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ABSTRACT: 

The paper presents the analysis and cont rol for an Interconnec ted 
.ultivariable syste •• which sl.ulates the behaviour of a subsyste~ of 
real cheaical ...ania conversion process in SEHADCO. An ARHA .odel is 
constructed - using a discrete dyna.ic syste. - in a difference 
equatlon for. able for testing stability. and in a aatrix fan for 
applying control techniques. Since relati ve gains provide a useful 
aeasure of interaction indices, so re lative gain aatrix procedure i s 
followed for modifying the interconnected static gains through 
introducing coaputing relays with adjustable gains in the open loop 
control systea for ensuring co.posite systea stability. 

Pole assigJWIent technique is used for designing the sul table 
closed-loop strategy for cOllJ)Oslte syste • . Nu.erical results agree 
with the effectiveness of both of the suggested interconnected 
co.puting relays and the designed contro l s trategy. 
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INTRQOUCT ION; 

In a previous work: {9J. lIIOdelling and simulation for 
.uHivariable che_ical systea 1n Selladco Urea.-plant were presented. 
The simulated system Is the Hlgh Pressure Boiler Feed \.later Heater ( 
HP-BPW-E127 ), which governs the inlet temperature of ammonia 
converter R-I07. 

Based Upon practical knowledge, experimental investigations and 
raatheaatical sililUlation techniques, Ilultivariable interconnec ted 
dynaaic model Is constructed as shown in figure (1) (without the 
double circled elements) . Now, to accomplish the job of designing 
appropriate control technique for governing and lIIOdifying the systell 
perforaance, reformulation of the deduced model i n a suitable forll for 
applying control Jl;ethods on multi variable lnterconnecteci systell is 
necessary. Afterwords, deduction of proper interaction between input / 
output channels represents a next step. Thus, this work is consisting 
fro. the following main three parts: 

1- Discretization and k~ Hodel construction: 
Discrete &Odel 1s a suitable fOrQ for computer applicat10ns. 

Several methods can be used fOr representing the corresponding 
diference eqUations or discrete transfer functions [3, 6, S, 10, 12J. 
The ARHA DIOdel (4, 51 rep:-esentatlon I s a suitable and efficient one 
for testing linearhed lIultivariable systems. So, \.le follow this 
representation for constructing our physical model in a suitable form 
for apply1ng control strategies. 

2- Interconnected system stability: 
Interaction between control loops is a significant factor affecting 

the goodness and stability of complete system. Interaction conditions 
make different loops to help; or to fight each other. In other words , 
regulating action for some control loops .. ay de-regulate and disturb 
the outputs of the other loops. So, system is said to be fully coupled 
if interaction i.proves stability. The relative ga in ma trix procedure 
(1.21 provides a useful technique for t e sUng and then ensuring the 
intercormected stabllity conditions for the open loop systell. that is 
by designing suitable interconnection modification factors. 

3- Pole Assignment control strategy: 
The pole placcaent [10.11) is one of the Simplest direct design 

procedures. For \fhich, the key idea is to find a feedback law such 
that the closed loop poles have the desired locat ions . The classical 
pole-assignaent method {ttl does not require that the interaction 
matrix to be .ini~u. phase, and makes no constraints upon the channel 
tiM delays. So, it is a proper choice for obtaining control law for 
the practical chemical system under investigation. In order to apply 
this technique, the II'\athelll3tical lIIOd.el has to be presented in a form 
suitable for coaputer control application as follows: 

1- DISCRETIZATION AND ARHA HODEL CONSTRUCTION: 

The pulse transfer function Is H • Gp(z} ( the hold eiellCnt and 
the process), and can be related to the continuous transfer functions 
of hold H(s) and Gp(s) ' by a proper choice of T {4.S]. For the phys ical 
system of figure (1) with T - 0.5 sec. and 6 - 1.05 • we have 171 : 
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H G (2- 1 ) • ., 

HG (2- 1) ., • 

= 

0.004 Z·' 

1- 0.87 Z·' 

0.002.1 Z·' 

1- 0.87 Z-I 

2-2 (-0. OOOZ42 2-1 

( 1- 0.999 21 ) 

2-2 (-0 . 000181 2-1 

( 1- 0.999 2- 1 
) 

2-2 (-0.008 z·' 
(1 -0.9992' 

• 

(I -a ) 

(1-b) 

( 1-c) 

(1-<1 ) 

(I-e) 

For general interconnected. Ilultivarlable systeAl. a process model 1s 

given by: 

y ( t) • U(t-6} ... d(t) 

where : 6 Is the tiMe delay 

d( t) Is a dIsturbance. and it Ilay be: 
a- control value 
b- slowly varying value 
c- fed. through a feed forward elellent 
d- stocastlc sIgnal 
The discrete tille equivalent of equation (2) Is given as: 

Y( t) .. 

., 
8(2 ) U(t-le) ... 0(2) 
A(Z- I ) 

or written in an ARHA Model fora as (3, 8, 101 : 

= + D(k) 

( Z ) 

(3) 

(<l 

where A(Z-I ) and B(Z-') are polyno.lals of orders na and nb 
respectively, and D(k) is the disturbance model. 
Substitution of sY5te. equations (l-a) to O-e) into equation (4), 
produces the foll owing ARHA raodel r.epresentation of .our plant. with 
Y3(k) is the dlsturbancl channel: 

Y (k) • -a Y (k-l) ... b U (k-I) + b U~ ( k-l) 
1 11 11 2 ... 

(5 ) 

Y,(k) - -a Y (Ie-i) + b U (k-1) + b U~(k-l) 
2. 2 3 1 , ... 

(6 ) 
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• 
Y (k) '" -a Y (k-l) -a Y (k-2) + b U (k-4) + b, U,(k-4) 

3 33 43 51 

where 

+ b U (k-l) 
7 , 

a = -0.87 
1 

a = -0.87 , 
a .. -1. 869 , 
a = 0.869 , 

+ 

b 

b 

b 

b 

0.004 b >: -0.968 • 
1 , 

'" 0.0021 b ::I: -0.38 • , , 
.. 0.00036 b = 0.008 , 7 

.. 0.0021 b = -0.00696 • • 

(7) 

10-6 

10-6 

Since Y
3

(k) represents the disturbance, the following assumptions 

ac. considered acceptable (5. n 

Y , (k-2) = Y, (k-l) U
1 
(k-4) • U

1
(k-l) 

u, (k-4) = u (k-2) U
J

(k-4) '" U (k-3) = U (k-l) , , , 

and substituting: 

a = a + a = -1 b = b + b ,.. 0.00104 , , • 9 7 • 
The ARMA model will be, 

Y
i 
(k) a 0 0 

'( (k-l) 1 
1 

Y
2

(k) 
= 0 a 0 Y

2
(k-l) + , 

Y
J 

(k) 
0 0 

Y3 (k-l) 
a, 

--• b b 0 U (k-l) 1 , 
1 

b b 0 U/k-l ) 
(8) , • 

b b b 
~J (k-l) , , , 9 

where the interaction lIatrix is: 

b b 0 
1 , 

B(2-1) = b , b • 0 (9) 

b b b , • 9 

Through which, the overall interconnected open loop stability can be 
decided when all roots of the characteristic equation: 
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12 J - B 1 • 0 li e i ns ide the unit circle disk. 

for our syste:n., the calc~ laled roo l s are : 

[ :, , 
[ G.00104 0.00434 0.00176] =, , 

J • , 
Allho\:gh the!;e rools lell us that, the overall inlerconnected systelA 
have t o be highly stazle, their approxir.":ate zero values rer>re!>ent 
dead-be nt opcraticns, "hlch may produce contracted and unrela.xod 
r>erfo:-rnnnce pushing the system to Instabl1lty, that Is due to \·;e ak and 
unsuitable interconnect i ons. 

Trcly, \,Ihcn this SYGter.: 1:; used for applying control technIques. 
results !:~:)\,I c:!1vc r g i;-;g unstable response. so, the following section 
presen.ts c!et3.lled stuey a.bout the interconnected system stab1lity' 
condition!> , ... itr. ccs1gnlng proper i ntercor.nec tlon f actors to convert 
the original O?~f! loa? Systefl to more rel1able one suitable fer 
applying differential control techniques . 

II_iNTERCONNECTED SYSTEM ST.I.BILlTY: 

Tho relz.tive gain Qatrix procedu re [1,21 used for testing, and 
then acco~pllshlng t he Intercor_~acted stab1lity conditions 15 carried 
out in the following steps: 

1- Construct~n8 the 1nterconnected ~ultlvariable system Input- ou tput 
r e latLonsh ip In the forg; 

y (5) , = L G (s) , J 
J" 

u (5) , 1=1,2, ...... 0 
J 

where G
IJ 

1s t he T.F between lnput j and output i, 

n Is the system order 

2- Deter~ining the steady state gain aatri x I 5,S.C.H. I: 

K • [ K , J 1 K • 
, J 

.v, 
6U 

J 
, I is j 

ItO) 

( 11) 

\./he re is the op~n l oop static gain .... hen all othe. 

~nlpulated variables are kept constant. 

Applying for our practlcal system I figure II) but without the double 
c ircled gains), the 5 . S . C.M. will be: 
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l 0 031 
0.0164 0 

1 
K • 0.0093 0.0164 0 

-0.0075 -0.00297 8 

Converting equallon (10 ) to relate 
variables: 

n 

• y. l: , 
J" 

K, J 
• UJ 

• 1=> 1.2 •. .. .• n 

the devIations bet .... een 

(12) 

\- calculatlng galn for each loop when all other l oops are closed . and 
a ll other controlled variables arc r eturned to t heir s e t poInts: 

<, J (1J) 

As functions of K'J • coapllcated expresslons for KIJ are deduced f o r 

the general 3-dl.ensional case (7J. These expressions are much 
si~pll{led ~hen applying for our real system having K

13
: 1(23= 0 : 

< - < 
12 t 2 

<" = K = < 
" 

Thus: 

23 

[12 J( 21 

<" 

!Cli 1(22 

<21 

• k" •• 

.--[ 
0.0217 

-0.0217 

• 

K = K 

" 
-0 . 03827 

0.01148 

• 

" 

1(21 KI2 

<" 

Kl1 1(22 

<" 

• 
• 

8 1 

5- Computing relative gain matrix ( R. G. H.) ~ • Where: 

- [ ",) 1 / K, ) 

(14.) 

(1s) 
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, 
: .~2S6 -,]. ~2~6 0 

1 
p roducing " - -\J .42S6 1 . .{256 0 

0 0 t 

5- ror s lable intc,cc:1r.ccted Sy5t~!1, the f"llewing propcnies ::lus t b~ 
fu lr~lled f e r the R.C . H. : 

i- E clement s ~n any rew o r any ~o lum~ ~ 1 

ll - I!:ust be sir:.c c va lues I'i".ca n r.e (·:!. ,_ ~ vc: 

:'ntc;,":lct~C:'lS: . L c. '..:n::-:esi,.::.:- ic :::y:;tcr.:: (rcCl centr"! v_tnt ? r" '.j .c·,: 
tecau~e loop :; fIght e~ch oth~" 

111 - IJ = 1 ~can5 no Int~r~ct ien. a:'\d all'lO\.!J"lt ef devlnt!on !'rom \!nlty I, 
represents :.!:r.,,;.:nt oi stal;) l11ty .:ooblno.t1on bct-.;cc:'l ccntrol!~c a~c 
~nlpule.te~ ... ~.!.a':>l~s. 

Accordlng l~' , it !s clear t ha t our original syster:a 15 eC::lplctely 
1,;n~~a~le one. H~nca , CE:sien of e::lf.>utlng - or b1aslng - r elays ".Inien 
eem ~ done casiy t l'"~Q p r acticai ;:.oi nt 0: vi e'''. is a go-::~ icea fo. 
s~l'Iing lhls ~l'"Gbi ~:J. % the oth(;r sicc, it is notah!<: t~at the C~!y 
~:Ay fo r c h.oosing t~c .ates of t hese .cl a~'s 1s long and '..:nsu .. r2.:;t ~i!.j 

t r ia l 2.nd err or prone. 

As :'>. f!n:!l r et;cll for t;sver~ l trl;;t l~ , U·,c .:hosen cc:nputl ng relays 
~h~· ... n In f1 gu r~ (1) by doub l e circled e le;:le:'lt~ are te s ted and en~ured 
to fulf!l ~ he r,eccss3. r y st6.bl!!.ly CO:'1dlt1O:;i':i . f or th l:: c; ~oic~ : 

3. 1 4.92 

200~ 1 
K~odlf1~d = [ -1. 86 4.92 

-75 . 02 - 383.76 

r 4 .'}'S 13. 12 • 

1 
K • l - ~ .<)6 7.S72 • ,::c,.j ii cd 

• - JS3.76 2000 

= [ 

0. 625 0.375 n " 0 . 375 0.625 
:nod-H led 

0 0 

T!'·.~se :-esul ts .epr(!Se~ t ;:crf;:~~ i y st::lble In tcrcor.nccted 
sysles. ResubsU t utlon ~n l~l." ~le?s of de<iuclng AR."'!A r:.<X!cl 
th~ following ~odlfled interact ion matrly.: 

[

0. ' 
- I 

S( Z ) 3 -0.072 

-0.00968 

0.63 

0.63 

-0 . 04.91 ' Ll 
fe r w~lch , r oo t s of c~nract~:~5 tle equ~tlon will be: 

.ooif~ed 
produc~s 

E. 7 
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[2
1

, 2 2, 23]:: [ 0.26. 0 .515+JO.1794, 0.515-JO.1794] 

Telling us that, th.ls chosen modification satisfies reliable 
uncontracted stab1l1ty condltions [or the interconnected ARHA model. 

I I L..POLE ASSIGNMENT SELF lUNING CONTROLLER: 

An initial slage In multlvarlable destgn Is to deduce interaction 
between input-output channels by self tuning on-11oe computer aided 
synthesiS IDethod (4,10 .11 1. The self tuning on-11ne nature requires 
Intutlve engineerIng Judge~ents concernIng sample rale, slew limitIng 
and .any other factors ~hlch are parts and parcel of dlgital 
controller implementation. 

The pole placement technlqu~ (Ill Is one of the simplest direct 
self tWllng design procedures. The key idea of this technique 15 to 
fInd a feedback law such that, the closed loop poles have the desIred 
loca~\ons . The classical pole assIgnment method does not requIre that 
B( Z ) Is aInhlWll phase, and makes no constraints upon the channel 
th,e delay. Thus, it Is a preferable tech."lique for controlling our 
che.Icai process. For the general form of disturbed lI'Iultlvariable 
systea: 

Where the noise corrupting t he system e {t) is such that (1 + e(Z-l) -, 
is inverse stable. To avoid restriction on B( z J, ~e choose the 
following control law: 

[I +F(Z-l)] u( t) 
-, 

yet) - -G(z ) ( 17) 

where G(Z-t) G G 2 
-, 

....... G [ ... = + + 
0 , ,. 

F( 2- 1 ) 
-, 

+ f 2-" = f 2 + ... ...... , ,r 

F and G ace p x p coefficient lIatrices, 
J J 

n = n -1 n s n + k -1 
9 a f b 

ShIftIng closed loop poles to the location (assigned poles) defined by -, 
the polynomial matrix ( 1 ... T( z ) J, I.e.: 

(\8) 

~here n ~ n + n + k -1 -n 
tab c' 

Substituting equations (17) and (18) into equation (16) producing: 
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[1+A(2· 1
) 1 [ I+F( 

-, 
Z ) 1 + 2-11. BI 2 -I) GI Z-I) ,. 

[ I+C(z-l) 1 [ [ + T(Z·') 1 
from which, control parameters can be calculated 
coefficients of slallar powers of I Z-1 ). Thus, the 
procedure can be summarized in the followIng s t eps; 

1- Reconstructing equation (16) to the form: 

yet) = -.4. Y(t-ll­, -A V(t-n) + B U(t-k) + 
n6 6 0 

•• -.0 

(19 ) 

by equating 
calculation 

• 
8 U(t-hn ) + C, e(t-l) + .•. + C e(t-n) (20) 

fib b D<:: C 

and using Recursive Least Square (RLS (7} Inethod. estimated . 
para~eters A and B can be calculated . 

. 
2- GIven A and B and pre-specIfied r . estl~~ted G and f can be­

calculated by solvir~ equation (19) at each sample . 

J- yet) can be calculated from equation (18). 

4- Control law U(t) Is calculated from equation (17). 
It Is notable that , fo r non zero reference signals, yet) Is 

replaced by ( yet) - Y (ti l where V (t) is p-vector of nominally 
• • 

constant reference demand. 

This proc~ure Is appUed on our lIodlf1ed interconnected ARMA 
model with substituting: 

Settlng values: Y = 0.7 Y . , • ., 0.65 . Y :: o. S 
.3 

change in each set point = O.OS or -O. OS 

R. L S. Forgetting factor A :s 0.99 

Covariance matrix element P, = 10' 

Noise levelSel(t) changes frOR -0.15 to 0.0004 

e~(t) changes from -0. 15 to O. OooS 

e
3
(l) changes from -0.15 to 0.0006 

C - 0 
ShoW: 

Figures (2) • (3) and (4)Vsainples of the obtained control perforlRances, 

whIch prove that the pole asslgnnent controller has been succeded for: 
a) Regulating the sysle~ response, and keeping it equal to the 
reference sign~l variations for all the chosen poles locations (0.1 to 
O. 8S). 
b) The cont rolle r cou ld reJect randOlll disturbances which corrupt the 
system output. 

E. 9 
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CONCLUS ro~~ ; 

Hult!var!c.blc con trol strategy 1s c~'S"lgned fer co!". t.roliir.g 
perfo rmance of in terconnected systC!:l \;hich s!r.:ula!.c s a real c:-,c:~':'c2.! 
precess in S~}.DCO Ur" ... - plan t , Ope:'l ICGp sy£:te.~ st,,':::::'llt .. ' i~ ~::~sured 
by cicsign,\.l"g L?propr1atc co:':'\put1ng rclays for e:od!fy:'ns ':.r.o cJ..ffcrcnt 
lr:tcrconnccted stattc g3.1ns. Relative gaIn ;:latrix pl'o-:edu:'c i'!: used 

0;"1 tt'lc other har:d, c!.osed loop controllers for U':i: -:o;;'lp';~i t e 
systcr.l are c.o!signec. by I.!s!ng polo.} assignment tcchniq~~. G~od rosul ts 
are obtained .... hich agree with the eff~et1veness ef the c:.csigne-d 
control st,at~eY' 
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", 

u , 

u • • 
• 

G = 0 . 3 , __ _ 
pZ l r 

@j Gp" 

G 
P" 

.. 

e v· X, • Y, 
G 

V> 

@ GP:J2 

+ ! 
S Gpo, 

> 

Flg. (1 ) 

Block diagram of bultivariable lnterconnected Aomlna converter 

systen with HP-PFW heater. 

G = 0.0311 ( 3.6 s+ 1) . G • 0 . 0164/ ( 3.6 s+ 1) . 
... , .. 2 

G 0 . 242 • exp( -1 . 055)1 ( 600 s + 1) 
pJ> 

G = _ 0.181 · exp( -1.059) 1 ( 600 s + t ) 
pH 

G 8 . 0 ' · exp( -1.05 9)1 ( 600 s + 1) 
plJ 

E. 1 t 

Y 

;> '-

.1 

• 
X :3 • Y3 
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