Differential Pressure Transmitter with Wireless THUM
Adapter i inH,0 Weuseriuuiueaiila duynriuauazlyd PLC Omron with Digital to

Analog Module, Current to Pneumatic Converter Wag Control Valve
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gunsainldlumsinuazauauveinszuiumsazuandegluzy P&ID (Piping and
Instrumentation Diagram) LLamﬁiugﬂﬂ 3.2

|

—_——— 7 i

©
(O>—i

Rotameter Orifice l

ol
® Ao1]

f / DY~
AP AN,

Storage Tank

U 3.2 P&ID veen1smuAusERuniinsdeasensnuuuliany

mMsfndiedeansseningunsal AU Aewufwesasldlusunsy LabVIEW Ty
WawnsuAven wazdudauauiilod Tnerugenduis OPC Server gunsainisinfinig
Anredoansain WirelessHART Transmitter 3169 HART Gateway 1Jun1s@nsiedoansuuy
WirelessHART 91ntuvinisideusio HART Gateway iU Hub Wireless aagane LAN tJunis
fasiedoasuuy Modbus TCP/P wielanunsadeusauuulianstunenfinmesls diuves
yagUnsalmuauiinsdensioszninneniamesiu PLC Omron fewesneunsy RS-232
Junsinsedoansuuy Host Link 9antsinisidexsio PLC Omron fu I/P Converter r1u
D/A Module Ludyanailiinunnsgiu 4-20 mA wagaavneann /P Converter 1Uft Control
Valve 1Judgyaaauunsgiu 3-15 psi éﬁ’agﬂﬁ 3.3

ud

Modbus TCP/ IP b Modbus TCP/ IP ! WirelessHART , - .
- — D — ©

Wireless Hub HART Gateway WirelessHART Transmitter

LabVIEW OPC Server

e

Host Link - [ 4-20 mA

—
u'f; |

54

PLC Omron Current to Pneumatic Control Valve

3UN 3.3 unudansiindeseningunsainsinwazmuauiupeuiames
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3.2 AMITYLNANEAIYDITLUUAIEITUINUS
NMIITYLeNanuYTassEUUMEITUTTUSagyINsssuAmndwesvesseuy  lnglyd
Tuwadadu  uaslupaiiusulidriumsioasendnuuulians  WewSouiiisuvnlamad
wianzfuszuuiinndign
3.2.1 msszyenanualvasszuudgmiulanaaidadu
firsannssuiunsmugurenaiiseunserouuuliufduiusty - Suiiaes
unsdduumsdidaannuuudiassnismunuseiuifinsdeasenimuuulians faguil 3.

Y- A Y

JUN 3.4 aosunsAsiauuuliufduiusiy

(%

NNFUN 3.4 WaRiasanausiuiyadnianwnid sldaunisassialul
Wnae 1 :

dh (¢t
qi(t)_ql(t)zcl# (3.1)
WA 2 :
dh, (t
a()-a(0)=¢, 22 52

M15UNUNIAADIRIINNITNAANINIEATNVBIUVIAABWYIUY  1D991NABINITAIUAY
FEAUMLINA 2 3INTUUIINITMANUEURUSVOY ¢, (t) U ql.(l‘) 1o331n ql.(l‘) GRH b
APAINNITIAERTINISIVATILIINA 1 dagmiANFuRUsYDq qz(t) v hz(t) W99

1%
P

h, (t) a131503A191NMTInsEAUUUEA 2 Asmanuduiugia 2 ladsil

q, (t) =174, (t) (3.3)

q,(t)= th(t) (3.9)
2
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e

7, fle Amsitivhl g, (¢) iy

R, Ao AANUAIUNNGYRINET

Yraun1sil 3.3 uazaunsi 3.4 wnuailuaunsi 3.2 azle

h;(t):%qi(t)——hz(t) (3.5)

2

ay v & ¢ P a v & aa
allﬂ'ﬁ%lﬂ‘ﬂgLUUI&IL@@‘W'Nﬂ’]EJﬂ’]EJGU'ENLWIQﬂ 2 WLUUI@JL@&LGU\TL?{‘U Q%LVU?WITAﬁ@JﬂW?Q%@JQUWW

=

fo q(¢) wemenivn Mo A (7) Faderwduitusiulunisadrclimanismenin

Feaunisi 3.6
h(t)=aq,(t)—a,h (1) (3.6)

o _ 0 L
ilo a,=— , 4, =——

1
G, R,C,

o a a d' =1 U
NINITBUNLATNFNUNITN 3.6 LNYUNULIAN

Iy (¢)=h, (0)=a, [ q,(t)dt —a, [, (£)dt (3.7)
hz(t)=h2(0)+aqui(t)dt—azjhz(t)dt (3.8)

Mo sduiinieaunsin 3.7 azgnmanlaglingdvasunimy (Trapezoidal Rule) waa
W Ay g, (1)=hy() uaz ; dara (1)=q,(t) dmsu 1= {tl,tz,...,tn} luaun1si 3.8
Nnulguaunsn 3.8 Wegluguvesumindayla

Ax=>b (3.9)

] ]
1 +qu,data (t)dt _I hZ,data (t)dt
0 0

1 +Iqi,data (t)dt _IhZ,dam (t)dt
0
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1,(0)
x=| aq (3.11)
L a2
_hz " _
2(t1
b= (3.12)
_hz(tn)_

WAENN159 3.9 D8 aun1si 3.12 lngdsiasaestiaeiign w3e Least Squares Method Lien
Awsfiwes @, uaz @, 31 1, (0) Huleulududu vdersziuisuduiiiwiiugud
nsruIUNssEylinadmiusEiuvesUeImal hz(t) Yuegnuteyanin

asUlunnuls dagui 3.5

$%
Y

1. AANNITNNAYNINYDITEUU

A 4

a a o ¢ A
2. duinsnaun1seuSYesaNnTsN 3.8 1ng
Tgngamaeun1my

A 4

3. AMuwnunsng A4 @un1si 3.10 way
VAWBS b @UN1SN 3.12

A 4

4. uAaun159 3.9 fe Least Squares
Method WWan1ANUBIEUNISA 3.8

!

5. wansluansyyenanunivasszuuly
PN
aun1sn 3.8

5UT 3.5 JunaudmsunisseuAnlinesmeIsUTiuS

3.2.1.1 VUADUNIINAADY
nsnaaeuNanevausweildututula  Wevinisssulendnual
YDI5TUU Feagvinisvnasdlaailandaiuauil 309%, 40%, 50%, 60% Lieviin1sinua
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Snsmislva uazaesssiuiluundiinldnnmauainmesiifinsdeaseninuuuliane
TWlsunsy  LabVIEW Tumsifiudainnszuiums laefidasinisdedeyaegn 8 3undi
Audeyaifunm 600 unillunnmanases manasouNansuausseilaidusuuladify
NINAABDULUUNTOULUA ?jqwmimauauaqﬁ’wmﬁﬁwLﬂuﬁm%’umﬁzuLaﬂé'ﬂwaimaﬁzuu

3.2.1.2 Wan1INAaBINIsIEyenanyalvasszuudmnsulunaidadu
Sovhmafuasasinisiva LLazﬁwaﬁzﬁufﬂLLé"mﬂﬁ”'u%ﬁﬂmﬁigq
endnualvsssruumudunadluzuil 35 dunsudwiunmssryAmnaivedieituis
diovhmamansifinefvesaumsi 3.8 azldluaadsil

40
T —— .’}t
30 =
—Model
oy —Actual
S 20 —
[0
3 10 1
|
0 X
-10 L Il L L L
0 100 200 300 400 500 600
Time (s)

5UN 3.6 Aasaiulimanviinisseylenanealvesssuvdmiulnalduduniinsdaig
=
ATUANT 30%

—Model
—Actual

0 100 200 300 400 500 600
Time (s)
5UN 3.7 AnvSeiulumaiiviinisssyienanualvesszuudmiulueadadunvinindangs
AIUANT 40%
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100
—Model

§ —Actual
E -
>
Q
.| i

-20 L L L L L

0 100 200 300 400 500 600

Time (s)
JUT 3.8 Aasaivlueanvinisseulenanvalvesssuvdmsulieadaduiniinsdaing
AIUANT 50%

100 —
—e
80 .
—Model
:'\6‘ 60 —Actual
© 40 |
>
Q
=1 20 .
0 .
-20 1 Il Il 1 Il
0 100 200 300 400 500 600

Time (s)
5UN 3.9 Avseiulumaniviinisssuienansaivasszuudmiulueadadunyinmadanigs
AIUANT 60%

t

t
Mnaunsi 3.8 h, (¢) =1, (0) + aqul. (¢)dt - azjh2 (¢)dt
0 0
wlddmniiies @, uar @, mumsei 3.1

a ! a ca v (% L4 ] (% a v a (3

M13197 3.1 Ansdwesiliannnisseyenanualvesssuvdmiulinaladulaetnig,
AIUAY 91 30%, 40%, 50%, war 60%

% LUANAINIVAY

\ o < 30% 40% 50% 60%
/ AMNIULNDT
a, 0.2036 0.1306 0.2061 0.1901
a, 0.0427 0.0257 0.0356 0.0313
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Mvuar1ALAAeRaudysaladelun1sTuegsEnIemaseiuluea (Matching Error) Lite
UsgllUANULAUNLELVDILULAALT LAY AIFUNITA 3.13

Matching Error = mean |M0del — Actual | (3.13)

MmAnueaaedouduystiadesenivaniiiilineg  dwmfunsdandimunui
30%, 40%, 50%, 60% HAWNAU 0.8234, 1.0504, 1.0112 Wag 2.9234 MINEIHU WANIT
vnassiuansliiuilumadaduannsald  funszurunsiidnisinatainnisaeans
grinuuuldaneld wilumatssldldfansuiianaianmsdeansensnuuulians

3.2.2 msszyenanualvasszuudmiuluaaninisteaisanimuuuliang
PMNULPATUNEY FERITUIAMUIBINISdeansansnkuulsanednlUTuluma

Waduvinsdudeyann 8 Fuiannnszuiunsasael 1, =1, dlvunu luaunisn

HART
3.5 agle
, 1
hz(t—tH)=é—12ql.(t—tH)—Eh2(t—tH) (3.14)

4 s ) a eal P
NNeUNTUNERDTUBINANTU hz(t—tH)LLax qi(t—tH) fATUINAUNEDS 9219

h(t—t,)=h(¢)—t,h (1) (3.15)
hy(t—t,)=H(t)—t,h(t) (3.16)
qi(t_tH)ZQi(t)_thi’(t) (3.17)

rj’ Y o U d'd 1 1 d' = U o
msUsznadlglad sy nszulunsRiiniIsudanat ldinndliaieuiunainve
nszUun1s  JuduiBnsUssanaiiieananudutouTeaguiuularNSAWIN 9INTULTIY
AUN1SN 3.15 D9 aun1sA 3.17 Tuaunisy 3.14 Fazle

1 1 1 T T
Wit)y=| ———— K —h —Lag(t)-——q. .
/(1) 2 O+ R (0 (- 25a() 69

Iy

Tuwanmievuainnisdeansensmuuulianetiluaunsifeyiusdudiuans Jsanad
anadsuudawnuna wasdulunalidudady dnguauntsi 3.18 luaagld

(1) =ah, (¢)+ah, (t)+b4q.(t) - by, () (3.19)
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a, [h2(t)—hZ(O)]dt+a2_:[j;h2(t)dtdt

tt
+[b[q,(t)=q.(0)]de b, [ [q,(t)dedt  (3.20
00
Jaaunsivieglulunavecuned 2 agle
by (£) = hy (0) +ay (t =t,) + a, [y (¢)dt + a, [ [ 1, (¢)drdt
0 00
t tt
+b; [ q,(¢)de—b, [ [ q,()dtdt (3.21)
0 00

dle a, = [hé (0) —ah, (O) —-bgq. (0):| MnwhnsBuiinsnaunisd 3.21 Fsaggnm
Alneldngdwdenmay wdwnu by, (1) =h (1) wee g 4. (1)=g,(f)dm3u

t= {to,tz,...,tn} Tuaunisit 3.21 Mniulisuaunish 3.21 WeglusUveaamindagle

[EE=TS (3.22)

Ll

ly

ly

ly

1 +(tN_to) +Ih2,data(t)dt +Ijh2,daza(

0t

Iyl

ty ty

ly b

Ul

Uo+(t=t) b ()t +[ [y (6)dtdt [ g4, ()t =[G, (¢)

ly

t)didt +I%,m (t)dt -

L b
fo f
Iy iy

.Hqi,dam (t)drdt

ly b

(3.23

(3.24

)

)
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b=| (3.25)

A [

WNaun15¥ 3.22 feaunsi 3.25 nedsiasaestiesiign v3e Least Squares Method Livey

Awsiwes a,,a,,a,, buaz b, 81 hy(0) Huleulududunierssiuihisudutin

wihiugud  nszuiunsszulieadmiussiuvesweavan A, (1) Tuedfiudeyadiials

Y Y

TupoutoueagUluaudy Ga5ufl 3.5 Funeudmsumsssysmafinosdeisusius
3.2.2.1 FuABUNIINARDY

yhmnaaeunanouauasieiliiduiutule wevhmsszyendnualves
spUU Faazvimaveaedlailandaiuuil 30%, 40%, 50%, 60% Litevinsifue
Snsnslue wazevessziuthluunsdiinldannnsuainnesiifinisdoasenimuuuldans
T¥lUsunsy  LabVIEW Tumsifiudiainnssuoums  Teefldnsinisdadeyaegil 8 Jundi
Audeyaitunm 600 Furillunnmanaaes MsvageuransuausseflsrduduTuladiiy
svadoukuUNTouTa Fslinsneuaussiomeiisuiudmiunisssieninuaivesssuy

3.2.2.2 Han1sMeRRINMIITYlenanyaivassruudmiuTunaiinnsieansanin
wuulieane
dlevihnaifudndnsinisivauazavesseiuind, ﬁ]’lﬂﬂfﬂﬁ]%ﬁ’]miizq
endnualvessruumuduneulugull 35 dunsudwiunssryAnnineifieisuis
diovhmamarmnsfinesvosaunsd 3.21 awldlunaded

40 . .
30F 7
—Model
- —Actual
X 207 :
©
5 10 - a
|
0 -
_10 L 1 L L 1
0 100 200 300 400 500 600

Time (s)
5U# 3.10 Aaiulamailinnisseyendnuaivesssuudmiulinaiiinsdeasansnuuy
IFaneinisitandiniuaud 30%
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i — —l_
—Model
—Actual
-1 O Il Il Il Il Il
0 100 200 300 400 500 600
Time (s)

JUN 3.11 Aeseiulamaiviimssyylendnuaivesseuudmsulunaninisdoansanivuuy
Fenenvihnisilinndiniuui 40%

100

80

60

40

Level (%)

20

—Model
~—Actual

100

200

300

400

500

600

Time (s)
JUT 3.12 Amasaiulaeaiviimsssylendnuaivesszuudmiulinaninisieansansvuuy
ISanevinisidaindamuaui 50%

100

80

—Model

60 —Actual

40

Level (%)

0 100 200 300 400 500 600
Time (s)

5UM 3.13 Aaiulamaiinnisseylendnuaivesssuudmiulinaiiinsdeansansmuuy

1Faneinisitnnndimuaui 60%
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Tunadmsunsessadmuuulians nmsveaeadaaiarsdmuwmidunmsssy
Amdines 913U 3.10 fls UM 3.13 uansAnaieruTumadmiumsaeansensnuuuliany
wiiuldnnransmaaesitnsdugszrineteyaate  Aulumadmiunisdeansenimuuuls
apilndifsnilmeadaduotann TasamzdeyaiiGusu laadmiunsdoasendy

¥ = a a a ! a ¥ dy
wuulSanediussansnmaninlumaidadu Tussuull

mnaumsii 321 h, (1) =h,(0)+a, (t—t0)+aljh2 (¢)dt +a2”h2(t)dtdt
0 00

t

+b [ ¢,(1)dt —szjqi (¢)drdt
00

0
wlarmnines a,,a,,a,, buag b, MU 3.2

a ' a faV v ) & ° Y] aa a
M19197 3.2 ANMTRSTLAIINNTITYLENANwAlYeIsEuUd MU lIa NdinsHoaNs
g1snwuuliane lnednindamauau 7 30%, 40%, 50%, Waz 60%

% WaAMAIAUAL /
. - [ 30% 40% 50% 60%
ALY
a, 1.8898 3.4802 3.0047 3.8404
a, -0.0465 -0.0306 -0.0636 -0.0310
a, -0.0003 -0.0002 -0.0010 0.0001
bl -0.0778 -0.1847 -0.0089 -0.0459
b2 -0.0014 -0.0009 -0.0055 0.0005

Mmenueaaedeuduysaiiefeserieaaisiulineg  dmunslianndimunui
30%, 40%, 50%, 60% HAwi1fU 0.8220, 0.8998, 0.7902, 0.8253 muaIfudmSUlunafia
msdeasonsmuuuldans JsfidnadeniuRanainanas 25% wWofeuiulunadady Tluna
Humnvanuszuu meldnismhanavesnsaeanseninuuulians

3.3 Asszyenanwalvasssuulaglyd Toolbox Tu MATLAB
msszyendnualvesszuulagld Toolbox Tu MATLAB asillunisszuiendnuaives
szuusne  Black Box  ilesanli¥Amnsiiimeslasaisessruuias  wazidunisdy
amsfiweslunsmluwnasliluwadio  Polynomial Models #9l33wmuuU  ARMAX
(Autoregressive Moving Average with eXogenous Inputs) @in13 ARMAX wanasall

y@O)+ay(t—D+...+a, y(t—n,)=bu(t—n)+...+b, u(t —n,—n, +1)

tae(t-D+...+¢c,e(t—n,)+e() (3.26)
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dle y(f) Ao output
u(t) @o Input
e(t) Ao dygrassuniu (Disturbance)
n Ao drurulna
n, Ao wmdliuin 1
n fie Arduusyans C

n,  f® UIUAYLI Input

[y

aunsadeuaunsivdlaeail

A(q)y(t) = B(q@)u(t —n,) + C(gq)e(?) (3.27)

AWEWes 1, n,, n, n, AAIMITHWETANAIINMTANTULN WenNTEYMm

c’

londnualuessruuan MATLAB fneufildenduaunts A(q), B(q), C(g) &

A(g) =1+ alq_1 +...+ anaq_"“ (3.28)
B(g)=b+bg  +..+b,qg"" (3.29)
C(q)=l+cq ' +...+ gt (3.30)

Toolbox System Identification Tu MATLAB LLamﬁngﬁ 3.14

File L Options | Window  Help
rIm|:||:lrt data W |Import models W
AN i__ Operations J | “ 2
| %— Preprocess L"]
Working Data
Estimate —= W
Data Views Model Views
To To
Time plot Workspace LTI Viewer Model cutput Transient resp Nonlinear ARX
Data spectra Model resids Frequency resp Hamm-WWiener
Freguency function Zeros and poles
MNoise spectrum
==t Vaidation Data
Status line is here.

35U 3.14 Toolbox System Identification T MATLAB
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vn15iden Import Data 1 Time Domain Data W&2¥11n15 Import Data @9 Input @8 Flow
uay Output fip Level 9ntu L@en Estimate Polynomial Models ipasnslunaimdu
Wy vinsiden Structure 1Wu ARMAX udaguian Order visefife Avnsfiwes n,,n, ,

n_, n, NNTogUARRAARIYN fagy 3.15

x
Structure: ARMAX: [na nb nc nk] ]
Orders: [2221]
Equation: Ay =Bu + Ce
Method: Prediction error method
Domain: Continuous -:§J Discrete (1 8)

D Add noise integration ("ARIMAX" medel)

Input delay: 0

Name: amx2221 | =

Focus: i ;re;lEti;'l_- ‘ ‘_ _' VJ Initial state: !:f\utu = v
| Reguiarization., |  Covarance: [Estima;e 1 —\;l‘
[] Digplay progress §Epjg?a_.?i_un5_\
__Heration Opions... [ OrderEdior... |
| Estmate | [ coss. el L]

sUfl 3.15 Polynomial Models Tu MATLAB

3.3.1 TuABUNMINAAES

yhnmaveasunanuaussdeilaitutuiile Wievhmsszylendnwaiueszuy
¢ Toolbox T MATLAB axldlumafie Polynomial Models T438muuu ARMAX Ssazii
mwmaaﬂ‘[mﬂmwémuquﬁ 30%, 40%, 50%, 60% LiovnnsiiuAtsnsINIsiva way
Avassziuiluunadiialdnnnauainmesidnisioaserinuuulfans  Tegldlusunsy
LabVIEW Tumsiiudiainnssuiuns Tnefidnsinsdsdoyaegil 8 Junit iudeyaidu
a1 600 uniluynnismeaes nsvnaeURanevauaweldututuladifunseasuiuy
950U s'z’iﬂﬁmimauauaﬂﬁy’wmﬁﬁﬂLﬁuﬁm%’umiiqu,aﬂé'ﬂwaisuaﬁzw

3.3.2 Wan1mnaassEyenanyalvasszuulaglyd Toolbox Tu MATLAB
Fovhmsszyiendnualvesszuusng Toolbox Tu MATLAB  #ldTainafie
Polynomial Models fe38muuy ARMAX Bsagsimsnmaasdlagidnndnuni 30%, 40%,
50%, 60% a¢lalanaa wavaunsNISImesues ARMAX fad
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0 1 1 1 1 1
0 100 200 300 400 500 600
Time (s)
JUT 3.16 Anvsaiulumanimssyylendnunivasseuunie Toolbox Tu MATLAB Mvinns
\Unndaruaud 30%

—Model
—Actual

-10 1 1 | 1 1
0 100 200 300 400 500 600
Time (s)
5UN 3.17 Aaseiulumaniimssyylenanuynivasseuuaieg Toolbox tu MATLAB Mvinns
Uandaruaud 40%

100 . :

80 R
— —Model
:f; 60 — Actual
o
5 40 .
.|

20 .

0 L L 1 1 L

0 100 200 300 400 500 600

Time (s)
U 3.18 Avseiulumaiimssyylendnunivasseuusie Toolbox Ty MATLAB Mvinns
\Undaruaui 50%
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100 . — .
—Model
— —Actual
=
©
>
)
—
-20 L L L L L
0 100 200 300 400 500 600
Time (s)

JUT 3.19 Aseiulumanimssyyiendnunivasseuunie Toolbox Tu MATLAB Mvinns
\Undaruaud 60%

NNAuMSA  3.27 A(q)y(t) = B(q)u(t —n,)+ C(q)e(?) Faarlddmouresaunis
A(q), B(q), C(g) dudmnaiwesvesluing fan1319i 3.3

A1319% 3.3 AMNEWsUBlUWaNYINNITTEUBNENYalYaITEUUMIY Toolbox Tu
MATLAB laeilnndinauay 7 30%, 40%, 50%, uag 60%

AN / %
WandinIuny

A(q)

B(q)

C(q)

30%

1-1.8160z"" +0.823227°

0.3603z"' —0.3278z"

1-1.0090z" +0.0284z

40%

1-1.7850z"" +0.7901z""

—0.0468z"" +0.0725z

1-0.9562z"" —0.04382

50%

1-1.3730z7"' +0.3945z

0.0844z"' +0.0426z

1-0.7268z"' —0.1702z

60%

1-1.5310z7" +0.5450z

—0.1563z"" +0.2436z"°

1-0.7980z™"' —0.08342"

AANNARIALATRUANYTAlRAE SEI A AUlIAG

o LY a L3 N
ﬁ?ﬁiUﬂWiLU@'ﬂﬁ’Jﬂ’)‘U@ﬂJﬂ

30%, 40%, 50%, 60% Ay 1.0337, 1.0048, 1.3405, 1.5619 auasu dwmiulunai
nsseulendnuaiuasszuusie  Toolbox U MATLAB  anmnsiiiwesllanunsausin
Aedeeiunszuiun1saseedidls Weswndudsiuduafidguunannisassiinassgn 3013

SLULDNANYAIVDITTUY

S2UUIAENTIIINNTASILLAANIINIEATN

AT USHUSHUANMN SN DS UUN LI UDINULULAANIINEATNY D

msTeuigumauraamdeuduysalindeseninaasaiulunavedunans
aufviNsTEyYeNanualraesEuUAmMSUNTUAIRIAIUAL 71 30%, 40%, 50%, 60% Ly
lumanfniaanazinluldluniseenuuuimamuauiitedsoly uanifianisan 3.4
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M54l 3.4 AaunaaAReuduysaiindesevinsnaseiulinnareduinariauiviins
szytendnwalvesszuudmunslinndanunu 7l 30%, 40%, 50% way 60%
% Waaauaw /
Tuiaiivinsssy 30% 40% 50% 60%
landnealvedsy Ul

NIITYLBNANYAIDS
SEUUMIEIDUSWUSANTU 0.8234 1.0504 1.0112 2.9234
MR RIGAIE: ]

NN39BYLONANYAIYDY
SYUUMEITUSWUSA NS
o < . 0.8220 0.8998 0.7902 0.8253
lunanilns@eansansn

wuulsane

N33 YULBNENWAITDY
seuulneld Toolbox Tu 1.0337 1.0048 1.3405 1.5619
MATLAB

wiuimsssyendnuaivessyuy Mmedsusiusdmsulinaiiinsdoasennuuy
¥ane azdidnanunainedeudiysaindessrinsaaieiulinatiosiian 1nn1snsliannd
Aruanil 30%, 40%, 50% uay 60% WWeiisuiulnaaran Aimadandniuey 50%
YoMFIzylendnvaivessuuieIsUTuSdwsulumaninisdeansarimuuuliany axdin
AruemalAdouduysalladsssridnsetulinafie 0.7902 Fedeniian wanvirlunadi
ansilndiAssfunszuIumssannian
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N1599NKUUAIAIUANNLDA

Tuunifagnanfnisamadeulunamsadamansiviinslinndmueui 50% 3
nannsseyendnuaivesszuudediidudutula uaznisfeulusunsy Labview ush
muguitlofdmiumuaussduth  Snannsseniuuimunuilefdnsumunuseduiii
msdeaseninuuuliane lngllumanisadnmansivinsliandimunud 50% Fains
yaaoiiegranaUaLaIM I IAsAIUANTER UL Simulink/MATLAB WagHanauauaiiy
AIAIUANTILOATUNTEUIUNITATUANTEAUAT wazranavavenilefidyaasuniu

4.1 nsevadaulumameadindanldunaInnsssylenanuaivasszuy

vhmsnsaaeulieanisadamans dsldinannmsssyiendnuaiuesszuudeiieitu
futhila Tngldlunmansadinmanisnnisssyiondnunivessruuieivinuddmiulung
ffimsdoanseninuuulaneiivhnmadondauaudl - 50%  esndimiuaaiaiadeu
duysalipdeserinamassiulumaiintesiian

wnaunisit 3.19 K (¢)=ak(t)+ah (¢)+bg (t)—b,q(¢) Mduluna
NMIANRAENSYTRANNMTTRYITLS  AuldeulveglusUvetaumsawnaly  (State Space
Equation) vi3e lunanisadmansvesszuunsmenwiivenianainefuesdum, Lowinm

WAL MILUTAMN NOVNANIUAUDIUBINTEUIUNIT AUNITAMNTEULAGIT

€

>

.
+ N ()

u(t)
520,

. J

sUN 4.1 urulsaunisanaiys

X =Ax+ Bu (4.1)
y=Cx+ Du (4.2)

le

x(1) Av LAWBIAILUITALAN

Y(1) Ao vAwasFIwUSEYINm

u(t) Ao AWBIAILUTBUNY

A Ao uvsnguessEuU (System Matrix)

B fo wvsndvasdunm (Input Matrix)
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C fio wm3ndvase1vinm (Output Matrix)
D 78 wn3ndg Feed Forward (Direct Feed Forward Matrix)

anaunsi 3.19 1(¢) = a ks (t)+ah, (t)+byq!(t) - by, (¢)

mvuali x,(¢) =h,(¢) (4.3)
X,(t)=h'(t)=x,(t) +bq,(t) (4.0)
vy x,(0)=h () —bq.(t) (4.5)

X)) =h () -byq, () =ax,(t)+ax(t)+(ab —b,)q,(t) (4.6)

) i1 T0 170x b
aglpaunsannaie | + u a.7)
X5 a, a || X% a1b1 . bz

y= [1 O]x +[0]u (4.8)

WIUA1 @, = -0.0636, @, = -0.0010, b, = -0.0089 waz b, = -0.0055 INNFTLULNAN YN
Yoszuy  mgdsusnusdmsuluwaniinisdeansensnwuulianenvinnisiUanndinuaui
50% n1uvin1g Simulink T MATLAB e nanauauesseilenduiutule degun 4.2

¥

r Ul &= Ax+Bu ()
N\ v==Cx+Du

Step Scopa

State-SpaEE

;Jﬂﬁ 4.2 nMsnasslunanisamnmansiuaunisannadaly Simulink/MATLAB

Plant Simulation
100 T T T

80 7

60 B

Level (%)

40 ]

D 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400

) Time (seconds) .
JUT 4.3 nanauaueradluinaNNsszylenanyaivassruune s UTHusdmIulunand

nsdeansainuwuulTanglagyiinisiandainiuaui 50 %
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HAMBUANBIINNILAANNNIIINNTTEYONaNYAlIsEuY  medsUsnusdmsulunaniinig

= s % o a s = Yo W 2 1
doansensnuuuliameviinisilandimunuil - 50%  dailndifgaiunaannnisiiuaiann
N3EUIUNITITNYIINSTANAIRIUANN 50 % AU 4.4

100 .

0 Il I
0 50 100 150 200 250 300 350 400
Time (s)

JUN 4.4 1a1NNsAUAIRINNIZUIUNISTITNSdnd1AuANTl 50 %

wanedlnatilnalfgenunssuIuMsIsRwmnganluniseantuuimuay  Liely
Tun1sAIvANKULIIABINISAIVANSERUNINTSARansansnkuulsaneld

4.2 madeulusunsu LabVIEW udiaaavauiileddwmiuaaugusesui

maBenlusunsy LabViEW usamuesitlefdmiumunuseduih Tnsldilaidush
muaEfilofivedlusunsy LabVIEW udanedfiuililunsmueunszuiuns ddldamde
annsoldeimiwedsmunuitlefiieldruaunssuiumsldias  Ineilsidusnemunu
filofveslusunsa LabVIEW uansfaguil 4.5

output range s

setpoint RIS —— output
process variable ~ g5 {74
FID gainsmrm o

Ul 4.5 flsidushmunudilofivadlusunsa LabVIEW

(%

Handuiniuauitlofvedlusunsy LabVIEW Jaun1sienvinvvedsdiniuauasil

Output = K pe(t) + %Ie(t)dt + KT, % (4.9)

I3 Ao o fU W A A P
asrUsEneuNdAnyvesilanduiiniunuiiled Ussnause
1. Set Point ADANLUINUNEVBIAMLUINTEUIUNNS
2. Process Variable  Aafnusnszuiunis dudumndalaainnssuiunis
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3. PID Gains

- Proportional Gain

ABAMMNIITMOTVBIFIAIVANTLER Usznaume
ferdnsveedndu (K )

- Integral Time BANIANAINYDIBNTIVEBUTIUS (7)) mleunil
- Derivative Time  ABALIANAINYDINTIVENEBURUS (T),) Mligunil
4. Output

5. Output Range

1o

Y a . PN o ay  a
aAdaNsTAUY 138 Manipulated fioanandmiaruauiilen

1o 1

A
A
A
AaARARLALAEERYBLYINNVRIIATUALTLEA AB O At 100

Tuns¥asziuveunddatuasld  Differential  Pressure  Transmitter  with
WirelessHART THUM Adapter wise psi agldnisiasnanusuiifuuwnsdifieuiuausy
ussemAlasfifi  anusugaazsetiiuunadde  uassuanufuiezsofuALiY
ussene Tneandiialdasduniie psi Seiewihnis Wasuana Widuen 0 51 100 wWesidud
Foriou Ssanugevesunsdidaain 0 fis 100 Wesiduside 0 s 45 lwufiuns

0.792 psi (100%)

0.197 psi (0%)

H L

5Ufl 4.6 Differential Pressure Transmitter JnszfuvesunaAila
YMSAIMIN ieWIA 0 e 100 % aadl
0% >>0.197-0.197 =0%

100 % >> 0.792 - 0.197 = 0.595
0.595 x 168 100 %

Il

Mnturimsifeulusunsy LabVIEW ludiuwes Block Diagram lneldfilaridus
muAuiiled azvhausmiu While Loop ileulusunsuliiFesauninazditeululuvge
msulusunsuiiudel Stop Tunsdeulsunsuazutadunssu Process Variable wagds
Manipulated Variable aavhevhnsufununainisaaunu Sssuansls 3 daudil

1. lums$uduusnszuauns 11910 DP101 Tasfiausneaindl 0.197 waveasie
Amafl 168 Lilevihnsiasuaina Iisuusnszuaunig Wuen 0 f 100 %

2. Wiwnesiimuauvie duvsnsedu andudyaumuaniiazludiligunsel
AIVANFIGAYTINELABIHIU Digital to Analog Module ¥8s PLC HA1n15uUauauan 0 - 4095
Hu a4 - 20 mA wiowinnvessamuauiitasegd 0 - 100 inszaztuszfesuaniuay
0 - 4095 FsfpavinnspuioAIAsl 40.95 AuAevinvesaeuauReuazddlUT DA140 Fq
\Ju Digital to Analog Module w83 PLC L%amiaLﬁ@dﬁ@@'}ﬂ;ﬂjUﬂﬂUé’ﬂﬂé’;muqu
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3. MsUsumunansauauvilalagfaAIninlatly While Loop v8ansvinau
wiarAss N1sRsAIMIIIAIAslVieg? 1000 Tadiuniivie 1 Jund

TuUsunsa LabVIEW Tughuves Block Diagram laeldilertushamunuiilod wansisgui 4.7

Setpoint

—
P101

.
'D TR

P10 | |
. Llper
PID parameters § |

=1 [z |]
ELT \q__‘____ _Fﬂ(;/
— bPe

= -] = |> L/min 2

% bl B e g e

o E_ _[> Erl‘g_" stop
hstor 4

n —

sUT 4.7 Tusunsu LabVIEW Tughutes Block Diagram Iaeldladdusnmueudiled

Beulusunsu LabVIEW ludau Front Panel ludiufasedugldi (Human
Machine Interface : HMI) wietlousndhuuieveinssuiunms uaswansimng 9
nszvaumsiidiasdusesinisiualumednsieund  veeszaulumbeUesiGudvessyiu
iluwneddn  wasiefdudinadnndemunuiinsuansnamivesduUsnssuiums
wazAndmneieguunlivesnszuIums Wensuuugenszuumssoly wavanansaiiu
AnnsEuIunIsiet s ednssuiuns e LLﬁfﬂ\‘lﬁlﬁgﬂﬁl 4.8

Setpoint W
% Valve L/min PV (Level) [/
0 0 ted O 11 w [

Valve Orifice Tank Setpoint

DAMD D102 100- 100- B <
0 b :J" = - 8 50
2 ®
)] - 10
i o
0! 60-
H 20-
2 40- 10-|
[ ) 0-— |
0 20- 20- 0 1022
i ) Time.
0-— 0-<
;j.\ﬁ PID parameters
Ke an Ti (min) ao Td (min) ;jo
DP101
A = save
9 Load STOP 7 =

31117; 4.8 Human Machine Interface (HMI)
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4.3 ATRINUUUAIAIUANN LBAEINSUAIUANTLAULN
PONLUUMAIUANTLEA MeIT1esaula (Open Loop) lnellieuaunsidoynusiv
aglugUrrsefuiiliviiumuiianana e(r) aglsl [19]

¢'(t)=ae (t)+ae(t)+bg(t)—byg,(?) (4.10)
Amuald - X, = Ie(t) 4.11)
X, =e(t)=x, (4.12)
Wy x, =e(t) (4.13)
x, =€(t)=x; +bq, (1) (4.14)
WAy x, =€(t) (4.15)
X, =€"(t)—bq/(t) =ax, + ax, +(ab —b,)q,(t) (4.16)
awlgaunisammnay x=4,,x+B,,,u (4.17)
] o1 0]x 0

b AN L e s AW dl e eros RA B L. (4.18)

7 0 a, a/| x ab, —b,

PNUUYINNTENNTS Close Loop veeseuU wse A,  [20] azla

close

Aclose S Aopen -B apenK (4.19)
Amuali K= [K, K, KD] (4.20)

= & ° [ a s o ay
KN L‘LJ‘Lm']iﬂ'ﬁ/iu@ﬂ’]W’ﬁ’]@JL@@imaﬂm'ﬂﬂ'ﬂ‘UﬂﬂJW‘l@@

0 1 0 0
eld A, =10 0 1+ b |[K, K, K,] (4.21)
0 a, aq a,b, —b,
0 1 0
A,.= -bK, -bK, 1-HK,, (4.22)

—(ap —b)K,a, —(ab —b)Kpa, —(ab —b,)K,
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UL IaNNISUINENYglan1g  (Characteristic  Polynomial) @15y
dun13 Close Loop U8438UU [20] A

A(s)=|sl - 4,,,|=0 (4.23)

lose
wla

s’ —(-Kpab, + Kb, — Kb +a,)s* —(—K,a,b, - K,b, + K ,b, +a,)s — Kb, =0 (4.24)
sUuuuhlUesaumINuLdnYIzIaINZ YR ST UUS S U [21] Fip

(s+ ¢, )(s2 +2lw,s + a),f) =0 (4.25)
azlel
s’ +3éw,s + (252%2 +o] )s +&w’ =0 (4.26)

o = o a £ 3 2 1 0 ] = 1Y) A PR
yNsnevaNdseans S , ST, 8, ST SEWINAUNTN 4.24 AUAUNITN 4.26 bR
! a I av = ° ° o
mmiwesfmmuauiled K,, K, , K, @wghnsmueadaresiiniun

ABYIIaTU (Rise Time, £.) Wagiandigauna (Settling Time, 7, ) ¢isil

4
{ =—r0 (4.27)
@<
_ 2
7T — arctan : 7 3
=X —B_ (4.28)
o, o1-&
e
b2
[ =arctan onl=c” (4.29)
)

vuAlY 9938104 (Rise Time, £,) = 50 317

adndauna (Settling Time, £,) = 200 Ju¥

wldl @, = 0033 uaz & = 0.605 wnuAatluaunsi 4.25 uwdwhmadiey

o a £ 3 2 1 0 o a v
dudsedns 50, s7, 5, s Auaunsh 4.24 agld K, = 04730, K

, = 0.0093 ua
K, =03864
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wuAsiwesmeuAuiilodly  Simulink/MATLAB  fuliinaainnisssy
eNaNYveITEUY  fgTsUsHusdmiulumaniimsdearsensnuuulianeiinnisiUning
AIUANT 50% agnanauauawialndutuiulavsadndmunei 80% faguil 4.9 waglina

MOUAUDIAIFUN 4.10

i=Ax+ Bu I—b@
s | FID(s) & q |
v==Cx+ Du

Step PID Controller

State-Space

UM 4.9 N1331aeAuANTEAUNTtY Simulink/MATLAB

100 T T I
—Set Point
/\ ——Simulated
80 e ———
g 60 - b
©
>
)
-1 40+ b
20 - b
0 | | | |
0 50 100 150 200

Time (seconds) i
JUN 4.10 nampUaLeIN13INRBIAIUANTEAULITY Simulink/MATLAB

- < ! a1 Y [ (Y o o
NFUN 4.10 uimanevaussdirlndifgsivataresiiniuauiitnisimue
LiBwmaneuauasilanunse asuhdimniiwesdauisasauaussauiila

MnAsneiimuauiled K, = 04730, K, = 0.0093, K, = 0.3864
Aldunnnisesniuy Mndumivieglumenvesdianmvesdnveeusius (7)) wiie

N9 uazAaIAIveIdnTvegeuus (7)) wiheduii agla

T = & (4.30)
KI
T, = % (4.31)

~



44

larmnsilwesvesiniuauiiledre K, = 0.4730, T, = 50.8602 Fuil, T, = 0.8169
a Ao su o Y | =i Y a v & ]
Jui Faflendusmuruitledlulusunsy LabVIEW Aiannsiivesdnsvengusnus uag
nanAsTivesdaswegeuiusidunewiiagld T, = 0.8476 widl, T, = 0.0136 w1l

4.3.1 fumounIsMAGBY
yhmsmaaesmuaNszduiifinsdeaserinuuuliane Tngldautmng 80%
uazvhnsaassUAsuAlvaneaIn 80% U 50% Litegraneuauss LazYinNTMAGes
depuaneuaussiefidyanusumusnssirenssuiunsmuausyiui TaensUat
Guan 10 Funit Arwdmane 80%

4.3.2 HANIINASBIAIVANTEAUNANTHRETENMULUUlTane
nsnaaesrvANszRuninisdeasansvuuulians Iagldandwneg 80%
\eaNanaUaueIvasILUINsEuIuNT AuAndmang fagud 4.11

100

80 ﬂ‘—\ﬂ_ﬁ—f’ — e,
»'\;; | —Set Point
< 60 —Level
©
5 40 - .
=l

20~ .

0 | | | L |
0 50 100 150 200 250 300
Time (s)

U 4.11 namauguessieimaluauiilefnadmvine 80%

MNMINARDIMUIKaReUAUBIT e amuauiiloRfidu My 80% fdhaaaniy
(Rise Time) WAy 50 3wl Indidssiuaavesinuaudiiimun  usnanddauna
(Settling Time) Idnannnniawaismusviowihiu 235 3wiil Snvananeuauesien
\Wasilusdnaiu (Percent Overshoot) Wiy 12.35% 1iAN1swniaéntios uAkanauaues
anansaiingandmuneldegrdiatiosnm

P. Somkane et al. [18] ldMmauauitleslnuausuguenlui@ Tinansuaueswiem
muauitlefdnsumsmueaussiuiiiinsdeaserimuuulfmednanddaunaun sl
fanvesidudnaiu  dwdlugramnssuasiivunUiugueniul®  uiuisssuuildmneay
uszuuififinamiaing viessuuiiininudsulasegisni

Mniunasonddsuadvinenn 80% TUwAsu 50% ifleguanauauawions
Waguedmng fagui 4.12
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80

Level (%)
3

A

[]j i
40 -

3 0 I I 1

—Set Point
—Level

0 200 400 600
Time (s)

800

1000 1200

U 4.12 naneuauasieinuauiilefndsundmaneain 80% W 50%
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] DY) Ay A = a !
NNINABRINUTWARBUAUBIIEFIAIUANTLER WalUdsudnlmungain 80%
Ju 50% fenvesiduaiusiiu 16.80% waziliiandidgauna 220 Jundl 1Aanswnds
@ v | Y 1 14 1 = a = = ! <
dntey  wianunsardgrdmnelaesiadiiadesan Wedeuandmingain 50% Ju

80% fiAndesidunaiuwiiu 8.37% uazliuandidauna 215 Fufl iiansuniadniles w

annsasindandmuneldegrediatiosnn

YINANSNARD

seauilaensUaduiduian 10 Jwinandvune 80% fgun 4.13

100 T ‘

80 JJ"LLLL' —_
3 —Set Point
< 60 —Level
>
[})
|

40 R

20 1 I Il Il Il

0 100 200 300 400 500 600

Time (s)

UM 4.13 nanauauailafidnyaiusuniuuingeyisenseuiunsniuauseaulilagn1sun

a )

Jutnduian 10 uineandmune 80%

NMINARDY  NUIMARDUAULALBIF L IMTUNILNINTEYINFABNTEUIUNNTAIUAN
sgauilaensUatduindunan 10 Jwiinandmune 80% wansuauedidlesidunaiu

Wiy 19.37% uaziiviandidauna 210 Iuniinnsuninanties uianansaigandivang

Toag1efiv@desnIn

\onNanaUANBUNBIFYNINTUNIUNINTEYINFABNTEUIUNITAIUAL
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ATUNANITIVLLASUBLEUD Y

5.1 @3Unanisivy

Ineninusatuiiiiauenisszyeninuaivesszuulaesuiiug Wemamnsifines
yoslnamanenmyesszULiinsdeanssnimuuuliaevesnuudiasimsmueusziu 39
fnmsmhananlunsdadeya 8 Junit Tagldlumavmamenmiidudadu waluaadiiia
mMamianaweimsdemseninuuulmedilululuee  uazvhnisssylendnvaivesszuy
Tngle Toolbox Tu MATLAB luiaam® Polynomial Models #87891kuU ARMAX 1agvinnns
Wandamueil 30%, 40%, 50%, 60% telfuduwy Aodninsiva wagtevimnAesesu
vonh Mniwhnaisudisusanisszgendnuaivesszuuianling  wuiilmaadivh
mMsszylendnunivesszuulagBUTusdmiulmafiiinisdeansaninuuulians  daaw
Aaaladeuduysalladsyninaaieiulinaivimsdandmunudl 50% #o  0.7902
wandliiiiiuinlunaiivinnisszyiendnual vesssuulagisusiuslflunaiinisdeaseniv
wuul¥ane mnzaufunszuaunsitinsdoanseninuuuliane ieldmlunanisndinaans
Jauanslyiifiudnl - massylendnuaivesszuy  lemAmnsiwesluliiaanisnieninves
nsgvumsTidld  shldaunsnsenuuuszuumuayivangausunssuiumstuldesned
Ussavsomuaviladesnmiti  desnindmsdiwesluaunsemeaimidushusuen
ANANETOINTIVILNTIUIN 9 Bsdmnadinosisasiannsamldaniliifudielou
vosusargunaal Wensavgunsniinsuduauduiliddudelouvamnszsuiunstu q afild
Fueaamdnaanimged uwluanuduatigunsainndafininden nisdvesgunsalinli
AfAnmsmguiiiinfaeuly  Sesmsszyendnualvesssuvanfuniamamnaiines
vowisruvTesnIEINNTIL - 9 lihgunsalanfnmsiudsuutasidegndls il
AmnsinesfignaesutiugmunsuAsundasesgunsallunszuaunisld sawdsnnaning
nawesmsdeasansnuuuliany

mseenuuumImuauiiled Melumanisadnmaniiivildannassyiondnualues
sruulagTsUsIUS nuiAmilnesvesiimuaniiled K, = 04730, T, = 0.8476 u1i,
T, = 00136 wiit Tulsinsu LabVIEW amnsamuausgduihiiendwanewindu 80%
Tnoddndosidunaiumii 12.35% waginandgauga 235 Junit Wewdsuaudmane
910 80% Ju 50% fAesiduraiuiiy 16.80% waziinadtgauga 220 Junit iile
Waguandwineain 50% 1Wu 80% lAesiduraiuintu 8.37% uaziinaitgauga
215 i qmﬁwLﬁaﬁﬁmmmiumumﬂizv‘hm'amzmumimuqmzﬁuﬁﬂmmi%%uﬁﬂ
Hunan 10 Fuiiidutvane 80% deudesidurafumiiu 19.37% wazinaiigauga
210 3wl MnnmaaeswuhEmimefmuauilefitiningauiunszuaumsaiuny
seuifinsdeanseinuuulians wansilunafivninlddunsafunssuiunsass daauay
alisuduseadusmuuiugetesmunuiifiududouninue  uidusauaueds
fefefmunuiileffiauisanuaunsyuiunsidnmsmisananlfifismoud,
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5.2 Jaiauauue
Tuanemenmyesszuuiidesmsssylendnualvosszuulagizusiug  msEuan
Tupaegnadie wiafudaduveszuuiu o Aouudrresldnansynuiimuanvesszuvasly
Tulinaifisliinedensinmsinanauausduduiu - uazquuiliimemansuauasiiliea
yanmenmegseiu IndiAsiunszuumstianntosudly
Tudruvesiamuauidosmsliiszansnmanniy viewesnmiuntu ey
wuvnslunisideroaninsnoenuuuimuatugsiiiimnududouty  elvinaneuaussie
fhmuaufiinBeiy warlflunmsfinuiinsesiusussssuuauausioly
wunslunmsifoselusuan Aen1sAuANLUUAIAARTEINTEUILNSHINERNLUY
Tigeuaumdndudimuaussiv wassmuauseudusmimuausnsinsiva laeldnissey
leNaNwlYeITEUUMEIsUSHUSluNsaniuumnIuAusaly
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System Identification Of the Two Tanks System Subjected to
WirelessHART Delays
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Abstract: This paper proposes an integral-based method for parameter identification of the coupled tank model used in
level control. The plant uses WirelessHART communication protocol to interact between devices in the system, which
has a data update rate of 8 seconds, causing time delay impacting the stability of the control system. Two models are
considered. The first model is the simple linear model where the delay from the WirelessHART is assumed to be
negligible. The second model extends this first model, and introduces nonlinearity from the WirelessHART delay into
the model. Results showed that although the both the linear and non linear models provides a good match to the
WirelessHART-affected plant responses, the nonlinear model provides on average a 25% better match than the linear
model. This model and method can be used to design a more effective controller to combat the WirelessHART induced
delay systems.

Keywords: System Identification, WirelessHART, Level Control Plant

1.INTRODUCTION algorithm for system identification of level control plant
that is affected by WirelessHART induced delays. This
paper will be presented as follows: Section 2 presents the
main methodology of the research; Section 3 describes
the plant and as well as experiments conducted; Section
4 describes the results and discussions. The paper is
concluded in Section 5.

The HART protocol is widely used in control systems
in factories due to convenience in adjustment of
measurement and control device parameter, since the
control itself could be conducted from afar without
having to physically be in the field. The release of version
7 of the HART protocol known as WirelessHART [1]
offers the possibility fqr each device in the network 'to‘be 2. METHODOLOGY
a router, thereby saving cable expenses, transmitting
deep information without having to go on-site, whilst

. . 2.1 Identification of the linear model
allowing greater reliability.

Although the WirelessHART protocol has received a This paper considers the two tank non-interacting level
lot interests in the industry, delay continues to be the key process control. Figure 1 shows the schematics of the
issue  surrounding the performances of the plant, which is open to atmosphere.

WirelessHART network. The update rate of 8 s is
determined by Chung et al [2-3] to provide up to 46% of a.(1)
battery life elongation, compares to the update rate of 1 s. ‘

This update rate deteriorates the system performance,
especially with overshoots.

Common industrial processes are usually of the type
of first order plus dead time (FOPDT) systems. A typical
approach to estimate FOPDT system parameters is to use
simple graphical method, where engineers estimate the
gain of the system from the slope of the 63% value of the
response. This method is prone to the presence of noise
[4]. Hann et al. [5] developed an integral-based method

to identify the glucose insulin system. Wongvanich and Fig. 1 Two tanks of noninteracting system
Kongratana [6] developed a similar method for use in the
heat exchanger system. Bi et al. [7] used a Laplace-based Applying the Bernoulli equations to the two tank system
method to form an integral equation for identification. of Figure 1 yields:
Although this method work well, the inverse Laplace
Transform must be performed which is analytically Tank I:
complicated. Furthermore, investigations into the dh, (1)
mathematical modeling and identification of the 9:(1)=4,(1)=G dr @
WirelessHART affected FOPDT systems has not been Tank 2:
conducted. dh, (1)
This paper therefore uses a simpler integral-based q,(1)—q,(1)=C, ;t )

978-89-93215-15-1/18/$31.00 + ICROS 363
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where q;(t) is the inlet flow of Tank 1, g, (t) the outlet
flow of Tank 1, and q,(t) the outlet flow of Tank 2. The
relationships between q;(t) and q;(t); and q,(t) and
the level of Tank 2, h,(t), are thus defined:

a(t)=74,() 3)
(=" @

where:
7, 1s time constants of delay time for g, (t )

R, 1is valve resistance

Substituting Equations (3) and (4) into Equations (2)
gives:

K1) =g (1)=— t 5
0= Fra)Zgh ()
Note also that the definitions of Equations (3) and (4)
simplifies the modelling of the coupled tank system. The
resulting differential equation model describing the
dynamics of Tank 2 is now in the form of linear first order

equation with constant coefficients. The signal g, (t) is
considered inputs of the systems and the signals, while
(1) is considered the output. For convenience

Equation (5) is rewritten:

1 (1) = ag, (1) —ahy (1) ©)
where: a, = i , a4, = ! @)
G R,C,
Integrating Equation (6) once with respect to time yields:
h ( =g, Iq t)dt—a, J.h
hy (1) =h, (0)+ aqu,. (r)dr —azjhz ()dr  (8)
0 0

where the integrals in Equation (7) are evaluated using
the trapezium rule. Substituting h; g4.,(t) = h,(t) for
t € {ty, ty, ..., t,} into Equation (8) yields N equations
in 3 unknowns which is set into the matrix form:

Ax=b ©)
where:
|[1 jo laode - jo “h dam(t)dt]
A= E o . : |
1 [Tt~ [ ha]
0 0 10
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h, (0)
v=| a (1)
a
1y (1)]
h (1))
b= (12)
_h2 (tn )_

Solving Equations (8)— (11) by linear least squares yields
the parameters /, (0) , @, a2. This process determines the

identified model for the level liquid signal /4, (t ) based

on the measured data. The algorithm is summarized in a
flowchart of Figure 2.

1. Set the equation for physical model of system

y

2. Integrate the differential equation of Equation (8)
through the trapezium rule

A 4

3. Compute matrix 4 of Equation (10) and vector b
of Equation (12).

A 4

4. Solving matrix Equation (9) by linear least
squares to find the parameters of Equation (8).

5. Output the identified model of Equation (8).

Fig. 2 Algorithm for identifying the parameters of the
linear model

3. PLANT DESIGN AND EXPERIMENTAL
PROCEDURES

3.1 Level control plant

The liquid level plant uses a measuring devices which
is communicated through the WirelessHART
communication. A differential pressure transmitter is
used to measure the flow rate as well as the liquid level.
The final control element being the control valve, is
installed to constrict the flow. LabView is used for data
acquisition and for viewing the signals online.



2018 18th International Conference on Control, Automation and Systems ICCAS 2018)
Oct. 17~20, 2018; YongPyong Resort, PyeongChang, GangWon, Korea

Madel
Actual

0 100 200 300 400 500 600
Time (s)

Fig. 4 The Identified model response of open valve at

Fig. 3 Level control plant 30%
3.2 Experimental Procedures 50 P e ——— S
To provide a step response test so that the system o ,f
identification of the plant can be conducted, four valve /ﬂ
positions of 30%, 40%, 50% and 60% are set. The flow S ,é o
rate and liquid levels are measured through the g f
WirelessHART transmitter. Data is read through the use T
of LabView and are stored for 600 seconds in all N7
experiments. Note that this step response test is an open 07|
loop test providing all the responses necessary for the ’ ﬁ
system identification.
J‘DD 100 200 300 400 500 600
Time (s)

4. RESULTS AND DISCUSSION

4.1 Application of the proposed algorithm Fig. 5 The Identified model response of open valve at

0
The algorithm of Figure 2 is applied to all the four valve | '@
position data. Table 1 tabulates the identified parameters
of the linear model. 100
Table 1 The parameters from system identification for the T 1
four valve positions of 30%, 40%, 50% and 60%
% Valve %’
open 30% 40% 50% 60% -
/Parameters
ha(0) 6.7096 | 7.6153 | 16.4563 | 5.5031
aj 0.2036 | 0.1306 | 0.2061 | 0.1901 20 T T e o
a 0.0427 | 0.0257 | 0.0356 | 0.0313 Time ()

Figures 4-7 show the results of applying the proposed

algorithm to the measured data.

365

Fig. 6 The Identified model response of open valve at

50%
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Fig. 7 The Identified model response of open valve at
60%

To evaluate the fit of the linear model, define the
matching error between the data and the model:

Matching Error = mean| Model — Actual | (13)

The mean absolute error between the modelled
response to the data for the case of 30%, 40%, 50% and
60% valve positions were 0.8034, 1.0504, 1.0112 and
2.9234 respectively. This result shows that although the
model provides an adequate fit to the data in general, the
linear model does not capture the time delay
characteristics induced by the WirelessHART. This
failure does not impact the valve positions of less than
50%, but induces a significant matching error at the 60%
valve position. This assessment is also validated with the
200% matching error increment for the case of 60% valve
position, in comparison to the other valve positions.

4.2 Extending the model

To extend the linear model so that the effect of the
WirelessHART communication is captured, the data
sampling from the actual process is incorporated into the
model. In this respect substituting ¢, =¢,,,, into

Equation (5) yields:

’ T, 1
h, (t_tH ) :qu,‘ (t_tH )_E% (t_tH) (14)

2 22

The first order Taylor series approximations of the
functions 4, (t—t,), g,(t—t,) and their associated
derivatives are defined:

h2(t_tH)=h2(t)_tHh2/(t) (15)
K=t =K (-0 (6)
q; (t—tH)qu. (t)_thi,(t) a7

Note that this approximation is valid for the process at
hand since the delay itself is small compared to the
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dynamics of the process. Here first order approximations
are used to simplify the model and computations.
Substituting Equations (15) — (17) into Equation (14)
yields:

w11 )
O e ey vl
T N T
+aqi (t) 1,C, q; (t) (18)

This WirelessHART induced model is now a second
order differential equation where the constants could be
time varying. For convenience Equation (17) is rewritten:

B(t)=ah, (t)+a,h, (1)+bq(t)—-bq, () (19)

Double integrating Equation (18) with respect to time
yields:

t g t

jh;(t)dt—Jh;(O)dtzjal (A, (1) =y (0)]dr

0

va | [y (0) i+ [ [ (1) ~g, (0)] e

—b, j j g, (7)dtdt (20)

Define the following function to model the level of Tank
2:

h,(t)=h, (0)+ao(t—t0)+alj'h2 (¢)dt

+
S
N
o —_
o —

h, (t)dtdt+bl_[qi(t)dt
0

—szjq, (¢)drdt (21)

Where ay, = h5(0) —a,h,(0) — b;q;(0) . Substituting
hyqata(t) = hy(t) for t € {t;, t,, ..., t,} into Equation
(21) yields N equations in 6 unknowns. This set of
equation can again be written in to the matrix equation:

Fx=h 22)

Where:

F = [(1|T _ to|1{(1)}h2(t)|1{(2)}hz(t)|1((1)}qi(t)|1((2)}qi(t)] (23)
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1, (0)]
aO
x=| @ (24)
a2
b
L b ]
(1) ]
h (1)
b= (25)
| (2,)]
to
T = [ : (26)
Ly
The integral operator of Equation (23) is defined:
WX =[[[..[Xdtdt..dt
N et 27)

k times

The extended model and method is now applied to the
data. Table 2 tabulates the identified parameters of the
extended linear model. Figures 8-11 plot the matching
comparisons between the data and the extended linear
model. It is seen by inspection that the matches between
the modelled responses to the data is a lot closer than that
provided by the pure linear model, particularly at the
beginning of the data. This observation is visibly seen in
Figure 11, where the extended linear model markedly
outperforms the linear model.

Table 2 The parameters from the system identification of
four valve positions from the extended linear model

% Valve
open 30% 40% 50% 60%
/Parameters
h2(0) 1.1490 | 2.5420 | 4.0343 | 0.9898
ap 1.8898 | 3.4802 | 3.0047 | 3.8404
a 0.0465 | 0.0306 | 0.0636 | 0.0310
@ 0.0003 | 0002.0 | 0.0010 0.0001
b, - - - -
0.0778 | 1847.0 | 0.0089 | 0.0459
b - - - 0.0005
0.0014 | 0009.0 | 0.0055
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Fig. 8 The Identified model response of open valve at
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Fig. 11 The Identified model response of open valve at

60% for non-linear model

The mean absolute error between the modelled
response to the data for the case of 30%, 40%, 50% and
60% valve positions were 0.8034, 1.0504, 1.0112 and
2.9234 respectively for the extended linear model. These
number represents an average of 25% decrement in the
errors, compared to the linear model. This model now
provides an appropriate basis for the control design of the
two-tank system subjected to WirelessHART delays.
Note that the approach presented in this paper is to first
formulate a simple model, then extend this simple model
to capture the important dynamics of the data as required.
This is in stark contrast to the approaches normally taken
in the literatures, which is to start with an already
complicated model, then try to fit this model to the given
data. The approach taken here provides an engineers with
a chance to uncover the underlying dynamics of the plant,
resulting in a better and simpler controller.

5. CONCLUSION

System identification is used to determine parameters
in physical model of the actual process, and
consequentially designing of suitable control system
becomes possible with good effectiveness and stability,
as parameters in the physical model indicate actual
characteristics of the process. Each parameter can be
obtained by using transfer function of each instrument.
After combining enough instruments, transfer function of
the entire process can be formulated. However, the
obtained value is theoretical and many factors, such as
wear and tear, are not included. Identification thus
determines the parameters of the system that are not
affected by alteration in the hardware, therefore the
obtained parameters will be highly accurate and
adaptable to hardware alteration.

Experiment of level control plant affected by
WirelessHART showed that the extended linear model
yielded closer matches to the data than the linear model. .
For this process, the use of non-linear model is more
suitable. Matching error of both models showed that non-
linear model had lower error value, and thus more
accuracy, than the linear model counterpart. It can be
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concluded that more accuracy of physical model to the
actual process model more effectiveness of system
identification, more accurate physical model parameters,
and more usability of the physical model for design
control system.

It is emphasized that the approach taken in this paper
is to start with a simple model first, then adapt this model
to the given phenomenon at hand. This is in contrast to
the typical approaches in the literatures where
complicated models are directly fitted to the data. The
approach taken here provides a chance for the control
engineer to design a more effective and simpler controller.

REFERENCES

A. Mok, D. Chen and M. Nixon, Why
WirelessHART in WirelessHART. Springer, 2010,
pp. 195-199

T. D. Chung et al. “Energy Consumption
Analysis  of  WirelessHART  Adaptor for
Industrial Wireless Sensor Actuator Network.”
Procadia Com. Sci., vol. 105, 2017, pp 227-234.
T. D. Chung et al., “Effect of network induced
delays on WirelessHART control system”, in 6th
International Conference on Intelligent and
Advanced Systems (ICIAS), Kuala Lumpur,
Malaysia, 2016, pp. 1-5.

D. E. Seborg et al., Process Dynamics and
Control, 3rd Ed. , John Wiley & Sons. NJ, USA;
2011.

Christopher E. Hann, J. Geoffrey Chase, Jessica
Lina, Thomas Lot, Carmen V. Doran, Geoffrey M.
Shaw. 2005. “Integral-based parameter
identification for long-term dynamic verification of
a glucose-insulin system model,” Computer
Methods and Programs in Biomedicine 2005.
Napasool Wongvanich and Viriya Kongratana.
2018. “Integral-based Algorithm for Parameter
Identification of the Heat Exchanger,” the
International MultiConference of Engineers and
Computer Scientists 2018 Vol II (IMECS 2018).
Qiang Bi, Wen-Jian Cai, Eng-Lock Lee, Qing-Guo
Wang, Chang-Chiech Hang and Yong Zhang. 1999.
“Robust identification of first-order plus dead-time
model from step response,” Control Engineering
Practice. vol. 7, no.1, 1999, pp 71-77.

[1]

(2]

[3]

(4]

(6]

(7]



Gcros

ICCAS 2017 Stnos

2017 17th International Conference on Control, Automation and Systems » PROCEEDINGS

October 18~21, 2017
Ramada Plaza, Jeju, Korea

IEEE Catalog Number: CFP1710D-USB
ISBN: 978-89-93215-13-7
ISSN: 2093-7121

http://2017.icca s.orgi

Financial Contribution
E-proceeding Search

Copyright © 2017 Institute of Control, Robotics and.Systems (ICROS) =
Tel: +82-2-6949-5801 / Fax: +82-2-6949-5807 / E—rr“f?’jl_-; conference@igros.org -

4 oEEE S 9 €= | & @




2017 17th International Conference on Control, Automation and Systems (ICCAS 2017)
Oct. 18-21, 2017, Ramada Plaza, Jeju, Korea
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using LabVIEW
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Abstract: This work presents a cascade control architecture to combat network induced delays in Wireless
network controlled systems. Specifically a flow-level cascade control system is considered whereby the primary
process variable is liquid level, and the secondary process variable is the flow rate. The flow-level process
variables are measured by Wireless HART differential Pressure (DP) transmitter and sent through a
WirelessHART gateway. Control actions are provided by a control valve actuator which is manipulated through
a PLC. The PLC and the WirelessHART gateway are managed by an OPC server providing a medium of
communication. The PID controller gains are designed through the LabView software, in which the network
induced delays is offset by adjusting the controller interval until the responses are satisfactory. Results show that
cascade control outperformed the single loop control, in both handling network induced delays and coping with
disturbances.

Keywords: WirelessHART, Cascade Control, OPC.

1. INTRODUCTION performance of a closed loop control system,
particularly with severe overshoot increments [9].
Blevins ef al. developed a PIDPlus method that uses
a positive feedback network to update the derivative

' U8 ; action upon receiving measurements [11]. Abdullah
smart devices, facilitating a more in-depth data et al. modified the traditional PID controller by

acquisition that increases the performances of the dynamically filtering the wireless communication
control process, at a much lower cost than that stack. Although these methods work well in
provided by wired devices. The most popular combating the network induced delays, they
concentrated primarily on single loop control. This
work thus designs a wireless cascade control system
whereby the gains are automatically tuned to adjust
the control responses to achieve satisfactory
responses. In particular, the paper investigates liquid
flow-level cascade control. It is presented as
follows: Section 2 briefly reviews the background;
Section 3 outlines the experimental procedures;
Section 4 presents the experimental results. This
paper is concluded in Section 5.

The advent of wireless communication technology
has heightened process control to an entirely new
level. These new breeds of measuring devices are

industrial wireless sensor network technology in use
today is the WirelessHART technology, which is
based on the HART protocol [4]. In various
industries, although the measurement and control
devices are of different types, each device
communicates through the same communication
standard, thereby eliminating the interoperability
issue. In the field of industrial control processes,
however, there may be devices with different
communication standards. One way to ensure
interoperability between devices is to use a more

expensive device that match the communication 2. BACKGROUND

standard with the rest of the devices in the control

process, though this comes at a much more 2.1 Single loop control

expensive cost. A cheaper solution would be to use Single loop control is a closed or feedback
an OPC Server to communicate between the devices control system in which the controller input signal is

a function of the difference between the reference or
set point and the feedback signal (error signal). The
goal of the control is to equate the output signal to a
desired value. The feedback signal can either be a

to ensure interoperability and successfully deliver
data in the control process. [3]
The use of wireless transmitters in a closed loop

control ~ system  represents many  technical direct output signal or a function of the output signal.
challenges. The measurements provided by these Fig. 1 shows a block diagram of signal loop control
devices are usually updated on a much slower basis [1].

(5-15 seconds depending on the network topology).
This network induced delay deteriorates the

978-89-93215-13-7/17/$31.00 (OICROS 856



Set point : output
Final control Process

Controller

element

Measuring

Fig. 1 Block diagram of single loop control.

2.2 Cascade Control

Cascade control is an architecture that can be
used to improve control system performance over a
single-loop  controller [1]. This controller
architecture designates an output from the primary
controller the set point of the secondary controller.
This can significantly reduce the effect of
disturbances on the primary control variables than
that of a single loop controller. A block diagram of
a cascade controller is shown in Fig. 2.

Inner
Disturbance

inner
disturb, D2

primary

sacondary
{inner)

primary secordary seCondary
{outer)

5P
—

Primary Primary.

Process

g valve

inner secondary process variable, PY2

outer primary process variable, PYL

Fig. 2 Block diagram of a cascade controller.

Advantages of Cascade Control

= Control the process to achieve the set point faster
when interfering with the process.

= Reduce the impact of disturbances on the main
control variables better than a single loop control

= Can improve the performance of dynamic
control process.

Disadvantages of Cascade Control

= Parameter adjustments in the controller are more
difficult than single closed loop control.

=  Controller designs are more complicated than a
single closed loop control.

= Expensive because it requires more device.

2.3 HART Protocol

HART  (Highway  Addressable  Remote
Transducer) is a protocol that communicates in one
type of control [4]. HART uses frequency shift
keying (FSK) to simultaneously communicate
analogue and digital signals, enabling to
communicate with devices using analogue 4-20 mA
signals. This feature makes it easier to modify the
parameters of the field equipments. Fig. 3 shows an
example of the HART protocol in use.

857

Analog + Digital
Communication

D

[. ] HART
p— Interface ' ‘
[ — +4-20mA { |
—_ ) o o
Remote Configuration g-\’ 53 J
and Diagnostics — 555
athy
=
20 mA
Digital Signal
wyr | "0
1 o Analog Signal
4 mA

Note: Note to Scale

Time

Fig. 3 HART protocol communication.

2.4 WirelessHART Protocol

WirelessHART or IEC62591-1 is a HART-
based communication protocol with wireless
technology, typically through a stable 2.4 GHz
frequency band [4-5]. The wireless measuring
devices are capable of providing a more in-depth
gauge data, and are typically connected in a mesh
topology, enabling the transmitters to find the best
route to transmit data on their own, thus provide a
significant cable and installation costs savings.

WiraiessHART
Gateway

Control or Assat
Management
Systom

Handheld
Tarminal

Fig. 4 WirelessHART communication topology.

2.5. Flow rate measurement using a DP
transmitter

Measurement of the Fluid through the DP
transmitter is done via an orifice plate. The plate
measures a differential pressure, where the high
pressure is connected to the inlet side, and the lower
pressure connected to the outlet side as shown in Fig.
5. Equation (1) gives the relationship between the
flow rate Qand the pressure gradient AP[1].

Q=K+P 1
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Fig. 5 DP transmitter with Orifice Plate.

2.6. Open tank level measurement

A DP transmitter is used to measure pressure
difference between the tank pressure and the
atmospheric pressure in case of open tank by
connecting the high pressure side of DP Transmitter
to the side bottom of the tank. The lower pressure of
the DP transmitter in comparison to the atmospheric
pressure can be determined through the Bernoulli
equation [6], where the height of the fluid varies
with the difference in pressure.

Fig. 6 DP Transmitter with liquid level tank.

2.7. OPC Server

OPC Server is the an OLE (Object Linking and
Embedding) based standard for communication
between measuring devices and controllers on
Windows operating systems such as SCADA, HMI,
or Remote Unit with different communication
standards [3]. This makes it possible to
communicate data in the same standard format,
making OPC a standard for the use of different
information devices. Fig. 7 shows an OPC server
diagram.

OPC-Ciient

= OPC-Server I“Tl l‘
- g OPC-Client
| g

Fig. 7 The OPC Server schematic.

2.8. LabVIEW

LabVIEW (Laboratory Virtual Instrument
Engineering) is a visual programming language
platform developed by National Instruments (NI) for
data acquisition, instrument control and industrial
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automation [2]. Armed with a wide range of
mathematical functions, its graphical interface,
combined with the ability to interact with other
hardware and software, LabVIEW is wused
extensively in automation and process control
researches to develop new technology.

3. DESIGN AND IMPLEMENTATION

3.1 Apparatus setup

Consider the following flow-level cascade
control block diagram in which the level controller
is designated the primary controller, with the flow
rate controller the secondary controller as shown in
Fig. 8.

Set point
&

Fig. 8 Flow-level cascade control block diagram.

Fig. 9 shows the flow-level cascade controller
equipments which are used in this study. Figure 10
shows the piping and instrumentation diagram of the
flow-level cascade control, which includes the
following devices: a DP Transmitter (Tx) with
WirelessHART; a DP flow rate Tx with
WirelessHART in H,O; a concentric orifice plate; a
pneumatic control valve with positioned; a current
to pneumatic converter; an Omron PLC with RS-232
to USB connection, and a liquid pump.

S VT

Fig. 9 The o-level cascade controller.

Fig. 10 The Piping and Instrumentation Diagram
(P&ID) of the flow-level cascade controller.



3.2 Software Implementations
3.2.1 Measurement and control devices
connection

Data acquisition from the DP transmitter to a
computer workstation is done via WirelessHART by
connecting the transmitter to a wireless hub. The
WirelessHART gateway is then accessed through a
standard web browser using the IP address
192.168.0.10. PLC connection from the workstation
is through a RS-232 serial cable to the USB port of
the workstation. Fig. 11 shows the WirelessHART
gateway which is accessed through a web browser.
Note that the Wireless THUM Adapter has a data
rate of 8 seconds.

P
emeRson | Smart Wireless Gateway

@ »«9\ evices E Ziw

Devices he Name (A2 Q

(<R}
<]

<

<]

<]

Fig. 11 WirelessHART gateway web browser

3.2.2 Communication of control devices
configuration

OPC Server software is used as a medium for
communication between multi-standard devices and
the LabVIEW program, which is used as platform
for configuring the PID controller via auto tuning.
Specifically, the OPC Server receives the process
variables and in turn sends the manipulated variables
to the PLC via an RS-232 serial port. The PLC is in
turn connected to a pneumatic converter, which
converts a 4-20 mA current signal into a 3-15 psi
control actuator valve signal. The measuring devices
communicate with the WirelessHART transmitter,
which is connected to the wireless gateway and the
OPC Server through Modbus TCP/IP protocol.
Fig.12 shows the schematic of the instrumentation
devices communication.

Modbus TCo/ 1P b Modbus TCP/ IPé Wueles:HARTT )

HART Gateway

Wireless Hub WirelessHART Transmitter

LabVIEW OPC Server

e E
HostUink Sl 4-20ma TS '[E s-15ps 4k
LU - 2

PLC Omron Current to Pneumatic  Control Valve

Fig.12 Schematic of the instrumentation
devices communication.

3.2.3 OPC Server Settings

OPC Server setting is divided into two parts,
namely, the connection with the WirelessHART
gateway through Modbus TCP/IP, and the
establishment of a Host Link connection to the PLC
which requires setting an OPC tag for both set of

859

communications. Fig. 13 shows the setting up of an
OPC tag.

i’S‘éE&Yhe device d_ri\c:erycu want to as‘s‘\gHtB
the channel.

;The drop-down list below contains the names of
il the drivers that are installed on your system

Device driver:

i)‘dvanced Simulator _'j
Modbus TCP/IP Ethemet -
ODBC Cliert

Omron FINS Ethemet
Omron FINS Serial
Omron Host Link
Omron Process Suite

Ormnron Toolbus

Fig. 13 Creating an OPC Tag.

3.3 LabVIEW programming settings

The OPC Tag is used in the LabVIEW program
for measurement and process control. This is done
by creating an I/O Server and then connecting to the
OPC Server.

[ Copy properties trom

|
\
|
,
|
|
.
|

Fig. 14 Creating 1/O Server.

3.4 A LabVIEW program to control

LabVIEW can be programmed as a Human
Machine Interface (HMI). The process variable
profiles in comparison to the target can easily be
viewed. LabVIEW also offers an auto tuning mode
that allows for customizing the controller
parameters. The process can also be saved for
further analysis.

e U

seont

Pt

lllll

Fig. 15 Human Machine Interface: HMI.

3.5 Experimental Procedures

To investigate wireless control of the schematic
shown in Fig. 10, three sets of experiments are
considered: single loop level control; single loop
flow control, and cascade control. For each
experimental set, the same conditions are applied,
namely, auto tuning in LabVIEW is programmed in
the same way. The level target of 60% is fixed for
each of the three experimental set.



3.6 PID gains determination algorithm

To determine the set of PID gains for both single
loop and cascade loop control, the controller
performance is quantified in terms of the integrated
time absolute error (ITAE) as follows:

tr
ITAE(p) = f It e(t; p)] dt @)
0

The goal of the PID tuning is to thus seek the PID
gains in such a way that minimizes the ITAE
function of Equation (2). In this respect an algorithm
similar to Ref. [12] was used to determine the PID
gains. This algorithm was numerically implemented
in a PID Auto Tuning Mode in LabVIEW.

4. EXPERIMENTAL RESULTS

4.1 Experimental results of single loop control
For the single loop level control, the parameters
of the controller obtained from PID were k, =

0.276966, k, = 1.950046, and k, =0.390009. Fig.

16 shows the response of the process variable
against the set point level of 60 percent. The settling
time was found to be 1600 seconds. Fig. 17 shows
the disturbance case where the liquid source
disappears for the time period of 10 s, with the same
PID gains being used. In this case the settling time
was found to be 817 s.

— Setpoint
= Process Variable

40

% Level

304

204

T T T T
500 1000 1500 2000

- T=1600sec . Tieeey)

Fig. 16 Single-loop level control response.
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Fig. 17 Single-loop level control response when
liquid supply is lost for 10 seconds disturbance.

For the case of single loop flow control, the
parameters of the controller were &, =0.283693,

k, = 1.719439, and k,, =0.343888. Fig. 18 shows

the response of the process variable against the set
point level. The settling time was found to be 1400
s. Both these results show that the designed
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controller is able to cope with the network induced
delay of the WirelessHART system.

e Setpoint
= Process Variable
70

% Flow
»
&

T T T
500 1000 1500

f« T = 1400 sec - Time (sec)

Fig. 18 Single-loop flow control response.

4.2 Experimental results of the cascade control
The parameters of the main controller were
found to be k,=0.487904, k, =2.602657, and

k, =0.520531; the parameters of the secondary
control were kp =0.283693, k, =1.719439, and

k, = 0.343888. The single clock cycle is set to 1560

seconds and the response time is 10 seconds. Fig. 19
shows the cascade control level response against the
level set point of 60%. The settling time was found
to be 1560 s. Fig. 20 plots the manipulated variable
(Level) against the process variable (Flow). It is seen
that the two plots coincide with one another around
the settling time of 1560s. Fig. 21 depicts the case
where the liquid source disappears for 10 s, with the
same PID gains still being used. The settling time
was found to be 730 s.

= Setpoint
Process Variable

704

% Level
I
&

T T T
500 1000 15
Time (sec)

I~ T = 1560 sec -

Fig. 19 Cascade Control response.

=MV (Level Control) , Setpoint (Flow Control)
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Fig. 20 MV (Level) against PV (Flow) responses.
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Fig. 21 Cascade control response when the liquid
supply is missing for 10 seconds.

5. CONCLUSION

This paper presents cascade control architecture
for dealing with wireless networked control systems.
Specifically, a flow-level cascade control design
was investigated, in which the process variables
were obtained through a Wireless THUM adaptor
having a data transmission rate of 8 s. Three
experiments were conducted. Each experiment sets
a target level of 60%. The PID gains for each set of
experiment were determined by auto tuning. A
single loop controller was found to have a settling
time of 1600 s, while the cascade loop controller
yielded a 1560 s settling time. A further disturbance
test was also conducted where the liquid source is
turned off for 10 s. In this case the single loop
controller yielded a 810 s settling time, whereas the
settling time was only 730 s for the cascade
controller. These results show that the proposed
cascade controller design is more capable than a
single loop controller to not only handling the
induced network delays, but to also cope with
significant disturbances to the system.
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