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ABSTRACT

This research presents a control method for handling a coupling effect between the
pH and liquid level of the process with multi-titrated concentrations, which an outflow and
titrating streams are manipulated inputs. A feedback controller formulated by input/state
(I/S) linearization and constrained optimization technique is used to calculate control actions
and estimate process disturbances. Logic of acid/base selection is applied to select suitable
titrant feeds. This research has designed a control system and tested it with a bench-scale
pH process in a real-time operation. The performance of the designed control system is
examined through servo and regulatory problems. The experimental results showed that the
developed controller can regulate both pH and liquid level in order to achieve the desired
setpoints and stabilize the process condition when a feedflow disturbance and model

mismatch are presence.

Keywords: Control of pH process, Multiple titrating concentrations, Coupling control, Model-

based control, Experiment of pH control
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Afilevnazsziuanugsludsufnsaindoutulasnsfnuiidesnanegneldfouluiisnsnisiva
wazAlorvosastloudias Tnsanedide [12) Winuideteunthifildvhnisinyinisaue
nszUIuNmsUSuAlerwesiuUsassnelddeulaiishinsinauassflomesaedoudilingg
Tagendamaianausewing Buna-lomimmaidelsiodu (nput/output linearization) LagnnsMIAT

N PN Y

NWgeanLUUTTUUMUANE nTUNImlo LAz sEAUAUNgludaUfnsalina N ani Ay

sfinwinisesnuuunismuaunisldteulvresiviuanglamsviionasidunsavsennuiissany

a |

Weawiiy Gernuduasdugeainnssuud faflsuivunszuiunsusuamiesiifimsldaslamsm

(%
Y

mnfianudutuasazidoudinssuiunsnieuiuiioiiuaiuaunsalunisusuaiiiiesy 1ilewn
v @ | ~ v 1 oa | A a v
WIENITUNIAIES LU NTAIVBINTEUIUNITNTEUIUNTUSUAITIDLUUABLTRY Nanedeudniinis
1w 1 I~ QI'QI (Y A 1 = Y Y o a
LAI9FIVBIAIAMUTUNTANTNITNIIAIVDIATINLDY TUL9 e 1-5 Nelddaa1invesUSuInsuas
= a ¢ o A & v o Yy v o A v 1o
wisaUnsal nszurunsdelinisidenldnsaelawmsm NaOH Anudutudwazas iieuSuriiey
= a o < v a o a é’ ) Y a = [y
F991NN15NNTEUIUNITINTUABAN WA 8 e snNLINTE Ylinaaulunsenlunisidanusu
ANULINYUYDINIAETAAUZ AN AIUNITHNIIFAIVDIATNLDY VYBIABVNYN TINNTODNLUUTLUU

[

AIUANTBINTZUIUNISTING U NI UTINT BT 19N T 1IUAMILUIV I IIUNINNIIT IR

wWUsv188n

= v 1A oA Aao
ienisunlulggminismvaunszuunisusuaiiesuuusellesniiduiuaglammnsa/iva
Wa8ANULNTUATINA M98 wazilunsseuanatdruIAIuN1TEBNRUUTEUUAIUALTILEY 71

loviauddeunneuninil 9uidelidaiausniseeniuudiAIuANAITOYLAL TEAUAILEIVDY

yawnartudeufnsal Tunssurunisdenaniiieliaiunsaaiuaunssuiunisinegnedivsednsam
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widrdinsundsiivesefiteriazsnsinisivaluaeleud lagldmalingwuudiaewiln Bunn-
a 1y . . . ] 1y a A P -

anvaloslsiadu (Input/state linearization) wagswnumadanismaivunzanuuuiReuluiive

Tduitaym Inedimuaunasiliuazgnnaaeuuseaninmnisaivausiuiugngunsaliuluuves

A52UAUNISUSUANL VL UUADLIBINT a8 10 9 SNNTA/A19ANULTUTUAIN UNANEENE LAESEUU

¥ [
= o

AuANTRWITUTazlrnssuIuNsUTUAITIEY a1unsaaniun1saIuAuiani1iesneg laagied
Usgdnsnn sessuaniizvesanelowdnliniu vililasundndaanilinaninauindenis an
Y1 151AnUeUd8 NN TTUIUNITLAZHANITNUADANINIIARDNLAEANULEYN8TID AT U

ASLUIUNISHARLA

1.2 I9UszdeAn15398

1. 80NKUUITUUAIUANAIMSUNITEUIUNISUSUAT LU Us B aanTiduIuaelan sma1an g
Wudunaneane lagldmalian1seenuuussuumIuANduuUINaes

2. NAEUUTEAVEN NN TYIINUYBITEUUAIUANTIDBNHUUTINAUNTEUIUNSUS UA T Ui UL UL

1.3 YAULYAIIUIIUIRY

1. é’hmuangﬂﬁwuwﬁu‘lmamﬂ%mvﬂﬁﬂmiaaﬂLLUUéhmu@u%umuﬁwaawﬁ@ DUNA-FLANS
deslaedusmiumadanmemeiimnzauuuuiiteuls Senunsamuaumiileviazseiuany
adludsnsaiffisuuamelamsvnse/msisanudidunansans uagdisdsnisunisvesan
LUuarenIINIsInavesaeoudn

2. spuumuANIALITuUTENaUE Frruaudeundusulsaniug Fihuieen (Predictor) #2
YAEAIANURANAIA (Compensator) way nssnglunsdentdnsn-asfimunzauiuafeyd
ABINIAIUAY

3. VAdRUUIEANEN MM ITIIUYeIsEUUAIUANlute 2 Ingyinn1391aeanseuIun1s wasAaeeas

fugUNIAUMUUTBINTEUIUNISUSUALDY

1.4 Uszlawunaindnazlasu

v
[

z:l' ! Yo a = ° o o 1 a oA A
Namﬂqﬂjqﬂgimiu‘ﬂqﬂquU gUr igU‘Uﬂ'l‘Uﬂlla']ViTUﬂiSUUUﬂ"Iiﬂi‘Uﬂq‘WL@%LLUUW@Lu@fﬁ/]ll

Juauaglansnaanulutualeas Alussansamlunisaiuaunssuunsiilaniuen
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'
] v v o

Whvng anansadiluuszandldlaifgeamnssudaziiugasisufissndndunisiivaluladnis
muANtugsliaunsadunUssgnaldase weundayvinisaivauaiiiey Tunseuiunisniinisunids
(Y 1A ¥ ! Yy = ) = ! = o & !

mvesdiiiey aevdiluginigaluanneinuvsslugnaivngsy Feialnszuiunismivaua

[y

=~ & & A o a a =~
Moy Wunszurunsiiuguiddglugaamvnssued geamnssudinsiall gaamnssuems way

o

a a 1

gaamnssudiaanselind n1siinseuiunsatunsainaulaegslissdnsam dealvivinlvianunse
anduyulun1sAlunNIsHEs WeosnnaiunsavinisuanndndaniinannlulSiununluy was
anANUdssazneliiinAudemedensrUIUNMSKARLAERANSENUADAWInToNl UBNIINTY
wialulagszuumuaunimunduiniazdierilinirgnamnssuiuinnudululinazannisien
wialulagandeussne wastiindannuaunsalunisiauinalulagdmivgnamnssuvasing
av Ao a 1 a o [y a ' . . .
wazaWITetiidmuneNsmennsnaai3delusasseAuuIuIYIF W Industrial & Engineering

Chemistry Research %38 Journal of Process Control lasgstaeniliatiu
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2. NISNUNIUITTUNTTU/ETEUNANNGIVUD

2.1 MsiiaUfAseInsa - e

1AMV Arrhenius nsa Ao drsfiazaneiudiuandalilusneu (H) delslasiflon
looou (H,0") dulva Ae arshararstiudunndlilensenlas (OH) wa nsvinldansazanedl
anmanudunanmienisasiiiu (Neutralization) thuiliAsdsfausiduiuazinde detrwes
UFA301 Neutralization iwuveelugnanvnssu fie UfATenasiiiu seninensalelasaasin (HCY) A

walspenlansanlan (NaOH)

HCl(ag) + NaOH (ag) — NaCl (ag) + H,O (1)

[%
Y

lun1suisenaziiunsauwasivavsiewinuiisermeduiuiauyadiu vadfnuSuiauense

LazARIUINUIUNNSARazUaazlilUsPauLas lansanlun be
2.1.1 lpoauluwdyvyasii
yududidalnslaseeulosauludlaiesantos muaunis

H20 + H20 <> H,O" + OH

anunsaleulugUegnaieasla

H20 «> H,O0 + OH

g 3
AnAsN laaaluimd

<, _[HJIOH ]
[H.0]

o Y & | P s o Y N = |
WasanAEENduresdduwAIAsn AnAsRtAAL K. WiAAsnanAIMeEanan lon-product

a

constant 18911 Taeld K, unu
K [H,0] = K, =[H]OH]

N25°C K, =1x10™
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1 v ! ! 1 1
K, azmiauiuaipsiassannansnaianiuAiasiilenicguundl ieauunlnasuan K, ay

wasullfog Tnanagmurespnudindiuvaeslalnsauleesuiuarndindveeslansenlad loaeuly

UN13gNE vive lansazanetinles) Anau JAwindy 1x107

2.2 113AUANTUABILUUIIAIANAAIAAT (Model-based control)

¥ ar 1

srUUALANAIUTUNIZUIUNNINNG AR RN Wi et se e T uss ey

a

a1 TnalugaaBusiuniseanuuussuunisasuanay NN 1sAILANENEAY (Linear control

theory) Suldiun n1smauANuLL PID dalagnianndsegnsldlunseusunimisdaanssuiaiiasng

v

v dl a ve6 v = a dl =X ] v o Y a 1

n3199979 Wanszuaunisuas i e Tulatlunisnanngaau dsnaliinoududaunazinouls
a ¥ al d” o ' o o ! .

Huimaduaeanszuaun1ainzun1un1sdiuA1Aaud sl 5uuss (Tuning parameters) 2890179

dl ¥ o = 1 q’/’ o ¥ o =3 ) v

ArLANULL PID Waliinszusunisineatasninaaandeenuaniuinlianaiuin agvinli

a 3// 1% o ¥ Yo o ' -QI
nounIAuANITLLdugs Iigninndssyndlduarlfiumnuaulaiudunn Tnaanizetinag

v 1
[

nsALANTHABILLLAABsAAAanssTvatndadu wasliidudedu Inanisasuguadia
BILUVAaaIAtInANERTTW ANNTnuLNENsaenuULTELUALAN ALY 3 WWIn1euan Ae N3
AauANLULTAaWTANTIN (Model predictive control), N13ALANLLLANING LU AR B LN

(Differential geometric control) uaz N19AUANTHABIla1]waw (Lyapunov-based control) N9

=

AYLANLULTLAAWTANANITW N19UIAINIIAILAN (Control action) THNIANHALRATEINIT
whilyvnnismAfiwanzannialfiaeuamnands (Constrained optimization) N TRV

naauAx Tnapnlaqiiuaessoulsanas (State variables) azgninlldlunsAuauAipun

o o

Tudqanandn il wietnelsfinaunizacuanuusTumansanivtiugsidedninlufiuaesduauaes

v
o o

FoutsU5UAIAINHIEAURIT LU LN HANUIUNINDNTE U AINT05UAUADYTNINIRITZUL DT

a a :; I = 1 A =
pauaNaingslaueniuaslingwllayuelunisee nuuuszuuaiuan nan9fe sxuuAzd

o

WD TNINLHBLINEI1H170UN AN AT UR T AN uIe9s Uy B9 ureiduueuLam (Bounded

v
[%

function) waziAfunaniane yn7 AfsRauwlsan1azinstFusudana liieiduliidAanas
v

. P = o - ' o o oy = Y 2 9 ada o
ativriaiilanionatnttiull uansdnssuuiiAneuvinlissuuiiadasn wls eudidndsliaci
dsz@nsnnlunismaassuiadesningesszuy winnsiaidulayweninduiouniaesisssuy

o o o

i lFAeutineen uazdaifadninluEesues Domain of attraction 284911n
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2.3 N1598NLUUAIAUANEINSUNTEUIUNITUSUAINLB ULUUABLUBY

a a ' ' & g ax (Y a o [ 1A
waziduanaznansielUiliduiinsesnuuuimuanBaluUINaeweInIEUIUNITUTUAN

S P Y awv 1 o & =9y % a a € aa
ykuusellasnAnwlneanzdidslunuiTensuning [12] Felduszandmatiaduna-tovinndie
Lswtusiudunmsuidymadineansasmealinnismarimuizasluniseenuuuiiniuay lngd

Searunne Ul

HBRATUINTLUIUNITNA1EF LU THUUNARBLLBINTINNSSUNIWAATUSEUU Fadunsaasunele

AILAUNIS
x=f(xu,d) ”
y="h(x)
Togdt X=[x-x]eXcR Wunnwesvesiudsaniuz
u=[u,---u,JeUcR" Junnwesvesiuusvidn
d=[d,---d,]eDcR" Junnwesvesiisuniussuy
y=[¥"Yn]eY =R" Junnmesvesulsvieen

f(xu,d)=[f(xud)-f (xu,d)] waz h(x)=[h(x)--h, (x)]" Durnmesitaidu
mvualinisnevaueeasiklseanmelimamunuviinguinegluanuduiusuansisaunis
(ﬂ1D+1)rl i = yspl
: (2)
(BD+Y)™ Y, =Yy
Tagfl D= dvlwledisuiealoweisiaes dafimuald DO =d"/dt’

B = AmulsUuLAIueIiInIuAL

I = A1 Relative order

Y, = Advanevesiiulsvieen
A1 Relative order \udrwiwhufidesfigafioruediuusvisendslinnuduiusiuinusudn

eldauufgiu

1) A1 Relative orders r,...,r  {AU8UWATAN

m
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. . . a ! ! I U s

2) Characteristic matrix ¥83n52UIUNN5, —h/ [ F(x,u)]#[0..0], laifiAnvirfueud
u
3) N3EUIUNITANNTOAIVANLATIINAN1IZAT

4)  AueEnveamen of /oxuaz [oh/ox|[of /ox][of /ou] i aamizasd, (Xe:Uy, ), Teinlad

ss !

winAueue

Y

TRgMAUA LA

y@ =h’(x)2h (x)

O _p (02N d® gt g1 1 i=1

Y| I(x) P (x ) =1...,1r— i=1..,n
M _ s (1-p)
y =h (x)_Ff(x d®,.,d"” ,u)

d v

ol pdwuduidesiigaieviunednusveendsflanuduiusiudsuniussuy d uie

Relative order 904525UNUTLLD

drunAdan1smAILza QN LETINAUNTITUANI TR VAU UULTLEURENNITT
(2) WiierumAFLUsUSU (Control action) Tnermualiandaunususuidudiasi o i NELRDIL

wagmvualirfsunIussuuUszanals feidudvaneasgninvualieglugudsil

&né((ﬂiDﬂ)“ Yi = Y, )2 (3)

Subject to

u, <u<u,
d, <d <d,

g9 ub wag b WARIDIUBULIAUULAZYBULIRANNANNANNU

MNNsuAdyAsmeiunzanniglavsundfnvesianlsusuluaunisi (3) nsaiuaa@)

v
Yo a

wUsuSuuazenszuunIusyuulaeUssana Geanansadeulvegluguilendulanad

=y (¥.Ys)
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2.4 N1SNUNIUITTUNSTU/ANTEUNATNLN BB

N139NKUUTFUUAILANAITIDTUBINTZUILNTUTURTIEY wuudeLdostududeivinld
Aputnad1uin ilesannisivdsundamwesafites danwliifududuguaziedlsenissuniu
Tnsianzegnsdadladlndqnasiiu vhlsfnuauiiugiuwuy Proportional-integral (PN) #ldannly
gramnssuliamnsasinanuldedisiiuszansam 1esandedifnvesiiniuquuuy Pl ez
novausdlddianzlutisidmunly maaedeuirdnsunisvesariitenluriniig vilsmniunm

wuU Pl azgaydeussavsnmluniseuauaiiey Wunaliaiieylidumudmane

dedunsuitgmdsnanlfanumensniisgldimadansmuaudugsdnaanizogiaba
mMsmuauBsuuudaesadnmant dudunisooniuuszuumuauiiendeuuudiasenszuiunsan
nsviaunalaaskasnasuldesutenmsaiiulivesssuu vilianunsavinenisativluves
seuulugaiintis angatudenaravhlinadadiduiiteslfutymnsemuaunssuiunisusuand
By wuuseLies Megrewesuifuiu muideves Henson waz Seborg [13] Miaunmadianis
muauilifudadunuuliumld (Adaptive nonlinear control) dvdunisnaassmuauaiiteyly
NILUIUNITAIETEUU HNO;—NaOH e ldinatia Exact I/O linearization SauAUfAId9nnn15al
(Observer) lumsusganamfuusaniuy Aldannsoinlilaonss wagAanuiduduvesaslamm
fuUsuUasuiunat Wright uag Kravaris [1,2) auiuvudtasmisadamansainnisaunaua
wazaunandwu wazldmatineanuuumetianismivaulunguussduna-ovinedillelswdu loy

A =

muauiuUsudilsituresmaunannuidunsndssanumaunannuidunsnaniiowiin
I§vesveamarvieonlusmedu iovilfoglusuaes Inverse titration curves #435fam13a
Uszgndldiunsaniavanatgyssnnls lnglumnuideliinnismageulsedninmaesssuumiuay
T9evinnsnaaadluseuues HCl-NaOH wag CH;COOH-NaOH usaegnglbshniy walladsnanhsad
Fodrfnmsiuuszansamlumsmuaudzianuseulmlunsmuautisadiondilng 7 uas
n1514 Inverse titration curves filsianunsasesiunsivasuuvasarfiteslugasninsled Fssoun
Wright wae Kravaris (3] I§vin1susuussimuauiiagliinauedeunthilasiinnsszynisuandy
vaan3n-Aesanluszuy vlfssuuauauiiadrsduamnsayszgndldfunssuiunisiélagld
Jndudomsuanududunazainvesarsdoudilagnisussuiuainisunnda Pishvaie Laz
Shahroki [4] laUszgnsvannisvanguuuinass lunmsuidaymilagiieuuudiasaves Wright wag
Kravaris 3] 11Uszgndlddanadonlduuusasmeadnmansastuogifuimisiinesiasady

A IMUANITEADNKUUINEDY wazyinnisnaaaunielsd szuunsaazdnn ladeulansanlas @y

[

A a LY 3 1 1 @ a ) t:l' 1o v 1
FEUUMNAUNLNDT LLG]@FJ'NIiﬂGﬂlI NuATsAnwNsUasuLUasiteyvesasautianizlugig

& & T A A | = . .
AMNLTUATAWINUY UBNIINUBIUNAUABUGLTU Yu et al. [5] ANYINTITAIVANTEUU Neutralization
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Tnvedomatauuulinanianinaiialidifwdaduilld Differential Evolution wa Radial Base
Function neural network Gomez wazan [6] ldUszgndlduudransdilsninnismaassluguuuy
84 Wiener model Uszgndlisaiulassaiessuumuauuuuunanaaninililunisarunuend
w0 ffdnnansaiedalidudadu Wunsussaadudssunmugaruresnadaiaolidos
a519uuud1a09 Gu kag Gupta [7] lAvin1seenkuukasnageussuUAIUANdmMSUNSEUIUNITUTY
AeridnsAndwineslaglfsegndltinaiiansauauuuniluiaanianiniBady tilanuauen
flovvessyuuneldieulvvesdnnisinauasafevvesansoudined - Shobana uazani (8]
limaaeuszuumuguAiievildinaia Intermal model control (IMC) $aufuUfIAIUANLUY PID

I 1

wWeldiussuutvmesvesnian1sueiln Ftinisailafsadygiaartnlun1snsaina e

mmm‘i%’sﬁﬂa"rmﬁﬂi’hqéfm}zwudﬂﬁauimyﬂﬁmmﬁﬂﬁ@ﬁ’umimwmhﬁLawm
N3rUIUN1TeEInAe) wilumnuluaiudinszurunisusuaiiey Tugnaimnssuuisssuuiinis
LﬂﬁlauLLUaQﬁy’amﬂLaml,azmmmqwaqmaﬂué’qﬂﬁﬂizﬁ %Qﬂ@%ﬂﬂﬁiﬂ?ﬂﬂmﬁﬂﬁ D% hagAINLEN
voamarludsufnsninfeniudu delignnanfunniin wWu muideves Bagher uazany [9]
yhnsfinyInTseeniusEUUAUANTADIf LU sTindIen1ssaesszuy TnensuFusninas
Inavosavviduazaelansn lagldimatian Multi-model generalized predictive control saufU
nsldfaunisinaludvaidedildesureanuduiudans Titration curve Novak wazamg [10] 7
WUs9NTas 9l UUS1aeeUeIuas Titration curve panlu 5 919 Insusazdaslaviinisesnuuunis
mvAuiatuaulagldimalla Linear model predictive control wagiinsasamssnelagld Radial
based network Tun1sduiuasunisldnuvessniugu Xie wazane [11] IfdonlHimaia Multi-
model predictive control $31n15 Fuzzy switching technique $au3definandnadu@nuniele
Reutiviisamnmsivauazaieresaetouwdadinmelinssassssuuminiu Femnuziide [12)
ié’ﬁwmimuiﬁmﬁaaaﬂqumimmuﬂizmumiﬂ%’umﬁLafumaac?]’al,t,ﬂsﬁgaaaﬂmaaﬁﬁsLmﬁﬂmam
seriduna-lewimeddelsdulagmamaiivngay melddeuluiisnsnmslnauazaiievves

aedoudnliand fananisneaauliusyansamdunvinala

ernnisvinmumassunssunu nudfeeenuuuszuumugudmiuiseflotuas
seiuamugdludsUfnsaifindnutomnduazAnyinisesnuuunisemuguaeldidouluvesiuan
aglannitonnasfunsaviemadfissmodisuibu Geanuburidugramnssundinszuaunis
Usuenfesdnilvgjaeiinisldaglanmisifanududuguaziidoudnssuiunmanioutuio
dinanuannsalunisufuafeondeafiiovesarsrndifinisunisfigs Sellymidsadudn
UssifuniafivimenasSaladlddunsfnwuinin nmsiauiszvuauaiiiensuiymuseidu

sanandazaglinszuiunisaunsavinaulesgnediusansainwasiiadesnnwlanaandiang
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AdunusesivagtoudNinisundssinsuniuszuy InekuamdlunsimusEuuAIuANTY 289

18N139BEAAIILINITEDNLUUTEUUAIUANBIMULT AN AL I lavINsAnwunneumiing
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o/

3, 35999

3.1 nsaULUIANTUNITITY/ BUNAFIUNGBANITITY

4
av A &

uideiliduniseenuuuszvuaiugudatuudiasslunataiaiieniu seduaiugaves
asavaglazAfiovluaiosfnsalvesnssuaunmsuuaitewildaslomsarsanutudu log
fnmsaanuuirasmeademanivonaisfnsainszuiunmsuiuaflevuazinauonisesnuuy
FYUUAIUANDILUUTIRDILUULIANRTS 6?5&3%%%@31514@ﬂa%ﬁaﬁwmﬂﬁﬂﬁuwm-aw&ﬁaﬂﬁw%’u
sfumaianismaivngan vénniseenuuuveaaiaduna-aevdideslasduadeiumaie

a o o [

watinduna-eminadideslawdu uwidsduidulsaniueyniasgnldidudiuysuesnaoinis

q

[

AR InEHAYDINTIATUNUTIR

3.2 WUUDIADINNALAAIEASYDINTZUIUNSUSUANN LD BLUUFBLTD Y

wuuTaewenAIaUnsalnsuTumiterLuUsaLlasfldaalansnatenututy wand

lagu 1

Fa Fg1

5% wt HCI Acid

Base

Fw, nw Base

@ 777777777 ao o

(L[] Fs, ns

I S

REACTOR

suUn 1 3eeUnsainmsusumiiteiuuseliasnldanglamsmarsanududy

lnganguudrzgnieudiasesufnsalifietsnusuarielvlanuand g aelawmsnnsawag

wandvaeanudntuldgnlunisuiuaiievvesasviinneluaiengnsel lneseauainugees



AIN-2-5(/)

28

ansavangluesesufnsaliugnauaulaenisusudnsinisivavesaevisen lnsuuuiassaulanis

AIUANSEIUANIEIYRETaraeLarAfilavluATo U fn el

[

aufguildlumsaiauudaomatnnssuaunisil
1) fufiviidinvesaiesufnsninsd
2) ANIUVUILULYBIENTaTaNe NI arYIRendAlagUsEaaini
3) MuMUILLUYeIeIm saraelamInIaLazIUaTiAAT

4) wadnvesnnuidudureaislureunsosujnsaliluwuunguiou (Lumped dynamic

model)
IINMTYENRANIRANT LuuTaeanainsEauANugesasazatluasesUjnsalaunse
Y d’l
wanalgadl
@:pFw + PpFa + PeiFer + PeaFe - PFs (3.1)
dt pA '
ey h Ao seAuAUgeUalansararluaTesunsal (m)
Fy Ao ORIINTTIaTsEsNLT (L/min)
Fa Ao dnsnsivavesanglamsvnga (L/min)

1Y

Fai, Fgp A8 803 N73lnavesanslamsviua (L/min)

[y

Fs Ao dnsInslnavesansvieen (L/min)

wuudnasanainvesarieyluasosUnsaiiutnauslagnou e 19AURANFITENI19AIY

Wutuwes  Wsmauloeau nu lensenlunlosau enandlanadl
K
r7=(10"“ - ) (3.2)

g 7 Aa Tuuanssenilusneuwazlansenlen leseu

K A9 AAINNISEANLDDUYDIN

w

o a dl' a L3 o a ' (3
wuudnaesierluasesufnsaluandugvvesiinugnisenilusnounarlansenled loosu
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dng _ T R + @nC P + g Cy Py + 2,Cq0Fg, — 115

dt Ah
s (pFw + PP+ PeiFar + PeaFes _st)
pAh
Wy C A9 AUTNTUYDIENTAZAY
a Ao ANAIELUSEENTNISHANG

AN LA STITLUNTITAS LUV IADILAAIAI ANT19N 1

a ' a ¢ a a ¢ v 1o
A3 1 ATNITALRBTVDIATDIUNTUNITUTUAINLEY
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(3.3)

W1Enas Hoyanwal AvaLfILUs
9n3INTNATDIENTVIT F, 3323 L/min
ANAURUIMUUYDIATAZ ANV T AZ DN P 1000 kg/m®
AIAUNUIUUUYBINTA 5% HCL A 1087.8 kg/m?®
ANAUNUILUUYDIAS 2.5% NaOH Per 1055.4 kg/m?
ANAUNUILUUYBIAS 16% NaOH P2 1051.7 kg/m?
fufivihdavenaiosnsal A 0.0284 m®
ANALLTUTUVBINTA 5% HCL C, 1278.75 mol/m®
ANAUNUIUUYBIAG 2.5% NaOH Cq, 1319.25 mol/m?
ANAUNUILUBYBINIG 16% NaOH C., 10813.6 mol/m®
AdulsEavsnisuandvasnsa HCl a, 1
AduUsE AN LANAIUBIANY NaOH g1y A -1
Apsiinisumnlossueni K, 1x10%
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3.2 N1598NLUUTEUUAUANDUNA-aLNALTES L sigud1nsunszuIun1sUSUAINLE UL BLIBY

1. §amIURNEUNS-FeVaLlesIsiosy (input/state linearization controller)

mauaundaweilidunisuszgndldinadanisasisinniuauuuudune -awedidesisdu
Sfumadansmaimunzay Jsszuuideansaivauiuindudesivuudiasadieldlunisasns
TTUUATUAY 1ELUUTIN0IDITEUUNANAMIEATY0INTEUIUNTUTUANTlB TR UABLTR I tugn

A ULAIUT AU WATUNTILUUII80992TN1SNUMBUAITUNIUYBIAILUSADUE (d) 9

wWasuwladluTuudazdraalifuwuudiasmainvessyuy Ineguuuumliuansisauns (3.4)

x=f(xu,d)

(3.0)
y=h(x)

= & Y & Y 1% = Y A v
e X AB GDLL‘tJiamuﬂu%‘U‘U, u Ao GYJLLUﬁGU']LGUq, Yy AB AILUIVIDDNVBINTLUIUNITNADING

AuAY, d fAe ArsunIudldainsainla

[

FeinguszasdlunisaiuaNszuulife AmuAumLUsanIuEANIgariiavvesansaralsluAsod
Ufnsal Inevimsusuadnsinistuavesaslamsviazdnsinisinavesasuieondsyiminiiiug
wusmuauszuu Tudidssuumbauetudussuuildeiosdosninnisauauiisnsinisinaviesn

AatiudsaspuauniLUsanusunulagadumatnduna-awndidesiswdu Fanmualvssuuly

aun1s (3.4) dn1smeuaustuudnduvesgUlamenuduiusaaunis (3.5)

(BD+1)" x =V, (3.5)

idle D #a Differential operator(D:%)

A 1

v, fAe andimung
£ A MNSIEwmasUSuLea

LY v 6 (Y

r Ao anudunvnsvesswusaanuziuskUsUSU

'
a

drusuaduduivsvessiwUsaniuzdududsuiu fe Sunuhuidesngafiavesdulsaniusi
Aran1smuANAsuLUauiuAvesiiLUTUTU g o[d"x, /dt"]/ou =0 Farmualiludsaunis

(3.6)



X =h’(x)

dx.

it

dt (%)

d?x;

DX ()
d"'x .-
dtri—l _hi 1(X)

dd,i[:,(l — hy (X, Ui)
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(3.6)

Weswnlun1sufiRasedu nmsidendiwusfiauauiimunzaudndudmiunszuiunisi na1ife

anglpmsnilalussuutuIzidanfisansausan1awinuy azluinisiansansauduandlunisusuan

Whnnenilanss dslunssnenisidenanelam snivangaugnivatsaiieidenainiiievianeuid

= A I (% QII
waziiesnaAndiving Iﬂﬂ@iﬁﬂgﬂ’]ﬂa@ﬂgﬂLLEWQWQEU‘W 2

/ P H setpoint /

A

y

pHy <pHsp | Binary number
True 1
False 0

Binary number

4_

o

4_

Unm = Fa
F|31: 0
FBZZ 0

5UN 2 nssnenmisidenanglamsmiliunzay

'

1
v

FA: 0
Um1 = Fg1
Umz2 = Fg2
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weillloanFuwdsauAuLazimkUsan sl wuliviiie vilildaunsoudaunis (3.5) alagnse
P Y] Y] i Ya o = W Yo a Il Y

wenndgymdsnanimieidedsladinalianismeavangauunldlunismendiwdsatuay lng
Wy liAANLLANAsEnIAL I EeeTEULLaY M SRR UALDIYRILU AR TUE NN Ua Y

[

ign IneinguszasAveanmsmenfvanzan wanalansil

j1 = muin {W1[(ﬁ1D"'1)Irl X _Vl]z + W, [(/BZD+1)r2 X, _Vz]z}

st. U, Su<uy

(3.7)

Wie wnuA1aINaNn1s (3.6) adluaunis (3.7) wawnaunshiegluguvesiiulsvidn Jaanuduiug

v

agngavasdimuaukuuLuuleunauasatandlanal

u=w(xv,d) (3.8)

2. §I118MIY89nTEUIUNITUUUgUTR (Closed-loop predictor)

lunszurunisasamatenseuiunshdaunsadnaidiudssuniulalaense dedulussuy
AIUANIIAIIUIEaMARILYITUNINVRISEULWR MluNSAWIMAIvRIdIAIUAN Aetuly
JEUUAIVANAEHRYIUIEAIMILU TAN U YR 95U UL o LElUNTAIIAAIAIRILUTTUNILLERAIAT

d1ns (3.9)
i:f(xmd) (3.9)

P ~ < 1 Y ay v v o 1 | J o
o 1 1Jua1usesunanisuasinysaaueilaainsivinuiga wayj AsA1UsEnun1sueeswlsn

20NN LPAINFVIIUIEAN

nsmAdsUssunuldmatinnismafimunzay lngfnuningussasduaan1smA iz auves
ANFILUTTUNIUTAAULANFAIITZNINE ANTIMUIEVDITEUU kg FwUsanusNlaandvinuneand

Aoenan

jo =min{W[(AD+)" % ~,J* - W,[(8,D+1)" %, v, ]|

- (3.10)
st d,<d<d,
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Wie unuenauns (3.9) adluaunis (3.10) uduiaunisliegluguvesiarsuniuilianunsadn

1Y

19 Femnuduiuseg19gaaunsawandlasall
d=y(%u) (3.11)
3. IvaLe (Compensator)

Tunsguaunisiainasdannuliuiusuintusganodsdsmalinanavauasildanszuy
auaulilldauandmuededesrisainiu lnsaruliviueufiiatlusnanvaneanvgdy
wuuSaemesnszuaunsfinuianaindofisutunszuauniads Sanunuiniulussuuan
fudsridwesnszuaunis videdersumuiAntuaingunsaflunseuiuns dafu dsamelussuy
muauazgninlfifierdadanuerainiedeuvesiiulsuioenvesnszuauns Tngfuaveazyi

MsUsuA T rneadlA1suN AR TUlUNTEUIUNTS FILERIRIELNIT (3.12)

V=X, —(X—X) (3.12)

[

Iy v AeAndmuneninisyawe Ingaun1svedsyuuaIuAnitauauandlanadl

f(:f(f(,u,d)
V=Xgp —(X—X)
d=w(xu)
u=y(xv,d)

(3.13)

TngauN N sEUUAIUALBUNA-amvatesisdudmiudmsunsruiunsusuaiiteskuusdorodd

Tganglamsnvaneanududu uansiegui 3

PH

setpoint vy v — u pH .
. —*7*(2)—> U= v d »  Process > Y
h;ghw at W(J ) hlgh

(,?:l,u(.f,u) :i fc:f(.",zz,c;’) )~C= 7=h(%) ¥ >®

| d T Closed-loop predictor

5UN 3 ununmszuumuANdmiunsruIUNSUSUATD YL UUBL DS
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3.4 N1385719Y0gUnsAlAUANAULUUAINSULATE AN TAINTZUIUNITUTUAT LD BULUULIAITSS

3.4.1 wsesunsaldmsunssuiunisuiuiiey

v A

n1sasieygagunsainuluudmiunssuunsuTuatiiey diudszneundidyianveyn

(%
f N

gunsaillAe 1eiosufnsalfsvimihfinauansinnilefinufizewililsasiidesns dmdudueios
Ufnsalvianufuielilasazarsnsaviesainfizedansou melueiosunsaiaziluniu
myusesnanainsilaglduemesini liasararonaniueg1eviafs nsiauvedaios
Uﬁﬂiﬂiﬁlumﬂﬁ%ﬁamL%"]%Qﬂﬂam%’wmqé’muwuaaé’aﬂﬁmaﬂmﬂﬁ?uﬁ'lmiﬂ%'uﬁi']ﬁl,amaaﬁfnﬁa
vdlaemslansaniess lunuidsinsauazmeilflunsusuiievduaziaamududu 2 ar
AD 2.5% wt. Uag 16 %wt. ‘1:4;’1L%Wé’amiﬁwﬂﬁﬁ%m%gﬂﬂa'aaaaﬂmaé’fmmwaqﬁw;‘jmzﬁ waLIL
gnifivludsnouasihluidniFeuiluldussloniosnsdu uatosfnsaidmiunszuaunisuiud

wenldlunuideiluaniiagy 4

Fa Fg1
5% wt HCI Acid

Base | 2.5% wt NaOH

Fus 7w gase | 16% Wt NaOH

[U] I Fs, 115
REACTOR
a) b)

JUT 4 insesufnsainszuiumsuiuaiievildanglamsvateanandutu

(a) \wsReUNTaIAULUY (b) UNuANYBLATRIUNTR]
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Y

ToeluauddeddIunueInsakaza19N g lun1sUSUAINLeY Ao nsalalansAassn way

lodsylansanles Fadunsannlazanawn
3.4.2 gUnsalnTvdnuazAIuay

Tunuidetlaulaiinisauauiiuysass Ae seRuauaweasadlunIasunsal uaz
Alervesasazany n1stdgunsalnmainimunzanasyiilaAuiugn Faanuawesvesmaily
feufinsadargninAinle Ultrasonic sensor tngldvannisazvioutiioansianumuiwyudieiu

’q‘lJﬂiaj Ultrasonic sensor u@ngnagy 5

gﬂﬁ 5 Ultrasonic sensor

AU UesanTaraglusEuUINITINANNLDYNINULA 2 ALAUIAD ALIUIULESYILEN

(%

wazdunusideviean Fegunsalildlunisinde pH probe dsazinAiitereanunduainislni

'
e

wazgUNIali

v A

g iufe pH meter WouUasrmaluindunuy digital Fauansladisgy 6

a) b)

g‘lJ‘f"i 6 gUnsalinA1#ieY: a) pH probe b) pH meter
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dyay1aufioanann Ultrasonic sensor kag pH meter aggnaalusiud RS-232 hub fieuiiag

A

deeyalulineuiiumes weldlumsiiudeyauaziuameandwlsaiuay

o
v A

aunsainfianudidgydnegidluauilie Juduge (Peristaltic pump) Wugunsaiiildlunis
AuAudasINsivavensanasaslunsysuaiesluniasujnsel uasdugunsaiildgaunden
nsuSuefitesudlsenanieseslfnsal liesnwseauauaweeunalluaIesUnsaldneie

Fauanalanegy 7

] [

sUn 7 Judusa

AY] Y

3.4.3 YngUnIalsu-dedyaumuALLazABLNIMES

wisaUnsaldmiunsruiunisusuaiievazgnieuseiuyngunsaliu-dedyauaiuny
wazARNIMBS IS UAId Y IN1TAIUANKAE AMUINAINITAIUAN Tuiwideilldaunsal NI-cDAQ
494 National instruments (NI) {ugunsainldlunissu-dedygrauasdeyaseninuasosdfnsal

NI-cDAQ tuusznous N-DAQ chassis uag Bumn/ianinaluga (/0 modules) Ing NI-cDAQ

[ |

chassis M@ nSuAILANNITUTTAIUMULAENITTU-deT0YaTeNINABNTRIADIAY BuNE/LD1YIN

U

¢ Y

luga dwdune/ominalugadugunsalndinii@euredudygraeuden/finea veansole
n33in Twanddeiilugailisu-dedeyaluguuuuvesausmisdndlni Gsyngunsal NI-cDAQ uans

leRagua 8
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Compact DAQ

\ Y
¢-DAQ chassis I/0 module

g‘ﬂﬁ 8 ‘Qﬂqﬂﬂ'ﬁiﬁ NI-cDAQ %ﬂﬂszﬂauﬁ’w NI-cDAQ chassis wag /0 modules a1n National

Instruments

3.4.6 MIVINNUTDYARUNTAAURUUENTUNTEUIUNTUTUAILOBLASTUADUNTAIUAY

n13vinuaTvesyngUnsalaukuudmsunszuun1sUTuaAiley Aieyazgninain pH

probe wazhuasdyqialang pH meter diuf1ANgsvasvaavalluiaIasunsaigninlaeg

Ultrasonic sensor dyay1aufitaningunsainsiainazgndsludsoutaandunmluga (NI-9201) 7 NI-

cDAQ W1 NI-cDAQ agvinnihfidstayalaainaunsalnsininldmeuiumes lnspeuitunesazyin

[

MNNUTEUIRNALAZATLINAIAIUAN TINTAIUANKANITALINAIAIUANIUNWITegnTaImE

TUsunsu LabVIEW uag MATLAB LilapaufiawesAuinainuanlala 9 dedyayiaunisniuauds

o
v Y v v

waalidadnduse Tiusudnsnisivaves

Y

Judnaraludiowasnievinaluga (N-9263) Lileds
A3 LATNLAZUIUIBONATNAIAIUANTIABNTIIABSATLIN IV IAANTIOTLAYAIAINNEIYBITDUNAT
Tuesosunsaltudulumuandivue dvmsuuknun nianmtiaenIsaIuay wasdane3iunis

AuAululUsUNTY LabVIEW wanedssudi 9
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a2 |
pHmeter 100
Ko =

Opes pH meter 1)

pHmeterzom
Beons

Oper pH meter2iout) it

(b)

5UN 9 1Usunsu LabView fivmundmsuldlunismivauasesufnsaliuiuudamsunseuiunisusu

ATILBTUUULIANTT: (a) UNUNINUARINTINIBNTTATUAN (b) daneSTNNITATUAN
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4. WAaN1573Y

4.1 Han1MAaUUTEENSAINYRITTUUAIUANTIILEUDTULIATITS

JEUUATUANVBINTEUIUNTUTUAIUATENINANLBTUAL SEAUAINGIVRIVBIMAIA AT le

Y v oAy Xy a a o ¢ v a e a
wInvateANutunasulignnaaeulssansamiugngunsal lnedaunsaliiniug 8 dns
vouvavdgndeudimienuuuvesiaujnsalas veanailudsunsaliiunmsinmsnslensa-ang
waIgngueannIInaeUnsalaredudugn nN15IRAINEYVRIVBANAINYINNTIANINUA 2 YAFB
VBUNAIV UL VoLUaIV0eNINGWGNTA drun1sinArseauaugeamvasludaufnsaiiuas

91ffInTIinANNgiindansileta FeRnntedauuuresdwnsal lnudnsinisivavesvaivn

Y

gonINAUnIaiNagegsening 1L.5<ug <55 (L/min) @udnsinisinavesaslnmsnnsn-aewes

deufinsel agsendng 0<u,, <150 (mL/min) o FynaunsalfuwuutulzgnAIuANRILlUSLATY

Y

LabVIEW

UsrdnSn1muesszuunivauIsgnnadeulagnisnadeukuugeshdudunisuageussuy

A o~ a | AN & A Ao
muAuiladinsidsua g warn1snadeuluusnamesTalunisnaaeusEuuAIUANeNn
LUSSUNULAATUIUSZUU d1USUNISNAADUTY 2 NS ATNISITWOSISUAY LAy AUSULAS LaATLY

AN 2

=] ! a sag v & I a v 1 o 1
A15199 2 AN aSALTTuAISNAY Lay ANUSULAY

ANUSUWAS ANSUAY

Amnsdwes | B =1s,8,=0.333s | pH,(0)=3, h(0)=20cm

lngnnnsmaaeulszansnnszuuauaalunuIfed agldrnsusuniievueav i ity 3 wag
ANNGeURITEAUTDInAIlUATEIUSNTAIWINAY 20 cm wazA1UTULAY B =1s uar B, =0.333 s

WINNUNABAIIUINY
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4.1.1 HANSNAADULUUIBSIN

mMInedeukUUwesvzdun1saaeulszansanszuumuaulunsdnfnisfsuwlasen
fevuarszauauguesvadmungvesdlnsal lneamisfiwesildluniseaeusansly

AN 3

o \ a &
A5199 3 ATNISITLHBSNLYIUNITNAFDUKUULBS Y

Andvung ANLSUAY

| Wwnedi 1 pH, =10, h, =25¢cm | pH,(0)=3, h(0)=20
ATNIIILLADI 4 '
Wwned 2 pHy, =12, h, =25 cm

NANTNN 3 Anwnsvdsuulaseinfilesiazseiuanuavasaidmungvesdeunsal lagen
Wanwned 1 Junisvegeuiiinisiasuwdasefilesiazsyiuanugeanailudsuinsallay

WagULUAMRINANTUAY WBTEUUAINANAINITAAIUANAINLDYRAETEAUAINGIVR L MAT UL

Y v Yo 1

Unsallviidngandimuned 1 lauaadu asinisidsusdasdriievainadinanen 1 lugen

Y

(%
0

Wmwned 2 wilvisyduanugeesmadludnsaltudindisnuseauliivingy nan1smaaey
UsgAniamuanasagui 10

nan1svedeulszansamsiniugngunsalfunuy wandbiiiudinssuuaIuauntaus

anusanandulisziuauguarAiloyvesdndeveenvessruulndAndminglndlalagogied

J
UsgdvBam ilefinsansanismeasstinisidsuulassenineusutagantivaed 1 wuh
szuumuANTausaIsaivinlszduanugaazafitentga e 1 melunan 5 uni
wdunaldiuusauauildnsiuafiesined dndualdmiiianudutu 2.5% wt ileswin
nswasuefitesdseglutasdisnsmnududu 2.5% wt Ssannsavile wazidlenamdsen 8 und
vinsiasuntasadmineanandmmed 1 10uaudmaned 2 naassmuin szuuauaui
thiaueannsavivilisefuanugauazaftondrgandmned 2 sg1ssiniga azdanaléindauys
uenildnsUsuAtordned axdinsldmeidanududu 2.5% wt uaz 169% wt Gadugaisures

[ =) o

NUAIBUADLNITYINIIUTINAUTEWINANANUIUTUIIFD 51
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14 26
12 -
10' ~—~~
e
L
%_ 8- pHSP 5
—pH =
6.
4-
T T 20 T T
0 5 10 15 0 5 10 15
a) Time (min) b) Time (min)
0.15 0.08
0.12 0.064
= 0.091 é‘
% 5 0041
= 0.061 o
[ [N
0.03. 0.02-
0.00 T T 0.00 i T
0 5 10 15 0 5 10 15
c) Time (min) d) Time (min)
4.0
3.51 \ A VU bt "“}v“»' % |
e, Py
= 30/
£ /
J |
~, 254
w” f
2.0-
15 T .
0 5 10 15
e) Time (min)

5UN 10 wansnaaeulsyansnmlunisauanwuuigeila: a) n1swdsuivasaiiievesmadluds
Ufnsal b) mswdsuudasseduaiugeuesavadtludwnsal o snsinislvavesaneauudy

2.5 % wt d) 8n51n15ivaresnnemnududy 16 % wt e) dnsinistraveanalvisenvaddaunsal
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4.1.2 NANSYAADUKUULINAMNET

nsnadeukuUsnameIn1siiunsageuszuuauAuiiafifuUssunIuAnTulusEUULEY
SEUUTIASEIUNTONBUALDINBALTNMUNELAUNABINTSE dnsunuddetaulanissuniu 2 nsal Ae
N135UNIULBINANAINARINATEUTBIRUNTAATIVIA kAT N1TTUNIWTBIIINARSATINTTINE

Y8911 Ingeaeansil NTEUIUNNTITTUAUINANNLRUAUNBLNNE ALl minefia e

20NWINTY 10 AMANNGIVDITEAUVBUNAWNIAY 25 cm AuiRiNIsNAdeULUUISHaIMNeT e

fas 7.5 wiiduduld

nsglAnw1il 1 N195UNIUT99INNAAINARIAAADUYEIIUNTAIATIDIN

Tunsalidlnga pH probe daArtesvasindsvidinainaasu lasanidmesnldlunismagsy

LAASLUANSITN 4

A15199 4 AN asTLYluNISNAEUNSIAN®INA 1

N193UNIU Andmnng

pH,, (AfiTa1de34)
ATNNTIALROF | PHs o =10, hy; =25 cm
pH,, 1

demnarunanndeuvesgunsainsiaimlumamsnifidetulfasdulssnugramnsy dedama
Tngnsafuaiiovuoeniidesnismugy weiunsmegeuanuaaiandeululseidudsnaialu
nsdidnuilammuelisa pH probe JaAnfosvesidsvidnldunnninminduase 1 mheiew
FaranmaaeuUszAvEamLULIT)aMeI IRanlAdeuIINgUnTaingI9 TR wansfagui 11 91nwa
nsnaaesnuin Wevilie pH probe Sadfitlewvesiidsvidildunnianunduaie 1 med
wasausamds 7.5 wiit Wudulufwandusud 11 () dwalvifievansenanasanAdmane
dosnsusefervidndusgluaunmsnissiuameniuusaauauey Filfduinednginig
Iwavesansnantudu 2.5 % wt anasiinan 7.5 uii augudl 11(0) wiszuuauauditdiaue

aunsanevaularkanaulrAilevausanavdanirungne@uluan 3 Wil §191nn1SHa

Y

NInAaeUUTEANSAMKULLINAIMEINAAIAAABNAINEUNTAINTIATR SsUUAUANNYLEUDETNTH
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YALEBNTNAVDIAITUNIUINATTYNTUNIULAE AUARIAAGBUYRIUN TN TR lnag e

Uszansnw
12 26
10+
8 ——pH, 5
I =
= ——pH =2
61 T
4
! . . 20 . .
0 5 10 15 0 5 10 15
2) Time (min) b) Time (min)
0.15 0.015
= 0.10; = 0.010
E E
= 2
.8 0.05] 1%0.005
0.00 M . . o_ooo-MMMﬁﬂ_k
0 5 10 15 0 5 10 15
c) Time (min) d) Time (min)
4.0 45
3.5- 10
S 3.0
% z 3.5
= 25- 5
LLU)
2.0- 3.01
15 T . 25 . :
0 5 10 15 0 5 10 15
e) Time (min) f) Time (min)

5UN 11 nanmsmegeudszaniamlunisaiuauiuuisnamesiinaiaazeudngunsaingiaio: a)
nswWaguwdasiieyveuvadludaunsal b) nswdsuwdasseiuanugevesvanludeufngel
0) 8951N15IMATBIANNANUTLTY 2.5 % wt d) FRTINTTNEVBIRNIAMITNTY 16 % wt e) 5

nslvaveamaIvieenvewieunsal ) n1sdsunaiAfilevvesmalianey i
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nsaldn®9l 2 N155UNIULER99INAREA5IN15 MaYas1ve

1p8IN193UNIURTUILNAUMNARINNIFANTAIINT AL TIUAAAINANTANNITUARANINL
1 1 v 1
FenainanInIasdintuasnasenisine sz AuANgerestemad lwAseaslnsaluazan
= v 1 o d” v o v a o al 6 % 1
Wi frszuumauan latnsnFunissunauilienarinliiiansgudidaaesginsniuaznistlfuan

o dnows . . o~ edas 4
ANl lEmue vy TagA1nistmasinlglun1medauianelunisen 5

] ! a & s =
M99 5 m‘v\ﬁiﬁmLmaiﬂiﬁumi‘ﬂﬂﬁa‘Uﬂimﬂﬂwﬂﬂ 2

N133UNIU Atmung

Fs=3.323 L/min
ATNNTILLROF | PH; o, =10, hy; =25 cm
F+ 30%

Feadeilinisnisneaeulaeiiudnsinisivavesnu ANy 30% NdnsINsiveg
a 44' i = a a aa o H v
Wi Wienawull 7.5 il Han1snaaeuUsEAvEANLUULINAIMEINENI NS Inavesinu il wans
AagUN 12

i A ) H v Y a A

IINHANITNABBINUTT Wedln1siudnsinisivavesinvid 30% 1ndnsnisivaiu 9
VAWNNT 7.5 augun 12(f) denaliiseauainugeavesvesvantlunIesunsaluazaniitey lneiile
a - a A v a ¢ = A A a i
#saunsdsuwlasdieyvesvalludelfnsal 2ngUN 11() wudndedinsiudeuniasen
gnsnsiraveshvidunniu vinlirfiteviinisanauantosiiosnnarsiisemauuniu danuy
JEUUAIUANABUAUDINIENISLINSNIINITINAURIR AT 2.5 % wt TATiuINTu dandly

JUN 12(0) welisnwmietlviegauandmanels waviliofiansaunisidsundasssiuaiugs

'
1 =

voswarludsuFnssivandluzuil 12(b) wudlefinsdeusnsnsivavesirvdrunntu sils
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Coupled Control between pH and Level of a Process with Multi-
titrated Concentrations by Input/State Linearization

Thana Srihawan and Chanin Panjapornpon

Abstract—This paper presents a control method for handling
a coupling effect between the liquid level and pH of the process
with multi-titrated concentrations, which an outflow and
titrating streams are manipulated inputs. A feedback controller
formulated by using input/state (I/S) linearization and
optimization technique is used to calculate control actions and
estimate process disturbances. A logic of acid/base selection is
applied to select suitable titrant feeds. Performance of the
proposed method is evaluated and compared with a split-range
control through servo and regulatory tests under closed-loop
simulation. The results show that the developed controller can
force the process to desired setpoints and reject disturbance
occurred from pH and flow fluctuation in the influent stream
efficiently.

I. INTRODUCTION

A task of pH neutralization or pH adjustment, particularly
for continuous process, is quite difficult due to the inherent
nonlinearity and large disturbances in a waste stream. In past
decades, there are many control strategies based on a
mathematical model have been proposed to handle this
control problem. Wright et al. [1] developed the predictive PI
controller that parameters of a strong acid equivalent model
are estimated in real time. Fuente et al [2] developed the
fuzzy logic controller in which pH characteristic is divided
into several fuzzy regions. Wang and Zhang [3] used the
wiener model predictive control with Laguerre filters and
least squares support vector machines (LSSVM). Duarte-
Mermoud et al. [4] used the combined model reference
adaptive controller. These mentioned methods focused on a
single-input single-output system. For a multi-input multi-
output case such as coupled control of pH and liquid level,
there has not been much reported in the literature [S]. A
fluctuation in pH of the reactor may lead to large undesired
overshoot in the volume reactor.

Thus, this paper focuses on a coupled control of pH and
level in a pH process that has multiple titrated concentrations.
The mentioned process is primarily used in many industries
that have a large fluctuation of pH or feed rate. Selection of
appropriate titrant concentrations is required to maintain a
reactor volume within an operating constraint. An example
of such process is a neutralization reactor in an acid gas
treating unit that needs to treat a high load of acid liquid
waste when the upstream process is shut down. Fluctuation
of load to the reactor will lead to degradation of control
performance. A robustness of the controller is needed for
this situation. In this work, the proposed control system
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consists of a feedback controller and a closed-loop
disturbance predictor. The feedback controller is formulated
by using input-state linearization combined with optimization
technique, which process disturbances are estimated from a
closed-loop predictor. Logic of acid/base selection is
implemented to reduce the number of manipulated inputs.
The advantage of the proposed control scheme is flexibility
to handle both stable and unstable process.

This paper is organized as follows. In section II presents
the mathematical details of the pH process with multi-titrated
concentrations. The development of the proposed control
system is described in section III. The simulation results of
control performance under setpoint change and disturbance
rejection are shown in section IV.

II. A CONTINUOUS PH PROCESS WITH MULTI-TITRATED
CONCENTRATIONS

A. Process description

Consider a continuous pH process with multi-titrated
concentrations. Schematic diagram of the process is
illustrated in Fig. 1. An influent stream (F) has fed to a
varying-volume, continuous stirred-tank reactor (CSTR).
Acid (HCI) and base (NaOH) streams (F, F; and Fp,) are
used to adjust the pH of the reactor. The liquid level is
controlled by adjusting the outgoing flow (Fs). A reactor
model can be derived based on mass balance and component
balance. Following assumptions are applied in modeling the
system:

a) Cross-sectional area of the mixing tank is constant.

b) Densities of the influent and outflow are approximately
equal (pw= ps = p).

¢) Well-mixed condition is applied.

Dynamics of the tank level can be described as follows:

ﬂ _ PEy + Pl + Py Fy + PyaFpy — PE
dt pA

()

where 4 is the liquid level in the reactor, Fyy is the influent
stream, Fy, Fp; and Fp, are titrating streams of acid, low
concentration base and high concentration base, and 4 is the
cross-sectional area of the reactor.

In this work, we describe the pH in a form of net proton—
hydroxide ions (7). A function presented in (2) is used for pH

mapping
K,
1077 j @)

where K,, is the equilibrium constant for the ionization of
water (K,= 104
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Figure 1. Schematic of a continuous pH process with multiple titrated concentrations.

Thus, dynamics of net proton—hydroxide ions in tank can be
described as follows:
d’]S — 77WFW +aA1CA1FA1 +aBICBlFBl + aBZCBZFBZ _USES'
dt Ah
Mg (pFW + P+ Py Fp + Py Fls _st)
pAh

3)

where 7y, and ms are net proton—hydroxide ions of the
influent stream and liquid in the reactor. a and C are the
coefficient of total ion concentration and concentration of
the titrating steam. The parameters of the pH process with
multiple titrated concentrations using in this paper are given
in Table I. A control system that can compensate effects of
process uncertainties (i.e., fluctuations in the feed flow / pH
of the influent and error in measurements) occurred in
process operations is is the aim of development.

Table I. Parameter values for the system
Parameter Value Units
A 0.0284 m
p 1000 kg/m®
par (5% wt. HCI) 1087.8 kg/m’
ps1 (5% wt. NaOH) 1055.4 kg/m’®
P52 (32% wt. NaOH) 1351.7 kg/m’®
Cy; 1278.75 mol/m’
Cs; 1319.25 mol/m’
Cs; 10813.6 mol/m’
O] 1
01, 02 -1

III. CONTROL SYSTEM DESIGN

Consider a process described by a mathematical model of a
form

x=f(xud)
v =h(x)

where x is a vector of state variables, y is a vector of output
variables, u is a vector of input variables, d is a vector of
unmeasured state disturbances.

A. Feedback controller

The control objective is to handle the liquid level and the
reactor pH that is mapped to the net proton-hydroxide ions
(x, =n,x, =h) by adjusting the rates of outflow (Fs) and
titrating streams (Fjp; Fpy). The characteristic of studied
process configuration is unstable due to the outflow variable
(Fs) considered as the input. The setpoint tracking controller
is formulated by using I/S linearization. A concept of I/S
linearization is to find a relation between the state x and the
input u. This is achieved by repeatedly differentiating the
state x with respect to time, until it is explicitly related to the
input u which is called relative order. A review of I/S
linearization and definition of its relative order can be found
in [6]. Thus, the following close-loop state responses are
requested, having a form:

“4)

(BD+1)" x, =v, (%)
where D is a differential operator D=d/dt, r; is the relative
order of state i, x; is the closed-loop response of state 7, v; is
the state setpoints and f are the tuning parameters.

We practically use either acid or base stream to adjust pH.
A logic selection is applied to select a suitable acid/base
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titrant. The inlet pH and pH setpoint are used as decision
variables, which the algorithm is presented in Fig. 2. Since a
number of inputs are not equal to a number of states, a
following objective function of optimization problem that
minimizes the differences between desired state setpoints and
requesting state responses in (5) is applied for solving control
action

. . {Wl [(ﬁ1D+1)rl X =V ]2 }
]1 = min }
w8, D) x, —, ]2

st. u, <u<u,

6)

where u,, and u,, are lower and upper limits of inputs, and w
is the weighting factor.

A solution of constrained optimization problem in (6) can
be represented by:

™)

Note that the control action in this work is obtained by
solving the objective with MATLAB’s fmincon function
each time interval.

u =l//(x,v,d)

B. Closed-loop predictor

The control action in (7) requires disturbance information.
To obtain this variable, we use a closed-loop predictor to
estimate such process disturbances and predict the outputs.

The closed-loop state predictor with the disturbance
prediction is developed as shown in (8).

i=f(%ud) ®)

where X is a vector of estimated states and d is a vector of
predicted disturbance obtained by solving the following
optimization :

. {w] [(BD+)" % —vT }
2 = m"ln n 2
¢ +W2[(,32D+l)2x2 _Vz]
st.  d,<d<d,

where dj, and d,, are lower and upper bounds of inputs.

PH setpoint

A 4

pH,, <pHsp | Binary number

True 1

False 0

Binary number

um=FA FA: 0
Fgi=0 Ui = Fpi
Fg,=0 Um = Fpa

Figure 2. The logic of the titrating stream selection.

A schematic diagram of proposed control system is
depicted in Fig. 3. Note that the function in (2) is also
applied for pH setpoint mapping.

IV. SIMULATION RESULTS

The proposed controller is applied to the closed-loop
simulation for evaluating its performance. Three case studies
are considered: setpoint tracking test and regulatory tests
under fluctuations in inlet pH and inlet flow. The level
setpoint, sy, = 30 cm, and the tuning parameters, B; = 100,
p>=60, w;=1000 and w, =1, are used in all tests.

x=1{1,h}
pH,, . + Y =
*_ [ Setpoint | X, v — = X ={pH,h
hy Map. _ﬂ><§‘?_> u=y(¥v.d) —1— Process I \appine
_ )
d
' ] v .
d=y(%u) e 5= f(Fud)—
- Y
d Closed-loop predictor

Figure 3. Schematic diagram of the developed control system.
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Note that the values of tuning parameters () and the weight
factors (w) are obtained from trial-and-error method. In the
studies, a PI controller applying to handle the reactor level
and a PI controller with split-range scheme applying to
manipulate the control valves of base titrants are used for
comparison proposed. A split range control is basically
implemented when the process is a multi-input single-output
system. The split-range controller is designed such that when
pH difference is less than 1.5, the high concentration (32%
NaOH) is turned off and the low concentration (5% NaOH)
is used to control pH, and vice versa. The control action of
the split range is shown in Fig. 4.

100+
& 804 é
G | :
= s
el [
o ] ;
S ;
= 404 g
o H
a. 1 :

2 201 5% NaOH

S 32% NaOH
\

0 1 2 3 4 5 6 7

ApH

Figure 4. The split range controller action.

The tuning parameters of the P/ controller for the level
control [K; = 8.33x107, 7;; = 9.1 s] and the PI controller
with split-ran6ge scheme for the pH control [K 5, = 1><10'3,
K, 5= 1x107, 7;, = 4.2 s] are applied. These parameters are
calculated by using Internal Model Control tuning rule.

A. Setpoint tracking performance

The proposed control system is tested for a servo
performance by tracking with four sets of action. The
process starts with an initial condition [pH, h] = [6, 20 cm]
and forces to a setpoint [pHgpi, hgpo] = [8, 30 cm]. When the
process approaches to steady state, three sets of the
setpoints, [pHyp, hepo] = [10, 30 cm], [pHgps, hyps] = [8, 30
cm], and [pHsps, hypa] = [13, 30 cm], are applied at t = 10, 20
and 40 minutes, consequently. Simulation results of the
setpoint tracking are shown in Fig. 5. It is clear that the
proposed method successfully forces the outputs to the
desired setpoints with a shorter settling time than those of P/
controllers. From the setpoints of pH 6 to pH 8 and pH 8 to
10, the proposed method takes a shorter time with less
fluctuation in the level compared with the split range
controller to reach the desired setpoint. However, the
proposed method has a higher overshoot in the level
response compared with the split range controller when a
large change in the pH setpoint (i.e. pH 8 to pH 13) is
applied.

B. Regulatory performance.

1) Disturbance at inlet pH
The disturbance rejection performance is tested by
introducing a periodic disturbance of the influent pH at

14+

Proposed
Split range|
Setpoint
101
E {' .
6
2 T T 1
0.5 r0.2
NaOH 5% Proposed
NaOH 5% Split range
0.44| = =NaOH 32% Proposed
= NaOH 32% Split range
£ 03
E F0.1
Q 0.2
&
S 0.1 h
\
0.0 : —==300
0 20 40 60

time (min)

(urwyT) HO®BN %2€

50
Proposed
Split range
Setpoint
404 etpoin
5
= 30 F —
20 T T :
6-
Proposed
5. Split range
£
BV -
2 s
=
2
1 T T ]
0 20 40 60
time (min)

Figure 5. Process responses of the setpoint tracking test.
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Figure 6. Process responses of regulatory test with oscillation in the inlet pH.
- 404
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Figure 7. Process responses of regulatory test with unmeasured disturbance in the influent feed flow.
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t = 20 minutes, which a function of d = 2sin(0.5nt) is
applied. The process are initially at pH 6 and 20 cm and
controlled at the setpoint [pHg,, hg] = [9.5, 30 cm]. The
process response under the proposed control system and the
PI controllers are illustrated in Fig. 6. The results show that
the proposed controller can maintain a stable at pH = 9.5
despite a fluctuation in pH inlet while the split range
controller shows high oscillation around pH setpoint and
take a longer time to return to level setpoint.

2) Disturbance at influent feed flow

In this case, the influent flow rate becomes double after
the outputs stable at pH = 9.5 and 2 = 30 cm. The process
responses are shown in Fig. 7. The results show that when
the process is disturbed by doubled influent stream, it affects
to pH and level of liquid. So the controller active by increase
outgoing flow for maintaining the level of liquid. From the
results, the proposed controller can eliminate the output
offsets. The proposed controller can return to level setpoint
faster and better than the split range controller. However, it
trades with a slow response of pH compared with the split
range controller.

V.CONCLUSION

This research develops the nonlinear model-based
controller for pH process with multi-titrated concentrations.
The I/S linearizing controller in the form of the optimization
is proposed to handle the process outputs and compensate
the disturbances occurred. The proposed control system was
evaluated through a simulation of a setpoint change and
disturbance rejection. The results show that the proposed
method provides effective performance to force the pH and
level of the reactor to the given setpoints. The proposed
control system gives faster responses and lower oscillation
compared to the split range controller.
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