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ABSTRACT

This thesis presents the multi configuration tank process toolbox, simulation
software of multi-tank systems, with the aim of creating the non-linear functions of
dynamic models of multi-configuration tank process which is the advantage tool for
investigating the performances of the controllers. The software toolbox is developed
from discrete state P-file S-function which is operated within the MATLAB
environment for providing many non-linear functions of dynamic models of multi-
configuration tank process such as MIMO quadruple tank full-interacting process,
MIMO quadruple tank process, MIMO triple tank interacting process, MIMO coupled
tank interacting process. All actual process attributes are encapsulated in S-function
as the input parameters, thus the multi-tank function block can be simply adjusted
by specifying the physical properties of the tank system. The study explains about
the mathematical model of multi-configuration tank process, nonlinear dynamic
characteristic, minimum phase and non-minimum phase configuration, software
toolbox features and also describes the implementation in the control system
analysis and design including the performance validation. The results reflected the
effectiveness of the proposed toolbox for evaluating the controller performance,
stability and robustness. Likewise the output responses complied by the percent
overshoot is less than 7%, the settling time is under 3,000 second. Furthermore,
these tests reinforce the usefulness of the toolbox as a complete simulation tool for
users to perform an engineering research of multi-configuration tank control system
analysis and design, moreover, it contains very useful for validating the control

algorithm of multi-input-multi-output system.
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AU

[ < 1
4.1 AMANYUSUBINAUBNDY

4.1.1 MATLAB toalsnau (S-Function)

A model that includes
two S-Function blocks

Eie' Edit Smidaton  Format

S-Funttion

)‘ mystun k

=Funclion !

o

S-Function dialog box

Block Parameters: S-Funchion EH
SS-Feton S — -~ - - —

Uscrddmbk block. Blecks may be wrtten in M, C er Fotian end must
gonfom to € funstion standards. txu andflag are sutomaticaly passed te
fhe Seiurztion by Sevuiink. “Extra” parareter: may be spacibed in the
‘;-I| ntntn perameters’ beld I

S-funchon parameters’ feld.

(7]
(input)

Paranetzis
5 function nan
Jm_',:'m
S function parameters:

ooy | Reven | hen | oo |

gﬂ‘ﬁ 4.1 udenieailaridu (S-function)

X
(states)

UM 4.2 mevihawveseaileidu (S-function)

S-function
source file

* MYSFUN

y |
* The follo
#define S_FU

C MEX-file
or

function[sys
% mysfun M-file
%

switch(flag)

L M-file

J ]
(output)
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Initialize model

Calculate time of next sample hit
(only for variable sample time blocks)

Calculate outputs
in major time step

Update discrete states
in major time step

53

<

= = ~
k=

—

S 5 -Calculate derivatives e
: | — -— — - ——— | w—
g V= S {f-

ﬁ — - 7 N o e =

~ e

Calculate outputs Nl

AL b R \
Calculate derivatives \

Integration
(minor time step)

~

Locate zero crossings

R 1% Al

At termination perform
any required tasks.

UM 4.3 nszuIuMIIaedlagealeidu (S-function)

wailandu (S-Function) ~Ag aaIunzelusunsugesdmIunsAIMNToUAANNTS
Tandiym Aasrsanyaidwoddusunss MATLAB v3en1wd annsaneslndleglugud
W& (P-file) vsaTulinluld (C Mex-file)

Tuldsunsu Simulink  gldamnsadaueailsdturinunisudenieailadidu (s-
Function Block) #is3u 4.1 vfenweailesiduaunsafmvualisonnisyhauludansudin
T8 (C Mex-file) w50 10ulvld (m-file) wazanunsaad1aundn (Simulink mask) Tuniseani
fuUssenineglaludsansy

wanmiuveseaileity wansisguil 4.2 vdeneailsitusuddunmnnines
(u) o nunnmesdmiuiuusan (x) wazdinduanmesdmiuiulsioming
() 3UM 4.3 wansdunaunsiaasaneailiidy Ssusznaudie mstmuad i ns

AwIaINISAnTuveiieg 19dall nsAwaeinvluaiundn n1sdumaanuzily
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oo svasfinUsanlua@undn n1sAuIMeYRUSTDIRILUIANY LAZNISAIUINAT
BRI

4.1.2 audulRsuluuslevivasaliond

sUf 4.4 uanswerinuwimatenddmiunszuiunsseduiluduuuvanslassaing 7
grifmunegluguilid  (P-file) vemoaladdu (S-Function) wuulsisieriles vhaueguu
anmuwindenvedlusunsy MATLAB  dsusznausevaneiladduiiliidaduvedinauuula

[%
o

ufinvenszuauszduilufiuuuaislaseads Wy nssvaunsseduthAgauuumany
Sunmvanelewinndsiinansznusefusgaufusuiuy nsvUIUNISERUT AR LU UnATe
Sunmmaeio NN nsrUIuMIsERUthamduuuraeduwnninewing nszuaunsseiy
13'1?1@@5&wamaﬁuwwmmmﬁww‘z’iqs‘z’iqﬁmaﬂiwmaﬁu AMANBULNTTUIUNITILYN
asoulimelueailyiduluzuromnsfimeBunn duiudsamsaUsuquansinamenin
voslunasisedlilasisarnnsdmunanduwmvard sednuasyadendinulnelusunsy
MATLAB 199594 2015 Usenaude 3 g ¢eid

mct_initm : m Inddmsumunamsinesisusiu

MCTP_Toolbox.mdl : yatendlausis

modell.p -~ model11.p : ilwd (P-File) dnsugeitnusyadond

4 MCTP_Toolbox_Vert - Simulink - [m] ®
File Edit View Display Diagram Simulation Analysis Code Tools Help
-8 EE@-F-m@ Y@ P o B fos ] ol -l @ k-
MCTP_Toolbox_Verl , 419 & P X ol AP A DA AN = 4 B 419 4 AW 5, [ 4 | N | |
@ ["ajMCTP_Toolbox_vert -
K
£2
= |
(Ba}
1Multi-Configuration 2MIMO Quadruple-tank 3MIMO Quadruple-tank AMIMO Quadruple-tank
Tank Process. Upper-interacting Process. Lower-interacting Process Mon-interacting Process
= 3 ¥i vi
1 u
- v ¥ vz
-
Y > > b > N}
w - ‘;l I_—F1 - L{—I I_—Fl \T‘ -
. ° 3 R I
+ u uz
v va ¥4
SMIMO Triple-tank 65150 Triple-tank TMIMO Couple-tank BMIMO Couple-tank
Interacting Process Interacting Process Interacting Process Non- Interacting Process
¥1 Vi v1
L y2 I]_l vz L ¥2
Nu h 3 Ju > Ju p
u - i;‘ . I;I " I_:J .
e W A
ya ¥4 va
@
E' 9SISO Couple-tank 10SI1SO Couple-tank Process T1SISO Single-tank Process
= Interacting Process
»
Ready View diagnostics 125% FixedStepAuto

JUN 4.4 yadenddmiunszuiunmsseauiiiudanuunatglasaing
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4.2 nsUszanaldau

nsuszgndldaugeinuiiyadonddivivnszuiunisseduinludwvunans
Tnseadns azdedinnudlalulimansadnmanifiisitostuilsiduudendidoenisldeu
Fafesureluunit 3 wleflezanunsausudsudmisiwesveenssuiunisseauinling
AnsanTAnLAFDINSLH

4.2.1 Wsnduudannszuiuni1sszautnludiuunanglasasa

1Multi Configuration Tank Proce
Parameters for Multi-configuration Tank Benchmark (mask)

Define values of parameters for multi-configuration tank benchmark for
| creating mathematic model.

I Parameters
gammal : Inlet valve ratiol
0744

¥yl | gamma2 : Inlet valve ratio2

4 10757
- v |~betal : Outer valve ratiol
*- 4 0.549
o

] - > ‘ beta2 : Quter valve ratio2
g‘ I 0.587
—_— lo ! beta3

: Outer valve ratio3

Y4 {0182
| betad : Outer valve ratiod
1Muiti- Configuration 0.263
Tank Process | betaxU : Upper connected valve ratio
0.184

betaxl : Lower connected valve ratio
. [0.284

OK Cancel Help opfy

|
[

JUT 4.5 Hiduuiennszuiunissgsiutiluduuuranelaseaing

v oo
o A

lafduudonnsvuiunmsssduuuunanelasiaiadonssuaunssesuiasuuud
N3suUNIUANTENING IR ILUNLaEA WA Wuiliddurenssuiunisuuuraedunm aiy
i Afnssumuiusgnieiudssedui-luusasdregnawnn nzdunisnaaou
AuauTRsTUUATUANLUUN T BAuS ViiansldRAUURY Bumvosszuufo usadulwing
Joulsuatash (1) Lmﬁwwﬁaﬁzﬁuﬁﬂuﬁ’q (yl,yz,y3,y4)wwaqﬁma%maamzmumsﬁ

ausausuAld Ae ArdnsdunMatanamadinntudssuy (1.7, ) Adasdunsile
PRINUNNOBNVRIN (B, By, By, By) A1EAT1EUNTANTITOURDTENINNIEN (B, ) A
gnsduMslaNanTendesEnINaIu (B, ) dmsuauauiinianIeNInUeInTEuILUNIg
WU NuvAaeeis (4) Nuividnvesgniseenvesial (4,a,,a5.a,) NuNnthsinvess
P i ] o v RS ° I Ay Y

Adeusiesznings (a,,.a, ) AMdnveeveslui(k,) aunsamvuadidesnislaan

T mct_init.m
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4.2.2 WIAFUUADNNIZUIUNITIZAULNADILUUTINITFUNIUAUITZAIIDIAIUUY

& Function Block Parameters: 2MIMO Quadruple-tank Upper-i.. X
Parameters for Multi-configuration Tank Benchmark (mask)

Define values of parameters for multi-configuration tank
benchmark for creating mathematic model.

Parameters

gammal : Inlet valve ratiol
lgammat]
gammag2 : Inlet valve ratio2
gamma2
betal : Outer valve ratiol
betal
beta2 : Outer valve ratio2

: 'beta2

beta3 : Outer valve ratio3
2MIMO Quadruple-tank beta3
Upper-interacting Process

| beta4
| betaxU : Upper connected valve ratio
[ ety — '

: _Canr.el Help Apply

o & o [ o O Ao a [ | v v
E‘U‘VI 4.6 TNATUVEDNNTZUIUNNTTZAVUNFOUUUTNITIUNIUAUTZNINEAIAIUUY

ilaffuuSennssuiunsseiuuuunaslasasadeonseUunsse i aduuud
mMssunuAusEvInsdsiuuy Wuilsidurenszuiuntsuuy vanedunnmansieying 7l
nssumuussinwlsssduitluusagds Suwnvesssuuie uswulniiiteulsudds
i (y,u,) Lmﬁwwﬁaizé’uﬁﬂuﬁa (yl,yz,y3,y4)wwaflﬁma%maamzmumsﬁmmamﬂ%ﬂm
1§ fo Ardmsndrunadandmmadinnilugssun (1.)adnndunindandidu
N9BNVDI (B, 5. Bs. By) AeRTIEUNTnd T eus oMUY (B.) dmsu
AMANUANINIEAINYBINTTUIUNTT LAY ﬁuﬁwﬁwéfmaqz’ﬁu)ﬁuﬁwﬁwﬁmaagmaaaﬂﬁum

o dSI dl 4 U dl ﬂl 1 ! U 1 U I %)I
W (a.ay,05,4,) NUIVRATRIINTRNARTENINNGS (a,,,a,, ) A1ERTIveI80INN

i
(k, ) anansafmuadifesnisiaann g met_initm

4.2.3 WIRFUUADNNTZUIUNITILAULIADIUVTINITIUNIUAUTLATIDIAUAS
A TUVADNNTEUIUNTTLAULILUUNAN L ATIAS 19U 9N UIUNITTLAULN AT U]

D

)=

mMssunufusErindsua Wuilsiduresnssuiumsuuunansdunm viareiesiny 7
nssunuiusswiedudssedu Sunnvesszuuie wssduliihddeulFuntud (u,u,)
Lmﬁwwﬁaizﬁuﬁﬂuﬁq (yl,yz,y3,y4)‘vmwﬁma%mmﬂszmums‘ﬁ'mmmﬂ%’uﬁﬂﬁ Ao AN
é’mﬂﬁ’;umilﬂm’]éamaLsi'hmﬂﬁugjizw (71,72) A189IIEIUNITUANRINIUNBONTVDIET
(/31,/32,/33,/34)mé’mswdaumilﬂm']éaL%auﬁiaswdwﬁqdw (By) dmiuanaudinig

1% '

N1EATMNYBINTLUIUAIT LU NUNNTIARYRIS (1) NUNUTIARYITN1900N VDI
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(% '
Il ]

(a,a5,a3,a,)  Nuivthdnvosgidousosynings (a,,.a,) A8nsveevestu(k,)

ausanuaAffen1sliaann Twa mct init.m

&l Function Block Parameters: 3MIMO Quadruple-tank Lower-interacting Process
Parameters for Multi-configuration Tank Benchmark (mask)

Define values of parameters for multi-configuration tank benchmark for
creating mathematic model.

Parameters
gammal : Inlet valve ratiol
gammal|

gamma2 : Inlet valve ratio2
gamma2

betal : Outer valve ratiol
betal

mi

beta2 : OQuter valve ratio2

beta2
! beta3 : Outer valve ratio3
! Tbeta3

betad : Outer valve ratio4
3MIMO Quadruple-tank s

Lower-interacting Process. | betaxL : Lower connected valve ratio
+ betaxd.

| OK_ | Cancel Help App o

JUN 4.7 iliduufiennszuaunssgduinadausuuiingssuniniussninadwinuans

4.2.4 HeaiFuuaannszuUIUNITILAUUNEN

N o
] {"&] Function Block Parameters: 4MIMO Quadruple-tank Non-int... X
| Parameters for Multi-configuration Tank Benchmark (mask)

Define values of parameters for multi-configuration tank
| benchmark for creating mathematic model.
]

| Parameters

| gammal : Inlet valve ratiol

‘ lgammay|

| gammaz2 : Inlet valve ratio2

' lgammaz

betal : Outer valve ratiol

beta2 : Outer valve ratio2
| I -
beta2

| =aic

4MIMO Quadruple-tank beta3 : Outer valve ratio3
Non-interacting Process lbeta3

beta4 : Outer valve ratio4
bbetad |

Cancel Help Apply

JUN 4.8 landuufonnseuiunissedulnads

Hlarduvdennsyuaunmsszauiuudd uilsdduveanszuiunisuuunaiedunm
nangleminy 1insUszgndldegrawnsvatsluniimaaeuausiougiiauaudniussuy
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wuuvaneiiwls sunmvasszuufe wssiulniideulvuaduu (u,u,) wvinmpeseaui

MU (11,2250 34 ) NITWBSVBINTZUIUNTT@WNTOUTUAL A ANBRIIEIUNISITAIED

MU TUGTEUU (71,7,) A18ATIEIUNITITANAINIUNIRBNVBIN (B, 5y, 5. B))

4 1
& A

d1muAuatdRNINIEAINYDINTEUIUNT LYY NUNMUIFAYBINT (1) NuNnFiness
V900NV (a),a,,a3,4,) NuNVTdavessNweNsoszniNg (a,,,a,) ABATIVENY

> 7xl

ve3tuih (k, ) asnsadmuaridesnsidan Inld mct_initm

4.2.5 HanFuUURanNnNITUIUNITILAULNIANUSILUUTINITIUNIUAUTEWINEIATUUY

|
"# Function Block Parameters: SMIMO Triple-tank Interacting Pr... X

Parameters for Multi-configuration Tank Benchmark (mask)

| Define values of parameters for multi-configuration tank
| benchmark for creating mathematic model.

| Parameters
betal : Outer valve ratiol
betal]
beta3 : Outer valve ratio3
Isfbetad |\ = \

betaxU : Upper connected valve ratio

3
o
&

e s SN AR F A — 1 - _ . .

5MIMO Triple-tank [

Interacting Process ] Help Ropif

UM 4.9 Hlaiduufennszuaunissgiutaudauuudinigsuniuiuseninedwinuuu

AIAFUVADNNTZUIUNITTLAVLI AU ILUULNITTUNIUAUTENIND A1 uU UL T U
TN dureINTTUIUNITUUUNAIWBUNT V8L Winm AHNTTUNIuiusEnIneduUsseauLn
a a ) a g Ny ¢ A of & Y]
dunnvesszuume wianuliiandeulviundud (u,u,) @vinnAessautluds (v, s,,)
W151TL985UDINTEUIUNSNA1L5aUSUALA AB ANDRT1AIUNISTUAIIAIAIUNIIDDNVDINT
(B, 4) Adnsdmnsidandndousasenindavu (B, ) dmsuauaudininigninues

NI¥UIUNIT LU NuNntIfnueds (1) Nunvtidavesgniseanveedel (¢,a,,a,4,)

Nuivthdnvesgiidendessnineds (a,,,a,) Menmveevestud(k, )aunsadvun

Y

ATIRBINITlaan Ta mct_init.m

4.2.6 Heduudannszulunisseiuinaudauuinnssuntufuszninededuans
flasduudennszuiunissesuinaudiuuiinissuniufusenitededuanadu
TN TUYRINTTUIUNITUUUTRAEBUNN a8l 1INy fifinssunufussrineiudssesuh
Sunmvesszuvie wssiulihiideuliuduh (u,u) wiimnAeszdutluds (1,,.;)
w3fimesvesnszuaunmsiiamnsausuamls fe arsnsdiunsilinndidunisesnvesds
(8.5, ;) Adasdrmnaliandudiondessninedaans (4,) dmiunmandimanionim
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al

VYBINTEUIUATT LU NUNNTIAAYDIRS (4) NuNnfnvesgnieanvetel (a,a,,a;)

N

A v i

Nnu

Winvegiiionsesynings (a,) Adasversvestu (k, ) annsaiinuaei

Avan1slaann a mct_init.m

SUN
Y

sUN
Y

& Function Block Parameters: 651SO Triple-tank Interacting Pro.. X
Parameters for Multi-configuration Tank Benchmark (mask)

Define values of parameters for multi-configuration tank
benchmark for creating mathematic model.

1 Parameters
I o .
betal : Outer valve ratiol
# |betal|
y2
)11 % | b | beta2 : Outer valve ratio2
2 T v3 | |beta2 .
o s
z g beta3 : Outer valve ratio3
L Ay P W
y4 | lbetas ya N
| betaxL : Lower connected valve ratio

6SISO Triple-tank | |betaxL
Interacting Process =

! ' Cancel Help | & Aoply

4.10 M TuUaaNNIZUIUAITILAULNAIUILUUTINITTUNIUAUTE IS A1 Ua4

4.2.7 HanFuUaanNnNIZTUIUNTILAULNFDIAUUTNITTUNAUAUTENI A IA1UES

& Function Block Parameters: 7MIMO Couple-tank Interacting ... X

i Parameters for Multi-configuration Tank Benchmark (mask)

| Define values of parameters for multi-configuration tank
benchmark for creating mathematic model.

i Parameters
betal : Outer valve ratiol
| et
| beta? : Outer valve ratio2
| |beta2
betaxL : Lower connected valve ratio
betaxL

ul

u

7MIMO Couple-tank
Interacting Process
_OK Cancel Help Apply
e —

4.11 WA TUUADNNIZUIUNITTLAULNADISILUUTINITFUNIUAUTZNINTIPT1UA

AR TUUAaNNILUIUNITTEAUUIADI I UUTINITTUNIUAUTENINIS A1 ua1 L Ty

T duveINTEUIUNTUUUVAIEBUNY angleviny NilnsTunIuiuTEnIemLUsseaul
a A Y - v oy 3 ¢ 2 PV Y
dunnvesszuvpe wisdulniideulviuadan (u.u,) wIvinnAeseAuuluds (1,y,)

WI5IADSVBINTZUIUNTTNA1U50USTUANLA AB ANDRIIEIUNISIUAINIRINIUNIIDBNVDIET

(B.5,) AMdnsdunsidandndendeseningsans (B,) dwsuauaudinianienimues

NILUIUNT LU HUNMUNFRYede (4) Hunniidnveign19eonvedeul (a,q,)
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(%
[

Nufmihdinvesgiitendeseninegs (a,) A8nTveI8veslud(k, ) @ansainunaid

AoIn1slkaan a mct_init.m

4.2.8 HaNTuuAannIzTUIUNITILAULNED9HT

"% Function Block Parameters: 8MIMO Couple-tank Non- Intera... X

Parameters for Multi-configuration Tank Benchmark (mask)

y1 Define values of parameters for multi-configuration tank

benchmark for creating mathematic model.
ul

Parameters
betal : Outer valve ratiol
| |beta]

| beta2 : Outer valve ratio2

8MIMO Couple-tank ' Cancel Help Apply

Non- Interacting Process ~<r——— g

SUN 4.12 HaTuUaennIzUILNTTLAULNEDINT

Y

=

landuudonnssuiunssraviigesds iWuilaidunesnssuiunisuuunaedunm
v Nlaifin1ssuniuiuseningdiulsseauln Bunnvesssuude wisaulniihndeu

VAEL0TYIN

TwAtu (u,uy) @IMANARTEAULNLULL (11,1, ) W15 ITNBIUBINTLUIUNTNAUTOUSY

AlA A AITNIIAIUNITANAINIUNNBENYRINT (B, 4,) dmsuamaudinIanIenInyes

N32UIUNT LYY HUNMINARURIRY (4) Wunndnvesn1eonveeiad (gq.q0) A

onsvengvestundi (k, ) aansafmuaeiiidesnisidan id met_initm

4.2.9 WefduufannszuiunIssEduIdasdwuy 1 dunnidinnssuniuiu
5ENI9E9AUEN

HanduudennsguiunsszAvEIEoItauuy 1 Buwn Ndn1ssunIuiuszniInegs
anuans Wuiladdunesnszuiunaswuuniladunn Afin1ssuniuiuszningiauusszaunn
a 44 Y - v a0 ¢ a o 3 @
dunnvasszuufe wssdulniandoulviualai (u) ewinnAsszaudlugs (1,),)
W13HMBsVRINTEUINNTNAsaUSUAILA Ao A19RT1dINN1TUAAIRIUNIRENTBIET
(B.) AMdnsdunsidandidendeseninegsans (B,) dusuauaudinianieninues

NTZUIUNIT LU HUNNIIAAY8IRT (4) WUNnd1dnvedgn190enve9iil (a,q,)

'
a [

Nuivthdnvesgiilendeszninede (a,) AdnTveIsveatu (k, ) aansadmuasii

Aven1slaann a mct_init.m
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& Function Block Parameters: 9SISO Couple-tank Interacting Pr.. X

Parameters for Multi-configuration Tank Benchmark (mask)

Define values of parameters for multi-configuration tank
benchmark for creating mathematic model.

¥l
Parameters

betal : Outer valve ratiol
p [betat|

beta2 : Outer valve ratio2
beta2

va
betaxL : Lower connected valve ratio

9S1SO Couple-tank betaxL
Interacting Process

Cancel Help Apply

JUN 4.13 lsiduufonnssuiunisseiuinaesaakuy 1 dunm Niin1ssuniuiuseninegs
AR

4.2.10 WefduuBonnszuaunsseduthaesiisuuuaunsy

ilarduufennssuaunsseiuihaesiiavueynsy iuilsddureanssurunisuuy
siladunn TneBunmvesszuufie wssdulsihitouliunduth (1) wwrinndeseiuilud
(31,7,) IELPBTVRINTEU LM ITEITAUTUAS Ao Adnsndunslamdruniseen

suaam (8. 54) mmmmauummﬂmamwmmm UIUAIT LBU wuwmmmmm(A)

a

fuiinthiavessnisoanvesdiai (a,a) mamwm&mmﬂmm( ) asaivuad

Aeenslaann wa met_initm

"b Function Block Parameters: 10SI1SO Couple-tank Process X

Parameters for Multi-configuration Tank Benchmark (mask)

Define values of parameters for multi-configuration tank
benchmark for creating mathematic model.

V1

J ¥ Parameters

> beta2 : Outer valve ratio2
' y2 lbeta2 Y I
&

beta4 : Outer valve ratio4

i betwd , T o

Cancel Help Apply

UM 4.14 flsiduudonnszuiumsssiuiiassduuvaynsy

10SISO Couple-tank Process

4.2.11 HefduuBonnszuaunssedutimieds

lafdunSonnszuiunmsssduthuuunieds Wuiliduveanszurunisuuundedunm
wilnowinm Addufiugususiumsliengiuaroonuuuszuuniuay Taedunmuesszuy
fo usadulwibhiidenliundudh ()  eviwmAesedudnluds (i) wisfimesves

n3gUIUNIINaINIsaUTuAle Ao A1Rs1AUNITTUAINAIIUNINERNYNEY (4) dmsu
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ANaNURANINNEANVBINTEUIUNIS WU NIRRT (4) Nunnthinveagnieeanves

q
(%
v o

da (@) Adnversvestinh (k, ) awnsadmunaiideanislidgain Tud mct_initm

["& Function Block Parameters: 115ISO Single-tank Process X

Y1 Parameters for Multi-configuration Tank Benchmark (mask)

Define values of parameters for multi-configuration tank
v2 benchmark for creating mathematic model.

> Parameters
y3 betal : Outer valve ratiol
[betail

y4

Cancel Help Apply

11S1S0 Single-tank Process

JUN 4.15 Hleiiduuionnsyuiunssedulimile

4.3 a3uvingun

swaridundniuandnuaziarn1suszendldaugeniuisyalonddiniu
nszvumsssduiuuvanelasiade Idgnosuisluwnil dsegnamanisussgndldlunis
AT EIALDALUTFUUAUALE S UM B NIAIUANILUUA 99 98na1Rsluund 5



unil 5
NOBANTOBNUUUITZUUAIUANFIMIUNTTUIUNS
SEAUUILUUNANELATIETS

UNLNANTME¥ANITOBNLUUTTUUAIUANAUTUNTEUIUNM ST AU LUt uUrae
las3aa519 FaUsznauie n1seantuufiinIuAuilefdusulliAuaI (Fractional  Order
PI’D" Controller) nadianiseaniuunalnnisusuiilalagldluinas1eds wazmaiinns

a o : a § a o ;’ z:l' [ J = v
20NLUUAAUUAILaZUDTERNAUUAY LNDAANANITIUNIUNUTENINNGUAIUANUTDAILUS
sEAude MmN ludaz s

5.1 msmuanilafduauliindau Pript wuudsuadldlagldlunadneds
ngufnsmuauilleAsuduliifveiu (Fractional Order PI*D* Controller) wuu
Ususlilaelflinnadnsde fedudnuilmauinisruesdilsiuanuaulaludis U aa 2017
- 2018 satimsmBunmseuauiinaunausening nsauuilefsusuliiiudn Prip
WrtunalnnisysuAmisimesvesmipiuanlalagadeng uinisususilalaeldlunag
91989 (Model Reference Adaptive Control: MRAC) ﬁ’ﬂamwﬁﬂmﬁuﬁummimuqmﬁ
diaue wanmsiimessuduliiiudiu (4u4) fasavaslunisuivandnuuzes

nameuauedliATY eludurenlefidudamuiuiazananagd

lassasunisasuauiilendudulivindin P D wuudsuimldlaeldlunadneds
wandlusuil 5.1 91ngUlnssaisuesszuysenousny 2 guauautoundu ldud  qu
Joundudmiumuaussiuihdesmnivauiledsuduliiivdiu PI'D” uaz auleundu
dwsunalnn1susudald (MRAC) Ariiledmnsfimes avgnusuusses198nludd lnenalnnis
U3uslel (MRAQ) M1Use AL ANAI9TEMIATHARBUAUDIUDITE UULAY AT HAR B UALDN
voslunnadneds antuusuilosmsfiveslaeldngues MIT ieldimuuansaszmine
NANDUALDIVBITFUL AT AMAnDUaUDIvatlinas B sldnTugud WievosTigaiiaziduld
Tuvazimsdinesdudulsifiudiu (4,4)aggnesnuuuannismeardinuizauniels
Tormuaifesnsivu iInus$IuL 10dB. waziwau$3u 65 83 Faazannsaliinasmves
fdsaesuesnianatn (ISE) iitga [17-18] wazideUszyndldasdmuslrmnnines
susulaidudan (4,4) Wusasd
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Reference model

_|hes™ 4+ b,Hs"”' +...+bs+b, Ym
as"+a, s +...+as+a,
Adjustment 3
mechanism o
A
Controller Process
Uc ¢ K | bs® 40 bk 54D Yp
E: I - U P p-1 1 0 2y
‘ A.ﬂ + 2 +ADS i B U -1 ) o
s a,s +a,,s +...+as+a,

JUN 5.1 nsmuauilleAsudulidudiusuudiudilalngldlunadeds

5.1.1 nisAruauiladuuusuaulsiiudan PI*D”

nspavANilafkuUsuiuldfiudIu PI*D* Mueda n1smvauiInIuAuilofd

o w L3

Adweanaufsnefinkazdudniailunuumasluifudiy FagninauaiiioUszandldy

] o

dmsuniseanwuuszuunIuAtly U A.d. 1995 Ing Oustaloup [19]

(% v v e 1

a saa = a a A a [y
UYIUYBINAUATWLIDNNUAL DUTNTANUDUAU LU LHUEIY @ﬁ‘U']EJ‘lﬂ NGEANP

D=L 1 —g=0 (5.1)

A 0o o Y W @ 1
g ¢ fe Mdwwunullfsgiu
a,t e aRR189N1IATIKNNT

Aa v o [ 1

Jeruvaaiandunsiainnisusuliugiu Tne Grunwald-Letnikov [20]

anf(r)=—d€{ (’i

1[(z—a)/h1 (q
St 3 ()4t

(5.2)

Tng h e BUASIUY step size YUALEN (q] Aoflaituves (q)(q_l)(g(__z)l')"(q_iﬂ)
l 11—
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msUszgndldilsddunsnnefinidsusuliuddmiuinuauilefigninouns
ogenarnslumanenszuunsfiuansaiy 17?@5@1";&Ji’mqﬂizaaﬂ‘iumiLﬁuﬂizaw‘émwmi
AuANEY INlmesvasiimuaNTIiNTY (K,.K,.K,. A1) nudonlaesunsulugud
5.2 flsiduanelouvesimunuitlofsusuliiudiy PI*D* anunseesunels deaunis

GFOPID(S):Kp_'_KISLg_'_KDSﬂ: (/1,/4>0) (5.3)

108 G, Ao leidudislonvesiniuauiileddudivlivind PIPD" K, fo dns1aeny
WUUAREIU K, AD 8n31U818LUUBUnga K, A0 9RT19878LUUAINIIONN way AfD
dwessusuliifudiuvemauduiinia ¢ AensdwessusuldifudiuvematAsne
finl (4,4) szgnesnuuuanmsmiAivangaunelidedmuaiifosnisivu inuuiu

10dB  ualaunsdu 65 o FuluaAIausoliAIHaTINY eI HIEIYBIAINURANAIN
(ISE) iian

& (1) dr (5.0)

~
g
Il
o t—

Proportional Action

»k,/

Integral Action

E(s) U(s)

\Derivali\'e Action
SSESSE—— m R k

/

JUN 5.2 mseuruilefduduliinudi

JUN 5.3 wansfiernasinvesindaatuesnuianain (ISE) e msuAmisiines
Sudulsifndin (4, 4) Melutdag 2=[0.90; 1.20]uaz x =[0.30; 0.80]Felun1591a047 ¥
Wenldarmsfimesduduldifndi (4, 4) AWA1 ISE danlurisiinudnynsves

& o [y £%
nanauauaLlungeusuls
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11000

10000 —
9000 ~{
8000

7000 —

ISE (cm2)

6000 |
5000

4000

3000 P e

2000 -1 NS =

06 BN i QL \os
04 24 -

Mu Lambda

3UN 5.3 HaTINURIMAIE0URIANHANAR (ISE)

5.1.2 nmsauaNuuuliudalalaeldlunadnede (MRAC)

N13AIUANLULUTUSIL 19 11LAa8198e %138 Model Reference Adaptive Control:
MRAC gnintulne Whitaker iiot) a.a. 1958 iunslinalnnisususldsnludlunisus
AmiaevasmuRuillnaneUaLe siinadnuE A NFDInNs

Tasaas1sveansmuasiuuluditesmaluinadede MRAC uansisguil 5.4 910
sUfinisutsgumvauesniuansgy lnefiguiieunduifinsesszuuienitguansluuazgy
NsUSUMINEweiIMIvANEEIIRUAENeN MIMMIHmesveiiinIuANAILIAlAaIN
AAALANGN B IFTY Y VINNYRINTEUIUNSITY (v, ) Audyaatevinnlunadneds

(v,) Wousunisimesvasiinauau Iivunzan anA1AURANANYDIFY UL IVINNIY
a4 (&) Widosas viierlumud dmsunuideliazoenuuu MRAC  Aiengued MIT - (MIT
Rule) [21]
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Reference model

| BT +b, s+ +bs+b, Yom
| as"va, s+ tas+a,
Adjustment mechanism
dK N, (s) ‘ &
dt B(s) -
A
dk, Np(s)[U ~ ]
dt " B(s)- ° °F
e deZ*}"dSl&‘NP 2 N
S dr B(s) *
| KnK K,
U e 7 V
¢ K U bs+b,_ s+ . +hs+h, |77
> K+ li K5t > == — -
TS a,s'+a, ;5" +  +ras+aq
Controller Process

UM 5.4 nalamseuauitlefdudulipndmusuuusumlslagldlunasneds

dsdfglunsesnuuunsmuaiuuUsufieulieaiads MRAC #e ngnis
USufuasnsfigauingnisuuidsluiitasldisues MIT lagansidinssuaumadudady
fnadiweslhmmudmisuusdmuna wgnszurunsinidduym nduoing uazns
muAuuaandeundulaznssiinesvesiinuafiazysuAeinulioundu (feedback
gain)

nseankuy MRAC fengued MIT (MIT Rule) SUNNTAILIUMIAAUANGS
FEVINFYY 1D MNNVDINTEUIUNTINATUT Y10 IV LaAaD 198

E=Y, =V (5.5)

v

HIATUNNF @8 990IAMUBANAIITENINF Y YIUBNYINNVDINTEUIUNTITINUT Y Y10

(3

LINNNVDILULARD 19D

9

J(0) = %gz ©) (5.6)
an51N15USUAILA
do oJ oe

(5.7)

_=_}/_:_

a oo o0
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1y 6 Ao LINWBTVDINIITNBSVRIRIAIUAY, d5/00 ANlIvBIAANAMEDWEUAY 6
wag y Annuelun1sUSURIla

mengues MIT  ardilednsilinesazgnuiulssedwdnludilaenalnnisususala
(MRAQ) talflan fuia1ae4uaInLlANsIes NI NF UMD MINNVINTEUIUNITITIIY
doyaauevinnveslunas1eds J(@) detsuan

Hantuaelouvadlunani1ddd

Y,(s) b,s"+b, s"" +...+bs+h,
U(s) a,s"+a, s +. . +as+a,

c

(5.8)

=

1y Y, WanouauewadlinaNgs U, 9 daananiuny b, ~b, ﬁaé’mszam‘éwnum
watawyosilaidudnelouvesluinainds a, ~ 4, AedUsEAvEnUALwWIId e sTleridy
anelouvodlinaieds

Henduanglouveinseuauns

NXs) Y bt NV 3 )T 5

I NAZHCI IR (5.9)
Dp(s) a,s +a, 8"+ +as+a
log N, (s) fio wyuunatlirvyasiantuaiglonyeinssuiunis
D, (s) Ao wyunumatdiuvesiendunielouresnssuiunig
b, ~ b, Ao AUsEAMENIWINRAYYasTlaiTudelauveInTEUIUNTT
a, ~a, Ag dudszAvonpnumatdiuvesilrdumelouvainszuiums
nyudiesitiidureshauauitefsusuldfivdaw PI* D"
K, u
GC(S):KP+S_A+KDS (510)
91NNYBI MIT Amsfiwmesvesinivauitlefsudulifivdw Pr*p* fandadl
& N (S)
K =—y s=< p (511)
P =7 s B(s) r
e N, (s)
K=-yp2 20y (5.12)
s B(s) [ p]
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(5.13)

o y, Ae Adasveremsuiuiilavesnines ()

y, P9 A1dnsvenensUsumlavesmnsines (K,)

y, Ao AdRTIveIeMsUsuimlavesniiwes (K,)

s Ag Mmendunsainilaisudea

1/s @8 saniiun1sdusnsa

¢ Ao AauRana1nvasgulaunduniely

N, (s) Az wpuamatiawyesilsidunielouvesnseuiunis

I 6 1 [ ! v a
B(s) fie wyununldiuvesilandunnglouvedingg1ees

i‘g’]mL@’]ﬁWVl%@ﬂﬂi%U’JUﬂ’ﬁQ%\‘i

o))y

U @8

c

iy
Toye tuAIUAL

5.2 MseenuuURdUUAazBunesaRdUUAS

sTUUAmUANTTANe AU aNeIe Wk INNSTUMUSEINRY AunsEuIunIs
sefuludaununatslassadieiu fdesrialuniseanuuudnuaumnaglianusowen
uanszmuiiiideuld daiufstineusssndldfonmeiduuis derndaSeannisianseny
sevinaesguaiuaulvidesasls [22-24]

n1seenLuUf AR uUANduIsnsTivaelineanuuum AN T fie Tre s
uadmIUnNszaumsiieuiudeuliannsneenuuuldiedudanmne funszuaunisd
faesduwnasaowiwnaiuly dmsunsruaussduilufmuunanslaseaing [Hudnwis
nszuUMsTiinane S viareiewiwnarsruniinsdudaduwihlmAnnisniuturesi
wUsluszuy AERAUUAS Iz funssuaumsiduetinenn
wndflsiurnelouasidulae fio

-Dy, (s)
G ecouplin = 2 514
decoupl g(s) -DZI(S) 1 ( )
1o
821 (S) g (S)
D, = , D, = (5.15)
(S) g22(5) (S) gll(s)

nann15viau azdunisisareRduURRes A UNSEUINASITDARNANSENY
d‘d 1 3 1 %3 %)’ % d‘ o q' 2 o 4 & 1
nidefusEniteguarvauseavinluden 1 uazden 2 ardmualiileidudielouvas
NTLUIUNTTIEAVUILUUNA1LATIAS1e AR G (s) wazHanduaielouvesnAuuane

process
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o a

G gecrping (8 FoM3NARUNGAUUASIURRUAUNTZUIUNSUAIRElATlsAtudnelouveansyuIus

Y

Tymife Geomp process (5) wan3lanaann1si 5.15
8ite (S) 0 :|
Gcom rocess (S) = (516)
-y |: 0 8¢ (S)
1ng
811:(8) = Gy, () = Dy ()G, () (5.17)
82.(5) = Gy (5) = Dy(5)Gy (5) (5.18)
R,(s) + U
1 E Cl f 1 : Gll +
o \ H,(s)
DIZ G12
D21 GZl
Ry(5) Xy ¥ H,(s)
= F c, “» 2 NG, = &
I @ Decoupling Plant

JUM 5.5 1a59a319090AUURasRs I UAIAIUANKAENIEUIUNT

(%
a

VANN1TOBNWUUFIYALEARUUAIUUBUIBTATUNITNAMTITNOTVDIYARAUURS

AVANNISWUREINUNITOBNLUUAAUUBIMUURNUFILRANISWRNADLINAUNTEUIUNIT Huaedl
anwENISWeNse AaLandluIun 5.6
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R B U
1(S) F1 + Cl _-)® 1 > G“
i I_ + + H(s)
D12 - G12
D21 — G21
+ +
R,(s) U, . | H,(s)
F, C, I > G,
4 Inverse Plant
Decoupling

UM 5.6 lassadsvesdunesanfuudailenesiufumaiuauwagnszuiunis

5.3 a3uvingun

nguin1seenuuuszuuAIuANilleAdusulidudiu PI* DY wuudsudildlagld
Tunagnsdeiitiiaue foldunquiiiuiaulauasdanusimisdmiunisuszgndlédiu
N3EUIUNTVAEBUNNNAELE MM AN TUNIUAUTENIN TSGR Y nTEUIUNS
sefuiluduunanslaseatis fedlamnsnsonuuuiaauaulasuiladesifnves
nszuILMsTilnandinmansueInTzUILMSTITUTeU InausRgTiIIme s Sadend
dmdunszurunisssduinluduuonaelasadaunsalfiduedodiadiaosiianysal
dfuglilunisvhmsifomdimnssusunsinssiuazeaniuussuuniugy Snvssaudy
Usslenflunsléifuieiasiioiianisnsiaaeuusyavinmvesdanessunisauaudmsiu
STUULUUMAEB U MANELeYim AzansafigayliannnisiiasssruumuAnioanuuy
TnemguinnsaunuileAsusivldifud PIAD* wuvusuialdlaelfluinadieda iile
NAABUUTEANSAIMNTARUABUNY LadeTAINuAEAILATINYBITE UURRNSLUSAN lUYRY
mfiwesnelusiseazidenluuninly



unil 6
N15319895LUUAIUANFINTY
ASTUIUNITILAVUUN LD IMUUVAN81ASIE519

unileduiefenisiianssruuaruaudimiunssuiunisseduinludiuuumnane
Tassats shemadianismueuitledsusuliifuduuuuuiuimldlaglilunagid  fi
osueluunil 5 ihmnensdiasailenndouansINUENTMUANYBITZUUAMUANTIEBNLUY
lusuvesusedninmnisianuadunmidininy anudiadesnIneeseuusINaInIm
AIYILYBITTUUAMUANABNIIUABUIUAIAINIITAB FUBINTZUILNNT BUNNVDITEUUAILAN
fo wssdulwihddeulyiundindr (.0, ) e winmAessdudiluds (1.y,) nevhmssiaedy
Tnuaadgauazimalifings Wisuifsunanisdiasssninanadansmunuivlefdusulsl
Wuduuuuuduile uazimadianisruauitledsusuiiudmnuuuiusld ssuuamuauiil

favefaUUdwazlidisunmwefaUUas

6.1 szuumuauitefdusuliiiiugu pript wuudsudaldlasldlunadneda

ANUSUNTZUIUNITIZAVUN IUDIUUNAELASIESS

A15719% 6.1 AINISIALADIVOINTTUIUNT

A : NUNMINGn Y9909

70 (cm?)

a; - NUNTnAnYedgVN19eNYBIia

0.5028 (cm”)

LY TNV S,
a. .Wu%ﬂu’]@lﬁ]%@ﬁgﬂL‘UE]@JG]E)S%VDWQEN

0.5028 (cm”)

o T g o
k(1) : syfuANNGURIU AN

20 (cm)

u;: wsasunaglanudy

7 (volt)

B 1 A18n31admmaUnna i uneen e

0.549, 0.587, 0.182, 0.263

J U

B, idasdmmsdandndeusesewinedauy 0.284
B, 1 idardumsdandndeusesenitedean 0.184
7, :ﬂ'ﬂé”m’]a'aumilﬂmwéwmvﬁwmﬂfu]mﬁizw (slawinam) 0.744, 0.757
7; - Arsmsdunsandmadtanniudssuy (LV\Ia"Lajs?wqm) 0.214,0.217

o

k ;- Aonswenevesdu

3.237, 3.2(em’/(volt -sec))

g : Aussltuaeslan

981 (cm/s’)
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6.1.1 TULAaYRINTZUIUNTS

nwsfinedueinszuiunsseduiluduuunanslaseaddlunisei 6.1 uas
Tuwansadinaansiosungluund 3 nsumlodlum3ndussnszuiumssesutnuuunans
T59dd19 G, (s) wanadeaunisi 6.1

process

gll(s) & (S)} (6.1)

G =
process (S) |:g21 (S) g22 (S)

1ng

2.29¢55* +6.18e4s® + 6.04e3s” +2.48¢2s + 3.46

s)= (6.2)
gu(s) 6.66€6s° +2.33¢65s* +3.02¢55> +1.77e4s> + 4.54¢25 +3.84
1.45e4s* +3.22¢3s> +2.23¢2s +4.66
81 (S) = 5 4 3 2 (6.3)
8.31e6s’ +3.22e6s" +4.67e5s” +3.14eds” +9.62e2s +10.8
3.38¢2s” +47.8s+1.3
&1 (S) = 2 3 2 (6.4)
1.76e5s" +5.45e4s” +5.71e3s” +2.31e2s + 3.1
1.53e6s° +5.81e5s* +8.67eds® + 6.33e3s” +2.25¢25+3.07
&2 (S) T 6 3 1 3 5 (6.5)
4.4e7s” +2.06e7s’ +3.84e6s™ +3.65¢e5s° +1.84eds” +4.66e2s +4.58

6.1.2 N1592NKUUAAUUAY
lunisAuANTEUVTLUUATEIINHN1STUNUAUTENIe 2 guauay agldnaia

1 o a v 2 < o o 5 ]
NSVALYEAE FAVALERAUURY G (S) L‘W@‘Uiilﬂ/ﬂNaﬂ']ii‘Uﬂ’JUﬂusU@\‘iigﬂUU'ﬂULL@ag

decoupling

§9 [23-24] Ine@vaefAduasdunsamuialaeaainis

_ 1 -Dy, ()
Gdewupling (S) J |:-D21 (S) 1 :| (66)

Da(s)=22) b ()= £2le) 6.7)

WIOUNUAT (g1, 8105 81> 25 ) ASLUANNTN 6.7 A8lel
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D, (s) =
2.77e8s% +1.12e8s° +1.78¢e7s* +1.38¢6s® +5.53¢4s* +1.06¢3s +7.52
5.47¢9s” +2.68¢9s° +5.4e8s” +5.73¢7s* +3.47¢65s” +1.19e5s* +2.14e3s +15.7

(6.8)

D,, (s) =
3.18¢7s® +1.43¢7s° +2.54e6s* +2.23e5s° +1.02e4s> +2.31e2s +2.04
5.78¢8s” +3.07¢8s° + 6.71e7s” + 7.82e6s* +5.22¢55> +1.99¢4s* +3.98¢2s +3.25

(6.9)

NTUILLANT 1N B UNS NDUDINTLUIUAITTERUUN LTI UUTa18 I ATIAS 197

anunsadlldlunseesniuumniuan AeEunis 6.10

1ne

| &ie (S) 0
Gcnmpfprocess (S) — |: 0 o (S):| (6 10)

gne(5)=

1.33e15s" +1.71el5s'" +4.58el4s™ +1.06el4s” +1.59¢13s" +1.65¢12s”

+1.2el15° +6.27¢9s” +2.31e8s" +5.91e6s” +1.0e5s* +1.01e3s + 4.66 6.11)
3.86el16s"” +3.71el 65" +1.6e165"" +4.14el 55" + 7.08¢el4s’ + 8.48¢13s"

+7.29¢12s” + 4.56el 1s° +2.07el10s” + 6.71e8s"* +1.51e7s’ + 2.23e5s°

+1.93e3s +7.39

gn.(5)=

7.79el4s" + 6.86el4s'" +2.69e14s" +6.19¢135° +9.33e125" +9.67el 1s’

+7.07e10s° +3.68¢9s” +1.36€8s" +3.47¢6s’ +5.87eds” +5.93e2s +2.73 6.12)

2.24e16s" +2.17el65* +9.46e1 55" +2.46el155" +4.25¢l4s° +5.14¢l3s"
+4.48¢12s" +2.84el 1s® +1.31e10s> + 4.36e8s* +1.01e7s’ +1.56¢5s”
+1.42e3s +5.83

6.1.3 n1sepnLuUAIAIUANRlafsudulivnduwuuUsuaalAlneldlunadnegs

NVDIMNUANNANTIAULANUNITADUAUBIVOITZUUAIUAN Tidioenshialesidud

N5y (P.0.) We8nin 7% uazAIaInN1siing (Settling time) #1031 3,000 Fuil faiu
#1115020NwUUILA9BIdMTUNIIAIVANLUY Model Reference Adaptive Control
(MRAC) sewnaiian1sslng [25] sl
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Y

Model refi = 1 () _ _ooon (6.13)
Ul(s) s°+s5”+0.101s +0.0011
Y

Model ref2 = 12(8) 0.0013 (6.14)

U,(s) s +s"+0.106s+0.0013

MnngAsmuanLUUYiuildues MIT - feduigliluunil 5 Avdasinisuiui
(adaptation gains: ) gnAMUALLAY Feaunsii 6.15 waz 6.16 Inendueiivilidledda
ﬁﬂé’aa@waqmmﬂmwmmJ(e)ﬁﬂ'ﬁﬁqm
MRAC adaptation gains1:

¥, ==0.10,, =-0.0001, 7, = ~0.000012 (6.15)

MRAC adaptation gains2:

¥, ==0.10,7,, =~0.0001,,, = ~0.000015 (6.16)

dmsuniseenuwuudinrupuillefdunvldivudiu P14 D” aiwnsavinlaenis wien
wanzauUUSllR [26] Mennsaleisernuesiiddesuasnnuiawain (ISE) flrman
logldlunadneds luaunis 6.13, 6.14 unuluwaluusazguvesnszuiunms aaladenmvun
NUNNSAY 10dB wazilainsau 65 adm

SUfl 6.1 wansfiarnasaefiidsassuesnnuilanain (ISE) dmsuamiiines
Sustulsiiiiudan (2, u) Melumas 2 =[0.90; 1.20]uas 1 =[0.30; 0.80]Bslunsiransazly
AmsndimesdusvlaiiundIu (1, 1) Aseunsil 6.17 uaz 6.18 #Alvie ISE sanluvassd
Audnuazvamanouauouduiuensuld fie ISE fld1 3,234 cm’ dwiSugumuANds 1 uay
2320 cm’ dmiuguatuaNne2

1
Gropp 1(8) = Kpl +K) =5 "'KallS%5 (6.17)
B S

1
GFOP[D_2(S) =K, +Ki2S1?+Kd2SOA67 (6.18)
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UM 6.1 Amnafiwesdunulifindin (4, 4) @9SUNATINYIRIATAOaIRUHANAIA

(ISE) it

'
I o

GRIZRGT

6.1.4 MSNAHBUENTIAULAIAIUANAMTUNTEUIUNSINERER

b5+

Inpurt2

a0 s7+al s2va2 sva3

“Reference modell @

it

Ount

Kpl

L]
Ot e

int |
ot Lalm ou

]
LEﬂT I Decoupling

compensator

Kil i Oud

IMulti-Configuration
Tank Process

ba s*bb

22 5T abseacsead

Reference model2

UM 6.2 lassasnwesszuumunuiisenuuulnewadafitiauedimuauilofdusuliina
g PI*D* wuudsumilleglaluwmadneds
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Tassairsvesszuumunuiteenuuulnamaiafiiiaus  fmugudilofsusulsida
d Pr D uuudumilalaslflunadneds uansfaguil 6.2 szuuuszneumeilsdduuden
nszurumsszduilufuvunanslassaine nalanisavauuuuusuillnelunadnads
(MRAC) fhmunuitlefdusulsifiudru PI*D* uasdmuaufdduas Whmnenisnuey Ao
sydrutlugad 1 uagded 2 (yl,yz)Lﬁaammwuﬁmmﬂmﬁuwwﬁuaé’zy,zyﬂmmmmLmﬁulﬁ/\lﬂwﬁ

Joulsiundundh (u.u,)

th

==~ Yrefl Tankl
- Y1 Tank!
¥ — »
2 - Y2 Tank2
= Yref2 Tank2
- : Ore
c
=4
°
=
-
> o Bl . 2 R
3000 4000 5000 6000 7000

Time (sec¢)

UM 6.3 HanaUaueweIsEUUAIUAY (Wadan)

HaneUauBsuasszUUAIUANlUgUT 6.3 uansliiutiauseansnmnishnnudyaial
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Abstract: This paper presents an adaptive fractional order Pl “D* control for multi-configuration tank process
(MCTP) toolbox which aims at demonstrating the problem of reference tracking and cross coupling rejection in
multi-input-multi-output system. Moreover, we investigate the cases where the system is in the mode of minimum
phase and non-minimum phase configuration. Besides providing theoretical control system analysis and design, we
develop the multi-configuration tank process software toolbox for providing the non-linear functions of dynamic
models of multi-configuration tank process which is the advantage tool for investigating the performances of the
controllers. The software toolbox is developed from discrete state P-file S-function which is operated within the
MATLAB environment for providing many non-linear functions of dynamic models of multi-configuration tank
process such as multi-input multi-output quadruple tank full-interacting process, multi-input multi-output quadruple
tank process, multi-input single-output triple tank interacting process, multi-input multi-output coupled tank
interacting process. All actual process attributes are encapsulated in S-function as the input parameters, thus the
multi-tank function block can be simply adjusted by specifying the physical properties of the tank system. The study
explains about the mathematical model of multi-configuration tank process, nonlinear dynamic characteristic,
minimum phase and non-minimum phase configuration, software toolbox features and also describes the design of
the adaptive fractional order P1*D* controller including the performance validation. The results have been illustrated
that the proposed controller design scheme can provide the sufficient effectiveness in the performance, stability and
robustness. Furthermore, these tests reinforce the usefulness of MCTP toolbox as a complete simulation tool for
users to perform an engineering research of multi-configuration tank control system analysis and design, moreover, it
contains very useful for validating the control algorithm of multi-input-multi-output system.

Keywords: Multi-configuration tank process, Multi-variable physical system, Control system analysis & design,
Adaptive fractional order P14D*control, Software toolbox.

Several studies, for example a modified PI controller
1. Introduction design with decoupling control was developed for
reducing the interaction influence between 2 loops
of quadruple-tank process [2]. Multi-input multi-
output (MIMO) quantitative feedback (QFT)
compensator and pre-filter transfer function matrices
(TFMs) were proposed to illustrate the benefits of
interaction treating for the quadruple-tank process
[3]. Multi-controller switching control mechanism
was applied with a tank level process for illustrating
the switching strategy in nonlinear control problem
[4]. A stable adaptive sliding mode based on
tracking control was  applied to quadruple-tank

International Journal of Intelligent Engineering and Systems, Vol.11, No.5, 2018 DOI: 10.22266/ijies2018.1031.03

The multi-tank system has been widely used in
engineering research for validating various concepts
of multi-input-multi-output control system design. A
well-known configuration as a quadruple-tank
process was originally developed by Johansson in
1999 [1]. Due to its dynamic behavior includes non-
linearity, inverse response, process interaction, zero
dynamics, parameter perturbation, the various
theoretical ~ control  approaches have been
implemented and proven in their performance.



Received: May 12, 2018

process for demonstrating adaptive control
performance in a multi-input multi-output (MIMO)
system with external disturbances [5]. Distributed
multi-parametric model predictive controller design
was implemented in a quadruple tank process [6] A
multi-loop centralized fractional order PID
controller was designed and implemented in a
quadruple-tank process for validating the control
performance in nonlinear minimum  phase,
interacting process under servo and regulatory
conditions [7]. A model reference adaptive control
(MRAC) wusing the LabVIEW program was
proposed for exhibiting auto tuned controller
technique for controlling interaction influence of
multivariable quadruple-tank process [8]. An
adaptive fuzzy compensator was applied to coupled-
tank liquid level control system describing a non-
linear and adaptive control action [9]. Fuzzy
aggregation based multiple models explicit multi
parametric  model  predictive  control  was
implemented in a quadruple tank process for
validating the performance of the proposed control
strategy [10]. In our previous work, the PID
controller design using a characteristic ratio
assignment (CRA), decoupling, and two degrees of
freedom (2DOF) technique were implemented in a
couple-tank process for performance validation of
robustness,  overshoot, and  settling  time
improvement [11 - 13]. The inverted decoupling
technique was implemented in modified quadruple-
tank process for illustrating performance to stabilize
an unstable system in case of zero in the right of half
plane system [14]. A fuzzy PID controller based on
ARM7TDMI was implemented in the couple-tank
process for illustrating the control performance of a
non-linear fuzzy inference system comparing with
conventional PID control [15]. Specifically, the
several mathematical models of modified quadruple-
tank process were explained clearly as well as
providing the evaluation of two degrees of freedom
PID control algorithm on multi-input-multi-output
system [16]. Therefore, it is recognizable that
numerous advantage of knowledge can be illustrated
and investigated by multi-tank system.

Through the aforementioned aspects, this paper
presents an adaptive fractional order P1“D* control
for multi-configuration tank process (MCTP)
toolbox which aims at demonstrating the problem of
reference tracking and cross coupling rejection in
multi-input-multi-output  system as well as
improving the limitation of the previous work, the
design of Pl controller using model reference
adaptive control (MRAC) techniques for coupled-
tanks process, [17] which has a drawback to the
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Figure. 1 The multi-configuration tank process:
Schematic diagram

response adjustment by wusing the additional
fractional operators. Besides providing theoretical
control system analysis and design, we develop the
multi-configuration tank process software toolbox
for providing the non-linear functions of dynamic
models of multi-configuration tank process which is
the advantage tool for investigating the
performances of the controllers.

The essential features advanced the previous
studies [16] are that the software toolbox is
developed from discrete state P-file S-function
which offers more flexible implementation of
simulation and improvement simulation times.
Likewise, it is able to provide a complete non-linear
function set of the dynamic models of multi-
configuration tank process. In addition, all actual
process attributes are encapsulated in S-function as
the input parameters, thus the multi-tank function
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block can be simply adjusted by specifying the
physical parameters of the tank system as well as it
supports  flexibly the variety of process
characteristics such as inter-acting process, input-
output cross coupling, minimum phase, non-
minimum phase.

The study explains about the mathematical
model of multi-configuration tank process, nonlinear
dynamic characteristic, minimum phase and non-
minimum phase configuration, software toolbox
features and also describes the design of the
adaptive fractional order P1“D“ controller including
the performance validation compared to the
adaptive integer order PID control. The rest of this
paper is organized as follows: The proposed multi-
configuration tank process with its physical
structure, mathematical modeling and nonlinear
dynamic characteristic are described in the section
2: The details of software toolbox features are
demonstrated in the section 3; The theoretical
control system design using adaptive fractional
order P1“D* control is explained in the section 4.
The experimental results and discussions are
illustrated in section 5; while the section 6 is
dedicated to the conclusions.

2. Mathematical Modeling

The multi-configuration tank process structure
and its schematic diagram are depicted in Fig. 1.
The flexible process structure composes of four
1192.5 cm?® of cylindrical tanks, two API instrument
gear pumps, four pressure transmitters, 32,000 cm?
of water reservoir, four outlet valves and two
interacting valves. The two Y-junctions are used for
dividing the inlet water through the lower tanks and
the upper tanks in the diagonal direction. The
process structure can be flexibly adjusted by closing
or opening the two Y-junctions, the four outlet
valves () and the two interacting valves (S, ),
for example the quadruple-tank non-interacting
process can be created by closing the two interacting
valves (S, fx), then opening the four outlet valves
(). The process characteristics can be adjusted
conveniently by changing the percent valves
opening, for example the inter-acting of water
between lower tanks can be created by increasing
the percent valves opening of lower interacting
valves (fx). Furthermore, the process can be
adjusted to operate in non-minimum phase, zeros
transition in the right half plane, by decreasing the
percent valves opening of two Y-junctions (y1, y2) so
that creating the input-output cross coupling action.
The target is to control the level in specified tanks
with two pumps. The process inputs are pumps input
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voltages (ui, uz) and the outputs are water level in
the tanks (h;). Referring to Mass balances and
Bernoulli’s law, non-linear plant equations
describing about the characteristics of the water in
each tank are obtained as

ﬂ131 \/W-F'BS%\/W
Lsgn[hl(t) h(t)} 29|hl(t)_h2(t)|

7/1 pl

dhl(t)

u, (t)

dh (t)

e mﬂ NETXG)
+’B*"A\ngn (1) ]y29]h (1) (1)) @

72 p2 u (t)
th(t) ﬂsas lzgh (t + U (t)
3)
—%isgn[m(t)—m(tﬂ 2g|h3<t>—h4<t>|
dh, (t) ﬂ4 (L=21)Kps
RIS At 17 (t)+—‘ (1) @

+&f‘isgn[h3(t)—h (t)]y/29]h, (t) by (1)

A:Cross section area of tank (cm?)

a, : Cross section area of the outlet hole (cm?)

a, :Cross section area of the connection hole (cm?)
h; : Water level (cm)

u; :Voltage input of pump (volt)

B, :Outlet valve ratio

By rLLower connected valve ratio

By :Upper connected valve ratio

7j ‘Inlet valve ratio

ki : Gain of pump (cm®/volt/sec)

g : Specific gravity (981cm/s?)

The transfer matrix G(s) of multi-configuration
tank process in Eq. (5) is the linearized dynamic
model of multi-configuration tank process expressed
the relations between input pump voltage (Ui, Uy)
and output water level (Hi, Hz) which is used for
designing the controller.
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H, :Water level in tank1 (cm)
H, :Water level in tank2 (cm)
U, : Voltage input of pumpl (volt)
U, : Voltage input of pump2 (volt)

H,(s)
921( ) U,(s)
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Figure. 2 Zero of G(s) related with y1, y2

The mathematical model of multi-configuration tank
process in Egs. (6) - (9) were developed in the
general form so that they are able to be conveniently
transformed to the mathematical model of others
tank system as described in [16].The zeros of multi-
configuration tank transfer matrix in Eq. (5) are
characterized as the zeros of det G(s). As illustrating
zeros position mapping in Fig. 2, the zeros of G(s)
can be located on the s-plane either in the left or in
the right half-plane depending on the values of inlet
valve ratio (y1, y2). If 0.44 <y, +y, <2, The system
is minimum phase, all multivariable zeros are placed
in the left half-plane. If O<y, +y,<0.44 | the

system is non-minimum phase, a multivariable zeros
are placed in the right half-plane. Moreover, if
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7. +7,=0.44, a multivariable zeros are located at
the origin.

3. Multi configuration tank process (MCTP)
toolbox

Multi configuration tank process toolbox is the
software toolbox representing the non-linear
functions of dynamic models of multi-configuration
tank process. The aim of the toolbox is to provide
the advantage tool of the multi-tanks process
simulation which is suitable for investigating the
performances of the multi-input multi-output
(MIMO) control system design. In this paper, an
overview of the MCTP toolbox and its functions
with the used theoretical aspects are described, as
well as the example of multi-tank control system is
illustrated.

3.1 Toolbox features

The MCTP toolbox in Fig. 3., the essential
features are that the software toolbox is developed
from discrete state P-file S-function which is
operated within the MATLAB environment.
Likewise, it is able to provide a complete non-linear
function set of the dynamic models of multi-
configuration tank process such as multi-input
multi-output  (MIMO).  quadruple tank  full-
interacting  process, = multi-input  multi-output
(MIMO) quadruple tank process, multi-input single-
output (MISO) triple tank interacting process, multi-
input multi-output (MIMO) coupled tank interacting
process. In addition, all actual process attributes are
encapsulated in S-function as the input parameters,
thus the multi-tank function block can be simply
adjusted by specifying the physical parameters of
the tank system as well as it supports flexibly the
variety of process characteristics such as inter-acting
process, input-output cross coupling, minimum
phase, non-minimum phase. The MCTP toolbox
relies on the MATLAB 2015. The package includes
the following 3 files as:

mct_init.m - the initial parameters

MCTP_Toolbox.mdl - Simulink library

model.p — S-function for MCTP toolbox
The function block of a multi-input multi-output
(MIMO) quadruple-tank full-interacting process is
illustrated in Fig. 4. It provides a dynamic behavior
of the level height in four liquid tanks connected
with the full-interactions, upper and lower tanks.
The input variables are voltages to the pumps, while
the outputs are water level in the lower tanks (tankl,
tank2). A function block parameters are the process
attributes which can be specified the required
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physical parameters of the tank system. In addition,
the process characteristics can be adjusted to operate
in non-minimum phase, zeros transition in the right
half plane, by decreasing the percent valves opening
of two Y-junctions (y1, y2) so that creating the input-
output cross coupling action.

AMIMO Qua

1ELT L] 1 [
{

¢ ¥ K3 R M s ¥ o
SMIMO Triple-tank
intericting Précess

> II rY
[ 4]

SMIMO Couple-tank
Non- Interacting Process

6SISO Triple=tank TMIMO Couple-tank
Interacting Pro- Interacting Proces

uj
L g1 \NE

10SISO Couple-tank Proces  11SISO Single-tank Process

\ .
L
7 g :

] 9SISO Couple-tank
Interacting Process

Figure. 3 MCTP Toolbox 1.0

| gammal : Inlet valve ratiol
0.744

| gamma2 ! Tnlet valve ratio2
0757

betal : Outer valve ratiol

1Multi-Configuration 0.263
Tank Process

oK Cancel Help

Figure. 4 Block parameters - multi-input multi-output
(MIMO) quadruple tank full-interacting process

druphe-ta
jon Tank Benchmark (mask)
tion tank benchmark for

gamma2 : Inlet valve ratio2

gamma2

betal : Outer valve ratiol
betal

beta2 : Outer valve ratio2
beta2

beta3 : Outer valve ratio3
beta3

beta4 : Outer valve ratiod
betad

3MIMO Quadruple-tank
Lower-interacting Process

betaxL : Lower connected valve ratio
betaxL

oK Cancel Help

Figure. 5 Block parameters — multi-input multi-output
(MIMO) quadruple tank lower-interacting process
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Figure. 6 Block parameters — multi-input multi-output
(MIMO) couple tank interacting process
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Figure. 7 Block diagram of adaptive fractional order
P1*D* control

The function block of multi-input multi-output
(MIMO) quadruple tank lower-interacting process
in Fig. 5 provides a dynamic behavior of the level
height in four liquid tanks connected with
interactions from lower tanks. It was implemented
for validating the proposed control strategy of 2DOF
PID control in case of zero in the right of half plane
system [14]. The process characteristics of function
block are useful for evaluating the performance of
stability control, especially the dynamic response
can be reflected the performance for feed-forward
controller effectively.

The function block of multi-input multi-output
(MIMO) couple tank interacting process in Fig. 6
provides a dynamic behavior of the level height in
two tanks connected with interactions from lower
tanks. The input variables are voltages to the pumps,
while the outputs are water level in the lower tanks
(tank1, tank2). It was implemented for validating the
proposed control methodology of characteristic ratio
assignment for two-input-two-output (TITO) system
[13]. The process characteristics of function block
are useful for evaluating the performance of
adjusting the shape of dynamic response both of the
percent overshoot and settling time.
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4. Adaptive fractional order P14D* control

In this paper, the dynamic adjustment of the
adaptive fractional order PI“D* controller has been
validated to achieve the control performance and
robustness for a multi-input multi-output (MIMO)
quadruple tank full-interacting process. The
structure of control system is depicted in Fig. 7
which composes of a feedback loop of tank process
and order P1“D* controller as well as a feedback
loop of the reference adaptive mechanism. The PID
parameters are changed by the adjustment
mechanism based on the value of feedback error,
which is the deviation between the output of the
system and the output of the reference model.
Meanwhile an integrator of order A and a
differentiator of order u are determined the
appropriate values using Integral Square Error (ISE)
tuning [18, 19].

4.1 Fractional order PID

The differentiation and integration operators in
the fractional calculus are given as [20, 21]

q
—_— >0
dt¢ f

Di=4. 1 7 q<0 (10)

=y
t
j'(dt)fq q<0

where q is the fractional-order of the operation. a
and t are the limits of the operation.

A definition of fractional derivatives given by
Grunwald-Letnikov is demonstrated as follows:

i 1 [(t—a)/h] (q . (11)
:Ihth - (—1)(_]f(t—|h)

where D is the mathematical operator. q is the
fractional-order of the operation. t and a are limits of

the operation. h is the small step size. (qj is the

|
(a)(a-1)(a-2)...(q-i+1)
r(i-1) '
The implementation of fractional calculus in PID
controller design has been widely proposed as well
as applied to many process applications due to the
aims of increasing a capability of control

function of
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performance using the five parameters (K,,K,,K,,
A, 1) . Referring to a block-diagram in a Fig. 8, the

transfer function of the fractional-order PI # D*
controller composed with fractional operators (4, u)
can be defined as

1
Grori (8) =K, + K, S Kes”, (2,u>0) (12)

where Geopip is the transfer function of the
fractional-order. Kp is the proportional gain. K; is the
integral gain. Kp is the derivative gain. A and u are
fractional operators.

The fractional operators are optimized by
minimizing the function of integral square error
(ISE) tuning method.

D =€ (1)t (13)

where e(t)=r(t)—y(t), r(t)is the reference input,
and y(t) is the system response.

Proportional Action

P

E(s) Integral Action

\ 4
7

Derivative Action
Figure. 8 Block-diagram of the fractional-order Pl D~
controller

».
>

4.2 Model reference adaptive control

The model reference adaptive control (MRAC)
is an adaptive servo system using the adjustment
mechanism to automatically adjust the controller
parameters so that the control signals can
manipulate the behavior of process response (yp) to
closely follow the response of the reference model
(Ym). From the adjustment mechanism of MRAC, the
reference model is determined by the required
performance of the control system such as a settling
time and a percent of overshoot while the initial
parameters of PI“‘D* controller are changed on the
basis of the error signal (&), which is the difference
between the output of the process (y,) and the output
of the reference model (ym). The adjustment
mechanism of MRAC system which is developed by
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MIT adaptive control rule performs the algorithms
as following details [22].
The error input signal

E=Yy = Yn (14)

The function of square error
1.,
J(0) =3¢ 9) (15)

The changing rate of &

4o &l oe
w_ ol _ 0 16
it oo a0 (16)

where 6 is the vector of controller parameter. 2—‘; is

sensitivity derivatives of the error with respect to 6.
y is an adaptation gain. ¢ is the error input signal. yp
is the process response. ym is the response of the
reference model.

The aim of the MIT adaptive control rule is
minimizing the function of square error J(6) which
reflects the capability of controller to track the
reference model output signal.

The transfer function of the reference model

Y,.(s) b,s"+b, s" +...+bs+b,
Ug(s) a,s"+a,,s"" +...+a5+3,

(17)

where Yn is response of the reference model. Uc is
the control signal. bw ~ bo are numerator
coefficients of transfer function. an ~ ap are
denominator coefficients of transfer function.

The transfer function of the process

N,(s) b,s" +b, s +...+bs+b

D,(s) a,s'+a, s +...+as5+a,

(18)

where Ny(s) is numerator polynomial of the process
transfer function. Dy(s) is denominator polynomial
of the process transfer function. b, ~ by are
numerator coefficients of the process transfer
function. a, ~ ao are denominator coefficients of the
process transfer function.

The transfer function of fractional PI“D* controller

G (s)=K, +§+ Kys” (19)
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Apply MIT gradient rules for determining the value
of PI'D“ controller parameters K, Ki, Ky . The gains

of PI'D" controller are computed as

., sEN()
Ko ==7,87 B (s Yo (20)
N
K =- j ( =Y, ] (21)
_ 2£Np S)
Kd_ }/ds s B(S) yp (22)

where y, is an adaptation gain of the proportional
gain (Ke). yi is an adaptation gain of the integral gain
(Ki). yq is an adaptation gain of the derivative gain
(Kp). s denotes the differential operator. 1/s denotes
the integral operator. & is the error input signal.
Np(s) is numerator polynomial of the process
transfer  function. B(s) is the denominator
polynomial of the reference model. y, is the process
response. Uc is the control signal.

5. Simulation results

This section explains the simulation results
obtained from the multi-configuration tank process
controlled by the adaptive fractional order PI1’D*
control strategy described in section 4. The tests
have been performed for validating the effectiveness
of the proposed control methodology in the
performance, stability and robustness in case of
minimum phase and non-minimum phase process
configuration. The target is to control the level in
specified tanks with two pumps. The process inputs
are pumps input voltages (ux, U2) and the outputs are
water level in the tanks (h;). The results are
compared with the conventional model reference
adaptive control (MRAC). Besides, the using of
multi-configuration tank process toolbox s
explained and presents through simulations.

5.1 Process Modeling

Referring to the multi-configuration tank process
parameters in  Table 1, minimum phase
configuration, the mathematical model of multi-tank

process (Gy;,9;,, 05,9, ) developed from Egs. (6) —
(9) are demonstrated as.

Gretr=] 200 20

(23)
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2.29e5s* + 6.18e4s° + 6.04e3s?
+2.48e2s + 3.46

s)= 24

MO 6.66e6s° + 2.33e6s* +3.02e5s° (24)
+1.77e4s? + 4.54e2s + 3.84
1.45e4s® + 3.22e3s? + 2.23e2s + 4.66

O (S) = 3 (25)

8.31e65s° +3.22e6s* + 4.67e5s
+3.14e4s? +9.62e2s +10.8
3.38e2s” +47.85+1.3
S)= 26
921() 1.76€5s* +5.45e4s°® +5.71e3s? (26)
+2.31e2s+3.1
1.53e6s° +5.81e5s* +8.67¢e4s’

+6.33e35% + 2.25025 + 3.07

922 (%) = 4 2675+ 2.06675° + 3.64¢65"
+3.65e55° +1.84e4s” + 4.66e2s
+4.58

(27)

5.2 Decoupling compensators design

The multi-tank system has controllability
limitation from interference between inputs and
outputs and interaction on the level between upper
tanks and lower tanks. Thus the decoupling
compensators have been applied for minimizing
cross coupling between two loops of the full
interaction system [23, 24].

D, (s)= % E%a(s)ﬂﬂ(s) (29)

Referring to the mathematical model of multi-tank

process (911,912,921,922) in Egs. (24) — (27), the
decoupling compensators are determined as

1 D, (s)} 9)

G in (S) =
decoupling |:_D21 (S) 1
D, (s)=

2.77e8s°® +1.12e8s° +1.78e7s*

+1.38e6s° +5.53e4s? +1.06e3s +7.52  (30)
5.47€9s’ +2.68e9s° +5.4e8s° +5.73e7s*

+3.47e6s° +1.19e5s% + 2.14e3s +15.7
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D,,(s)=
3.18e7s® +1.43e7s° + 2.54e6s*

+2.23e5s° +1.02e4s? + 2.31e2s + 2.04 (31)
5.78e8s’ +3.07e8s°® + 6.71e7s° + 7.82e6s*

+5.22e5s° +1.99e4s% +3.98e2s + 3.25

The compensated process models (gy.,d,,,) of
multi-tank process becomes

Ouc (S)

0 92:(3)}

Gcomp_process (S) = { (32)

O11¢ (S) =

1.33e15s" +1.71e15s" + 4.58e14s"
+1.06e14s” +1.59e13s® +1.65e12s’
+1.2e11s° + 6.27e9s° + 2.31e8s"

+5.91e6s° +1.0e5s% +1.01e3s + 4.66
3.86e16s™ +3.71e16s™ +1.6e16s™

+4.14e15s" + 7.08e14s° + 8.48e13s®
+7.29e12s’ + 4.56e11s® + 2.07¢e10s°

+6.71e8s* +1.51e7s® + 2.23e5s>
+1.93e3s +7.39

922¢ (S) =

7.79e14s" + 6.86e14s™ + 2.69e14s"™
+6.19e13s’ +9.33e12s® + 9.67el1s’
+7.07€10s° + 3.68e9s” +1.36€8s"

+3.47e6s> +5.87e4s* +5.93e2s + 2.73
2.24e16s" + 2.17e165™ + 9.46e15s™

+2.46€15s" + 4.25e14s° +5.14e13s®
+4.48e12s’ + 2.84e11s°® +1.31e10s’

+4.36e8s* +1.01e7s® +1.56e5s>
+1.42e3s +5.83

(33)

(34)

5.3 Model reference adaptive control (MRAC)
fractional-order PI“D* controller design

Owing to the response specifications of the
control system performance, which comply by the
percent overshoot (P.O.) is less than 7%, the
settling time (ts) is under 3,000 sec, the reference
models are designed by poles placement technique
[25] as follows
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_ Yu(s) 0.0011
Model refl = Us(s) ~ s3+s2+40.101s+0.0011 (35)
Model ref2 = & — T (36)

Uy(s) ~ s3+s2+0.106s+0.0013

Referring to the MIT adaptive control rule described
in section 4.2, the adaptation gains (y) are specified
as Egs. (37) and (38) to minimize the function of
square error J(#), so that the controllers’ gains are
obtained as well as enable the capability of input
signal tracking effectively.

MRAC adaptation gainsl:
¥m =—0.10,7;, =-0.0001, y,,, =-0.000012  (37)

MRAC adaptation gains2:

Y2 ==0.10,7, =-0.0001, y,, =—0.000015  (38)

The design of the fractional-order PI“D“ controller is
able to perform by the optimization integral square
error (ISE) function proposed in [26]. Specifications
are as follows. Gain margin is set to 10 dB, and
phase margin to 65 degrees.

In Fig.9, It can be seen, that the proper values of
fractional parameter (/, w) are in the range of
A=[0.90; 1.20] and . =[0.30; 0.80] respectively.
In this simulation, we selected the most suitable
fractional parameters which the values of ISE at
3,234 cm? (tankl), 2,320 cm? (tank2) as the
following controller transfer functions.

1
GFOPID_l (S) = Kpl + Kil 31_13 + Kdls%s (39)

08 i - 5 0
06 - = 05
04 - :
02 0 15
Mu Lambda

Figure. 9 Fractional order (4, «) for ISE minimization
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1
GFOPID_Z(S) = sz + Ki2 81_19 + Kdzsa67 (40)

5.4 The performance validation for minimum
phase

The structure of the proposed control system,
model reference adaptive control (MRAC)
fractional-order PI'D*, is illustrated in Fig. 10. The
system consists of multi-configuration tank process
toolbox, MRAC mechanism, fractional-order PI*D*
controller and the decoupling compensators. The
target is to control the level in tankl and tank2 to
track the step input signal using pumps input voltage
signals (u1, Uy).

Decoupling
compensator

Inputl

1Multi-Configuration |
Tank Process

35

Input2

Reference model2
Figure. 10 Simulation of adaptive fractional order P1"D#
control for multi-configuration tank process toolbox

6

Yrefl Tankl
Y1 Tankl
Y2 Tank2
Yref2 Tank2
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Figure. 11 Step response of multi-configuration tank
process simulation: minimum phase
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The simulated responses of levels of tankl and
tank2 are shown in Fig. 11. The results show that the
reference signals are tracked effectively. The
transitions take place approximately at the 100™, and
3500™ second. The dash lines represent the outputs
of the reference models (ymi, Ym2) which are
characterized by the transfer functions in Eg. (35),
Eg. (36).

As mentioned in section 4, the proposed
adaptive fractional order PI*‘D“ controller used level
outputs (yi1, y2) and the difference between the
reference model outputs (ym1, Ym2) and level outputs
(y1, ¥2) as the inputs for calculating the controller

gain (K, K, ,K) adaptively while the fractional-

order of the operations (4, ) are able to support the
control  system for increasing the control
performance.

The effectiveness of the proposed theoretical
method applied to the minimum phase of multi-
configuration tank process toolbox, it can be seen
that at the first step tracking, the output responses
have 3.45 of percent overshoot, settling time at
2,797 seconds for both of y; (Blue line) and y. (Red
line), likewise the values of steady state error are
zero. As well as in the second step tracking the
output responses have 1.52 of percent overshoot,
settling time at 889 second for y; (Blue line) and the
values of steady state error are zero.

The test of control system without the
decoupling compensator is presented in Fig. 12. The
results reveal that the designed decoupling
compensator has effectiveness of inter-acting
rejection. While the water of tankl raises to the
higher set point, many volumes of water are fed to
the tank2 causing the huge increments of the water
level in the tank2. Therefore, It is proved that the
decoupling compensator has been used to perform
the inter-acting rejection efficiently.

6
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I Y1 Tankl

I
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Figure. 12 Step response in case of non-decoupling
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Figure. 13 Step response compared between adaptive
fractional order P1*D# (MRAC FOPID) control and model
reference adaptive control (MRAC)
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Figure. 14 Step response in case of robustness validation

The advantage of proposed technique over the
conventional model reference adaptive control
(MRAC) [17] clearly demonstrated in Fig.13. The
responses due to a reference signal 20% of the tank
height at 100" second and 50% of the tank height at
3,500™ second indicate an overshoot of less than 7%
and a settling time around 3,000 seconds (2%
tolerance). The results clearly showed that the
conventional model reference adaptive control has a
limitation to adjust the response, while the adaptive
fractional order PI‘D“ control can decrease the
settling time over 453 seconds using the appropriate
adjusting of the fractional-order of the operations (4,
1)-

The robustness of the proposed adaptive
fractional-order PI'D* controller is demonstrated in
Fig. 14. The test was done by adjusting the process
parameter, the gain of pumps (Kp1, Kp2) to £50% for
validating the robustness of controller in the system
that have the process parameter perturbations.

This finding validates the usefulness of the proposed
technique over a non-adaptive fractional-order
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PI1*D* controller in [27] that adaptive mechanism of
the adaptive fractional-order PI'D* controller is
capable of adjusting the controller gain

(Kp, K, K )to ensure the system to meet the same

desired specifications at almost every step set-point,
even though the process parameters was changed
over 45% compared to the robustness evaluation of
the previous work [27] which has the variation of
the response in settling time and overshoot.

5.5 The performance analysis for non-minimum
phase

Due to the process parameters in case of non-
minimum phase, the zeroes of the multi-tank process
are located in the right half plane, which means that
upper tanks get more water, while the target is to
control lower tanks, making the control problem
become more challenges [28, 29]. Referring to the
proposed control strategies explain in the section 4,
the adaptation gains (y) are specified as

MRAC adaptation gainsl:
7, =-0.00001, ;, =—0.001, ,, =-0.0018 (41)

MRAC adaptation gains2:
Y2 =—0.00001, ;, =-0.001, ,, =-0.0012 (42)

The fractional-order operations, which provide the
values of ISE at 2,268 cm? (tankl), 1171 cm?
(tank2) are demonstrated in the controller transfer
functions as following.

1
GFOPID_l (S) = Kpl + Kil Slw + Kd150.75 (43)
1
GFOPID_Z(S) > sz + Ki2 Slw + Kdzso75 (44)

The decoupling compensators in Eq. (30), Eqg. (31)
with the structure of invert-decoupling [30] were
used for rejecting the inter-action disturbances.

The simulated responses of levels of tankl and
tank2 are shown in Fig. 15. The transitions take
place approximately at the 100", and 3500 second.
The dash lines represent the outputs of the reference
models (Ym1, Ym2). The effectiveness of the proposed
model reference adaptive control (MRAC)
Fractional-order PI’D* applied to the non-minimum
phase of multi-configuration tank process toolbox, it
can be seen that at the first step tracking, the output
responses have 5.75, 6.9 of percent overshoot,
settling time at 866, 1064 seconds for y; (Blue line)
and y2 (Red line) respectively, likewise the values of
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steady state error are zero. As well as in the second
step tracking the output responses have 5.0 of
percent overshoot, settling time at 869 seconds for
y1 (Blue line) and the values of steady state error are
zero. The test of control system without the invert-
decoupling compensator is presented in Fig. 16. The
results reveal that the proposed invert-decoupling
structure has effectiveness of inter-acting rejection.

The advantage of proposed technique over the
conventional model reference adaptive control
(MRAC) [17] clearly demonstrated in Fig.17. The
results clearly showed that adaptive fractional order
PI*‘D* control can decrease the value of overshoot
over 21.36 percent using the appropriate adjusting of
the fractional-order of the operations (4, u)
compared to the conventional model reference
adaptive control which has a massive percent of
overshoot.
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Figure. 15 Step response of multi-configuration tank
process simulation: non-minimum phase
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Figure. 16 Step response in case of non-decoupling
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Figure. 17 Step response compared between adaptive
fractional order PI"D* (MRAC FOPID) control and model
reference adaptive control (MRAC)
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Figure. 18 Step response in case of robustness validation

0 1000

The robustness ~ of the proposed adaptive
fractional-order P1'D* controller is demonstrated in
Fig. 18. The test was done by adjusting the process
parameter, the gain of pumps (Kp1, Kp2) to £50% for
validating the robustness of controller in non-
minimum phase of multi-configuration tank process
that have the process parameter perturbations. This
finding validates the usefulness of the proposed
technique over a non-adaptive fractional-order P1*D*
controller in [27] that adaptive mechanism of the
adaptive fractional-order PI'D* controller is capable
of adjusting the controller gain (K,,K,,K;) to
ensure the system to meet the same desired
specifications at almost every step set-point, even
though the process parameters was changed over
45% compared to the robustness evaluation of the
previous work [27] which has the variation of the
response in settling time and overshoot.
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Table 1. Process parameters

Process parameters Values

A: Cross section area of tank 70 (cm?)

a, : Cross section area of outlet hole 0.5028 (cm?)

a, : Cross section area of the 0.5028 (cm?)

connection hole between tank1, tank2

h (t): Water level 20 (cm)
u; : Voltage input of pump 7 (volt)
B, : Outlet valve ratio 0.549, 0.587,
0.182, 0.263
B, : Connected upper valve ratio 0.284
B, : Connected lower valve ratio 0.184
7; - Inlet valve ratio (min phase) 0.744, 0.757
7; + Inlet valve ratio (non-min phase) 0.214,0.217
k,; - Gain of pump 3.237,3.2

(cm?® / volt / sec)

g : Specific gravity 981 (cm/s?)

6. Conclusion

The adaptive fractional order PI*D“ control for
multi-configuration tank process (MCTP) toolbox
has been presented in this study with the purpose of
demonstrating the problem of reference tracking and
cross coupling rejection in multi-input-multi-output
system.  Furthermore = the  proposed  multi-
configuration tank process (MCTP) software
toolbox is developed from the discrete state P-file S-
function which is operated within the MATLAB
environment for providing many non-linear
functions of dynamic models of multi-configuration
tank process such as multi-input multi-output
(MIMO) quadruple tank full-interacting process,
multi-input multi-output (MIMO) quadruple tank
process, multi-input single-output (MISO) triple
tank interacting process, multi-input multi-output
(MIMO) coupled tank interacting processes. The
paper describes the mathematical model of multi-
configuration tank process, nonlinear dynamic
characteristic, minimum phase and non-minimum
phase configuration, software toolbox features and
also explains about the design of the adaptive
fractional order PI‘D“ controller including the
performance validation. Significantly, the results
have been illustrated that the proposed controller
design scheme can provide the sufficient
effectiveness in the performance, stability and
robustness. In addition, these tests reinforce the
usefulness of MCTP toolbox as a complete
simulation tool for users to perform an engineering
research of multi-configuration tank control system
analysis and design, moreover, it contains very
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useful for validating the control algorithm of multi-
input-multi-output system. To further our research
intends to implement the nonlinear modeling and
dynamic optimization in the actual multi-
configuration tank process for extending the
research capacity of the multi-variables control
system analysis and design.
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Design of PID Controller for the Modified Quadruple-Tank Process
using Inverted Decoupling Technique

Arjin Numsomran', Vittaya Tipsuwanporn', Thanit Trisuwannawat'and Kitti Tirasesth'

'Faculty of Engineering, Department of Instrumentation and Control Engineering,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand
(E-mail: ktvittay@kmitl.ac.th)

Abstract: This paper presents the approach to design PID controller for a modified quadruple-tank process using
inverted decoupling technique. In case of non-minimum phase, TITO system, such as modified quadruple-tank
process which can’t be controlled by PID controller with standard decoupling technique because the system can’t be
stabled by saturating manipulate signal. With the proposed method, The inverted decoupling controllers, decreasing the
cross coupling between inputs and outputs, transform TITO plant transfer function model into SISO form so that SISO
controller for each SISO model can be designed by Root Locus Technique easily and efficiently. PID controller with
inverted decoupling can stabilize an unstable non-minimum-phase system and minimize several undesirable influences
from an interaction in TITO process. The results from control system design can be illustrated by the experiments.

Keywords: PID Controller, Modified Quadruple Tank, Inverted decoupling, TITO Process.

1. INTRODUCTION tank process which has a flexible structure design is
constructed by four cylindrical tanks which are mounted
Generally TITO or MIMO systems can be found in vertically on an acrylic board and are arranged in a
the process industries which usually have the problems symmetric tank sequence as shown in Fig.1. The
to control their systems because of the existence of capacity of all 4 tanks is 1192.5 cm”.Their outlet holes
interactions between input and output variables. are connected to outlet valve which function as flow
Decoupling technique [7] is another method that has resistance for water outlet flowing. A small hole is
been proposed for improving cross coupling between drilled at the bottom of bottom two tanks to channel the
process inputs and outputs problems [6], but we realized water from each tank to a differential pressure
that the non-minimum phase system would be unstable transmitter via an 8-mm tubing diameter for water level
when it was applied by the decoupling part. measurement. The 32,000—cm3 water reservoir tank is
This paper proposes control system design for used for store and recycles water for the experiment.
non-minimum phase, TITO modified Quadruple Tanks Two API Instrument gear pumps are used for supplying
process, that has several undesirable influences from an water to each tank.
interaction between inputs and outputs. The designed A connected valve () in fig.1 is the part that we
inverted decoupling controllers [8] used for decrease the design for increasing laboratory plant flexibility. It

cross coupling between inputs and outputs, - and combines the water flow path of tankl with tank2.

transforming TITO plant transfer function model into ‘
When th ted val t take the val
SISO form so that SISO controller for each SISO model Sabiopagrted st gfgf B, take the value over

can be designed by Root Locus Technique easily and
efficiently. The PID controller with inverted decoupling
can stabilize an unstable non-minimum-phase system
and minimize several undesirable influences from an
interaction in TITO process.

The remainder of the paper is organized as follows. In
Section 2, we introduce modified quadruple-tank
process. Section 3 describes the controller design
method. Section 4 explains experiment and results.
Finally, conclusions are given in section 5.

0, it will create the interacting channel between water
process in tankl and tank2. By the interacting structure,
we can assess the performance of control system design
in the interacting condition.

a-r)

2. MODIFIED QUADRUPLE-TANK
PROCESS

2.1 Structure of Modified Quadruple-Tanks Process

A modified quadruple tank process in Fig.l was
designed and constructed to have a flexible plant
structure which can be adjusted to many styles for the
experiment of TITO control system design [3], [4], [5].

This section the physical model of the modified
quadruple-tank is presented. The modified quadruple

Fig. 1 Schematic diagram of the modified
Quadruple-tank process

978-89-93215-03-8 98560/11/$15 (OICROS 1364



The target is to control the level in lower tanks with
two pumps. The process inputs are ul(t) and u, (z‘)

(input voltages to the pumps) and the outputs are 7 (l‘)
and h, (t ) (water level in tank1 and tank2)

2.2 Modeling of Modified Quadruple-Tank Process

Mass balances and Bernoulli’s law yield non-linear
plant equations as following.
Non Linear System

an () _ _ Ba, B,a;
— T J2gh (1) + Y \J28hy(0)

_%Sgn(hl(t)—hz(t) W+% Mo

dh (z) ﬂzaszrm s [2ghy(0)

ﬁjx (1 ()=t ()2l ()R (O + 2 0
%:_%\/ﬂxm%um (1)
%:_%m+% ()

Where

A :Cross section area of tank (cmz)

a; : Cross section area of the outlet hole (cmz)

a, :Cross section area of the connection hole between
tank1 and tank2 (cmz)

h; (¢) : Water level (cm)

u; :Voltage input of pump (volt)

J
B

B, : Connected valve ratio
Vi
k,,; : Gain of pump (cm® [ volt / sec)

: Outlet valve ratio

:Inlet valve ratio

g : Specific gravity (981 cm/ s%)
The pumps generate a flow proportional to the applied
voltage: ¢, (1)=k u; (7). The flow that split up

pi’
by the valves to tankl is

(1

j/lkplul(t), tank2 is
Vak oty (1), tank3 is

(1= kprer (1)

A. Linearization
We represent the system by a state space form:
X = Ax+ Bu, y = Cx+ Du From the equation (2), that

—73)k ity (¢) and tank4 is

the system as h=f (h,u), where f is non-linear
function of water level /4 and the pump voltage u so
we have to linearize the system around the steady state
(h,u) for the state space representation. From the aid of

Taylor series expansion, Linearizing the non-linear
system has represented by a state space system as
following.

1365

x=Ax+Bu,y=Cx+Du

——— = — 0
) Tl Tx Tx TS
1 L S L a |
S| i T, T, Ty ||
3 0 0 —Ti 0o |
x4 3 x4
0 0 0 —L
L Ty |
k
n*p1 0 W
A
Yk
0 2" p2
A {”l}
+ .
. (1-72)k,0 | |2
A
(1 yl)kpl 0
L4 J )
: idi | 8
where the time constant 7, such that —=—"+ |—=
L, A \2h
1 a
and =2 X %,S
LA 2 -

B. Transfer Matrix
The Laplace transform of (2) yields to the transfer
matrix of the four tank system.

< THAY\p. Y (s) Za(s). Uy (s)
Gls)=C(sI- A 1B, [YZ(S)] G()[Uz(s)}

)

G = (3)
i [gzl(s) 822 S)]
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UL 0 (1'71)T1T2kp1 /T A
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_ 1'2 x
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3. CONTROLLER DESIGN METHOD

In this section, we explain about controller design for
modified quadruple tank process in case of
non-minimum phase mode. The method of controller
design is divided by 2 parts. The first part is inverted
decoupling controller design. The second part is 2-DOF
PID controller design.

3.1 Inverted Decoupling Design
In Fig. 2, shows the plant transfer matrix G;;(s) that

has the cross coupling between process inputs and
outputs. Because of the interaction between processes,
the control design needs the inverted decoupling
controllers to minimize the cross coupling effects.

The inverted decoupling controllers consist of two
decouplers ( d; and d, ).The purpose of using

(d and d, ) is

multivariable system. This can be done by choosing the
following transfer functions for decouplers.

E

L -l
+ et

Inverted Decoupling

Fig. 2 (TITO) process with inverted decoupling
controllers

decouplers to decouple the

6.(s) TG () @

If expression (4) holds, cross-interactions between
inputs u; and u, an outputs %4 and A, do not
exist. In this case the process outputs are:

h(s)=C(s)g (s)e(s)
h,(s)=C,(s)g.(s)e (s)

where
G, (s)-d (s)G,(s)

g (s)=
g,(s)=G,(s)-d,(5)G, (s)

After the inverted decoupling design, we get 2 SISO

&)
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transfer functions of plant, g, and g, which are used
for PID controller design C; and C, respectively.

3.2 Two Degree of Freedom PID Controller Design
The control system structure fig. 3 is PID controllers
in 2-DOF form which consists of PID Controllers (C; ,

C, )and Pre-filters ( F , F, ).

e

PLANT

Hy(s)
i

b
Controller

Fig. 3 The block diagram of control system

4. THE EXPERIMENT RESULTS
In this section, the experiment was done by following
step.
Step 1. To find plant transfer matrix G (s)

Step 2. To design inverted decoupling controller model
d(s), d,(s) and calculate the SISO plant transfer
function g;(s),g,(s)
Step 3. To design 2-DOF PID Controller
Step 4. To test controller performance and study plant’s
behavior.
The details of each step are described as following.
Step 1 To find plant transfer matrix G, (s)

From Fig.1,
following tablel

we obtained plant parameter as a

Table 1 The parameters of process

Process Parameters

Non-Min-Phase

A (cm”) 70

a (cm’) 0.5028

B 0.53

B, 0.657

B, 0.381

B, 0.462

B. 0.250
%7 0.344,0.357

Table 2 The operating point of process

Process Parameters

Non-Min-Phase

w (Vol) 7
w, (Volt) 7
h (x10 % Range) | 3.5
Z (x10 % Range) | 2.4




h_3 (x10 % Range) | 2.0
Z (x10 % Range) | 1.5

ki (cm®/V + s) 3.24
ky(cm?/V  5) 3.154

According to the parameters and the operating points
of process in tablel and table2, this process can be
placed into the equation (3). It will be obtained the plant
transfer function as in equation (10)

_0.015925* +2.633x10 s +1.689%x10™*
" §340.2484s> +18.61x107 s +43.85x107
1.852x107s+1.57x10™"

2 +0.23125% +15.38%x10 s +3.132x10™*

G - 2.426x107° s +18.74%107°

624024845 +18.61x107 s + 43.85x107°
_16.19%107s% +2.024x10°s +10.43x107°
5240231257 +15.38x10 s +31.32x107°

Glz -

22

(10)
Step 2. To design inverted decoupling model

d,(s), dy(s)
From (4) and (10) we designed inverted decoupling
controllers d,(s) and d,(s)for decoupling the

interaction in modified quadruple-tanks process as
equation (11).
_0.11635* +16.84x107s +5.917x10”"
s> +0.2083s5° +17.75%x107° s + 4.57x107*
0.1508s> +18.12x10° 5 +4.994x10™*

5 +0.18595> +14.04x10 s +3.891x10~*
(11)

From inverted decoupling models (11), it obtained new
plant transfer functions as equation (12)

2, (s)=G,(s)-d (s)G,(s)
_0.015925" +1.638x10 "5 =9.97x10”
" 40,1859 +14.04x 1075 +3.891x10™
2.(s)=0,(s)-d.(s)G,(s)

~0.01609s” +1.655x10s—1.007x10""

S 40.2083s> +17.75x10" s +4.57x10™
(12)

=

2

Step 3. To design 2-DOF PID Controller

In this step, the 2-DOF PID controllers which are
designed by root locus technique will be explained. The
process models which achieved by decoupling structure
as equation (12) are employed to design the controller
under this condition.

P.O.< 5%, (7 <50sec, e, (t)=0 (13)

And then it is obtained PID Parameter as following
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_ 80(5+0.405)’

Control loop g(s) : G, = (14)
s
k,=64.38, k =13.122, k, =80
13.122
Pre-filter: G, = 15
e O S o v eass 413022
60(s+0.345)’
Control loop g,(s) : G, = (16)
s
k,=414, k =7.1415, k, =60
Pre-filter : G 7.1413 (17)

T 60s” +41.45+7.1415

Root Locus of control systems, gi(s) and gx(s)
shown in Fig.4, Fig. 5.

We tested the performance of 2 DOF PID
controllers with  inverted decoupling. The
responses of control system and manipulated
variables are obtained as Fig. 6, Fig. 7 respectively.

Root Locus Editor (C)

Imag Axis

04 -0.25 -0.2 005 a

Feal Axis

Fig.4 The Root Locus of Control System g;(s)

-0415 -04 005

Roct Locus Editor (C)

Imag fds

-06

05 -04 03

Real Axis

02 04 0

Fig.5 The Root Locus of Control System g,(s)
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Fig. 6 Step Response of 2-DOF PID Controller with

Inverted Decoupling
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Fig. 7 MV of 2-DOF PID Controller with

Inverted Decoupling

Table 4 Transient Response of Control System
at =500 sec and =1000 sec

K, | K | K, |t | PO.(%)
Tankl | 648 [ 13122 80 |30 | ~3.03
Tank> | 414 | 7.1415| 60 |35 | 3.03

In this section, the responses of the controlled
system, /;(¢) and h,(z), with entering of interaction at
500 seconds and 1000 seconds are shown in Fig. 6. It is
clearly shown that the settling time # and percent
overshoot %P.0O. can also be achieved as the required
performance specification.

5. CONCLUSION

The controlled system using the PID controller
designed by inverted decoupling technique for a
non-minimum phrase TITO system has been proposed
in this paper. It has been shown that the inverted
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decoupling controllers can properly be applied with
TITO system in non- minimum phrase condition. Used
with PID controller, the inverted decoupling controllers
can stabilize an unstable non-minimum-phase system.
Furthermore,  settling time ¢ and  percent
overshoot %P.0. can also be achieved. Moreover, the
simulation results also show that the proposed control
system has the Tolerance to the influence from an
interaction between input and output of TITO process.
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Design of PI Controller Using Decoupling and CRA Techniques
for Quadruple-Tanks Process
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Abstract: This paper presents the design of PI controller using Decoupling and CRA technique for
quadruple-tanks process. In case of, TITO interacting system such as quadruple-tanks process, the controller designs
have been performed ambitiously because interferences between inputs and outputs. With the proposed method, The
Decoupling controllers have been used for decreasing the cross coupling between inputs and outputs and transforming
TITO plant transfer function into SISO form so that SISO controller for each SISO model can be designed easily and
efficiently. Furthermore, Using CRA technique has made the output response achieve the required performance
specification. Also, in non-minimum-phase, PI controller with inverted Decoupling can stabilize the system and
minimize several undesirable influences from an interaction in TITO process. The results from control system design
can be illustrated by the experiments.

Keywords: PI controller, Decoupling, CRA, Quadruple-tanks process

1. INTRODUCTION 0,(), Q,(?) from two pumps. The process inputs are

A quadruple tanks process is a good apparatus for voltage inputs of two pumps (1), u,(7) .
control system design of TITO process which can be
found in the many industries. Generally, The TITO
processes have the problems to control their systems
because of the existence of interactions between input
and output variables. Decoupling technique [7] is
another method that has been proposed for improving
cross coupling between process inputs and outputs
problems [6].

This paper proposes the design of PI controller using
decoupling and CRA technique for quadruple-tanks

Tankd

Pump 2

ul

process. The decoupling controllers have been used for T
decreasing the cross coupling between inputs and ‘
outputs, transform TITO plant transfer function model L -

into SISO form so that SISO controller for each SISO Fig.1 The Schematic of Quadruple-Tank Process.
model can be designed easily and efficiently.

Furthermore, Using CRA technique made the output The balance of water level in lower two tanks relates

response  achieve  the  required performance

specification. The PI controller with inverted with inlet flow 0,(#), Q2 (1), inlet valve ratio &4, @,

decoupling can stabilize both minimum-phase and o5, 0y, outlet valve ratio 53, 55, By, Bu -
non-minimum-phase system and minimize several ) )
undesirable influences from an interaction in TITO The transfer matrix Gp (S ) of plant equations can
process. be obtained by mass balance equation and Bernoulli’s

The remainder of the paper is organized as follows.

law. Plant tions is sh in eq.(1).
In Section 2, we introduce quadruple-tank process. aw. Plant equations is shown in eq.(1)

Section 3 describes the CRA technique. Section 4 akT /4 (1-0,) kT / 4
explains controller design method. Section 5 explains ( Ts+ 1) ( Ts+ 1) ( Ts+ 1) (1)
experiment and results. Finally, conclusions are given in G, (S) =
section 6. (1=, )T,/ 4, kT, 4,
(Tt )(Tst1)  (Ls+)
2. QUADRUPLE-TANKS PROCESS where the time constant 7 are
Consider the Quadruple-tanks, two-input two-output 4 n
process, in fig.1. The target is to control water level of T :ﬂj ?, i=l~4

lower two tanks A,(¢), h,(¢) by the inlet water flow

978-89-93215-03-8 98560/11/$15 ©OICROS 1358



}_ll- represents the steady-state water level of tank 1~4.

Where A, is the cross section area of tank 1~4 (cmz), a;
is the cross section area of outlet hole of tank 1~4
(cmz), ﬂl is the valve ratio at the outlet of tank 1~4,
h; are water level of tank 1~4 (cm), g is the gravity

(cmz/ s) and Kk, k, are the gain of pumpl and

pump?2 (cm3 V- S) respectively.

3. CHARACTERISTIC RATIO ASSIGNMENT

Characteristic Ratio Assignment (CRA) found by
Naslin [1] has been used to design the parameters of the
PI or PID controller so that the step response satisfies
stability, fast response and robustness requirement.

The relation of characteristic equation can be
illustrated as follow.

p(s)=as"+a, "' +...+as+a,, Va,>0 2)
Where, the characteristic ratio is given by,
2 2 2
a a a
— 1 — 2 — n-1
G=—— O=——, .., 0, =—" 3)
ayd, a,a, a,.,4,

and equivalent time constant is given by

a
T=—" 4)

a

0
Design controller by CRA method, assigns value of
time constant (7 ) and characteristic ratio (¢;) up to

system requirement, to define the value of ¢/, it is under

the rule of Lipatov and Sokolov [2] in order to retain the
system stability
3.1 Adjustment speed response of control system

To adjust a speed response of control system, the
CRA method can be tuned by changing a value of time
constant as shown in the next equation. Assume, the
transfer function is given as

%

G(s)= 5

For speed adjustment, the equivalent time constant is
given by

_lfaq
il
if k>1, equivalent time constant will be decreased. In
contrast, if 0<k <1, the equivalent time constant will
be increase.
New transfer function is defined as
k"a,

n n—1 n—1 n
as"+ka, s" +...+k" as+k"a,

"
a,s"+a, s+..+as+a,

(6)

G, (s)= (7

3.2 Adjustment damping ratio of control system

To adjust the damping ratio, if a system is high
order then there are many parameters ( ¢, ) to be
adjusted. Thus the CRA method is designed for tuning
only one parameter that follows as,
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2
o = k[ % ] (8)
iy
ifk>1, damping ration will be increased. If 0<k<1,
the damping ratio will be decreased.
New transfer function is defined as
G (s)=

k a,
2 1 1>

——n-1 —n
2 oas+k?

©)

1 1
as"+k"a, "k 2,
4. PI CONTROLLER USING DECOUPLING

AND CRA TECHNIQUE FOR
QUADRUPLE-TANKS PROCESS

This section describes the design procedures of
Decoupling Controller and PI Controller via CRA.

4.1 Decoupling Controller Design
In Fig.2 shows the plant transfer matrix Gj;(s) that

has the cross coupling between process inputs and
outputs. Because of the interaction between processes,
the control design needs the decoupling controllers to
minimize the cross coupling effects.

The decoupling controllers consist of two decouples
(d, and d,) .The purpose of using decouples

(d, and d,) is to decouple the multivariable system.

This can be done by choosing the following transfer
functions for decouplers:

G
Hiy (s) = Gng;’ Hy(s)=
11

Where H;; and Hjp, =1

Gy ()
Gy (s)’

(10)

If expression (1) holds, cross-interactions between
inputs u, and u, an outputs h and A, do not

exist. In this case the process outputs are:
() = Ci(5)g1(s)e (s)

(11)
Iy (5)=C5(5)g,(8)ey (s)
where
&1(8) =Gy (s) = Hp (5)G(s) (12)

85(5) =Gy (8)— H 5 ()G (5)

After the decoupling design, we get 2 SISO transfer
functions of plant g, and g, which are used for PI
controller design C, and C, respectively.

In case of non-minimum phase, the inverted
decoupling controller’s design procedures are still the
same as equation (10)~(12), but control system structure
has been changed to the PI Control system structure for

Quadruple-Tanks ~ Process  (Invert = Decoupling
Controller) in Fig. 3.
4.2 PI Controller Design
Plant transfer function
B, (s) s* 4+ pis+
Gp (S)= P _ P P1ST Po (13)

4,(s) g8 +q,5" +q5+4,
PID transfer function



Ge ()=~ ES; = (14)
Ger (5) = iz 8 h Kpsni K, (15)

.=

Decoupler  Quadruple Tank System|

CRA Controller

Fig. 2 PI Control system for Quadruple-Tanks
Process (Decoupling Controller)

Decoupler  Quadruple Tank System

2
CRA Controller

Fig. 3 PI Control system for Quadruple-Tanks Process
(Inverted Decoupling Controller)

Closed Loop transfer function
Y(s)
R(s)

m(P252 +pStpy)
q}“"4 +(q, +Kppz)53 +(g, JrKppl +K,pz)5'z +(4, +Kpp0 +K,p)s+K,p,

(16)

As CRA method, we assign the value of equivalent

time constant 7 and characteristic ratio &, ,,Q;,

hence the P(s)can be expressed as

(17)

P(s)=a,;s" +a;5’ +a,5° +as+a,,

art

o

where aq; = 5 —
1— 1—
(06'—10‘;'—2 BRI )

and characteristic equation of closed loop transfer

function is
P,(s)=

q3s4 +(q, +Kpp2)s3 +(q, +K,p, +K,.p2)s2 +(q, +K,p, +K,p)s+K,p,
(18)
Equated the above P, (S) to the P (S) in equation

(17), the parameters of PI controller are received as
showing in equation (19) and (20).

r % (19)
koo q, +Kpp2
_4 +K,p, +K;p, (20)
k K.py
5. EXPERIMENT & RESULTS

Referring to the parameters and the operating points
of process in table 1 and table 2, this process can be
placed into the equation (1). The plant transfer function
will be obtained as showing in equation (21).

Table 1 Process Parameters

Symbol Description Quantity
A(cmz) Cross section area of tank 1,2 70
2 Cross section area of outlet hole of
a(em™) | oo 12 0.5028
g (CWl/ Sz) acceleration due to gravity 981

Table 2 The operating point of process

P (min. phrase) P+ (non-min
phrase)
(B, hy) [em] | (34.30) (3.5,2.4)
7 {1
(h3 4) 2.0, 1.0) (2.0,1.5)
[em]
(@.m)[V] | a7 (7.7)
(k). k) (3.237,3.218) (3.240, 3.154)
(o, ) (0.741, 0.746) (0.444, 0.457)
(B.5) (0.549, 0.587) (0.530, 0.657)
(8.5, (0.182, 0.263) (0.381, 0.462)
(1.1) (22.7286,21.3435) | (22.1892, 14.8226)
(TT;) (33.0849,20.3713) | (23.3331, 16.6643)
0.7235 0.2465
= 21.11s +1 10315* +69.96s5 +1
G, (s)=
= 0.2222 0.6361
443 35> +42.455+1 18.55s +1
0.456 0.5429
G (s)=| 2219s+1 517757 +45525+] 2D
- 0.3815 0.3052
247s* +31.49s5+1 1482s+1

From (21) and (10), we obtained the decodpling as

following equation.

1

5.205 s +0.2465

746.1s* +50.61s +0.7235

H (s)=
= 110202

2825% +27s+0.6361
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12.05 s +0.5429 Step Resporse ofTark Tarke
236.1s° +20.765 +0.456

1

H (s)=
»(5) 5.6545 + 03815 |

75395 +9.61s+0.3052 ] o
(23)

Level Tank (cm)

Time (sec)

Fig. 5. Step Response of PI Control System with
Decoupling Controller

Control Signal of Controller! 2
T

T
| | ! b TV of Tankt
o - — e | g _ % |— = — = — - \7‘77**4—7M\/onank2*
f
7

Fig. 4 PI Control system for Quadruple-Tanks Process
(Decoupling Controller)

5.1 Experiment for Minimum Phrase Condition
From decoupling controllers (22), it obtained new ¢/ . ..+ ]
plant transfer functions as equations (24) and (25) We- W —~—th., ____ SN _____,_____

Conirol Signal (Volt)

G (s)= 0.03427s% +0.002135s+2.586x10~° A AP N Y
& 5 +0.1097s” +0.003808s +4.057x10~ |

(24)

Time (sec)

Fig. 6. MV. of Controller
0.03429s” +0.002137s +2.588x10~°
5 +0.11625% +0.0042165 +4.618x107

(25) {AV/\NIK mny i ¢

According to equation (18), the design of PI controller
based on CRA technique is assigned parameter follow

Gn2 (S) =

Control Signal case Adjust Speed

—— MV of Tank1 k=1
—— MV of Tank2k=1

| |
g ! ! ! ‘ — b
as time constant 7=100 and the values of characteristic = gl A Yah e Al # y Wl
ratio oy =2.5,,=2.5, ;=25 then it obtained g i i i i i
parameters of PI controller as the values in table 3. & N5 > TN N J a8 e A
| | | | |
Table 3 PI Controller’s Parameters = i 777777 i 777777 i 777777 i 777777 i 777777
for minimum phrase condition | L ™ 1 i i
PI Controller K K. e
P i
Loop G,, 1.3583 0.1678 Fig. 7. Osvershoot éldjustmen{'Re%llts ofl})I Control
Loop G, 1.1630 0.1694 ystem with Decoupling Controller
: Control Signal of Tank1,Tank2 v‘wm case Adjust Dampling Ratio :
The step response in Fig.5, showed the response’s | I . W SR Y. W .
overshoot which is 12.5% for tankl and 17.5% for LR oy
tank2. The settling time of response from tankl and I\ N Y . e e
tank2 are 120sec and 150 sec respectively. N A B Tt
,,,,,,,,,,,,,,,,,,,, ‘
1 1 1 1 1

300
Time (sec)

Fig. 8. MV. of Controller
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Table 4 Overshoot Adjustment Results

Table 5 PI Controller’s Parameters (non-min phase)

for minimum phrase condition PI Controller K K.
P i
k I(sec) P.0.(%) Loop 1 34.8467 0.0914
Loop 2 33.6911 0.0813
1.00 130 12.5
Loop 1 1.02 130 10 Table 6 Speed Adjustment Results (non-min phase)
1.05 130 6.25 k ¢ PO
1.00 130 17.5 (sec) (%)
Loop 2 1.02 130 13.75 1.0 1100 0.0
1.05 130 10 Loop 1 1.2 1050 0.0
P 1.4 975 0.0
Because the step response in Fig. 5 satisfy the required 1.0 1300 0.0
settling time performance, 250 sec, but cannot satisfy Loop 2 1.2 1200 0.0
the percent overshoot requirement, we adjust 1.4 125 0.0
characteristic ratio of closed loop transfer function using
CRA so that improve the step response ‘s overshoot of

control system. As showing in table 4, we defined &
parameters as 1.00, 1.02 and 1.05 respectively.  From
the response in Fig 7, it is clearly shown that percent
overshoot %P.0. can also be achieved as the required
performance specification.

5.2 Experiment for Non-Minimum Phrase Condition
From decoupling controllers (23), it obtained new
plant transfer functions as equations (26) and (27)

G (5)= 0.02055s* +0.0021145 —2.579%x10~°
" 52 +0.1479s* +0.007208s +0.0001159
(26)
0.02059s* +0.002118s —2.584 %107
GnZ(S):

5° +0.1703s° +0.0095125 +0.0001735

27
According to equation (18), the design of PI controller
based on CRA technique is assigned parameter follow
as time constant 7=250 and the values of
characteristic ratio o =6,a, =6, ;=6 then it
obtained parameters of PI controller as the values in
table 5.

The step response in Fig.12, showed the response’s
overshoot which is 0% for tank1 and tank2. The settling
time of response from tankl and tank2 are 1100 sec and
1300 sec respectively.

Because the step response in Fig. 10 satisfy the

required overshoot performance, 0%, but cannot satisfy
the settling time requirement, we adjust characteristic
ratio of closed loop transfer function using CRA so that
improve the step response ‘s speed of control system. As
showing in table 6, we defined k parameters as 1.00,
1.20 and 1.40 respectively.  From the response in Fig
12, it is clearly shown that speed of output response can
also be achieved as the required performance
specification for control loop2 but not for loop1.
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Fig. 9 PI Control system for Quadruple-Tanks Process
(Inverted Decoupling Controller)

Step Response of Tank1,Tank2
T T

Level Tank (cm)

Control Signal (Voltes)

Fig. 10. Step Response of PI Control System with
Inverted Decoupling Controller
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Step Response of Tank1,Tank2 with compare Damping Ratio
T T

— Tanki, k=1
—— Tank2, k=1
Tankt, k=12
Tank2, k=12
— Tanki,k=1.4
— Tank2, k=14

Level Tank (cm)

Time (sec)

Fig. 12 Speed Adjustment Results of PI Control System
with Inverted Decoupling Controller
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Fig. 13 MV. of Controller

6. CONCLUSION

The design of PI controller using decoupling and
CRA techniques for quadruple-tanks process has been
proposed in this paper. From the experimental results, It
has been shown that using decoupling technique can
properly be applied with TITO system for both
minimum phrase and non-minimum phrase condition. .
Used with PI controller, the inverted decoupling
controllers can stabilize an unstable
non-minimum-phase  system.  Furthermore, percent
overshoot %P.O. can also be achieved.
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