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ABSTRACT - -

. . . . 3
The:performaqce af the basic self-tuning regulator (STR) ﬁo:.
cont‘r‘ol of top p'POdl.JCt conpositio‘n of al binary disti llatién
column is studied experimentalfy énd by simulation. The
selfltuning regulator provides satisfactdry control beh;vior
forrﬁkep cﬁanges in feed flow rate and set point even though
the regulator is not formulated for such chqgges. A Pl
controller, once we]f-tuned provjdés excellent performance
and outperforms the STR, when used‘with zero initial
parameter,estjmates. g

In-the case of bottom product compesition control,
simulations have shown that due to the lohg tiﬁe delay in
the bottom composition analysis, the Pl controller is not
‘able to,proviae satisfactory contro}. The STR, with the
advantage of an inherent predjctof in the model formulation,
manages to achieve a much improved control performancé‘bnce

reasonable parameter estimates were obtained with the
-t

multiple pass method. In this work, the principle STR

design parameters 60 and P(0) have been shbwn to

-significantly effect the per?ormance of the regulator. x
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4. INTRODUCTIO

ha

1 1 Introduct1on o ‘ N
The d1st1]lat1on column desp1te 1ts extensxve use in

industry, remains among the most d1ff1cult un1t operatlons
‘to control. .The physical complexity of the distillation
process and the inherent system nonlinearity combine to
provide a major challenge for those responsible for
. designing control systems.

‘ Wifh fhe avai]abi\ity of process control computers,
different advanced control schemes have constantly been
evaluated as part of a cont1nu1ng research activity in hope
of achieving better efficiency, h1gher throughput, lower
ope;ating cost or any attractive combination of these. The.
‘conventional three term controller, even properly tuned for
the. system s/dynam1c behavior is supposedly a compromise |
betﬂben disturbance minimization and set po1nt changes It

g been cr1t1c1zed for not yielding an optimal -

wnd for its inability to handle nonlinear dynamic -
__a suitableaCOntroller. an accurate model is
aﬂ Among advanced control techniques, those

ba!& on Ime'at“ stqateg spa&mode]s have not been very

success ful due-t_; e dﬁ.f1cult problem of representing the

dynamic behavior‘aﬁgihe'process system using a reduced state
space model {1). For feedforward control, even if a good

model is obtalned the*process operating conditions may



change and the model becomes inadeqﬁate (2,3). )
An adaptive control strategy, déveloped by Astrom and
<Witfenm§hk appears to overcome these difficulties . It
. allows on-line tuning of the model parameters. This |
strptegy'has been termed as the self-tuning reéulator (4,5).
The basic self—tuning.regulatof is designed for the
regulafof problem. 1It-is designed to control single input,
single output’systems with unkhown but constant parameters.
The regulator can also be applied to systems with slowly

varying parameters. The algorithm ogmbines a recursive

least squares estimator with a minimuy variance regulator

computed from the estimated mode 1.

1.2 Objective of Thesis:

*  This work is directed toward asse: ing the

'effectiveness of the basié éelf—tuqing reéulator for control
of a bipary dfstil]ation column.. By appfying the techniqué,
‘a better understanding of dts'relative advantages,
. disadvantages and applicability in'the procesg industry will
be achievedl '

1n this inveétigation. the perfOPManée of Fhe
self-tuning tegulator for control of top product composifion N
is studied experimentally and'by*sihulatioq. The control of 
bottom compos%tion has been studied by simulégjon for load
'and'set po{nt changes. The resujting control performance  is
qOmpared with ihat of a welﬂ-tunéd cdnventibnal propértional

plus integral (PI) controller.



1.3 Outline of Thesis

The thesis is organized in four parts:

The first section, consisting of Chapter 2} presents
the mathemétjcal formulation of fﬁe self-tuning regulator.
A literature survey is not included since detai} surveys
have been given by Chang (6) and Lieuson (7).

Chapter 3, .which constitutes the second section,
'pro;iaes the necessary process information for the
application of the adaptive control schemes.

The third section.‘Chaptersm4 and 5 give the results of
control of top compoggtion and bbttom composition

respectively.

The last section, Chapter 6 summarizes the overall

conclusions concerning the utilization of the selftuning

regulator.

Note: The work of this thesis was completed during
1877. However, the thesis was submitted for examination in

September 1980.

X -



2. THE SELF-TUNING REGULATOR

‘2.1 Theoretical Formulation
The self-tuning regulator of Astrom and Wittenmark (4)
was derived using the following single-input, singie—output

linear stochastic model ‘of the process as a starting point:

y(t) + a y(t-1) + ... + agy(t-n) = byult-k-1) + ... +
 bult-k-n) +*Xle(t) + c,elt-1) + ... + crelt-n)]  (2.1)
| “»

where:
- y is the noémalized output deviation variable
U is the normafized input deviation variable K’ .
t denotes the gémpling instant '
(e(t),t = 0,1,2,...) is a sequence of independent norma |
(0,1) random variables which represent the net
effect of external disturbances. .
k {s a nonnegafive integer which expresses the process
timehde?;y,as a multiple of the sampling #nterval.
{ai}, {bi}, Aci} and N are time invariant
| parametéfs, “
The stochaftig model in Equation (2.1) has received
considerable attention ﬁot only in the»stochastic control
theory literature but glgo by workebs in time series

analysis (8,9). This model can also be expressed in

backwarqishift operator notétion as:

Al@ly(t) = Bla™lult-k-1) + clae(ty | (2.2)

s



o

where q'1 denotes the backward shift operdtor; f.e. q'%x(t)

= x{t-1) and polynomials A, B and C are defined by:

. ) " | )
“AMq by = 1« a,q L. a,qg +...* ahq“"~ S (2.3):

-1 -1 | ne+l d o ‘
Blg ) =by +b,g” + ... +b.q (2:4)
clgt) =1+ clq'? oL+ c,\q"1 (2.5)

o
The minimum variance regulator minimizes the loss '

function, V = E{yz(t)} where E denotes the expectation
operator. ' Astrom (4) has derived the following minimum

s variance control law:
\
Fi

ul(t) = -éra‘l)/th'l)F(qai) * y(t) . (2.6)
# » where the pol;nomialé ‘ |
F(q';) = 1+ \“lq'1 + oL+ ﬂ‘dk ' E (2.7?
G(q-'1 ) = ge * ... ¥ g,‘_iq'Ml ) ‘ (2n8)
are related to alg!) and clgl) by:‘
clat) = algIF(g ) + g% glg™!) 2.9

Pas . . ) b .
' Since the model parameters {ai}, {bi}, {ci} and X\ are
unKnown‘and'constant,>the self-tuning stfafegy consists of

‘festimatjhg the model parameters on-line and basing the
control caAculation at each sampling instant on fhe‘
“estimated parameters. ‘A wide variety of STR algorithms'canv

be derived depending on the particular estimation algorithm

and control strategy that are selected (5). In this
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investigation, a recursive linear least squares estimator is
uséd in conjunction with a minimum variance controller as
originally 5uggastedAby"Astnomhand Wittenmark (4).-

In principle, the least, sqﬁares calculations could be
based on gpdating the paraméters of the model in Equation
(2.1) but this would involve a gomplicated estimation
procedure which is not suitable for on-line computation. By
asszming Ci=0for i =1,2,..n the parameter-estimafioﬁ
problem reduéés to a copventional linear least squares
problem which can be easily formulated as a ré&ursive
algorithm, The on-line control calculations can be
simplified by incorporatind the identity in Equatfon.(2.9)
into the model structure, resulting iﬁ‘the follgwing .

"predictive” model:

y(t) +0&.;(t-k~1) +J....+06\y(t—K-n) = , ,
folutt-ko1) + 4B ult-Lok-n] + €000 (2.10)

where L = n + K - 1 and the diéturbance'i(t).is a moving
average of order k of the driving noise, elt). ‘

If the coefficients in the prédictive model are known
and constaﬁi, then the minimum variance regulator for the

predictive model in Equétion (2.10) is:

ult) = /g loGy(t) + ... +Ofy(t=ne1)] o
0 Buten - L guten) (2.11)

In the self-tuning regulator, {0(;} ahd"{gi} are

. ) oA L.
estimated on-line and the estimates {éZ) and {€a} are used



in the minimum variance controller o¥ Equation (2.11),
.However. it may not be possible to accurately est1mate all
of the pqgameters dur1n§_élosed loop operation since the
inputs are Qprrelated with the disturbance (f(t)}n: To avoid
this difficulty, Astrom and Wittenmark (4) suggested that %.,
should be held at some spec1f1ed’¢alue For constant o, the
STR control algorithm is: : “ B
ult) = 1/% lo(.(t)y(t) + . .hn'Y(t;n+1)] o |
| . —Q. (thult-1) - ... -p(thult-L) (2.12)

-

which can be written as:

u(t)

= -1/@°§’¥t)“{_'(t) (2.13)
where v
. ‘ ; | |
Vi(t) = [ -y(t), - yl(t-1), - ... - ylt-n+1), )
+Boult-1), + . 4 Bult-L)] (2.14)

3 . .

and

—

T ~ , [ad ~ ~ ~ .
Blt) = 1y (1), O(t).chtt), Btt), ..., B(t)) * (2.15)

. The parameter estimates, 8(t) are calculated using v

recursiveileagt squares identffication with exponential
weighting of past_diiiﬂilp). The algorithm is given by:
:7 T

Blt) = Blt=1) + '
Ki(t) ly(t) —@ou(t-.k-ﬂ - (t-k-1)8(t-1)] (2.16)
) , N s
K(t) = plt-1)%(t-k-1)[1 +y’(t-k-1)p(t-1)f(t-k-ﬂfl (2.17)
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v constraint limits on control output W

pm 1/,{'( P(t-1) |
i x(tM1 *‘PTH ke 1Rt 1Yok 1m<t)1 ) T (2.18) .-

is the estimated value of 8(t) 4
is the gain vector { (n+i) x 1}

is proportional to the covariance

matrix { (n+1).x (n+1)} . o
}A is the exponential forgetting factor o «2-‘\;%,). 0
In t.he~~estimatati0n phase, K(t) is calculated first,
fol lowed by Blt) “and _@(t)'as discussed in Appendix A‘
| / | -
2.2 Par‘ameter Selection - ' N,
Bafore implementing the self- tumng regulator, the g

constants and 1n1t1al values listed below must be specif1ed:
- mode ! order n
time delay k-
scaling factor P, c | ! (
exponenhal Fargettmg factor M ]
mtm]: parameter estimates 8(0) - )

initial covariance matrix. P(0)

X

e

Astrom and Wittenmark (4) and ¢hang (6) have presented o,
: : ®
g idelme"g”for) selecting appropriate values for the above

constanty., These recommendations have been used in this

. N . - 0.
work ., : _ B 3 ‘ »

.
"
kd



2.2.1 Mode1 Or'der_.'. n:

In order that the process be adequately represented, ~
the seif—tuning regulator must have enough parameters.so it
could converge to the optimél minimum variance regulator.
For the zero inifial estimate case, if a higher order model
is used, it will neegd more sampling intervals before the
information vector (Y(t)) and the parameter vector (8(t}))
have non-zero elements. Consequently, this will résult in

poorer control during the initial transient period.

2.2.2 System Time Delay, k:
\

The choice of K, the nonnegative integer to répresent

the time delay of the process in terms of an integral number'

of sampling intervals is extréme]y important. It directly
affects the number of parameters to be estimated.
Overestimating this parameter will result in a sluggish
control performance whereas underestimating K will cause

cycling or bang bang control.

- 2.2.3 Scaling Factor, ?o:

The value selected for ﬁ% should be close to the
écfuél valqé for the system to be controlled. From the
A consideration.of‘stable operatioa. if the ?o value used is
muca'lower than fhe'true value, it‘may cause the parameters
to divéréé (4). The effect of the choice of.the gg on the

controller performance is investigated.
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9 2.4 Exponential Forgetting Factor, i :

'THe use‘d} a weighting factor less than 1 allows e
weighting out of previous data. This feature enablei;jh
tracking of slow time varying parameters. However, in this
étudy, due to the short quration'of the runs, thé parameters
are not.considered to be time varying,. so as a veSult,fA is

set to 1.

2.2.5 Initial Parameter Estimates, 8(0):

The initial estimates will frquently be set to zero
when there is no a priori information. The use of other
than zero initial values for the gecond pass or subsequent
runs is investigated -in this study. ,
2.2.6 Initial Covariance Matrix, g(O):

The initial covariance matrix used reflects the
confidence in the initial paramete} estimates. A higher
P(0) value should increase the convergence rate of the
parameters at each sampling interval. The effect on
controller performance of this parameter is fnveétigated in

this study.

2.2.7 Limits on control signal amplitude, U :
Control signal limits are implemented to safeguard
against run away conditions. However, too tight é limitmmay~

slow the convergence rate of the parameters.
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2.3 APPLICATION OF THE STR ALGORI THM

In the past years, some of the industrial processes
that have been sucbeséfdl]y controlled by the.self—tuning
regulator include a paper machioe (11), an ore crusher (12)
a heat exchanger (13) and a super tanker (14). At the
Un1vers1ty of Alberta, Chang (6) has studied the self- tun1 g
regu]ator control of a double effect evaporator and Sastr
et al.(15) investigated top product compos1t1on control o
d1£t1llatlon column, |

For implémenting the self-tuning regulator, limitéd.a
priori knowledge of the process dynam1cs and noise -
characterlst1cs of the system to be controlled are needed.

The moderate computation requirement of the a]gornthm
makes it very attractive for industrial use. As the
~algorithm is adaptive, it is ideal for use fn-deaiing with
processes that have unknown process dynamics, nonlinearity,
or changes- in operating conditions. The regulator is best‘.
suited for a situation where the control obJect1ve is to
minimize output deviation.
| A possible drawback, however, would be the regulator’ s
extreme sen51t1v1ty to parameter variation for nonm1n1mum~
phase systems,(4). TheJneceSSItynofcextending the regulator
to include feedforward'oompenéétion“tor measurable
‘distorbances and eet,point following was recognized by
Wittenhark (16). Clarke and Gawthrop (17) have recommended

the use of a cost funct1on that lncorporates system input, -

output and set point. In Clarke’'s algorithm, control output

8
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is reduced at the expense of extra output variance.
in this;Study. the basic self-tuninb regulator, as
proposed,by Astrom is eya]uated on a pilot Sca]e binary

distillation column. o



3. PROCESS CHARACTERIZATION

3.1 Process Equipment’
The exper1mental studies were performed on a pllot

gcale d1st1l]at1on column interfaced to an IBM 1800 data

acqu151t1on and control computer.. ‘A schematic diagram of -

the equf}ment is shown in Figure 3.1. The 22.86 cm.

diameter column, containing eight bubole;cap trays (four

caps per tray) has a 30.48 cm. tra; spacing. The column is

equipped with a total condenser and thermosyphon“type

reboiler. ‘The column operates at atmospheric}pressUre. with

the feed at 48% by weight mefhanol entering the fourth tray.

c;Top productkcompositioniis 96.30% by weight"methan01 and the

botfom product composition is 5.50% by weight methanol. The

'top composition is measured by means of an in-line |

capacitance probe. The bottom comp051t1on is measured w1th

a Hewlett- Packard mode] 5720A gas chromatograph usxng an .

>1n line !1qu1d samp]]ng system: - The chromatograms are - .

analyzed on a two'ﬁundred fifty-six second cycle. AT o .i

measurements are transm1tted to the IBM 1800 for data

logging and/or control Further spec1f1c deta1ls concern1ng

 the column are given in the theses by Svrcek (18) and Pacey

(19). | | |
The‘experimental operating conditions used in this: @ i

work, whichAdiffer-somewhat from those of previous work, ared

given in Table 3.1.

o
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Table 3.1 Experimental Operating Conditions | (Run E1)
Feed'FIow” - v  18.0 g/s tFeed Composition 48.0 wt%

- Reflux Flow , 10.3 g/s Top Product Comp. 96.3 wt¥
Steam Flow o - 11.5 g/s Bottom Product Comp. h5.5 wt%
Top‘Pnoduct Flow 8.4 g/s Feed Temoerature 74.1 C

. Bottom Product FJow 9.6 g/s Reflux Temperature 64.2 C

3.2 Process Model
A nontinear ordinary differential equation model, Based

on the mass and energy balance relat1onsh1ps for each of the

g .
trays, rebo1ler and condenser is ut1l1zed for s1mu1at1ng theh

dynam1c behav1or of the column (20).

AN

‘results in 30 differential equat1ons containing 140

' The 1n1t1a1 analysis

variables but the number of unknown var1ab1es can be reduced .

“to 20 by spec1fy1ng certain 1nputs and outputs and by makKing

: the follow1ng assumptiops:
1. .Constant heat loss from each stage
2 Constant/tray eff1c1encyl:
3. Constant‘liquid holdup
4. Negligible vapor holdup

Details of the model deve lopment . and numer1cal solut1on

A"are contained in the thesis of Simonsmeier (20). The steady”._

state operating cond1t10ns used for s1mu1at1on » which were

- s1m1lar to those ‘used exper1mentally are g1ven in Table 3.2

AL N A U o P Yt st B e it

N
L S W PR
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Table 3.2 Operating Conditions For Simulation
""Feed Flow- - 18.0 g/s Feed Co&i‘ti‘o‘n” - 48.0 wt%
‘Refjux,Flow 10.3 g/s Top Product Comp™™  95.2 wt%
Steam Flow - 11.75 g/s Bottom Product cémp[ 5.5 wt¥%
\-Top Product Flow 8.6 g/s Feed Temperature 74 C

Bot tom Product Flow 8.4 g/s Reflux Temperature 64 C
! .

/

'3

3.2.1 Dynamic Testing
The objective of the experimental work was the control

of either only the top composition or bottom composition.
‘Control was evaluated for load and set po1nt changes. i.e.
for both regulatory and servo control.

| The .main disturbances to a co]umn are usually changes - -
in feed flow rate and the feed comoosition. . The feed flow
rate tends to yary'much faster and more often-than does the
feed composition and in. fact both Sh1nskey (21) and Lupfer
(22) suggest that feedback contr07 designed on the bas1s of
feed flow rate disturbances should be suff1c1ent to
compensate for the gradual feed compos1t1on changes ,‘Hence
feed flow rate was chosen as the system load disturbance.

e Steam flow has normally been reserved for control of

~ bottom compos1t1on By follow1ng typ1cal 1ndustr1al |
vpractlce reflux flow rate rather than top product flow rate-
was chosen as the manlpulated var1ab]e for top product

/

composutwon.controt. Top product flow was used to control

the condenser level.



-

In order to implement the self-tuning regulator
algorithm, it is necessary that a predictive model be
specified Time delay in the process and the number of
parameters in the regulator thus have to be determined in
advance. In addition, high and low limits for the control
vsidﬁ%l mus t be chosen. To provide rellable lnformation for
choice‘of these values, dynamic testing of the column by
using open loop step disturb®nce runs were performed. Feed
flow rate steo changes of + 20%, from the steady state
valueY were introduced to study the response of the column,

while the two manipulated variables, steam and reflux flows

were ohanged'i 5% and * 10% respectivaly, Thé\responses for

the step changes are plotted in Figures 3.2 to 3.7. The
arrow on the abcissa scale in each plot indicates the time

at which the disturbance is-tntroduced.

Examination of the responses plotted in Figures 3.2 to

Figure 3.7 shows that reasonable charaoterization of the
different'open loop responses is possible ustng a first
order plus time delay transfer funct1on although the valdes
of the gain and ttme constant are Found to be strongly
dependent upon the d1rect1on and magnitude of the
disturbances. The initial and final values of tOp and _
bottom comp051t1on for the dlfferent step changes in the

disturbances. are summarlzed in Table 3. 3
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Table 3.3 Summary Of Product Composition Changes
For Step Changes In Feed, Reflux and
Steam Flow Rates

Run ‘. %%%%U?gance Izétial Vaiges zénal Va]zgs
E2 +20% Feed  96.4 4.5 96 4 17.8
E3 -20% Feed  96.4 4.5 93.6 0.3
E4 +10% Reflux  96.2 5.2  97.0 8.5
ES  -10% Reflux  96.3 4.7 95.3 1.1
E6 +5% Steam  96.4 4.5 95.3  « 1.1
E7 -5% Steam  96.2 4.8 96.7 10.8

3.2.2-NonTinear Model
y The simulated fespoqses_of the tép and bottom
composition obtained from the nonlinear model for feed. flow
rate step changes of * 20% apé compared .to the experimental
column résponses in Figures 3.8‘and.3.9. -The output
deviation responses from the nonlinear model'agree
| reasonably closely with the experimental column outpdts.

In exémining the column output respoﬁ;es, it éan be
seen that the system exhibits highly nonf?near behavior. .
For the 20% decrese in feed flow rate..theftop composition
decreases by approximately three weight percenf méthanol,
whereas for the same magnitude feed change in the oppdsite
direction theré ig no effect on the top composition at f]]‘~;
Since the top cbmposition proved to be iﬁgensitiveif;

increases in feed flow rate, no control runs were performed
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for the step'increaSe in feed flow rate.

3.2,3 Transfer Function Mode S | /

As mentloned 1n section 3.2.1, a first order plus time
delay transfer funct1on prov1des a reasonably good
representation of column dynamlc behavior for the conditions

used.  This is important since. the ch01ce of K, whlch

represents the time delay in the STR model is CPUCIa]. Too

large a,value of Kk cantg1ve an output variance which is
larger than necessary. Also, it can prove to be difficult
to get the estimates to converge at t1mes Too small a K 5
maKes it very d1ff1cult to get good control ‘and may even |

make 1t impossible to stabilize the system (16).

3.2.3.1 Top Composition Time Delay o o
Analys1s of the experimental respoﬁses in sec:!!h
3. 2 1, _1nd1cates that the time delay for the top product
compos1t1on (XD vs Reflux) is nearly constant at one
minute. Therefore with a control cycle of s1xty four

sgconds, k was chosen to be one. 7|

3.2.3.2 Bottom Composition Time Delay

| The dynamic responses of the bottom‘composition to
steam flow rate step changes of %,5% provide a good
indication of the time'delay, (XB vs Steam). f‘The total time
delay is estimated to be between five to 51x sampl:hg

1ntervals The system time delay is due to '
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(i) The Qas chromatograph'analysis time
(ii);The process time delay
(i11) The transport time delay within the =
’sampllng system | |
The analysis of the system used to estab11sh the total

time delay is given in Append1xiB.

3.3 Coppositiod Measurements

The accurapy of terminal composition measurementé and
the reliability of-the measuring devices areayitjf to the
pontrol system o

The use of the capa01tance probe prov1des cont1nuous

measurement for top product compos1t1on This cont1nuous

signal is sampled at 64 second intervals for data logg1ng

and control purposes. This method of analysis. prov1des good

accuracy for solutions of high methano] content which is the'

case for the top product

A Hewlett Packard mode] 5720A gas chromatograph wmth an

'automat1c samp11ng valve is used for bottom compos1t1on

measurements since the cap301tance method. of ana1ysts is not

satisfactory for streams with a low methanol content (18).

' 3.3.1 Process and Measurement Noise .

High frequency noise was found in both terminal

2

X

'no1se is in part due to the measuring devices, but it is

"mainly caused by the noisy man1pulated variables, steam and |

r

A

compositions-as can be seen from Figures 3.10 and 3.11. The E
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reflux flows as shOwn in Figures 3.12 and 3. t3

The high noise level in the- steam flow rate and the
" bottom cnnpos1tlon measu;ement together with a time delay "
that is larger than the system time constant have a
detrimental effect on the performance and stabwllty of the
bottom comp051tron control system

A summary of all the measured variables of the '

distillation column with the1r standard dev1at1on is given

in Table 3.4.
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TABLE 3.4 SummARY OF THE DISTILLATION COLUMN MEASURED
I VARIABLES (WITH ‘STANDARD DEVIATION BASED on -
50 SAMPLES PER VARIABLE AT STEADY STATE

'~ CONDITIONS)

» . _ . : \

FEED FLOW = 18.012 .G/SEC NEV= 0.0373

REFLUX FLOW = 10.304 G/ SEC - . DEV= 0.130)

STEAM FLOWW = 11.534 G/SEC - DEV= 0.5275

BOTTOM PROD = 9.099 g/SeC ‘DEV= 0.2163 -

TOP PROD = 8.750 G/SEC DEV=-0.0610 .

-COOL WATER  =472.685 G/ SEC ‘DEV= 1.9260

DIST coMp = 96.583 WTX MEQH DNEV= 0.1523 °

BOTTOMS CoMP=  5.400 WT% MEQH DEV= 0.0000

FEED CcoMPp = 49.250 WT% MEQH NEV= 0.0000

PRESSIRE . = 0.491 KPA- DEV= 0.0585

COND LEVEL = 16.913 o .DEV= 0.0449

REB'R LEVEL = 59.479 CM - - DEV= 0.3310

DIFF .PRESS = 5.013 KPA NEV= 0.0041 .
REB'R 0'HEAD= 94.5 DEG C- - DEV= 0.2145 :

PLATE 1 TeEMP= 85.3 NEG C DEV= 0.2091. . T

PLATE 2 TEMP= 79.0 DEG C - ‘DEV= 0.1661 :

PLATE 3 TEMP= - 75.1 DEG C DEV= 0.1945

PLATE 4 TEMp= 74.1 DEG C DEV="0.1881 : :
PLATE 5 Temp= 70.5 DEG C NDEV= 0.2120 ‘ N
PLATE 6 TEMP= 7.9 ngg ¢ "DEV= 0.2030 i
PLATE 7 TEMP= 66.2 DEG C NEV= 0.1860 _ g
PLATE 8 TEMP= ~ 64.5 DEG C DEV= 0.1861 ‘ o
- COND TEMP = 61.9 DEG C NEV= 0.1794: " E
-STEAM TEMP .=  89.7 DEG C DEV= 0.2476 S
COND'T TEMP = 104.4 DEG C - DEv= 0.2887 = A L
REFLUX TEMP = 48.5 DEG C DEV= 0.1984 ' ;
FEED TEMP = 40.7.DEG C NEV= 0.2053

BOTTOMS TEMP= 50.9 NDEG C- DEV= 0.2142.

REB'R TEMP = 93,9 peg o ‘DEV= 0.2300

FEED I NLET = 72.9 DEG C DEV= 0.2535

REFLUX ‘INLET= 64.4 NEG C - DEV= 0.7267 g
COL 0'HEAD = 4.9 DEG C ' DEV= 0.1798 - 1
WATER INLET = 9.4 DEG C DEV= 0.1782 ‘ R
WATER OUTLET= 21.3 NDEG C DEV= 0.2021 ; -




4. TOP PRODUCT COMPOSTTION CONTROL

41 System'Description

A blnary solut1on of methanol and water was fed to the

fourth tray of the eight tray d1st1llatvon column, The high

methanol- concentration overhead vapor was oondensed in fhe\\~

total condenser, Condenser level was controlled by top
product flow with the reflux flow chosen to control the top

product compos1tlon o

Most of the column s 1nstrumentat10n 1s pneumat1c with

“andlog controllers in each of the flow control loops. The

column was operated in an analog supervxsory co&l mode as
interfaced to thevIBM 1800 process coMputer. W

4.2 Experimental Evaluation
~ 4,2.1 System Configuration andllmplemenfatlon
An process measurement s1gnals ‘were transduoed to the
computer for logg1ng and/or control purposes . The control

law calculatxbn was scheduled to run every 64 seconds with

" the required 1nputs be1ng the top product comp031t1on and
‘-reflux flow rate. The IBM 1800 Direct Dlgital Control (DDC)

system has a bas1c scan frequency of one second. Each po1nt

‘ 1n the data base was scanned at the specxfred poll time

which could be any integer mult1ple of the basic scan
freouency The raw data lnformatlon was processed,
converted, and\put in the data base At the,scheduled'

interval, the user written control law algorithm calculated

35
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. the error difference. between the target cmeOSitlon set
‘point and the measured comp031t1on signal and then :_
calculated the required control action of nhe manipulated
'varlable, reflux flow rate Limit checktng was $§rformed

before the calculated value was passed for;transmlSSIOn as

the set point to the reflux flow controbﬂeq Figure 4.1 is "~

a schematic representation of the system wd1ch shows the

¢ .
interface between the process and the computer. The source

1

+ listing of the complete set of control programs is g1ven in

Appendlx C

. L whe PN T, A

4.2. 2 Control. Strategy "
| 4 2 2. 1 Proportional Plus Integral Control
In order to achleve a-valid. compar1soq between the STR
. and Pl control performance, the control performance achieved
using a well tuned Pl controller was used as a reference Ln

'evaluat1ng STR contro] behav1or The cont iler’'s settlng

was determ1ned us1ng the Ziegler- N1chols tun1ng “me thod on

the actual column. Tuntng details can be**ound in Appendxxz

D. | . | o !.-
. : BN

¥

4.2.2.2 Self- -Tuning Regulator | . | -

Vlth the real time data base and. the ﬂnformation vector
of p(evuous 1nput and - output sigrals, model parameters 6‘1
and %1 were estlmated at every sanplmg interval. " At cWwe
same instant, these’estimated parameters were used for

calculation of the contrgl signal to minimize output.
K

R

e 4l
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variance of the system. Parameters required for dperation

. . \
of the algorithm that were selected for use with the base

run were:
| model order . . N=2"
scaling factor = | %g = 0.01
initial PfO) value , P(0}= 3,000 L
time delay " ' K= 1 |
initial parameter values (o) = 0. ot
exponential forgetting factor }k = 1.0

These values were determined by digital simulation

prior to the experimental testing. - -

Note that a model order of two was selected to allcw

for variation in the gain and time constant of the system

Y \de_spite the fact that a first order plus time deley'hodel
' nas adequate for characterizing a part;cular response. This
was considered necessary because the gain and fime constants

were found to be strongly dependent upon the direction,and

magnitude of the disturbances.

I»

4.2.3 Results'.

“1. Tests were performed for a feed flow step decrease of
twenty percent and step changes in composxt1on set po1nts of
+1.0% and -1.5% from the steady state values. The
performance of both the Pl and STR contro! algor1thms was
évaluated for these ‘changes.

When the column reached steady state at the required'

'oppratingicondition. the control taek was’ initiated via the

Tae

y
I :
3 *
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4.2.3.1 Proportional Plus Integral Control Tests

39

teletype terminal. It was at this instant that run time,
time and magn1tude of the d1sturbance control option, and’
controller constants were spec1f1ed For all exper1mental
runs, a run time of 180 time units was used. Each t%me unit

spanned 64 seconds. The disturbance or change in set point

- was introdUced at the 30th time unit from the start of the

run. The teletype input for a Pl control test run for a 1%

 set point increase is given in Figure 4.2.

,

- - Ziegler- Nichols tuning of the top product composition
control yielded a controller sett1ng w1th a proport1onal
gain of Kp=-45, and a reset time Tp=5.84 minutes. A summary
of the excellent results is given in Table 4.1 with the

controlled responses plotted in Figures 4.3 to 4.5.

s

Table 4.1 Summary Of Top Product Experimental Pl ” o X
Control Tests . N
Run ‘KP T 1SE Figure' Disturbance )
E8 -45. 5.84 0.0000 4.3 | Feed F1ow'420%
E9 -45. 5.84 0.0002 ~ 4.4 Set Point + 1% LT veiags
E10 -45. 5.84 0.0014 4.5 ‘Set Point.- 1.5% -

. . . )

4, 2 3.2 Exper1menta1 Self- Tunlng Regulator Tests

i) Effect of @ S S
Ear11er studies (5) had indicated that the choice of %

"

was not crucial, though it should be selected 1n a.manner ‘to"

- oA
- ._lgi
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avoidlinstéﬁility.‘:HOWever. the results ;f fhis study
 indiqate.fHatvthe chdice of the ?o value significantly

influencés the control behavior. The tests listed in Table ™
'A.2_WéreAmade to study the effect of Po on control
performanée. -The output respohses are plotted in Figurés
4.6 to4.11. | .

Table 4.2 ‘Efféct ot ?o Value Dn‘EXpebimental STR

Control Of Top Product Composition

9

M=2 k=1 L = 3 8(0) = 0.0 | A
- Run EE ' "P(0) _ ISE Figure
Feed Flow -20% B x | |
E11 0.05 250 1 33;x1({1 4.6
E12 0.01 250 T 22.x107 4.7
CE13 0.005 | 250 1 14.x10 4.8

Set Point +1%
| 0.05.. 3,000

. E14 I 11.x107 4.9
CE15  + 0,01 37000 I 7.x10°% 4.10
E16 0.005 3,000 I 6.x10 4011
| o |

. The_nésulté in all runs showed that theqcontroi
behavior was_sjgniffcantly fmprOVed‘by lowering the eb
| value. The maximum deviation.of the composition ;rom the
set point value. for the feed flow ﬁate.changes.vdecréésed as
the value of Do was decréased.'.The'manmum'deviation‘of the
~composition decbeésed from’i,gﬁto 0.é,weight pefcenf with ?b
chaﬂgedvfrpm a vafue'bf 0.0S fo 0;005 as shown in Figures

4.6 and 4.8. 1n the case of the set point changes, the
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Flgure 4.9 Exper imentdt STR Control Of’ Top Product

Composition For a +1% Step Change -In Set point,

€o= 0.05, ,!g,(m = 3000 L.
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: - -
overshoot of 0. 3%'obserV@d in Figure 4.9 was totatly.
eliminated by lowertng ? from 0.05 to 0.005 as seen \p
F\gure 4,11, For both the servo and regu!atdry contr61
tests*performed the h.st control behavior was. obtatned‘ ' » d:
using the lowest % value. The contro\ performance was not t ‘
as slugg1sh foy the smaller value of” ?o and gave the

\ smal]est 1ntegra1 square error (lSE) value. i '
v In exam}?ing the results listed in Table 4.2, it can be

seen that an increase in the 1/@ ‘value reduces the I®E for

all’'runs. This behavior is not suzpr1smng since 1/P acts

‘as a ga1n term for the control - 1nget calculation (cf ’ ”ﬁ?u_’é'
Equat\on 2. 11) in‘the STR algorithm. An 1ncre!§e of the |
1/@, va lue has'prompted the parameters to cdnverge faster..
The estimated parameters for the change in feed flow ?atgw
shown in Figure 4. 12, ' took 46 time’ units after the ;gfa“

d1sturbance was }ntroduced to zeach their steady state v

’
el
S
v

< .
EARTRIESTIE P o PENETERETIRS S AP R e e

values w1th 60 = 0.05, and 40 time units with ?a- 0. 005 in

X

Figure 4. 14, ngures 4.12 to 4.14 are 1ncluded to.

"ﬁ’-: ' - .

v dempnstrate typncal parameter convergence#?, : . oy
P Ca ’
%ﬁ%gi : 7:ﬁ However. the reflux flow and top product compos1t1on {

tﬁiﬁ”f 4 d1sp1ayed the most osctllatory behavﬁpr for the Yowest
¢, L
b ~PJ” VaIUe used, ngxng a “bang bang Fﬁke performance ]hts

ﬁ

"
L Supeh.
it

P

Fxcess1ve control behavior was‘Bel1eVed to be caused’ by the'

f? f: vh\gh 14&. gain effect that 1nduced the h1gh sens1t1v1ty of

O the‘ regulator to the ncnse in the system N

In examintng th@ output responses pJotted in Flgures .

4 6 to 4. 11 it can beaseen that steady state error (offset)& o
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resulted, with the offsgt increasing w1th the. lower values

of Bo value used” “tonsider the STR dﬁgorithm as. gkven by¢
Equation 2.12

» hd |
' -

o)

( A o S
u(t) =‘3- [ (t)y(tf + ...+ Shy(t-n+1)],
. © b . ' R
A W b N o ' »
bbutt-n) - - B (bt DR
in which u(t) and y(t) are.defined as the normalized
deviation variables. At steady state. the values of y(t‘)
and u(t) wﬂl be the same as their “past values. Hence, : by
assummg the system has reached steady state at trf’e end of T e~

-

the run, this equat1on can be rearranged mto the forrp

oy = u*-@o(10+i€)/io<
Now as 2% value approaches -1.0, the final offset, y, will
approach zero. Table 4.3 is a sunmary of - the“final .

" estimated O(' and P parameters for the- control tests shown 4

in F1gures 4.6 to 4 11,



"'Table‘ 4_)3

Cw e

Run  Bo  Fiqure
| Li

—

Feed Flow -20%

Et1  0.05 4.12 -0.3571
, -0.3490

E12  0.01  4.13 -0¥3287

-0.3243

E13  0.005 4.14 -g. 2487,
-0.2452

Set Point +1%

E14 0.0 - iqﬁggss'
, . -07.2824

S .
E15  0.01 - -0.4999
- -0.2924
| 9
CB16 0.005 - -0.4699
f : -0.2600

-

4oi

-0.7061

-0.6530

-0.4839

-1.1080

-0.7823

-0.7299

Effect Of.go VaJdue On Estimated
Parameter Values

56

Final~£§1jmg1ed Farameter Values

Bi .

-0.3383
-0.3193
-0.3013

-0.1870
~0.1832

-0.1796
-0.0765 -

+=0.0750
-=0.0736

-0.5140

-0.3044 -
-0. 1488 .

¢-0.31] 5
0.2
202724

-0.2058
-0.2095

-0}%269

These resu]ts show that as.ﬁo1s decreased,

difference between the é&c value and

values changed from -0. 9589 to -0. 2251 in Runs E11 to E13

for ™ a 20% s(ep ‘decrease in feed flow rate and from -0.9683

,to 0 6422 1QRRuns E14 to E16 for a 1% increase in set

pomt In the case of 20(;,.

284

-0.9589

-0.5498

-0.2251

-0.9683

-0.8656

-0.6422

the

-1.0 1ncreases

_Bo was lowered.,thUSaalso leadlng to an increase in the
' "

offset. The combined effect of ZKi and £8, outwe1ghed the

effect of Po as shown by the larger offset that resulted.

N

The

the absolute value decreased as

vt
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For example, in the case of Run E12 ‘the valuwwere {ﬁ =
-0.5498" $X;= 0. 6530; @o- 0.01; g1v1ng
'y = (12 - 10. 4)K10 4)*(0 01)* (1 - 0.5488)/-0. 6530 = 0.00106

"'sé for the set po1nt ‘of 6. 2% the final value of y will be
86.1%. This calculated value is in agreement W1th the final

value 1n F1gure 4.7. This trend is con51stent for all of

0

the tests : . : ' '
. ‘? . «
For performance evaluation, since an ISE index was

’

b
used, it shou]d be noted that the' duration of the run

. at G
SR R uences the@@ﬁéumu1ated ‘error due' to steady state offset
h'.f

For the tests performed, onewcou]d achieve faster wesponse
~and reduced ISE by lowerfng Es at the expense of increasing®
.foffset. ' | .

ii) Effect of P(0) value: Ty

The P(0) value set at the begihning of t#Me run was

'determlned by the amount of confldence which could be placed‘

.1n the 1n1t1al parameter estimates. If the, parameter
estimates were cons1dered to be close fo the true va]uei |
the P(0) value was set toa low value. ests performed
using d1fferent values of P(O) are summa 1zed 1n Table 4. 4

. The output responses are plotted in Fi es 4.15 to‘4,20.

-

s oh o e lme el L
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Table 4.4 Effect Of In1t1a] Value Of Covariance Matrix,
L(0) On The Experimental -STR Control Of Top
Product Composition

Run - By - ~R(0) ISE Fiqure
Set Point +1% -

. L
E15, 0.01 3,000 1 7.3x1 4,10 * ..
CE17° 0.0t 10,000 T  6.0x1 4.15 = -,
ET8 ° 0:01 30,000 L. ° 5.1x10 4.16 ‘
Set Point -1.5% .
“E19 0.01 10,000 L 11.9x1Qﬁ .17
E20 0.01 30,000 L 14.4x10 4,18

Feed Flow -20%

E13  0.005- | 250 L 14.0x10. . 4.8
E21 0.005 00 T 8.7x1Q4,?§k 4.19
E22 0.005 1 ooo,l‘ 7x10 4.20
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From the results obtalned the sustained osCIIlatlons

st A
iy,

* L
that have been evwdent‘ln all STR runs became moré 4

pronounced when a’ higher P(O) value was used Th\é'ls y

I &, -

obv10us from the responses plotted 1§ Flgures 4 15-- 4. 20

Wheq)P(O) = 30, 000 I was used, as c e seen “in Figure

. 4 18, the man1pulated variable (reflux) banged between its

: Flgure 4 21. Ffor-a’ 1% stepw1ncrease tn. Qet po1nt’ w1th P

hlgh and low limits at. the t1me the set p01nt change was
introduced. This behav10r resulted because of large i

fluctuatlons in the est1mated paralnter values as shown 1p‘

.
= 30 000 1, the control’gehav1orvbecameaasc1llatory as s_

fFlgure 4, 22) The parameberé drtft away from each other.

| unlike the' adup eattern of the parameters of the other

‘tests. and nevi{ reach siéady ﬁalues ' ,' ;tf/y

Changing ‘the - VaTUe of P(Ol sh"eq that thexeffect on -

' controller performance to a large extent was almost

a4

’ijj:t‘ba] to the galn term in a propoﬁ%konal controller. In

tlon. the steady state offset was-found to decrease as

the P(Ol value was 1ncreased From the oﬁ and 6 values

. given ln Tabl\ 4.5, it can’he seen tlm the y_alue of Pt~0~)
an ‘

\

increased ‘i? moved closer to -1.0 e absolute value:

'of fﬁc»increased so for the same ?@ value, the offset\would-

_.certainly be smaller, The ISE values were ;;yéred by

. ®
incr 1ng P(O) for all tests except the 1 step decrease

:h;in set polnt run whlch was caused malnly by the 1n1t1al

P

f T . ~ o ) S
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Table 4.5 Effect Of plo) Value On The Eshmated ' o
Parameters :
)

At
C .

4(}-‘-"‘\-.‘ .
pfoy Figure = Final Estimated Parameter V%{Qg, S

l'" ;L o o N o
« T

t Point +1% » .

o E15 3,000 1 4.10 ™0.4999 -0.7923 ' -0.3155 -0.8656
‘ RS -0.2924 -0.2757 |
E17 10,000 'L - -0.6945 -0.8613 -0.3454 -0,9400
R | ‘,-.o 1668‘ _ o

.

: ‘ “, . e \ - e ' .l
el E18 30,000 lg° 9795 -0.8634
CETR S s 3‘» ?‘* 181
¥ > 14 . ‘. . . ‘ *
R BRI . & -
,n . o - o A _:’4' L o e .,

. AN _ 0. - . ~ . . ‘. . ‘,YJ‘ - - “ X L ‘f:‘:‘.
Set Point ~'1.5% - s < 1

"E19 10,000 I . - 0.8636 -0.8324 -0.2964 -0.8376
= Co 0312« -  -0.2439

@w | SR v - -0.2973

{o ooo 1 4.21 1.0953 -0.8748 -0.0848 -0.8497
X 0.2205 - >~ - -0.3866

K N ! ,-9.4233

Feed Flow ~20% "~ . N\, - [

E13 ‘250\1' -4'7'8 -0.2487 -0.4939 '-_0..076 “‘6”2251 E
Ry R -o 2452 -~ -0.0 _ N
N gt 500 1 .0.2899" -0.5733 0.1132 -0,.329.8:’_' o
| - -0.2834 . -0.1083 . . I
' Ces e : '0-1083.

on
Fd

- E22 -+1,000 L -  -0.2980 -0.5868 . -0.1213 -0.3568" . -
| SR v -0.2888 S -0.1185 - .- . .
.). "-,' . ) v . < . . . L. &% ) , _0.1\1-7‘0 . . ) .. )

Fv
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4.3 Simdlq}ton Study | , | . Ty
' ! i L .o AN
4.3 ! System Configuration and lemgptation EEE AR

The simulatlons were performed us1ng the Un1vers1ty of .
Alberba computtng&servwces Amdahl 47OV/6 computer sysxemﬂB
The nonlinean d1stfly§¢ﬁon pnocess model developed bf N

"‘a»e & -
%; Simo ier (%p) w(s lncorporated 1nto the §1mulatton ‘
program to gen;rate the d1st1llat1on column dynam1c B

he Pl and STR. con@rol‘aout1nes are 1den¢1ca1 to
, o

the experfmenta] study with' 1mplementat1on of

behav1or

those Uﬁﬁ
_the' c0ntroJ att:on on : ‘!g'Mdﬂel-perfor&ed 1n a manner

anélogoUs to that of the~exper1mentaﬂ study - The,source

l1st1ng of the complete set of control programs used in the

Y .
s1mulatmons is g1ven in Appendix E ) - P

* por

Prior to any slmulatlon run..ag input data“ f11e was set

— o
S up to prov1de the 1n1t1al steady state operatlng cond1t1ons

2

fok.the column and the c5ntrol data parameter& requ1red A

| run tlme of 169 time unlts. 'ith -each. time unlt being 64?‘

seconds, ‘was used for all th shmulat1ons The dlsturbadée

»
_gﬁ;fuwas always 1ntroduced afger 20 time untts of simolgt1on time

: fﬂguahad eiapsed The»pnquq@ lntegrat1on interval was f1xed at:
8 seconds The 1ntegrat1on interval was selected as a'
comprom?se between reducwng the computer execut1on t1me and )

qifu?ately ealculatlng the trans1ent response of the column

o



©4.3.2 %?dertlonal Plus Integral Control Tests

"5 85 m\ﬂ. determ1ned e&pér1mentally, were used for the .

v . }
SNt . R }
R .
i - 71
4 S
N B

lhé Z1egler NlChO]S tunlng constants of Ke = -45 T =

vls1mulatlon runs. }The reﬁbi&s ar$ summarized in Table 4.6.

B

: o~ , R

.. Table 4. p Summary Of,Slmulatwon Results For Top Proquct .
4 Compos1tlon Pl QontroT 2 =
e W X N A I R C 3

7

< L o iy M
.u’.._ ) &.’ - '8 . . o ."‘-,
L 33 ., T
& AL e N - .
3
M e

" Run . D1stuﬁbahcé - Kp IR,_.s.';gﬁ Figure ‘
" $3, Feed Faodw “‘20% & 55.\. ‘588" ¥ omoi 4.23
RERE quSet‘Rtld§9p1 0% .-=~45, . 5. 84. .21, 0x104 4.24 SN,
j S5 Set{’Pom -t 5%* v.‘as. - 5.84 " "50. 0_x10 4824 . .
Qpenéiing Cohd1t1b As o it T S v
Feed Flow ~77f;l8530“*g/sm : Top Comp051tlon - .95.7%
Reflux Flow .. . 11.08 "g/s .Bdttom Comp051tlon 5.6%

-~responses wereé

~Steam Flow 1185 gfs -

. i , .
A L) . s C ﬁ AT -
wers ' . . ! . ;. C oy

For a 20% step. decrease in fg%d flow rate, the Pl cogtroller .

gayevexcellent contrd; behavior as can be seen from the
. .

responSe in Figure 4.23. The max1mum dev1atwon was only - UGN
0.07 wt ¥ from the set po1nt value so fur ther 1meﬂNement in
the control performance by further tun1ng wzll ltke/y not

e

result For stgchhanges in set. potnt. sat1sfacto 1'% control'
Is

o obtalned As tan be seen f

) control behavxor in F1gures 4. 24 and 4, 25 that resulted bx

'-due to the nonlwnear dynamxc charactgfist)es\*jvf

feed flow rate a larger overshoot was obsE?ved fo the 5:7

deoreaser1n°set p01nt as compared td the increase.

.. < - .
. . . - e \ o ' .
. . . , S o>
. " . ‘, - R . ’ - :
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4.3.3 Self Tuning Regulator Tests

*

Prehmmary s1mulat10ns -were carrled out to determme a
suitable set of numemcal values for the STR parameters
The operatmg cond1tlons were set 1dent1cal to thqﬁ‘& used in’
an earlier study by Sastry et ‘81 (15) The fol]owmg s .
parameters values as used by Sastry, Lu‘)n;-zre found tg be :
satisfactory. '
- %d

s R

1n

o

o p
— .

P(O)

Q(O) 0. 0 _ _

Ay -‘I\ The output responses for the STR runs using tms set of
par‘ameters are plotted in. ngures 4’ 26 w%. and the

results.tabulated in Tab1e 4. 7 el \ .
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4 : 4 | |
ST1 69.1x10 . 94,57% -0.5680 w0, 0876 ; 4.28 ‘Set Point
S T -0.1060 +0.1216 o -1.5%%

Operating Conditions'  °~ ° @ ‘
“Feed Flow 18 00. g/s o Top ¢ompo§ition - ={96foé%'
Reflux Flow 17.80 g/s ' - Bottom Compositiion = 1.48%
‘Steam Flow - .15, 40 g/s . STy LW
.  ' ) ' \/ . oot ;,’e'a:.;"_"-

with the exper1mental results,

Table 4.7 Sumﬁary of SimuIated STR Top Product
Cowpositioh'Control Results
W '

-
M= 2 K= L= 2, |
bo= 0.01  PR(0) = 3,000 '
Rup  <1SE. Final XD -Pinal Parametcrs Figure Disturbah‘ce
'"; i 59.& '
s8 108. 6x10" 95. 95%  -0. 4333 *2410 4.26 Feed Flow
0“% o 072318 - <20%-
A . £-0.8388 2—0 4728 o

s

S9 33.7x164 86. 95%,".-0 ﬂ529 D 0739 4 27 Set P01nt ,?

0"8856 *-0. 0592/ TN + 1%

9 Y i—o 6885 £-0.133%°

£-0.6740 £:0:2032 .\ < \

1

Q- . .

Dur1ng the 1n1t1al per1od of operat1on the‘parameters

¢or a 1 .5% s@ép decrease in set po1ﬁt control exh1b1ted a.

. large quctuat1on caus1ng thﬁ man1pu1ated var1able (reflux o

flow) to be dr1ven to 1ts control ]1m1t at 6 0 g/s before
e
leverl1ng off to a- hew steady state Ievel Th1s behavmor

' ’was s1m11ar to that oberved 1n the subsequent exper1menta1

-~

ucons1der1ng zero 1n1t1al paraﬁeter e§t1mates were usedsA

‘.for eqther step changes in load or set p01nt as was. the case

b L e

s .o

ek

P o
N )
.
. ﬁ
. > 3

' worﬂ' The contr01 performance was reasonably’ satisf?ctory,.‘

fexcept that offsets were observed ln the proquct compos1t1on g
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In the search for a P(0) value that could be used for
both load disturbances and set point changes, tests were
performed to study its effect.and the resu;ts are summaqized
an Tab]e 4.8. It was. found that the P(0) value could be’

.
increased to 40,000 1 for the set point changes without
. ’ = B

causing unstable responses. Howeve#—ﬁ'ﬁ?%Le feed flow rate -
decrease of -20%, a value of P(O)-U.OOO 1 appeared to be the

upper- 1imit to avoid oscillatory hehavior.

.
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‘consistent with that foi

resulted as can be seen from the results in Table'd;g.
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r Themsimul?i:fp resutts indicated that the effects of”

the g(O)'va1ae ' of}ée and ?Rtegral squdrq error .were
Aénd'in the experimental runs. , Both

the ISE value and offset decreased with a larger P(O) value.

The . efFect on offset could agawn be exp]axned by . the fact

that for an increase of 510) from 3 000 (RuﬂFSQ) to 40 OOOI

“ (Run $10) that‘i% had increased from -0.1231 to -0.5306

and Z0i from -0.6885 to -0.9069.

Another STR parameter, the number of @ parameters,

(i.e. the L value) was evaluated. ' Use of a value of '3

instead of 2 was investigated, but only minor improvement |

- }

-
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Table 4.9 Summary Of The Effect Of The Number 0f &
' Parameters (L) OniThe Simulated STR Control,
. O¢ Top Product Cqmpositidn
/

- & P

- . | S .
// ' < s
1 \

o = 0.0 P(0) = 40,0001

1 * - e e

RQn\Lﬁinalng ISE ,  Final Parameters

Set'Point +1.0% ., . & £ 4@& ?EZ

S10 2 96.98% 26.0x10' -0.8745 -0.9063 -0.3089 -0.5306
. . -0.0322 -0.2217 -

$13 2 96.99% 25.6x164 ~0.8745 -0.8608 -0.2%41 -0.7203 °

-0.0098 -0.2188 .
o -0.2374
Set' Point -1.5Y% T .
S12 2 94.52% - 62.ox164 -0.99894 -0.7557 -0.3342 -0.7440
' +0.24%7  ° -0.4038
S14 3 94°51%  61.3x107 -0.9686 -0.5987 -0.2415 -0.8861
. +0.2698" . -0.3284
. -0..2662

y o .



controller so it is not surprising that therfe is no

The ISE and‘offget weqe reduced somewhat;zbut the' final

estmated wvalues of ZD(A and i@' parameters adapted in such

a fashion that the effect on offset ‘of their summation .
¢

‘values cancel each other Thése results suggest that when a

hidher than adequate number of %}parameters is used only

'marginaI improvement  may result and then at the_expense of

rl

-additional computation effort. ' ' oL

i

i
]

4.4 Discussion . S ' ‘ .

The top product control'system js fast and stable It
has a short time de]ay and is relatively n01seg(ree( The
operating environmeht is unchanging. These combined’ factors

allow for good control behavior ustng a conventional

advantage in using an advanced control scheme like the

self-tuning regulator which is mainly designed to deal with
. o——N :

y -
processes that have a time delay, are subject to a changing -

ethronment, stochastic disturbances and system noise.

For control of top product composition, the*i- ¥
conventional proport1ona]kplus integral contrcﬂcer once well
tuned performed superbly in both s1mulat1on an? exper1 %tal

tests. The responses for a -1. 5% step change/ln set péln&

~ as shown in ngures 4.5 and 4. 25 may have 96 be detuned to

reduce the overshoot but overall Pl control prov1des a
control performance that is satisfactory. In both §EW
simulation and experimental tests, Pl cle rly outperformed

STR; yet in a phevious study by Sastry el al-(1§), ina
. N ' 2 & .8 p N
.- ﬁ “

€

~
\
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comgarison between the STR and a moderately tuned Pl l
controller, it was found that the STR provided the better
perfagmance. It shoyld be noted that a compar1son between -\
well tuned Pl control* and STR contro), w1th zero 1n1t1al
paraheter est1mates. is somewhat unfair since in general- the
STR begins with. very poor 1n1t1al parameter est1mates wh1le
the Pl controller has previously been tuned, usually for Lhe
disturbance of interest. In add1tlon using the integral
square error as the performance 1ndex gives a severe measure
of STR performance swnce the 1nrt1al parameter.estimation
per1od gives rise to a relat1ve1y high integral square error
before the model acquires a reasonable set of parameters.

The results have shown that the choice of % and the
P(0) value significantly influence cohtrol performance.
Pretuning of these parameters would'be advantageous before

using the STR for control testing. The bang bang type of

control performance that prevails w1th a high P(0) value

- and/or a small % value suggests that by adding control

wefghting "as proposed by Gawthrop and Clarke (17) the

control performance should improve. The problem of offset

© could be resolved by increasing the p(o) value, or replac1ng

ult) by ult) - u(t-1) in equations (2.10 and 2.11) (5).

- _ *’
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N 5. BOTTOM PRODUCT COMPOSITION CONTROL

5.1 Description of Simulation Study
"o 7. The column mode! used in the simulation program was
iqentical to the one used in the top product contrél s tudy
gxcept for a:program counter incorporated into the program.’
This counter delayed the bottom composition calculated by
ﬁhqamodel for 4 time units befﬁre the control routine was
allowed access to the information. For the botiom product
composition cgptrol, a simulation run time of 45 time units
was employed with each time unit being 256 seconds.
The counter was implemented in the program in oré;r to
simulate the equivalent’ time delay present in the bottom
product G.C. analysis system. The effect of changes in
steam flow were nbt delayed but were input directly to the
mode] to immediately influence the bottom composition. The
control of the bottom dynamic behavior of‘?gé column was
eomplicated by this excéésive_transport time delay. |
The control law calcu]ation was scheddled to r?n every
256 seconds with the required inputs being the:bbttom
product composition and steam flow rate. The operafing
sequence of events in the cycle can be suMharizedﬂfs
fol lows : | |
1. Bottom composition'iétupdated by the simulated gas
chromatograph analysis. ‘ '

2. Values for'steam flow and bottom composition are

acquired by the comtrol pfogram.

-
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3. The control signal is calculated using tns*specifwed
control routine. “5

4.ir,The control signal is cascaded to the steam flow analog

’ controller, \\

5.2 Proportional Plus IntegraI'Control

The initial controller 'settings were determined
experimentally us%ng the Ziegler-Nichols tuning method.
Details of the tests performed are given in Appendix F. The
constants were further tbned for a 20% step dgcrease in feed
flow rate. A summary of the different Pl control tests is

N
R

~provided in Table 5.1.



Steam Flow 11.95 g/s

0.5» \‘l‘

: o A . \{‘t%
Table 5.1 Summary of Simulation Results(?ér Pl
' Control Of Bottom ProductMsrtlon
. ii 0
Lep B TR i
Run Kp # Te 1SE "3 F igQrany \sturbance
B1 0.00 bl‘fﬁﬁ'K P 4{*«L§4 Feed Flow -20%
B2  0.06 42. 1.5 : .. Feed Floh20%
B3 0.08 42. “1.16F 5.1  Feed Flow -20%
B4 0.06 42.. 1.925 5.2 Feed Flow +20¥
B85 0.08 42, 1.575 5.2 Feed ffew"+20%
B6 0.06 42. 0.082 5.3  Set Point - 2%
B7 0.08 42.  0.081 5.3 Set Point - 2%
B8 0.06 42, 0.082 5.4 Set Point + 2%
B9 0.08 42, 0.090 5.4 Set Point + 2%
Operating Conditions
"Feed Flow 18.00 g/s Top Composition =9
Reflux Flow 11.00 g/s Bottom Composition =

5.7%
5.6%



-5.2.1 Load Disturbance Controtm
' ANl feed flow rate disturbances were int®oduced.?2. 5

N
time units from the start of the simulation run. “Egr_aMZDz_m___

'step decrease in feed flow #ate as shown in Figure 5.1, the
bot tom composit1oh did rot start decreasrng until 4 time
units after the disturbance was introduced due to the time
delay incorporated into the output from the column dynamic
model. It was esséht1ally aféer this elapsed time delay

that the man1p0lated variable (steam flow) was gradually ) "
lowered~to raise the composition back te its set point. The ‘
output responses were sluggish, due to the long system time _
delay and time constant. The open lo‘p response has been
included to provide a contrast.to the ‘control runs.

Clearly, of the different simulations performed the ~
preferred controliler setting was Ko = 0 08, Tq = 42 minutes
as shown by the lower ISE value of 1.167 as listed in Table
5.1. ‘

For a feed flow rate step increase of 20%, this same
controller setting again provided ‘the better control \
performance as shown by the responses plotted in F1gqre 5. 2
As can be seen, the system is ea51er to control for an
increase.ln feed flow rate than a decrease in feed flow -
rate. This is due to the different gains and time constants
that exist due to the nonlinear dynamic response of the

column to positive and negative feed flow rate disturbances.
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5.2.2 Sét Point Contq91 | ‘\\\\\ }
Servo control performance was evaluated for a -2% step

change in set point with the resulting manipulated and

controfﬁed variablé responses, for the two selected

settings, given iﬁ“Fig;;é 5.3. As can be seen, both choices

of settings provided recasonably satisfactory contfol with

“almost igentical ISE values as shown in Tgble 5.1.

For a +2% 8§tep change in set point, the control

" performance usinggKﬁ = 0.08, T, = 42. resulted in an

overshoot and a slightly oscillating behavior. By lowering
KP to the value of 0.06, an improved control per formgnce was
obtained (cf Figure 5.4). .
On the basis of the simulation results listed in Tgble
5.1,\the control .performance obtained using the controller
setting of KP = 0.08, T, = 42. will be used ag the base case
for evaluation of thé sélf—tuning regulator for both servo

and regulatory control. J)

5.3 Self-Tining Regulator | o

5.3.1 System Identification\ »

Preliﬁinary simulations were carried out for control of
bottom composftion'using the STR with zero Kpitial
estimates, but_diffigulties were encoufftered in trying to
obtain atconverged set' of parameter estimates. This is

illustrated by the results oerun B10. For a feed flow

_ disturbance of -20%, using & = 10.0, P(0) = 50.1 and 8(0) =

0.0 for a total run time of 700 minutes, the.responses and



10:0 ..
g\: B-01 * .Code:
!\; 1. .Kp:‘{)'O(’ TR=.42.
- 2. K =0.08 T =42
GO, 1
4N POOZOPOA
> B
3 4.0 P
, DB 00000 P85 cocedovossac
~ s 2 Poppo
& 20
) 0:-0]_ I } — “ —+
0.0 8.0° " %50 - 144.0 1°2.0
AT TIME I -
-
o W7 1
\ .
&
) g .
L 125] ,
O
& T ——
11.4 ] ' ~—
5T [
&€
L'J -
5 10.2]
A N
3-0. T ; — ; —+
0.0 5.0 144.0 1%2.0

4B8-0

TIME (MIN)

Figure 5.3 Simulated Behavior For P1 Control Of Bottom

Product” Composit

ion For a 2% Step Decrecase In Sct

Point



94

S p
YENE 8 0l ppxl;? | bbp
Ly P [ 3496:0.3 YOUNNUNNY.
= Pixx <p\3‘><x>'>$<» BrOROOTOIROERG o &
> g X Pppb ,
60} < .
Cl.. DOOMCDW . » - Code: -
2 ' 1. K. =0.06 T.=42.
O , P R
o 404 2. K =0.08 TR‘=_42.
—
2 ool
0:0 + , ; . .
00 - 48:0 w0 0 144.0 132.0
1434 © O TIME (MIN)
w 137] .
~ . :
) - (‘
.. le.sl
o) .
'.,-—' . :‘f' 1 i ’ .
'Li‘ 11‘4'W~—_. e
o 2
-
o l0-2 o
30 T — —— + —+
0.0 45.0. 5.0 i44.0 1920

TIME (MIN)

Figure 5.4 Simulated Behavior For PI Control Of Bot tom
Product Composition For a 2% Step Increase In Set
Point

1%



85

paramzter behavior are given in Figures 5.5 and 5.6

i \
respectively. As can be seen,the system tends to go
. |-

\

unstable with the bottom composition response oscillating
With»an increased magnitude. »

For the model chosen with seven parameters, five %A\and
UWSOC f must be estimated. As figuré 5.6 shows, the
‘ eéti&ated-&& parameters were d{QéFg?ng ?ro% one another,
cycling at the same frequency as the oscillations found with
the steam/%?ow and/bottom composition in Figure 5.5. Since
the %: par;%efers exhibited large initial fluctuations and
then levelled off to some steady state values gradually, the
transient behavior evident in Figure 5.5 must be attributed
'to the behavior of O} estimates.

This problem in system idénfification is believed to be
caused by the large time delay relative to the time
constant. Instead of using zero initial parameteflestimates
that faf]ed to yield gqoa control, a multiple pass method
Qas used. By berfOrming pgrametéh estimation runs prior to

)

the actuag control runs, it is expetted,that"better
performance due to a better set of fnif{al estidéted
parameters, will resu]t; For Ryn B{ﬁ. g’square.pulse
disturbance in feed flow rate was introduced into the//
§ystem.' This is accomplished by introdubing a 20%.step
decrease in feed flow rate after 10 minutes of}simudation
timé had elapseé. 'The decreasevin'feed flow rate was theh

maintained for a duration of 170 minutes.’ The system

response and the parametérs are plotted inAFigures 5.7 and
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estimated paggmeters began to reach thei

: ” o
, ? ¢ ! T
yo »
5.8 respectlvely The ;nd arrowt\nd1cates the time that the
flow ls returned to 1ts initwal steady state level. As
would be expected the system resﬁonse was‘ldent1cal to that
of. Run B10 until the feed was ‘retu néd to its normal level
after 180 minutes of simulation ela sed time. The behévtor
“of the parametdhs (cf Flgure 5‘8) shows that as the feed 1s
returned to its normal va]ue. the OC parameters start |
converging instead of diverging as in Run B10. 'Despite this
convergence,. the bottom product comhosition respohse

exhibited significant oscillation but did manage to return
¢

ito its set point after about 700 minutes of time.

By performing the parameter estimation run (Run Bi11), a

set of converged estimated parameters is obtained.

‘ Furthermore, the fact that®*the output returned to its set

‘point provides some ¢ontidence in the est?miied parameter
va]ues., Results from parameter estimation runs per formed
us1ng different flow patterns are discussed in Append1x G.
"With the estlmated parameters obtained from using the
square pul disturbance in Run Bv1, the parameters were
.furthenﬁedgfted using a 20% step.decrease in feed flow rate
in Run BiflaaThe results in Figure 5.9 show that.the bottom

comosiﬁt{':xtarted to move back to fts set point as the

-steady state
values in 186A ¥ utes‘qr 45 centrol inte ya]s after the

d1$turbance

unprovient conﬁared to Rtun Bt? in which use of the zero

initial parameter estﬁates £esulted in an unstable system.
' A
L S
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The parameters identified in Run B12 were such that the
éﬁiwas close to the desired value of -1.0 which implies
that reliable parameter estimates_have'bceﬁ obtained. The
behavior of the parameter estimates in Run B12 are plotted
in Figure 5.10 and the results for all the parameter
estimation runs are summarized in Table 5,2. -

Table 5.2 Summary Of STR Parameter Identification

Runs For Bottom Product Composition Control
»

M=z2 K=4 _ L=5
$g= 10. 2(0) = 50
Run  Figure Jnitial Einal

Parameters . - Parameters Disturbance -~
T oli Bi

B10 5.5 0.0 -5.0358 -0.4895 18.00 g/s
5. 1180 0
Tio

0
0

0.2624 / 100 min..
0.1594 14.440 g/s
0.0596 ’

B11 5. 0.0 -0.6066

7 .0398 18.00 g/s
5.8 " -0.8923

.3613 700 min.
. 3830 Lo PBO ‘
.0480 14.40 g/s
.6255

OO0 O0O

B12 5.9 Fimal -4.,1887
5.10 "~ Parameters 3.0602
Of Run B11

.1503 18.00 g/s
.0120
. 1294 0]10 700 min.

OO0 O0OO

. 3217 14,40 g/s
- 958515 |
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5.3.2 Load Disturbance Contro) | ‘
“* With the final estimated parameters obtained from Run
B12, the control performance for a load disturbance was
,t§§ted_by_jntrgducing.a~20%~step-decrease in feed flow rate., »-
In these tests, the parameter identification wasvstopped
prior to thé'1ntroductlon of the disturbance. Thws .
approach,designated as fixed Parﬂggter Control (FPC), has
resulted in good control perform%nce with the output )
response s:gn1fwcant1y better than the well~tuned PI. ’To.
compare the performance of the two types of control, tHeAPI
and FPC responses are p1otted in Figure 5.11, The FPC
- response 4s quicker and the resulting ;SE is ower compared ¥
to the value obtained under PI control. The results for the

'step changes in feew flow. rate tests are sumpacized in Table

5.3. . | o ‘ | \\\

Table 5.3 _Summary Of Multiple Pass FPC Control
) Of Bottom Composition For Step Changes )
In Feed Flow Rate . ;

Run 1SE Figure Disturba

fH\, ISE igur istur Tncs

BI3 0.792  5.11  Feed Flow ' -20%
B4 0.835  5.12  Feed Flow +20%

1

For a +20% feed flow rate load disturbance, with the
same set of parameters and using, the identicatl approach
met ioned above, excellent FPC per formance was obtained.

The comparison between the PI and FPE ‘mnntral racmamean -
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shown in Figure 5.12. The ISE value has decreased from

1.575 to 0.835. &\\g SN

5.3.3 SET POINT CONTROL )

The control responses for a 2% step‘increase of set
poini under FPC operation using the parameters estimated in
Run B12 has not performed well, but the ISE result is still
comparable to that achieved using a well-tuned Pf
‘controllef. It is.not surprising that the FPC control

response is not optimum since the parameters used were those

-

estimated frqm load disturbances. From the responses
plotted fn Figure 5.13. it can be seen that both the input
and output.variables for the FPC rﬁn oscillate throughout
the entire duration of the run. ‘ N

To improve the control, it was decided to aéapt the\
parameters obtained in Run B12. Allowing the parameters to
adapt for a set point changéehas resulted in an improvement
of control performance as shown by the lower ISE value. The
improved control per formance is obvious from the responses
plofted in Figuré 5.14, although a slight oscillation in the
‘composition response still remains. However, by using the
final parameters obtained in this run and adopting the FPC
approach, the ISE is further reduced and the slight

oscillation is eliminated as can be seen from the responses

in Figure 5.15.
For the case of a 2% step decrease in the set point,

using the FPC appboach with the parameters obtained from a
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.*20% feed flow rate disturbance. the control penformance is
™ better than that achieved using PI control. The controlled
responses for both PI and FPC are plotted in Figure 5.16.
By allowihg the parameters to adapt as done in the case of
the increase in set point, further 1mprovement in control
‘performance and reduction in ISE va]ue‘ﬁére accompltshed
The final FPC performance is shown in F1gure 5.17. A
summary of FPC and STR tests performed for set poxnt

d1sturbances is provided in Table 5.4.
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Tab]e 5.4

Run - ISE

B19  0.083
B20  0.078
B21  0.060
B22  0.073
B23  0.078
B24  0.069

Summary Of FPC And STR Runs For Bottom

Point Disturbances

Figure Initial
Parameters

5.13 + Run B12
Final :
. Parameters

5.14 Run B12
Final
Parameters

5.15 _ Run B20
Final
Parameters

5.16 Run B12
Final
Parameters

Run B12
Final
Parameters

5.17  Run B23

Final
Parameters

-3.8792

-4.2326

OO0

oo

-0

Paramengg_

9
\

. 1169
.0081
.0784
. 1901
.8639

. 1445
.0398
. 1446
: .2426

-0.

8163

Product Composition Control For Set

Disturbance

Set Point

set Point

Set Point

.Set Point

Set Point
-2%

Set Point
-2%

114

+2%

+2%

+2%

-2%



5.3.4 Effect Of Time Delaf Tests: #

For bottom composition control, the'large time ‘dellay is
- the main reason that the control’ performadﬁg is so poor.

The effect of time de]ay on the self tunﬂng‘aegulator hasv
been discussed theoret1cal]y by Astrom (5).® The varlance of
the output variable is expected to 1ncrease when there is |
added time delay in the system. - (\Fﬁ“?

To investiéate how . system’time dela;«affeoted control
system performance, the\:hserted time delpy was changed from,
18}m1nutes to 4 minutes. The multiple paSs me thod was used.
The parameter estimation runs were per formed ustng the same
procedure as outlf:éd in Section 5.4, Instead of having
to estimate 7 parameters, due to the reduced time delay that
resulted 1n ‘a change of the K value from 4 to 1, only 4
parameters are now requ1red The rung showing the effect of
the reduced t1me delay on the ISE and the est1mated

[parameter values are summarized in Table 5.5.



Table 5.5
Run lﬁﬂi'
B15

B16

B17 0.1153
B18 0.1079

B25 0.0260

B26 0.1215

116

Sumnary Of Reduced Time Delay
Runs For Bottom Product Composition
"Control Under FPC Operation

Injitial Final Disturbance
Parameters Parameters - = - L ?
0.0 J  -3.3333 -0.3171 18.00 g/s
2.0047 <0.5549 » - 700 min.
' ‘ 10 180
. 14.40 g<s
Run B15 -4.5801 0.4443 18.00 g/s \
Final.- .2.8814 -1.4525 " A
. {10 700 min.
14.40 g/s
Run B16 FPC Feed Flow -20%
Final '
Parameters
Run B16 "FPC Feed Flow, +20%
Final : o
Parameters .
Run B16 FPC Set Point + 2%
Final , '
Parameters
"Run B16 FPC - Set Point - 2%
Final

Parameters



sampling interval. The results

-different sampling intervals are

117

2

By reducing the time delay' from 16 minutes toi4
minutes, the centrol'performance for the feed tlow
disturbances is excellent. The ISE Qalues decreased from
0.782 to 0. 115 for a negat1ve feed flow rate d1sturbance.
and from O 835 to 0.1t08 for the poettlve feed flow rate
disturbance. In the case of a step increase in set point,

the ISE values decreased from 0.083 to 0.026. Hdhever, for

.the set point decrease of 2% test, use .Of the FPC parameters

resulted in a performance that caused the ISE value to

increase from 0.073 to 0.1215. The-fatct that these FPC

‘-parameters were‘adapted for feed flow disturbinces may

~account/ for\the 1ncrease in ISE for tne set point run.

Reduc1ng the time delay of the exper1mental equ1pment

is possible by shortening the bottom measurement system -~

recycle line and improving the G.C. filtratio

model formulation, the redbction of R”value equired {in the

5.4 Discussion

- The simulation results proportional plus integral

' control‘héve demonstrated the 'ffidmty in satisfactorily

controll1ng bot tom product compos t1on. The tong timevdelay
“and time constant clearly dom1nat; the output responses.
The use of only a feedback control scheme has no capability

to compensate oh'the effects of the \long time delay since
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no COhrective'acfion % possible until the output variable
deviates from the set point. Consequently, to avoid

excessive control; the controller setting has to be eased

~off and_the control behaviot becomes .sluggish. - - - % - -

When zero initial hﬁrahéfer estimates were used, the
self-tuning regulator &id not pérform-well either. By
‘ adopting the multiple ags method; the necessary adaption
for the pa;ameter estimate§ is obtained. The fact that the
model has a correct time delay parameter defined provides an
inhereéent predictor tQ cope with the time delay problem. As
a result, the multible pass abproach yielded superior |
éontrol when compared with well tuned P; control runs. The
acceptable control per?ormance of the mdltiple pass approach
for set point_digturbances using parameters that were fUned ,
for load disturbances has demonstrated the robustness of the
control scheme. 1f the parameters are_al]owed to adapt.

—

even better performance can be obtained. Furthermore, the

control performance can be greatly improved by reducing the
-system time delay, providing the appropriate éet'of system

parameters are used in the multiple pass method.

t . . )



¢ B. CONCLUSIONS AND -RECOMMENDATONS
Control of top product composition using the self-tuning
régulator has shown that the tép product composition control
system is ¥ast and stabTe' This is due to the fact that the
loop contains only a short time delay and is relat1vely
noise free «Q\PI controller, once well-tuned, also provwded
excellent performance in both simulation and exper1mental‘
tests. The PI confrol]er outperformed the STR, using zero
initial parameters. In cont}ast. the bottom product

“.. composition loop contains.a long time delay so the Pl
gontrél]er was not able to provide satisfactory control.

The STR, with the advantage of an inhéfgnt predictor in the
‘model formulation, managed to achieve a much improved |
control performance 6nbe:reasonabje estimates were obtained
with the multiple pass qéthqd.' ' -

The basic self-tun{ng regulator provides satisfactory
control behavior for step changes in feed flow rate;and set .
point even fhough the regulator is not formulated for such
changés. The regulator was able to adapt the parameters for
the d1$turbance to perform adequately.  Tests using the
‘fixed parameter controller, despite the fact that the TN

parameters wereﬁﬁagnt{fied for a different disturbance,

showed that the contro1ler was robust enough to provide good

(/3 Y

B - \)
On the basts of the results from the series of tests

. overall control

conducted on the effect of STR design parameters on control

performance, the following conclusions can be stated:

. . : .
‘ O . , .
- ¢ , .
. ) ’
. : 1 . N
. . . i ’
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a’ Scaling factor, %oz
" The choice of the %o value significantly influences the

control behavior. A decrease of the %o value has the effect

of increasing tgf controller gain, as a regult the change in
. « ¢ controller outht at each control interval becomes larger.

Consequently. the parameters convefge.at a faster rate. In

addition, the values of the final ‘converged parémetérs"

change with different %o values. The smaller the ?;.value
used, which causes an ihcreaée in the difference between'igL

and -1.0, and a decrease in the absolute value of Zq&, the

largér the offset.

b) Initial covariance matrix, P(0):
| The use of a high P(0) value which implies the lack of
confidence iﬁ the initial paﬁameter estimates, allows a
larger change in the valués‘of the estimated parameters at
each control interval. Tests Qsing zero initial parameter
0estimate$ showed-thaf usé of a,higher value resulted in
'i@proved control perfordgnce. By starting with a high P(0)
?ﬁ§~ value, showing less confidence in the parameters, there is
more chance to converge "to the true values. Consequeﬁt]y,_
fﬁévqffset was fbund to decréage with an increase in the
g(%égaélue. However too/kigh a P(0) value causes a very
[ Jahdé fluctuation in the estimated parameters at the time

fhe disturbance is introduced and can lead to an unstable

behavior. -
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c) The number of % parameters, L:
Limited simulation tésts performed indicate that if a
higher than an adequate number of F parameters is used only

marginal improvement may be realized.

»
d) Initial parameters estimates, 9(0):

Using zero 1n1t1al parameters estimates and a high P(O)
value provides sat1sfactoq£iz;épproduct‘compos1t10n control.
For bottom product composition control, the STR has
difficulty in identifying the ;ystem parameters when zero .
inittal parameter estimates are used. This is due to the -
large time delay betative to system time constant.

Parameter estimation runs were required to provide good
initial system parameters for subsequent satlsfactory

control of bottom product compos1t1on

» o

Recomﬁendations for future studies are the following:

a) The inserted time delay. in the simulated bottom
composition . -control-loop reflects the ex1st1ng time delay in
the actual distillation column The major problem
encountered in the control of bbttom composition-was the
long time delay. The reduction of exper1menta] system time
delay can be accomp]1shed by redesigning the G.cC. sample
circulation system and an improvement and size reduct1on of
uthe filtration equipment. The G.C;'analysis;time could {

likely be improved by experimenting with column pacKing

\
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other than Poropak Q.

b) Adding control weighting to the regulator as proposed by
Clarke and Gawthrop (15) is recommended to remove the bang

bang performanceé that is evident in this work.

» o

.¢) Incremental control da?bbi§iu(t) - ult-1)] in the STR

' N S
formulation to remove offset should-be included.

R
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b)
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Nomenclature

Alphabetic

Polynomial in Astrom model

A
a Coefficient in bolynomial A

B Po]ynbmial.in AstrOm'%Qdef

b Coefficient in/pélynomiai B

C Po]ynoﬁiai in Astrom mode ]

c Coefficient in polynomial C |

E | :Expectatgon operator

e ' Normal random variable :

F ~'Polynomia1
G -Polynomial

H Vector |

K | Gain vectér ’

K Time delay

L Number-of parameters

Order of Model

P 'Covariance matrix

t | sampling -instant

u Control vector

Vv Loss function c
Y l~ Output vectdr_

Greek

i Coefficient ‘of predictive model
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c)

d)

e}

*

- 6c

[+

™ "W

K% > ™

Scaling factor o /

124
Coefficient of predicfive mode)
Mov1ng average process of driving noise e

Parameter vector

‘Constant

‘Exponentialeforgetting factor -

Information vector.

Subscripts

-

i(th) element (1

P. Proport1onal contro]ler ga1n value }
e Réset time ‘
u, Control limit .
Superscripts ‘ ST
T Matrix transpose
Matrix'inverSe s ' . /
Cov : ' _ % {
~ Estimated value v . . AN

Abbreviation

DDC

Pl

STR

Direct digital control

'Gas Chromatograph

Proportlona] p]us lntegral

“Self- tuning regulator - e
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APPENDIX £ RECURSIVE LEAST SOUARES ESTIMATION

In the 'self-tuning regulator, a recursive least

squares algorithm is used to update the paramesters

at every sampling instant basedven current and previous
input and output data.  The equations used are A.1,
A.2 and 4.3, : oo T e e ’

B(t) = §(t-1) + R(t) Iy(t) - Bult-k-1) -

) Y t-k-1)8(t-1)] (A
K(t) = __g(t-w)i(-t.—kq)l1+:{T(.t-k—1)g(t—1)w(t-k-m S (AL2)
Blt) = p(t-1) - K(6) [ ¥Tewetipie-y T ,

Y(t-k- 1)] K (t)} - (A.3)

The updating gain matrix Kit) in Equat1on A.2 is
"calculated first, then the covariance matrix P(L) in
Equation A.3, fo]lowed by the paramater veclor S(t)

in Equation A.1r‘

The recurs1ve least squares a]gor1thm is der1ved in
“the ro]low1ng manner:

‘The pred1ct1ve0model used for est1matxng the se]f tuning——
regu]ator parameters on- 11ne is gzven by’ Equatmon n.4: ///g‘"\

y{t) +o[1y(t “k-1) +0(2y(tj\k “2) + . a@/(t K-n) '
(Z» [ ult- k—”l@) B ult-k- 2) + '. +ﬁLu(t 1-k- L)J+£(t)
VW I
where L = n+5-1. ’ | | ’( ’ -
Defining: . _ n
W) = L oylt), ylt=1), L myltened), |
pou(t-n. $ou(t L)] A L

' A : A A ~ \ o
alt) = locl-DCz-g--f--Ofm- By« Bl . (A.5)
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allows Equetion £.4 lo"t{c— wi itien 25!
y(t) =fult-k-1) + dTe-k-1) 8+ E(1) )
. Adopting the notation used by Sage & Melsa (7), let
Ze= yit) -fultk-1) o
T ‘ . N .
X=8 |
Vy = -_5(t)
Ze= HeX o+ Vg - . S | | (A.8)
The least squares estimate of)S} Xteyis as follows:
AN - a ’
: _ T : ,
Ke= BeH - (A.10)
_Ec=_-£t~1'" :pt,lH (1 + HePeyH t’ HeBe-1 0 (A.11) %

At time t, H tgu,Pt_lare available, so Pt is
calcu'lated usmg Py 43and present]y avaﬂableﬂt efore /)?‘C
can be calcu1ated _.

: Another form of Equation A.10.can be wmtten by
subst’ntutlng Equation A. 11 mto Equat1on A. 10

Ke= [Pto1 - Pt—i'H (1 +H Pxin) B—:tg'{‘—llﬁx

-
| s T 1 ‘
= Pyg He - pJ'\‘-i.-vt (1 + H Et‘l. ﬂ,{gi—LﬂI
= PraHy [0 - (1 + HPegH = HBrgHZ
o= RPraHil - '(ﬂx'it-iﬁ ) / (1 + H;(Pt—;t”x ”
=‘__E.‘-(-j‘BT [t + H,P l ~ :
CF Rt B U BBy (A.12)

' For this study, Equation A.12 is used instead of
Equation A.10. P would be calculated at time t and used
at time T+1 for calculating K44 to obtain xx*i
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"“: chromatograph analysis time and sample system
_transportation time delay plus the process time delay

The chromatograph analysis of samples of the bottom
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' APPENDiX B: DETERMINATION OF BOTTOit COMPOSITION LOOP TIME

DELAY
M

*

product provides the composition measurement. The gas .

constitute the total system time delay.

1.

'
n

Gasgchromatograph analysis time:

The gas cHromatograph cycle tzmé limits the

~sampling period to no shorter than 256 seconds due

to the Poropak Q column packlng conditiors required
for a reliable analysis.

Transportation time delay calculagionf

The product circulation system arrangement
contributes a transport time delay of up to
13 minutes. The system configuration that results
in this time delay is shown schematically in Figure B1.
The magnitude of the time delay was calculated |

"as follows:

Section 1: Distance between reboiler bottom and
. - pump (cf Figure B1) = 210.00 cm

Size of tubing (copper type L) S -
0.D. = 0.95 cm ‘
. 1.D. = 0.79 cm
Thickness = 0.08 cm

Based on a volumetric flow rate of 0.83 cma/sec.p
the transport time delay, excluding the effect
of the heat exchanger is:

(distance) * (crdss sect1onal'area)
{volumetric flowrate) -
123 00 seconds

Time
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Section 2: Distance between pump and second

filter = 486.41 cm |

Size of tubing (copper type L)
0.6

0.D. = 0.64 cm A
I.D. = 0.48 cm .
= 0.08 cm R

Thickness

s

- Velocity»=-4.i0 cm/sec e Tt
Time to travel specified distance = 118.64 seconds '

Section 3: Distance between second filter and
gas chromatograph '

Size of tubing (plastic)
1.D. = 0.25 cm -

Velocity = 14.60 cm/sec . ‘ o
Time to travel specified distance = 6.52 seconds

Total transportation time fo: all three sections
= 248,16 seconds ‘

A4

Contribution of heat exchénger to transportation
time delay: S .

The heat exchanger is_located betiveen the reboiler
and pump as shown in Figure Bt. - -

- Exchanger manufacturer: o ' o
Heath-Changer~Co. Inc., Brewster, New York.
Type: Single pass finned heat éxchanger,'

Specifiéation:

0.D. = 6.35 cm

Length = 30.96 cm-

Copper pipe fitting 0.D. = 3.48 cm
Copper pipe fitting 1.D. = 3.18.cm

Volume of fluid in heat exchanger to be
displaced before a fresh sample reaches the
gas chromatograph: ‘ ' : :

Cross-sectional area of heat excha ger = 7.92 cm>
Volume of heat exchanger = 7.92 cm x.30.96 cm -
| 3. = 245.20 cm® |

- 0.83 cm /sec '

285.42 seconds

-~

Flowrate
Time

"non

.



- Figure B2/
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Contribution-of fjlters to transportation time delay:
There are two filters in series:

First filter volume = not'signifiaant\
Second filter volume = 200.00 cm® :

0.83'cm3/sec

Flowrate =
240.96 seconds

Time

Total time délay'dUe to transportation:
(248.16 + 295.42 + 240.96) = 784.54 seconds

Process time delay measurement:

- Experimental time delay tests with samples '
taken at the bottom of the reboiler and downstream
of the gas chromatograph heat exchanger provide a
reasonable estimate of the process time delay.
Severnsamples, at 256 second intervals, ‘were¢ taken
with t {eam flow rate decreased by 5% at 128
seconds of/elapsed time. The results are given #n I

The composition of the samples takan
ttom of the reboiler began to increase 4
after one sample interval and those at the heat v
exchanger did not change for two sample intervals
due to extra transport time delay. Consequent 1y,
the prodess-timz delay was estimated as ore sample

.interval, 256 seconds.

As can be seen, the total time delay appears

-to be about 21 minutes, so with a sampling interval

of 256 seconds, the resulting Kk value is 5, This
value for the time delay is consistent with that
established by calculation. . :
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Aepenp1X C:

// 10R RVIO1
*10CS{DISK)
*10CS{PAPERTAPE)

SIR CONIROL PROGRAM

* ALGDRITHMS AVAILEBLE
1.STR-U METHDD )
2.STR-DELU
3.P1 CONIROL :

DISTURBANCE USED
1.DETERMINISTIC

2 .STOCHASTIC

fo00nNNNnenANnAaO0Nn

REAL LYS.MU,LDUMT(10),LOUNMB(10) ,KPT KIT KPB ,KIB

Exprer1menTAL ControL PrOGRAM LISTING

DIMENSION PT(8,8),PE(8,8),X1{8),.Xx2(8).XDUMT(10),XDUMB(10)

DATA KPT.KIT ,KPB,K18/0.0.0.0.0.0,0.0/
DATA MT,M3,KT,.,KB8/2,2.1,0/
DATA BOB,BOT,RT,RB.KSTR/0.0,0.0,0.0,0.0,0/
DATA Accmr,nccma.nesr.nzss/o.o.o.o.o’o.o.o/
DEFINE FILE 50(4,320,U,1FIJLE)
. CALL GETTY(LT) " /j"

LUNW=LT /
IN THIS PROGRAM IS LUN NUM3ER BUT JN RKTO2 11 1S FLOW

nnon

INITIALIZE INPUY AND DUTPUT DUMMY VECTORS

DO 403 1=1,10

LDUMT(1)=0.0 T

LDUMB(1)=0.0

XDUNM3(1)=0.0 - |
403 . XDUMT(1)=0.0

1BTC=0

1PRT=0 .

KK=D .

CONTROL LOOPS 1.D.
FEED,TOP COMP. ,REFLUX,BOTTOM COMP, ,STEAM
IFD=1537 . ' :
IXT=1540 ¥
ILT=1538
I1XB=1543

© 1SM=1539

{000

JTEM KEYS 1=RMEAS. 2=SET PT 3=0UTPUT
11=1

12=2 .

13=3 :

an

SEY JNITIAL COVARIANCE MATRIX FOR TOP: 100.
SET INITIAL COVARIANCE MATRIX FOR BOTIOM 10. |}

INITIAL PARAMETERS SET TO ZERO

DD 20 U=1.B ‘-

‘D0 20 I=1.8 : .
PB(1,4)=0.0 ; .
20 PI(1,U)*0.0 ' ¥
" DO 21 1=1.,8 .
Xt1(1Y=0.0 g

na0n

s



21

1

13

c
Cc

16
26

113

224

27

- GO TO- 333

" FORMAT(/,

136

x2(1)%0.0
PT(1.1)=100.0
PB(1.1)=10.0

MU=1.0
MVR«O
KPAR=4

,
WRITE(LT, 11) '
FORMAT( '’ RUN TiM[(lM]S) PRINT CNTRL(KPRT),BDTMS SAMPLING(ISMP) ')
CALL FF]NP(L1 3, 0 IMTIS, O,KPTR,0,1SMP 1ER)
GET CURRENT FLOWS SET P1S AND COMP. MEAS.
IT=1
CALL
CALL
I1T=4
CALL

GTVLU(IXT.I1.XTS.1ER.IT)
GTVLU(IXB,11 ,XBS,1ER,ITY

GTVLU(IFD,J2,FD,1€ER,IT)

CALL GTVLU(ISM,12,SFS,1ER,IT)

CALL GTVLU(ILT, I12,LTS,1ER,IT)
WRITE(LT,13) XTS,LTS,XBS,SFS,FD

‘T COMP='F6.3,’ RFLX:='F6.3,°’
FEED='F6.3)

B COMP=‘F6.3,’ ATM='F6.3,

‘l
GET CURRENT OUTPUTS IN % FROM REFLUX AND STEAM

CALL GTVLU(ILT,I3,LYS,I1ER, 1)
CALL GYVLU(ISM,I3.SFS,JER.1)

’

DI1STURBA

TE (LT, 15)

rogrAr('xrvp-—T COMP SP,2 B COMP SP,3 FEED CHANGE AND MVR--'0 STR
1 fhvr~ , :

)/ *
CALL FFINP(LY,2,0,KTYP,O.MVR,JER)

E TYPE

dDEL=1 STR-U dDEL=2 STR-DELU
WRITE(LTY,27)

FORMAT( "ENTER JDEL 1=STR-U,2=STR-DELU
CALL FFINP(LT,2,0,JDEL,0,JDIS.IER)

JOIS {=DET. 2=S70C.’)

GET TIME AND MAGNITUDE Qf DISTURBANCE R ‘
“WRITE(LT, 10) ‘
FORMAT('DISTURBANCE FROM(KDIS) AND VALUE(DIST)"’ )

CALL FFINP(LT,2,0.KDIS,1.DIST.IER):

WRITE (LY. 16)

FORMAT ( ‘KCONT=1-T STR'B OPN,2-T PI B OPN,3-7 OPN B STR,4-7.OPN B P
11°)

WRITE(LY,26)
FORMAT(’
CALL FFINP(LY,1,0,KCONT,JER)
GO TO (224,113,225,114,223,111,222, 112), KCONT
WRITE(LT,22)

FORMAT(“SPECIFY KPT . KIT’)

CALL FFINP(LT.2,1,KPT .3 ,KIT, xsn)

WRITE(LT,36) KPT XIT :

CALL MMANL(ILT)

5-T STR B P].6- BOTH P1,7-BOTH STR, 8- T PI B STR’)

“

WRITE(LT,23)



121
122
123
124
125
126
127
128
129
130
131

132 .

133
. 134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
15t
152
153
154
155

156

157
158
1589
160
161
162
163
164
165
166
- 167
168
169
170
171
172
173
174
175
176
177
178
179
180

23

225
24

"114
25

99

53

82

97

54

a3

11

222

14

137

FORMAT(SPECIFY BOT.RT, IDENT STDP KSTR®)
CALL FFINP(LY.3,1,807.1.R1,0.KS1R, iER)

WRITE(LT, 99)

FORMAT( *‘SPECIFY X1(1), 1=1,5°)
catt FFINP(LT,S.i,X1(1),1,X1(2),1.x1(3).|,X1(4).1.X1(5).IER)
T )

WRITE(LT,39) MT KT ,B0O

WRITE(LT,S3)

FORMAT('SPECIFY X1(1),1=6,.8)

CALL FFINP(LT.3.1.x1(G).1.X1(7);1.X1(8).1ER)

WRITE(LT,98) (X1(1).1=1_5)
WRITE(LT,92)(X1(1),1:6.8) :
FORMAT(SX.'Xl(G)",F7.44'X1(7)-'.F7.4.'X1(8)"vr7-4)

GO 70 333
WRITE(LT,24)

‘CALL.MMANL(1L7) .

FORMAT (*SPEGIFY BOB,RB,KB, IDENT STOP KSTR’)
CALL rrzwp(LT.a,1.808.1.RB,0.KB.0.KSTR.IER)

WRITE(LT,97)

FORMAT(*SPECIFY X2(1).1=1,5)
CALL rrxnp(LT,s,1.x2(1).1.x2(2).1.X2(3)-’-X2(4’~'-x’(5’-15“)

WRITE(LT,S54)

FORMAT(*SPECIFY X2(1).1=6,8) : :

CcaLL FFINP(LT.3,1.X2(G),1,x2(7),1.x2(8).l£R)
MB,KB,BOB

wRIIE(LT,SG)(X2(l).1=1.5)

wnxrs(Lr.sa)(xz(x).xﬁg.a) '
FORMAT(SX.‘x2(6)='.FK&I,G&!(7)=',F7.4.fX2(8)-’.F7.4)v

WRITE(LT,41)

CALL MMANL(1SM)

~

CALL MMANL(1XT)’

GO 7O 333
WRITE(LT, 25)

FORMAT('SPECIFY KPB.KIB’)
CALL FFINP(LT,2,1,KPB, 1,KIB.IER)
WRITE(LT,48) KPB,KIB :

CaLt MMANL(1SM)
CALL MMANL(IXT)

GO 10 333
WRITE(LT, 17)

v

FORMAT(*SPECIFY KPT,KIT,KPB.KIB")

caLt FFINP(LT,&.1.KPT,1.KIT,1.KPB.1.KIB,IER)
WRITE(LUNW, 40) , .
WRITE(LUNW,42) KPT,K1T.KPB.KIB

CALL MMANL(ILT) "

CALL MMANL(ISM) ', = |

GO 10 333
CONTINUE |
WRITE (LT, 14)

FORMAT('BETA O (BOT,BOB), NOISE COVAR{iI ,PB) KB, IDENT
ICALL FFINP(LT.G,1.BOT,1.BOB.1.RT.f.RB.O.KB.O.KSTR,IER)

WRITE(LT,99)

6!

STP(KSTR)’)

cart FFJNP(LT.5.1;x1(1).1.x1(2)11,x$(3)i1.x1(4),1.x1(5).1£R)

WRITE(LY,53*

CALL'FFJNP(LT.a,1.x1(s).1.x1(%),1.x1(a),1:n)

WRITE(LT.97)
CALL FFINP(LTY
WRITE(LT,S4)

.s;z,xz(t).1.x2(2).1.x2(3).1,x2(4).1.x2(5)!15n)

CALL FFINP(LT,a.1.x2(s).1.x2(7)_1.x2(8).1£k)

WRITE (LUNW,3%) . .
WRITE(LT,37) MT,KT,MB,.KkB,BOT,.BORB . b
WRITE(LT,98) (X1(1),1=1,5)

’



181
182
183
184
185
186
187
188
189
190
191
192
193
194
185
196
187
198
199

201
202
203
204
205
206
207

- 208

209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226

227

228
229
230
231
232
233
234
235
236
237

238

239
240

112
18

223
19

.333

35

38
39

138

WRITE(LY,42)(x1(1),1+6.8)

WRITE(LY ,uG)(x2(1),1=1,5)

WRITE(LY,93)(x2(1),1-6.B)

CALL MMANL(ILT)

CALL MMANL(1SM)

GO TO 333 A

WRITE (LT, 18)

FORMAT( *SPECIFY KPT KIT,AND BOB.RB,KB*)

CALL FFINP(LT.5,1,KPT, 1 ,KI1, 1,B08,1,RB.0, KB,IER)
WRITE(LT.97) . .

CALL FFINP(ET, 5, 1,.%x2(1), 1 .X2(2),1, X2(3),1,%x2(4).1,%x2(5),1ER)
WRITE(LT,54)

CALL FFINP(LT,3,1,Xx2(6).1, x2(7).1 xz(s) JER)

WRITE (LT,44) !
WRITE(LY,.45) KPT,KIT,MB KB, aos ' -

WRITE(LY, ss)(xz(l) 1=1, 5) : CoTe T .
uRJIE(LT,ys)(xz(I) 1=6,8)

CALL MMANL(ILT)

CALL MMANL(ISM) .

GO 10 333 - L
WRITE(LT. 19)

FORMAT(*SPECIFY BOT,RT, AND KPB,KIB’ )

CALL FFINP(LT,4,1,B0T,1,RT, 1 ,KPB, 1 .KIB,IER) N
WRITE(LY,99)

CALL FFINP(LT,5,1,X1(1).1, x1(2) 1, x1(3) 1 X1(4),1.x1(5),1€ER)
WRITE(LY,53)

CALL FFINP(LT.3,1 x1(s) 1 x1(7) 1.x1(8), xzn)
WRITE (L7.46)

WRITE(LT,47) MT,.KT,BOT, KPB KIB
WRITE(LT,98) (x1(1) I=1.5)
WRITE(LT,82)(x1(1),1=6, 8)

CALL MMANL{ILT) ‘

CALL MMANL(1SM)

CONTINUE

CALL TIME(IHR,IMT, ISEC)

WRITE(LT,38) IHR, 1MT, 1SEC

1¢YC=640 ) .

REFT=XTS R

REFB=XBS

. WRITE(501) KPTR REFT, REFE 1PRT,ACCMT ,ACCHRB, MU KPAR, KSTR HMVR , KK

T0

37 .

1.JDEL ,JDIS MT KT MB, KB RT,RB,BOB,.BOT,FD \
NR]TE(SO 2) LDUMT LDUMB, XDUMT , XDUMB , X 1 X2, LTS SFS i

WRITE(50°3) PT,PB !
WRITE(50°4) KCONT,IMTS LUNW,KDIS,DIST, KTYP_]BTC.ISMP.*TS,XBS.
) |

tLYS,SFS,KPT KPB,KIT, KIB REST RESB

JLEV=8 , : A :
IBIT=2 \ .
JTMR=T ' ' R

. sEvRee

PUT THE TIMER IN RESTART IABLE Sreteserne

CALL SCPTB(1,1TMR,ILEV, 1BIT, 1 lCVC IE)

CALL CYCLE(ILEV, lBlT ITMR lCYC) i

. FORMAY (/,10X,’**STR ON BDTH COMPOSITIONS®»*)

FORMAT (/. 10X, ***P]1 ON 10P AND BOTTDM COMP OPEN**‘,/,5X, ‘KPY=
1’ KIT=* F8. 4)

FOQHAT(/ SX,’ MT=* 12, ° KT-’ I12,° MB-'.I2  KB='J2,’ BOT".FB)(.
1’ BOB=‘F8,. 4)

FORMAT(/,5X, “CONTROL ACTION lNlTlAT[D AT ,313,/)

8.

4.

FORMAT(/ 10X, "'SIR ON T0P COPMP., BODTM OPEN LooPe*’ . //,5X, " RT=*
132, KT=’ 12, BOT~" . FB8.4)



249
242
243
244
245

246"

247
248
248
250
251
252
253
254

. 255

256
257
258

258

260

261

262
263
264
265
‘266
267
268
269
270
271
272
273
274
275
276
277
278
278

' 280

2B
2B2
283
284
285
286
287
288
289
. 290
291
282
293
294
295
- 296
297
298
299

300
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40 . FORMAT(/,10X,’ eep] ON BOTH COMPOSITIONSe*)
al FORMAT(/ 10X, **T0oP OPEN LOOP, STR ON BUTM COMP.**’, //.
‘ 1.7 KB=*,12,* BOB~' fg.4) ‘
42 FORMAT(/.SX, ‘KPT="Fg .4, * KIT>* FB.4.° KPB=‘ ,F8.4,’ KB«
44 FORMAT(/,10X.***P] ON 10P AND STR ON BOT COMPS.*¢’)
45 FORMAT(/,5X, ‘KP1=*Fg.4- KIT=*,F8.4,’ MB=",12,"* KB=‘ 12,
1’ BOB=’,F8.4) : ?
46 . FORMAT(/.10X,‘**STR ON TOP AND PI ON BOT COMPS. es-)
a7 FORMAT(/,SX.'MT-'.!:.‘KT-'.12.'BDT".F8.4.”KPB-'.FB.4.’KIB-’MF8.4)
48 FORMAT(/,10X, **+70P DPEN LODP, PI ON BOTM COMP_ *®’ //.SX.*KPB%"*
1.FB.4,° KIB=’ FB.4) :
98 fORMAT(/LSx.'X!(1)-'.F7.4.'x1(2)!'.r7.4_'X1(3)=‘,F714.‘Xl(d)-',
1F7.4,°X1(5)=* F7.4) ) ‘ :
86 rORMAT(/.sx.'x2(1):'.r7.4.'x2(2)-'.F7.4,ix2(31-'.£7.4.'xz(a)x',
~AFT. 8, X2(5)"* ¥7.4) o _
CALL EXIT
END

*DELET A RKTOt s»ese

*STORECIT'A. . 1 RKTOf RKTO1
*FILES(50,DISTO,0) : ‘ﬁ
*CCEND : .

. // END

// FOR RKTO2

*JO0CS(DISK)

*I0CS(PAPERTAPE) : ' :
REAL LTS.LT'KPT.KIT,KPB.KIB.LDUMT(10).LDUMB(10),MU.LTN

DIMENSION PT(8, ).Pe(s.a),xf(a).xz(a),xouur(1o).xoums(1o)
DEFINE FILE 50(4,320,U, IFILE),
DEFINE FILE 51(240,46,U,UFILE) )
1FD=1537
ILT=1538 :

ISM=153g -

IXT=1540

1XB=1543

1EM=1544 :

It1=1
. 12=2

13=3 . : :
READ (50°1) KPTR,REFT.REFB.IPRT.QCCMTJACCHB.MU.KPAR.KSIR,MVR.KK
1.uoEL.uols,Mr.KT.Ma,§B,nr,ne.sos.uor,ros :

READ (50°2) Loumr,Louma.xoumr.xoums,x1,xz.Lv.sr

) READ (50°3) pT,PB .

READ (50°4) KCONT,IMTS_LUNN.KDIS.DIST.KTYP,IBTC.ISMP,XTS,XBS.
ILTS,SFS KPT ,KPB,KIT,KIB,REST,RESE
KK=KK+1 :
IPRT=1PRT+1
IBTC=1IBYC+1
' IF(uD1S-1)23,23,;25
23  1F(KK-KDIS) 333,14,333 )
14 ' .CONTINUE ‘ ) o
" GO TO (44,22,55), KTYP - ,
44 XTS=DISY S ‘
. GO TO 333.

22 XBS=DIST

a GO 10 333

S5 "CALL PTVLU(1FD,12,D1IST,JER)
CONTINUE R
Go TO 17

‘25 I1F(KK-30)17,27.27

'

-
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1ST.18..SDIST)

301 27 CALL GAUSS(333)

302 - CALL PTVLU(IFDA/12,SDISY,IER)

303 17 CONYINUE 47

304 C  GET THE vata rgoM Pnbcyss MODEL - .

305 c -

306 o lT=q

307 . - CALL ‘GTVLU(IXT,19,XT,1€ER.IT)

308 ‘ CALL GTVLU(IXB,I1,X8,1ER,IT) .

309 CALL GTVLU(1BM,11, BM, }ER,IT) i ]

310 s, IT=4 P '

‘311 4 CALL  GYVLU(IFD,I1,FD,1ER,IT)

312 . - JF(KK-IMTS) ‘11,12,12. -

313 11 CONTINUE - . ’

314 . CALL 'GTVLU(ILT.11,VLT,1ER,IT

315 - - CALL GIVLU(ISM,}1,SM,JER,IT) - ;

316 GO 70'(222.111.33.33.222,111.222.111). KCONT

317 111 CALL GTVLU(TLY, 13,LT,1ER, 1) T

318" . CALL PID(KPT.KIT.REST.REFT.XTS.LTS.&T,CL}.ACCMT)

319 . CALL PTVLU(ILT.13,CLT,1ER) . /

320 . GO 70.33

321 222  CONTINUE

322 T OLT=LT

323 CALL GTVLU(ILTY,13,LT,1ER, 1)

324 XTN=(XT-XTS)/REFT :

325 - IF(JDEL-1)69,69,70 .

326" 70 LTN=(LT-OLT)/LYS ..

327 OLT =LY oo " o , v
328 GO 1O, L1 - E . |
329 70 "LIN=(LT-LTS) /LTS o : .

330 S 71 CALL STR(Mf.KT.BOT.RT,PT,Xi.LDUMT.XDUMT.XTN.LTS,LTN,CLT.AgCMI.OLT)
331 CALL PTVLU(ILT,13,CLT,1ER) e o .
332 a3 CONTINUE ‘ .

333 IF(IBTC-ISMP) 13,15, 13 ' -

334. 15 1B1C=0 ' : ' : -
335 . GD 710 (13.13.223,112.112.112\223,223). KCONT h
336 © 112 CALL GTVLU(ISM,33,SF, 1ER, 1) )

337 - CALL PJD(KPB.KIB.RESB,REFB.XBS.SFS.XB.CSF.ACCMB)

338" CALL PTVLU(ISM,I3,CSF,1ER . : ,

339 : GO 70 16 = . - . N :

340 223 - CONTINUE

341 " OSF=SF _ ,

342 CALL GTVLU(ISM,I3,SF, IER, 1) .

343 XBN="-(BM-XBS)/REFB v

344 LF (JDEL-1)6B,68.86 @

345 B6 SFN=(SF-0SF)/SFS )

346 OSF=SF ‘ _ : .
347 : GD Y0 67 ) :

348 6B SFN=(SF-SFS)/SFsS .

349 67 CALL sin(ma.xe.aos.ns,ps.xz.Louus.xoums.xan,sgs.er,csr,Accns.osr)
350 CALL PTVLU(ISM,.13,CSF,1ER)
. 351 16 CONT INUE . . L ' ,
352 . GO TD 13 . . C

353 12 CALL CANCL(07) L | ‘

354 C - TO REMQVE THE TIMER FROM RESTART TABLE seee vevore
355 | ' .

356 CALL SCPTB(0.7.8,2. 1,600, IE)

3sr . CALL'PTVLU(IFD.IZ.FDS.IER)

358 CALL PTVLU(ILY,13,L7S,1ER)

359 CALL PTVLU(ISM,13,SFS,1ER)

360 CALL TFIME(IHR,IMTV,ISEC)’
q . .o .
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/ d
361 : WRITE (LUNW, 38) IMT,1SEC,XT,LT,XB,SF.FD,ACCMT, ACCMB
362 WRITE (LUNW,66) JTHR,IMT ISEC ’
‘363 66 FORMAY(/,*JOB COMPLETED AT’,313)
364 c PUT DATA' ACCUMULATION LOUPS NON- DPERABLE
365 CaLL HNONQP(1584)
366 CALL NUNDPR1585)
367 CALL HONOP(1586)
368 A CALL NONDOP{15B7)
369 © 'CALL NDBnOP(1588)
370. CALL NONOP(1589)
371 CALL NONOP( 1590)
372 ‘ CALL NONOP(1591)
373 CALL NONDP(1592)
. 374 - - CALL NONOP(iGG?)
arzs GD TO 899 _
376 13 CONTINUE R ' ‘ o .
377 CALL TIME(IHR, IMT 1SEC) . . v
378 - XF(IPRT-KPTR) 412,413,412 ‘ ’ )
379 - - 413 1PRT=0
380 WRITE (LUNW,38):' IMT,1SEC,XT, VLT, XB,SM,FD,ACCMT, ACCMB
381 412 CONT INUE ,
as2 38 FORMAT(/,213, 'XT=", FeG. 3. 'LT=' Fs 3.°XB=’,F6.3, isr-' F6.3,
383 1/FD='_,F673,2F9.7)
384 WRITE(SO 1) KATR,REFT, REFB 1PRT,ACCMT, ACCMBE, MU,KPAR ,KSTR, MVR. KK
ass . - 1,JDEL,UDIS MT KT, MB,.KE,RT,RB.BOB.BOT, FDS
386 ‘ WRITE(§0 2) LDUMT,LDUME, xouur XDUMB ,X1,X2,LT,SF
387 : WRITE(50'3) PT,PB -
388 WRITE(SO‘4) KCONT,IMTS, LUNW,KDIS,ulST,KTYP,1BTC,1SMP,XTS, XBS,
389 - 1LYS,SFS,KPT ,KPB,KIT,KIB, REST, RESB
330 . 999 CONT INUE
3381 C WRITE(S4’ KK)IMT XT,VLT ,XB,BM,SM,FD, (x1(1) I1=1,8),(x2(1),1=%, a)
392 CALL EXIT
393 . “-~END .
394 // FOR PID
385 SUBROUTINE PID(KP, KI,RES, REF, xsp USP,XTV,UCT, ACCUM)
396 REAL KP,KI -
397 "UMIN=-0.5 7"f
398 UMAX=0.5
399" , . ER=(XTV-XSP)/REF
400 . RES=RES+ER
401 SP=KP*ER+K1*RES 1 .
402 . ACCUM=ACCUM+ER*ER '
403 - IF(SP-uUMAX) 1,1,2
404 2 SP=UMAX
405 GO 70 3
- 406 1  IF(SP-UMIN) 4.4.3 " v
407 4 SP=UMIN N .
408 3. CONT INUE ‘
409 [~ UCT=(1.0+SP)*USP : '
410 - RETURN |
411 END
412 // FOR STR :
413 SUBROUT)NE&STR(M K,.BO, R2;P X,LDUM, XDUM . XTN.USP, LTN, ucr ACCUM,0UCT)
414 ' REAL LTN,MU, LDUM(!O)
415 ) DIMENSION P(8,8),PHI(8, 8),Y(8),X(B),PY(B).AKY(8,8),PPH(B.8).
416 1 ; ERK(B8).XQUM(B ), AK(8)
417 Rng (50 1) KPTIR REFT REFB, IPRT ,ACCMT ,ACCMB, MU, KPAR,KSTR,MVR KK

. 418 ot 1,JDEL
419 " DO 33 1=1.8
420 . DO 33.uy=1,8



421
- 422
423
424
.42%
426
4217
428

430

4314

432.
433 ..

. 434
435
436
437
438

~e 438
440
441
442
443
444

445
446

447 -

448
449

450

451
452
453
454
455
456
457

460

461
462
. 463
464

465

466

467

468
469
470
471
472
473
474
475
476

477
478
479

- 480.

33

204

206

PHI(1,4)=0.0
PHI(1,1)«1.0
UMAX= 1, 5°UsP ~
UMIN=0,5ySp

LrMeKk .

Ne=L+M

" K2rK+2

-

207,

50
52

22

23

28
24

KaxK+4
DO 204 3=1,K2
KIN=K2-342 ™
XDUM(RIN)=XDUM(KIN-1)
DO 205 I=1,K4
KIN=K4=-)+2 )
LOUM(KIN) =LDUM(KIN-1)
DD 206 1=t ,M
IK$=T4K+1
Y({I)eXDUM(IKY)
DO 207 I=1,L
IM=]4M

2=T4K+1 ¢
Y(IM)=LDUM(IK?2)
XDUM(1)=-XTN
LDUM( ) =LTN*BO
IF(MVR-1) 50,51,50
JF{KK-KSTR) 52,51,51
CONTINUE

"COMPUTE THE GAJIN VALUE

DO 22 1=1{.N

. PY(1)=0.0

DO 22 JU=1{,N
PY(I)=PY(1)+P(1.U)*Y (V)
YPY=0.0 ,
DO 23 1=1,N

- AK(1)=FHI(1.1)*PY(1)

YPY=YPY+Y(1)*PY(1)
YPY=YPY+R2
00" 25 I=1,N '>

AK(1)=AK(1)/YPY .
COMPUTE COVARJANCE MATRIX ?

27

DO 26 I={,N

DO 26 J=1,N

AKY(1,J)=PHI(I,.U)- AK(I)’Y(J)

DO 27 I=1.N

DO 27 J=i1.N .

PPH(1, d)ao o L

DO 27 1J=1,N

PPH(I1,J)= PPH(] J)+P(1, ld)‘PHl(!d u)
DO 24 I=1 N _ .
oq 24 J={ .N.

PQI, u)-d’o :

bo 28 IJ=1 N

P(Y,J)=P(1,u)+AKY(I, !d)'PPH(IJ u)
P(I1.J)=P(1,J)/MU

€ UPDATE PARAMETER VECTOR

C

¥X=0.0
DO 29 1=1,N

" X(1)=PHI(1,1)X(1)

142
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29 YX=YX4Y({1)*X(1)

481
482 ¢ COMPUTE ERROR .
483 c Y(4) IS tOUAL TD BO*U(T-2)
484 c
485 ERREXTN-LDUM(K+ 1)-¥X
486 DD 201 1=V N .
4B7 ERK(1)=AK(1)*ERR
488 201+ X(1)=x(I)+ERK(I)
489 C COMPUTE -ACCUMALATED ERROR
490 c .
497 . ACCUM=ACCUMSXDUM( 1) **2
492 c COMPUTE CONTROL VECTOR
493 c . e :
494 51 CONT INUE
495 YX=0.0 -
496 DO 202 1=t .M .
497 | 202 YX=YX+XOUM(1)*Xx(1)
438 | YY=0.0™ :
499 ,) DO 203 I=1,L
500 - IM=I4M
501 203 YY=YWLDUM(I)*X(1IM)
502 LYN=(-YY-YX)/BO
503 IF(KK-KPAR) 410,53.53
504 53 CONTINUE )
505 IF(JUDEL-1)29,29,98
506 2 9B UCT=0UCT+LTN*USP
507 G0 TO0 87 .
SOBCA) 29 UCT=(1.+LTN)*USP
509 C CONSTRAINTS ON THE CONTROLLER
s c
5h§ 97 IF(UCT  -UMIN)44,44, 45
512 45 IF(UCT - -UMAX)110,47,47
513 47 ucT =UMAX
514 GO TD 110
515 = 44 ucT =UMIN
516~ GO TO 110

17 410.  UCT=USP

18 110 RETURN
519 7\ END :

CALL GAUSS(1X,SA,AM,V) :
521 AA=D.0
522 DO 7 1=1,12
523 1Y=1x*899
524 IF (1Y) 5.6.6
526 5 IY=]Y+32767+1 -
526 6 YFL=1Y - ‘
527 | YFL=YFL/32767.0
528 IxX={y
529 7 AAAA+YFL
530 V=(AA-6.0)*SA+AM
531 RETURN
532 END :
533 *DELET. A RKTO2 Yrese
534 *STORECI1 A 1 RKTO2 T02
535 *FILES(50,D1ST0,0) .
536 *FILES(S1,D1ST1,0)
537 *CCEND
538 // END
. 539 . .
END OF FILE

0802 020109
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APPENDIX D: TOP PRODUCT CONTROLLER TUNING BY THE
ZIEGLER-NICHOLS CONTINUOUS CYCLING METHOD

The distillation column was Operated.at the following

conditions: -

PN

N

v

)
\
Feed F
_Reflux Flow
e om

F a1

4

{

|

Tow = 18.00 'g/s
= 13.70 g/s !
Flow = 14,70 g/s ‘
8. Composition = 96.00 %
P Composition = 0.00 %
ompos i ton = 50.00 %

I gains were tested, under.closed
% step increase in set point to obtain

>tem-oscillation. The results are summarized

Table D1 Results of Top Product Composition _
-Ziegler-Nichols Tuning Runs

Run  Proportional Gain System Performance
4 D1 -18.0 - offset
v D2 - -12.0 offset
. D3 . | -12.0 offset
D4 -20.0 offset
D5 -30.0 offset ’
D6 -50.0 ; of fset "
- D7 -75.0 damped oscillation.
. D8 -100.0 sugtained oscillation

The control and manipulated variable responses for Run

Figures DY and D2. On the basis of the

~Ziegler-Nichols recommended settings, the controller
constants for proportional plus integral control are:

D8 are plotted in

Ko & 0.45Kp
TR s P“/1-2

L]

n

-45.0

6.2 minutes
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. 40l h

sl - 4 . , . W
0 .. . 2304 4608  E912 8216 11520
“--TIME - SEC )

. A%; Lo o

"FIGURE D2” REFLUX FLow RATE RespoNsE FOR PROPORTIONAL
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APPINDIX F: SuauLAtioN ProGrAM LisTing - \

.
RN ~
N b .
f oA .
: N

P29

.

1 cccccccccccccccccc'ccccccccccccccccccccCCcccccccccccccccccccccccrccccccc
2 ¢ c
3 c UNIVERSITY OF ALBERTA, CHEMICAL ENGINEERING LLPARTMENT c
4 c 8 TRAYS DISTILLATION  COLUM*N CONTROL SIMULATION c
5 c : 8Y RON TONG ~ c
6 € ) C
7 cccccccccccccccccccccccccccccccccccccccccccccccrccccccctcccccccccccccccc
8 c
9 C""""""“""“"’""""T """""""""" T"““'f """""""""""""""""""""
10 c . TH1S PROGRAM USES AN EULER METHOD OF INTEGRATION : ‘
B c TO PREDICT THE TRANS1ENT RESPONSE OF A 10 STAGE "
12 c DISTILLATION COLOUMN. THE ASSUMI TJONS AKE
13 c 1. CONSTANT WEIGHT HOLDLP > :
14 c 2. UNIFORM LIQUID COMPOSITION-FCRFECT MIXING
15 c’ . 3. NEGLIGIBLE VAPOUR HDBDUP .
16 . ¢ THE LIQUID AND VAPOUR FLOWS ARE CALGULATED IN SUBROUTINE
17 c VFLOW, USING THE TRAY MASS BALANCES AND ENTHALPY BALANCES.
18 € . THE VAPOUR COMPOSITIONS ARE CALCULATED FRC % THE LIQUID
19 c COMPOSITIONS IN SUBROUTINE CLP. ENTHALPIES FOR LIOUID AND
20 c VAPOUR STREAMS ARE CALCULATED IN SUBRCUTINE ENTHALPY, THE i
21 i o _MAINLINE PROGRAM PERFORMS THE ACYUAL i iTEGRATIUN AND
22 c THE SUBRDUTINES IN THE CORRECT ORDER.
23 i it heh .
24 C 7. CONTROL SYRATEGIES AVAILABLE 3
.25 e ' 1. PROPORTIDNAL .INTEGRAL : e
26 c 2. ser TUNING REGULATOR P
27 T e i R L L e T
28 ‘C .
29 L i L L L e T T e T --
3. - ¢ VARLABLE FUN.TICN
31\ -C crmmmseae eeccmwe ~ '
32 ¢ AIE - SUM OF ERROR S’ € TERMS IN TOP COMPOS1ITION
a3, © AlEB SUM OF ERROR SL “»E TERMS IN BOTTOM COMPOSITION
s, ¢ AHLO INTERCEPT "IN STL .4 ENTHALDHY RELATION
as 4. .Gy BHLO . SLOPE . -IN STLAM ENYHALPHY ‘RELATION
35 (. Boa SCALING FACTOR :SED.IN STR “OTTEM CONTROL )
<1/ ¢’ BOT SCALING FAGTOR USED IN STR .OP ONTROL
.38 < 0 * DISTURBA!!CE VECYIOR AT 3 DIFFERENIWIME (G/S)
39 c DA . FIRST MALF QF DATE TD BE FRINTED
40 c o7 INTEGRATION TIME STEP (SefoNC) '
41 ¢ pxs BOTTOM CCMPOSITION DELAYED BY GC FEASUREMENT TIME LAG
42 c FL INITIAL FEED FLOW (G/S) .
43 c HF FEED ENTHALPHY = (KU/KG) L
44 ¢ HS1s o STEAM ENTHALPHY (KJ/KG) ~
45 e B { - BOTTOM GC MEASUREMENT YIME LAG- LOOP COUNTER
a6 c 18D BOTMOM € C MEASY” IMENT TIME DELAY’
" 47 . IN NUMBER OF SAM: LING INTERVAI'S -4S.I.) .
48 C . » ICHNG VECTOR .OF TIME AT WHICH DISTU- &t OCCURS (S.1.)
49 c.+ IN INDEX TO CHECK PRINT TIME FOR Qolu~~ DYNAMICS .
50 c IR REFLUX FLOW NOISE GAUSSIAN CONSTANY USED :
51 c IV~ FEED  FLOW NOI'SE GAUSSIAN CONSTANT USED"
52 c  $32 TIME AT WHICH SEYLPOINT CHANGES ARE TO BE MADE (S.I1.)
%] ¢ 1ST . INDEX 10 GHEC lﬁsmﬂms TIME .
54 c ITESY TYPE OF DISTU ’ .
13 c JCONY CONTROL CONF | ATION KEY  _ e
56 | c JCONT=1 TOP CONTR ‘L JCONT=2 eot1du CONTROL
57 € JCONT»3 TOP AND EUTTOM CONTROL” -
58 c UM PRINT CONTROL KEY (S.1.) S
59 € KCONT KCONY=1 GPEN LODP  KCONT=2 cLOSE LOOP .
&0 c KBy PROCESS TIME DELAY FOR BOVIOM CoNgROL (S.1.)
Y . « ’
R .
SN - . . ¥




KT
KPB
KPT

KPAR
KP1T

KP18
KSTR
KST
IKT

L8

#

toume 8 pummy VECTOR' TO S:!ORE pwtvxous DIFFERENCE IN
MANIPULATED vARIZZLE FOR BOTTOM STR
LOUMT DUIMY VECTOR TO STORE PREVIBGUS DIFFERENCE IN .
O, MANIPULATED VARIABLE FOR TOP+~  STR
LTS "THINITIAL REFLUX FLOW RATE (G/S) -
| MB.U Ut NUMBER OF PARAMITERS 1IN OUTPUT VARIABLE '
' u#&., ., FOR EOTTOM STR  (ALPHA) .
MY " NUMBER ¢ PARAMETE!'S IN OUthUT VARIABLE
FOR YOP STR  (ALTHa) -
MU EXPONENTIAL FO"“€T°! 'G FACTLA FOR STR ALGORITHM -
N1 SIMULATION RUN ilMg» (MIHUTE) ‘
NTT NUMBER OF TRA- IN THE COLUMN + RCBOILER
NUMRUN SIMULATION RU'. “JU{'S8ER *
oLT TOP MANIPULATED V..;ilAB* REFLUX: OuT=y(T- 2) IN STR
OSF cOTTC:" MANIPULATED VARTASLE STEAM: OSF=Ugd-2) IN' STR
' [4:] COVAR- tNCE MA IX FOR STR ALGORITHM BOD BM CONTROL , h
PT COVAR' ANCE"MAIRIX fOR STR LLGORITHM ToP controL !
WP ¥t HEAT  0AD
RB | NOISE COVARIANCE FOR STR ALGORITHM BQTTOM CONTROL
RT NOISE ‘COVA "IANCE FOR STR ALGORITHM TP CONTROLg
REFB REFERENCE _OTTOM COMPOSITION USED FOR CALCU!I ATING N
NORMALIZED BOt1OM “OMFOSITICY DEVIATION ERROR e
" REFY REFERENCE TOP _OMi ITION USED FOT CALCULATING o
, 5> NORMALIZED TOP COMiOSITION DEVIATION ERROR S
RESETB PRESET TIME FOR 307¥0M P1 COM ROL (MIN) Py
RESETT RESET TIME FOR 10P® PI CONIROL (MIN) o
sD STANDARD DEVIATION OF 7€ED FLOW NOISE (G/S) .
son STANCARD DEVIATIONOF REFLUX FLOW NOISE (G/S) ’
SF INITIAL STEAM FLOW (G/S) ne
srs INITIAL STZADY STATE SIEAM FLOW (G/S) . . N
TE SECC''D HAL® OF OATE T0 3E FRINTED ’
TR REBO LER Tl ERATURE 1C) L
LE STEA!" CHEST TEMPERAT! TE (C) o
o Ua HEAT .RANSFER CCIFFI.iENT ( 3/S) S
UIIN M1 4IMJM CONTROL "R « CNSTRAIMT _ :
. ULAX M/ 1''UM CONTROLLER (ONSTRAINT %
XBS INIT.AL STEADY STATE BOTTOM cowvoszrxon (WT FN cnaou)
XBSP NEW DESIRED STEADY STATE BOTTOM COMPOSITION. (WT FN Ch JH)
XFY = FEED COMPC-ITION (W FN CHI(MW) -
xTS INITIAL ST ADY STATE TOP WSITION - (WT #N CHIOMY
XTSP NEW DESIRE: STEADY STATE TOP 'COMPOSITION (WT FN CH3OH)
XDuUMB - ' pumny vzcvﬁu TO STORE Pagyxous ouTPUT VAanBLE .
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J’ROC[ SS TIME DELAV FOR TOP CONTROL  (S.1.)
PROFURTNAL GAIN CONSTANT USED FOR BOTTOM Pl CONIROL
PR‘OPURTI NAL GAIN CONS. '“NT ' SED FOR TOP '-Pl (;ONYROL

TIME Wl STR 1S EFFECIED (S.1.)

PRIOR TO THIS TIME,TOF SYSTCM CONTROL IS ON Pl
BEYOND STR IS Errscrco (s.1.) Y
PRIOR TO THIS TIME BOTTIOM SYSTEM CONTRDL 1S oN Pt

" BEYQND STR ]S EFFECTED (s.1.) ?
: I

TIME WHEN STR PARAMETERS ESTIMATION. Y% STOPPED (
PROGRAM S.MPLING TI!'S COUNTER

IKT=1 FOR INITIATION, IKT:=3 AFTER,

FOR USfy 1IN SUE DUTINE COMP ENTH VFLOW

NUMBER ‘OF PARAWETERS IN HANIPULAIEO VARIABLE .
FOR BOTT10M STR (BETA) T
NUMEER OF PARAMETERS IN NANIPULATED VARIABLE

FOR. TOP STR ,(BETA)

FEED .STAGE-

IN BOTTC ¢ 3TIR 159
P e el R

[ S



179
180

149

N :
: *
AN .
it
° tr .
. !
!
. l' \
XOUMT DUMMY VECIOR 10 swoné PRMS OUTRUT VARIABLE
IN TOP STR Y s
"""""" B S Sl
----------- L e e R L L : Tty

-1 f

-
LDEQL LT(m LTS, KPTaKPB, MU, LDUMT(10) ., LOUMB( 10),LTN,XDUNMB( 10)
mmtnsm» xsﬂiu{a).g(? L1).PB(T,7) . x1(7) . rB(7). XoUMT (10)
m'vgm Mp{gﬁ 4),RE(3),DF( ,
COI¥PN ¥ 20),LY,V1(20). HL O).HVT(?O).HL(?O).E(20).XF
(*4) K 0D, T MTT,TKT.I

/ comMmMo, WT(20).SF . HST  AHLO, BHLO, UA R f(4) 0LP(20) DT ,LF ,HF ,QP,TS
x’ Q(‘wi‘-ld KPAR,KSTR,MVR , UMIN, UMAX, KP1T . KPIB

bAYA 15 RN/ RE. ’.'FEED’,'FC . */

,,,. TAWREST ,RESR.X1.X8/0.0,0.0,7°0.0.7+0.0/

& ETA=PT, P8, LDUMT L DUMB , XDUMT , XDU 8/49 0.0,49" 0 0 10¢0.,10*0.0,

"'\‘*110- 2;400.0/ °

\. 901 FORMAT(FS.2.215) ' .-

L .D}'.I'A KTOP,KBOT/1,1 / ’

900 FORMAT(10FE 2} o e

902 FORMAT(1015) - (7 S .
903 FORMAT(: . F8.4) e ’

904 FORMAT(A4) . ‘

805 FORIMAT(8F10.5) ’

906 FCRIAT(FB.2,8F2.43)

. 909 FOR "AT(10F8.5) T,

c

c ) -

€ ’

c THE F° LOWIN® “EAD AND WRITE ST* EMENTS CCRRES OND O THE DATA
C, 'mPUT REOQUIR. . FOR THE SIMULAT) N MODEL . .

c . .

c , i
C. INITI L VALUES

oo,

. RE 2(7.399)NUMRUN'
299 FCO° (15)

WR1 6.,998) HNUWIIRUN
998 For ‘l..-..‘...l.l‘..‘.. SIHUL\T]ON RUN NUMBE! =’ 15 PEs s 0000 0N

jes -‘:) - o
REA.15,997) DA TE 4 '
997 FOF :AT(244) . . ’ 1,. . .S

‘WRITE(6.996) Ca.TE :

996 FORMAT(/.’*’ 30X, 'DATE PETRORMED BY R 106’ ,7X, "%, //. %" 45X,
124 .1ox."-') . '

\ . . "

1' PUT UATA L 1D FOR NL COLU: / MODEL :

RE.D PO04) I TEST
.READ(M902)ICHNG .. h .
NRITE(S, 1121) B v v, C '
1‘21 FORL‘AT('.I.!‘.OQ.‘. ,. --'020"000o3110‘.-00-..-0.-_..--.‘o.-.oo..a‘.oo.‘
1--..---1) , "
WRITE(G,295)
995 FCRUAT(//////.2X. * INPUT mn-useo FOR COLUN MODEL'/)

B kI ERG W — D




181
182
183
184
185

189
. 190

191
. 192
183
"194
195
196
197
198
199

201
202
203
204
205
206
207
208

232

230

noo

" -988 FORMAT(////. 2X;'CONTROL ALGORITHM INPUT DATA')

994

993

992

991

930

a88

Q87

WRITE(G,986) . .
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WRITE(6,994) - .
FORMAT(2X, ‘1TEST’)

WRITE(6,904)17: ST

WRITE (6,986)

L 217E(6,993) .
FORMAT (2% . 1CHNG ') v e
SRITE(6,0 Z2)ICHNG | . T . L4
WRITE(6,¢ :6) - -

‘READ(S,903)D : . : ' .

WRITE(6,992) . .
FORMAT(2X,‘D") ' RS
WRITE(6,903)0 . ‘ ) h” .

WR1TE(6,986) ’ . : ) . . ’._
READ(S,902)LF,IR : , v P e
‘WRI1TE(6,991) : . L4 ::f
FORMAT(2X, ‘LF’ . 2X,’IR’) ~ ) .
WRITE(6,902JLF IR . _
¥RI1TE(G,986)
READ(S,201)DT NI NTT
WRITE(G,2390) . o :
FORMAT(2X, DT’ ,4X, ‘NI’ 4X, 'NTT*) v > - S
WRITE(G.901)DT NI NTT - . o
WR1TE(6,986) - ) S o

TR r+1 T - -i:
R: A ,900) LT(MTT),SD,SOR g ' o

. WRITET s .989) . : . : ‘g
989 ’

FCRMZ (2X, LT(MTT)  S.D. SD.R ‘) L. ’.

¥RITE &.° DO)LT(MTT),SD.SOR ' ' N

WRITELS,586) . : : '
READ(%.90C iFL,XFT,HF _ . ;
WRITE(6,9853) -

ORMAT (2X. FL ©OXFT HF.*) . .
WRITE(G.9C 3)FL ,XFT ,HF . 2
WRITE(6,.9¢3) ' : '

READ(5,90¢C )57, #SI,BHLO,AHLO,UA, TR
WRITE(6,887) @
FORMAT(2X, ‘SF’.5X, *HSI’ 8X, AHLO®™: ‘BHLD' ,2X,‘UA* ,7X,'TR')

WRITE(6,200)SF,HST,AHLO,BHLO,UA TR ] |y
URITE(G S86) . C Ve d
' . KB e - t ‘

IL UT DA"A usso FOR STR AND P]1 CONTRC'. GORITHM
. . L
READ(S"SOS) LTS XTS;XTSP,SFS. Bs X8SP : :
WRITE(6.,985) . _ B

WRITE(6.986) o : .

988 FORMAT(‘-===== =moo oo meoo e oo R s t--

884

3

982 FOR .T(2X,'MINT ~ MAX.  CONTROLLER CONTRAINT’)

WRITE(€ ba4) oo :
FORMAT( X, LTS’ ,5X, *XTS’, 4X,'XTSP* 5%, 'SFS* 5X, ‘XBS’ ,5X, 'XBSP’) . i
WRITE (G,903) LTS, XTS, xvsp SFS.XBS, xssp S
A¥RITE(6,986) . o
“READ (5,903) UMIN,UMAX - . : _ 4
WR11E(6,982) e -

TR PR

"wRl -(6,903) UMIN, uqu
uuxn-t O+UMIN - . .

i»



univerily, of Alberta

8

276

292

gar

o

- 979

.-v

‘978

977

151

UMAX={ O+sUMAX .

WRITE(6,986)

READ (5,902) JM.JCONT.KCONT_KPAR.KSIR.MVR.KPXT,KPIB . .
WRITE(6,981)

FORMAT (2X, 'U'h UCONT KCON® KPAR KSTR MVR KPIT XP1B")
WRITE (6,902 UM, JCONT ,KLONT ,KPAR KSTR,MVR ,KPIT . KPIB
WRI1TE(6,286) '
READ (5.900) KPT,KPB,RESETT,RESE)S
WRITE(6,980) ) . L
FORMAT(: X, ‘KPTY K 8" RESETT RESETBY)
WRITE(3,300) KPT,KPP,RUSETT,.RESETR
WRITE(6,386) )
‘REZD(8,902) MT.F° MB,KB,IB®. IV, LT L8
WRITE(6,979) ' et T
FORLAT(2X, *MT KT MB KB  1BD IV -LTP ‘- S
WRITE(6,202) MJ KT ,MB,KB,IBD,IV.LIP LB - ] - S . Cye
. WRITE(6,986) - ; UL M e .o '
-READ(5,905) MU, BOT,BOE . RT,RB ' vt e ey S,
‘wRITY . 978) W RIS LN S -
FORr AT{ X, - MU BOT 8OE qgiflaf.(paz)r:fjf'»‘ S
WRI12(6.905) 1U.BOT,BOB,RT RB : WA L S
WRITE(G,986) VR . e
READ (5,200) (PTCI.1).1=1,7) (PB(1,1),1=1,7) B B A . ~
WRITE(6,977) : W oo,
FOR' AT(2X.STR XD & XB INITIAL Cc /ARIANCE MATRI> JSED’ %y‘ ‘oy
unxfe(e.soOJ(Pv(x.1).1=1,7),(Pe(1.1),1=l.7) » !f%*o
WRITE(6G,986) ‘ ‘ .
READ(S,209) (X1(1).1=1,7) (xB(1).1=1.7) .
WRI::(6.97¢) '
FOR. AT(ZX.’STR XD & XB INITIAL P. "AML ERS USED ")

OO0

YATE(6,909) (X1(1).1=1,7),(xe(1) I=1.7)
WRITE(6,986) :

USING SUBROUTINE INII : READS IN II. TIAL DISTI! LATiON COLUMN
\'ARIABLES~XT.YT.LT.VT.WT.OLT.E.HLT.H\'T FOR EACH TRAY AVATLABLE
FROM DATA FILE LINE 22-35, SUBTOUTINE PRINT :I' INTS THEM
‘ISING Lutig :

F(1)=FL

XF(1)=XFT , _

£(10)=0.0 , / T
CALL W1l : -

Cm g X . : ' ' .
+1=0.0 R . . . *
QP=327a47, ) * .
T$=107.7 ’ s

CALL PRINT

CONVERTING FROM NUMBER OF SAMPLING INTERVALS 1,0 NUMBER OF
INIEGRATION TIME STEPS . 1 SAMFLING INTERVAL=64 SECONDS
JMedls-Ga /0T . 2 . ’
KPITeKPIT/DT*64 o .oF
“PIB=KPIB/DT*64 :
“STR=KSTR/DT*64 ,

QL



201
302
- 303
304
305
306
307
308
309
310
311
312
313
314
318
316
317
3is8
319

320'

321
322
323
324
325
326

327

328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
4 347
RS- » 11

349 .

£ 350
351
‘;deQ

kR },4 ,

35S
' 3%6

sy

.‘ ’ps. .‘i-‘.' »
*@ '

‘pea

[aNels]

000

O0600

8 | 82

. ?
kPAR<Y.PAR/DT G 4
NI=N1/DT*60 . . , ,
KST=64/DT A )
1SPC=20/DTG4 S R
18-0 e T ' e
151=0 A S ' . R ¥ w
IN=O ' e
RE(!):LT(MTT)
IKT= 9

DETERMINPNG THE TYPE QF DISTURBANCE

DO S 1x1,3 &
IFCISTRN(T)- 11EsT)S, 7.5
5 CONTINUE oug

7 GD 10 (6.8.9),1 °-
SETTING upP DISTURBANCE VECTOR ACCORDING 70 TIME VECTOR

6 DO 6t I=1,3 : ’ .
lcmc(x)-xcch(x)/or-sa )
XF{I}=XF(1) X -

[ DF(1)=F (1) : , '
F(I1)=F(1)

61 RE(IV=D(1)
GO TO 11 .

8 DO 8* I=1,3 i ’ d
JEHNG(1)=1C4NG(1)/DT64 :

XF(I)=XF (1) _ { - "

TE(I)-E(H) . L

ur(x)=o(1) . o . / :
Bt F(1)=D(1) . '

GO TO 11 ‘ S

9 DO 91 I<1,3 / \/v;.

. ICHIG(I)=1C 'w‘(x)/o ‘ /
RE{1)=RE(1) |
DF(1)=F(1)- ) .
FCI)=F(1) ;l o : . ."'

81 XF(1)=D(1) j .

11 commue ‘ /o

AT THE START OFf RUN. SuM oOFf ERROR SOUARES (AIE AIEB) ARE LET TO ZERO
REFERENCE TOP AND € TTOM BO-POSITION| ARE ALSO DESfGNATED
\
1=
AlIE 0.0 \
AlES=0.0 ;
«§ DXB=xT(1) ;o / . :
XT1=C .8 Lo .

REFT; 96 . . , ‘ : o
REFE=0.086 ' f
sn JLATION RUN ouwur LABEL '

- WRITE(7. 11.19) . - /
1119 f?w///, 2X, **viesneds SIHULATION RESULTS selscsarans //_o TI

1M TQM  STEAM . TOP  REFLUX FEED: FOTTOM ACCUM.ERROR

“e 28 AREf/ ¢ (nm) MEAS (G/S) v (G/s) . ACTUA

1L
: wnncnbd&)f’xn SF ‘x $10).L7(10), F(1), xr(:) AlE ., AlEB

Tl



361
s
363"
364

366

392

b
-
-~
°

420

»

[a N o)

WRITE(B,1122) . ' .
1‘22 TOR’-'.AT(/////'/".'"..... PARAMETERS VALUES o-nottnn'o:/)
URITE(B,1123) :
1123 "ORMAT(BX™S T R CONTROL') .
WRITE(8,1124) MT, KT, LIP '
1124 FORMAT(BR, M=’ 12,2X, K= ,12,2X, L=’ ,12/)
WRITE(8B,1125) N
1125 FORMAT(3x, ‘TIME' ", 2X,'ALPHA2’,2X, ‘BETA2*,4X, 'ALPHAT’ 2X,'BETA1’,
12X."BETAD’) : \

c -
c
c 2
c
c
c . . ’
c COLUMN SIMULAIION ITERATION LOOP STARTS
c
c
Cc /- oo : .
DO 100 KK=* NI N .
T=KK*D1/60. : x ‘
c .
c O CHECK TIME FOR SET POINT CH.'IGES . .
1: (KK.GE.ISPC) XTS=XTSP | . :
IF(KK.GE.I1SPC) XBS=XBSP
ATE=ATE+(XTS-XT(10))"*+.5-XT(10))
ATEB=ATEB+(XBS-XT(1)) (xBS-XT(])) .
c
c TO ¢ 'ECK TTE FOR _OAD DISTUREANCE
DC- 23 JJ=1.3 .
Ir 2R 1CHNG(JJ) 123,22,23
22 1-JJ . -
23 CONT! MUE
0BT. N coskecT FEEd AND TOP :&JCT F1.OW RATES,THEN SIMULATE
FFF=D/ (1) = e o , ,
25 1PROD=VT( - 7)-LT(WT) ' ‘ Y
C 'n . . 2 '- ..‘,
(o . RS
c _SUE'.UCTINE COMP: 3SING TABLE LOCK UP ,WITH LIQUID COMPOSITION:
€ . (XT) . 'AILABLE, F.D T JILIBRIUM VAPDR COMPNSITIL.(YST): & ¢
c AND WITH $FFICIENCIES SSIGNED,ALTUAL ‘.APOK.COMPOSITION(YT)
C ¢ FOR EACH TRAY 1S 0BTA, D - S :
. CALL COMP . ‘ ~
c -,
c N _
c SU" OUTINE ENTH: USINS TABLE LOOK .P ,LIQUID ENTHALPHY(HLT)
C . AND VAPOR ENTHALPHY.(I'7T) C&N BE OBTAINED fROM XT, YT
10 CALL ENTH : p
c .
c .
c SUSRC TINE VFL' W: ~“LOWS LT VT RE. CALCULATED USING TRAY IMASS
C. . AND E THALPY E UUANCES : .
" CALL VFLOW : I
107 1KT=3 !
c
c ., . C T R .
C . SUBROUTINE LNTGR PERFO {MS ACTUAL INTEGRATION
c‘ . + . , y .

L .
CALL INTGR - -
< : i,

. . ’ . ) .
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421
422
423
424
425
426
427
428
429
430
434
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448,
448
450
451
452
453
454
455
456
457
458
459
460
461 .
4€2
4¢ -
463
4G5
466
467
468
:gs
(o)
4T
a712
473
474
475
476
477
478
479 -
480

>

CON

*

C
(o

P

00 oo

c
c

®
CHECK PRINT. rxus ,
IN=IN+ .
IF(IN-UM )20, 52 b1s) , : w
52 CALL PRINT . -
IN=O '

20 CONTINUE

CHECK SAMPLING INTERVAL .
104 1ST=1ST+1 , - R
" IF (IST-KST) 100.863. 100

‘888 1ST=0

ROUTINE GAUSS IS USED TO GENERAIE NORMALLY DISTRIBUTED
RANDOM NUIMBER WITH STAMDARD L:VIATION 0.05 6/s
FOR ADDING WNOISE TO THE FEED FLOW . f
CALL GauSS(iv,sD,0.0, VF)
REFLUX FLOW NOISE CAN BE ADDED FOR OPEN LMOP 1F REQUIRED |
BY DEFINING SDR TO BE NON-ZEROD QUANTITY ,
CALL GAUSS(1K,SDR,0.0,VR) . .
F(l1)=FFF+VF
IF (KCONT 1) 369, 369 .963
369 LT TT)=RE(I]) I /)
TERTT)=LT(MTT)+VR v
CHECK FOR OPEN LOOP DR CLOSED LOGP SIMULATION

™

<

963 GO TO (222,666), KCONT
666 CONTIIIUE

CHECK FOR P'-xg d,ﬁ‘fp cnnmaL—-- : .

- TF(KK <PITY 53 57

e

"CHECK FOR. TOP CONT oL, BOTTUHS@QONTRDL'CR SIMULTANEOUS CONTY 2L

53 GO TO (33.57.33), UCONT .
33 CALL PIC XPT,RESETT, +REST.XTS. LTS, XT(10).LT(10),REFT)
OLT=LT(1D) '
57 IF(KV %XPiB) se 56,777 .
56 GO TU (30,44,44)., UCONT. .
44 IEx=IC+1
CHECK BOTTOM G.C. MEASURE oNT TIME DELAY,

IF(1B-1BD) 40.41.40 a :
41 1B=0 : . 4
XT 1=DXB S )
DXxB=XT(1) :
CALL px*(xpa RESETB,RESB, XES,, SFS,XT1,SF REFB)
OSF=SF : .
40 CONTINUE
777 CONTINUE .
IF €KK .GE. KP'R .A"D, KK .LE. KPIT) GO 7O =2
" IF(KK-KPIT) €3, 53,62 '
62 GO TO (55.63.55). JCONT
COXPUTE THE NCRMALIZED DEVIATION VARIABLES ?!!»

S5 IF(KTOP.EQ.1) CLT=LT( 0) , v
. K1OP=2 - Sty
XTN=(XT(10)~ “XT3)/RLFT
LIN=(LT(10)- -OLT) /LTS
OLTT=OLT
OLT=LT(10)

CALL STR(M[,KT, LTP,MU BOT.RT.PT,Xi.LDUMT.XDUMT.XTN.LTN.LTS.

'

..w

L 4
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agy

540"

IWY(10),0LT)

WRITE (8,903) T.X1(2).X1(4).Xi(1).X1(3).X1(5).X1(6).X1(7)
63 1F(KK-KP]IB) 222,222,65
65 1F(KBOT . EQ.1) OSF=SF

KBOT=2
GO 10 (42.66,66), JCONT

66 1Br]B*1

1F(1B-1BD) 42 43,42

43 JE=0

XY 1=DXB
OXBsXT( 1)+

i

C COWMPUTE NOﬂﬁG&lZED TEVIATION VARIABLES

WRITE(11, 531)XT(10) LT(10)

531 FCRMAT(2F8.4])
- 100 C'JTINUE

Loew

o000,

208

c GET THE DATA FROM
c ; .

.4
05

206

~ITE(?7,905) T,AIE,AIEB
S10P
END

c
. xeN=(xT1—xas)/:ErB
SFN=(ST-0SF)/SFS
OSFF=0.,F
DSF=5F
«BN=-XBN .
"CALL STR(MB,KB,LB,MU,BOB,RB,PB,XB, LDUMB, XDUMB,
WRITE (9,206)T,XB(2),XB(4),xB(1),xB(3).XB(5).¥8
© 4% CGNTINUE ' : .
222

SELF-TUNING RECULATOR CCHNTROL ALGORITHM

ST

(4

REAL LY(20).1"J,LYS,LTN,LDUM(10).LTGS,XDUM{¥0),- K
DIMENSION P(7,7),PHI(7.7).Y(7).X(7).,PY(T). AK(7) AKY(7.7).PPH(T7.7)
COMMON XT(20),YV(20),LT,VT{20) ,HLT(20).H¥T(20).HL(20).E(20). XF

1(4) KK, TPROD, T . MTT,IKT,II

COMMON WT(20),SF,HSI,AHLO ,BHLO.UA, "R, F(4)., o'v(zo)
COADN KPAR,KSTR,MVR ,UMIN,UMAX . KPIT . KP'B
DATA LUNR,LUNY ,ACCUM,PHI/5.6.0. o.ns'o.o/

= NO." OF PARAMLIERS IN_Y,

ULL W=UMIN*USP

UHI =UAX *USP,
N=L+M ~-
K2:K+4 '

K4n846

0268 1=1.N
HICTI,I)=1.0

DO 204 I=1,K2:
KIN=K2-1+D
XDUM(KIN)=XDUM{KIN~ 1)
DO 205 1=1,K4
KINzK4-142 )
LOUM(KIN)=LOUM(KIN-1)
DO 206 I=1 .M
IKt=]14K+ 1
Y(1)=xXDUnN(IK1)

K=

NO. OF TIME DELAYS

PROCESS MODEL

{
o

.SFN,SFS,SF, osrr) ,
). XB(7) .

WRITE(7,906) T XT1,SF XT(10),LT(10),F(I) XT(1) AXE ALlEB

SUB#OUTINE STR(M.K, L, MU,B0.R2,P,X,LDUM, XDUM XTN LTN,USP UCT,0UCT) "

(7) '

&LF.HF.OP,TS

Lang s

M A Bt i LA T



o

DO 207 Ist,L
Ve ]+M
} IK2=214K+1
207 Y{IM)=LDLI(1K2)
YOUK( 1 )=-XTN
LDUM(1)=LTIN"BO
C1F(MVR-1) 50.51,50
50 IF(RK-KST~) 52.51,51%
52 CONTINUE -
C COMPUTE THE GAIN VALUE

DD 22 1=1,N
PY(1)=0.0
00 22 J=1,N
22 PY(1)=PY(1)+P(I,J)*Y(J)
YPY=0.0
DO 23 I=1,N
AK(1)=PHI(I, 1) -PY(1)
23 YPY=YPY+Y(1)*PY(1)
YPY=YPY+R2 ‘
DO 25 1=%.N
25 AK(1)=AK(1)/YPY -
B CUMPUTE CCVARIANCE MATRIX

D0 26 1=1,N
D0 25 JU=1,N
26 AKY(1,J)=PHI(1,U)-AK(1)*Y(J)
DO 27 1=1,N
D0 27 Jri.N
PPH(1,J)=0.0
DO 27 1u=1,N ;
27 PPH(I,J)=FPH(I. ')+P(1,1.)*PHI(IV,J)
DO 24 I1:=1,N ’
DO 24 U 1.N
P(1,J)-0.0
DO 28 14=1,"}
28 P(1.J)=F11, U)+AKY (], ,1J *PPH(IJU,J)
24 I, V)=(F(1,J))/r
€ Ui aTE PARAMETER VECTOR

/'3'0.0
\ 29 1=t ,N '

N“--1(1)=r>m(1.1)'x(x)

29 YX=YX+Y (1) (1)

C CCMPUTE ERRC- : .

C . Y(4) 1S EQUAL TO BO*U(T-2)

c : ~
ERR=X "N-LDU "(K+1)-YX.
DO 201 I=1,. .
ER:(1)=AK(1}*ERR

201 X(I)=Xx(1)+ERK(1)

C ( MPUTE CONTROL VECTOR

c
51 CONTINUE
_ ¥X=0.0
.., 00 202 1-1.M ‘
202 YX=YX+4XC {I1)+x(1)
YY: ).0
Do 03 1,
IM=14M



oo do

{

203 YY=YYSLOUM(I+0)*X(IM)
LIN=(-YY-YX)/BO
IF(KK-KP1T) 46,46,53
53 CONYINUE .
C CONSTRAINTS ON THE CONTROLLER
c

UCT=OUCT+LTN*USP
IF(UCT-UI OW)44, 44 45
45 1F(UCT-UH1)¢35,47,47
47 UCT =UNHY .
tJ TO 46 -
44 JCT=ULOW
46 CONTINUE
WRITECI UNW, 37) (Y(r).xcr),p(r,1).a
37 FORMAT(4(7X.E10.3))
40 CONTINUE
RETURN *
END

PROPORTIONAL INTEGRAL CON 'OL ALG

]

SUBROUT INE PID(KP,RESET,RES,XSP,US
REAL KP,LT(20),LTS,LTGS

CCUMON XT(20),YT(20),LT,VI(20).HLT
104) KK, TPR* ™ T YT, IKT, T ~~ .
COMMON .14 ), SF HSI,AHLM BHL™,UA,
COLMON K™ KSTR,UIVR,UMIN, LA
uLow=uU1* ysp

UHI=uML . UsSP

157

K(I),I=1,N)

ORITHMV

P.XTV,UCT,.REF)
(200 ,HVT{20).,HL(20),E(20) . XF

TR.F(4).QLP(20).07,LF HF,QP,TS

ER=(XTV-XSP)/REF" g

RES=: “S+ER '
SP=Ki ER+KP/RESET*RES
« UCT=(1.+45P)susp

IF(UCT~UHI) 1.1,2 &

2 UCT=LHI

G0 .TO 3 .
. IF(UCT-ULDV) 4.4,3

4 UCT =uL W
3 CONTINJE

RETURN R
' END -k .
“USTOUTINE GAUSS(IX,SA,AM,V)
= AA=D.O -
DO 7 1=1,12
IY=1X*65539
IF(1Y) 5.6.6

5 IY=1Y+21474983: 17+
6 YFi 'y

YFL :‘FL'O.JGSEL!3E—9* .
1X-1Y -

7 AA=AAVYFL

Ve(AA-G..") A4 AM
RETURN :
END

REAL LTY(20)
COMMON XT(20),YT(20),LT.V. (20).HLT
1(4) KN, 1PI0D, T . MTT, IKT ]

SUEROUT INE- “RINT . o

(20).HVT(20) . HL(. 1) .E(20) ., XF

PR

3




3

i
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COMION vr(ze) SF,.HST, AHLO BHLO ,UA, TR, r(d) QLP(20),D7, LF HF,0P . TS
COIMMON xpnn JKSTR,MVR, unxw UMAX KPIT,KPIB

101 FORMAT(* 2ox TIME ", (mxu) )

102 roRuAT(/.zx.'srAcz'.zx.'Lcomp'.2x.'vc0MP v EFFNCY’ ,2X, 'LFLOW "2
1X, 'VFLOW’ ,2X, "HOLDUP* ,2X, *LENTH’, 2X, 'vanrn') ,

103 FORMAY(/,16.F7.3.F7.3, rs 3 ra.a.rv,3_r7.2.r9.2,r9.2)

104 FORMAY(/.S5X, FEED RATE’,2X, FEED COMP',2X, 'STEAM FLOW', 2X,'HT COEF

1F*,2X, "HEAT LOAD’)
105 FORMAT(/.F11.2 ,F11.4,F12.2,F12.3,F15.2)
106 FORF .T(/, 10X, 'RED OILER TEMP’ ,FQ 3 ,5X, STEAM CHEST TEMP’ F9.3)
WRITE(6,101)T B
WRITE(6, 102) e
DD & N=t 1T ) ‘
1 WRITE(6, O3)N, XT(N) YT(N) E(N).LT(N) ,VT{N), w;(N) HLT(N), HVT(N)
WRITE(6,104)
WRITE(6,105) F(!),XF(I).SF,UA.QP
WRITE(G,1CE6)TR, TS /
RETURN
END
SUBROUTINE INIGR
REAL LT(20)
DIMENSION [  2C),FF{20).XX(20).0(20)
COMMON XT(20).YT(20).LT, vr(zo)irLl(zo) HVT(20), HL(20) £(20) 27
1(4) KK, TPROD, T, MTT, IKT,I )
CO!MCN wr(zo) SE.HST,AHLO,.BHLO.UA, TR, F(4), 0LP(20) D.
COM'*ON KPAR,KSTR,MVR, UMIN, UMAX, &PIT KP18 :
DO 25 N=1,MTT
25 XX(N)= XT(N)
MNN=2
26 DO 10 N=* ,MTT
© K=N=~1
=N+ ’ : -
1r(~—1)1.4.1 ' o
I1F(N-LF)2.5
IF(N-MTT)3.5, 3 '
D(N)=LT(J)* xr($§4v1(x) YT(K)= . “M)*XT(W)-VT(N)*YT(N)
GO TO 10
D(N):LT(J)'XT(J) LT(N)3XT(N) vf( “YT(N)
GO TO 10

WR -
§

4
vy o(u)=Lr(u)-x1(a#»vr(x)-v.(x) LT(N)’XT(Ni‘VT(N)'YT(N)oF(l) XF(I)

N 6o 10 10
. 6 D(N)=VT(K)* (YT(KLrXT(N)) -
1@ CONTINUE
IF(NN-3)11.27.11 . .
11 00 15 N=1,MTT ‘ :
15 Q(N)=DT/W7(N) :
0O 22 N=1 MTT
EF(N)=D(N) . .
XT{N)=XT(N)+Q(N)*D(N) ’ . g ‘ co
28 ¢ NTINUE '
i7(NN-2)27.28.27

28  I1=3
. .LL coup
CALL CNTH _ . :
caLl .. FLOW : . ) o »
Go 70 26 .

©27 CONTINUE . . , Ce L : :
DO 30 N={ _MTT ' N . :

30 XT(N' “XX(N)+(Q(N)/2)*(D(N)+FF(N)) | LT
RETURN 3



p
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hat

END

SUBROUTINE 1111

REAL L1(20)

COMMON 21620).V1(20).LT,vT(. 3) HLT(20).HVT(20). HL(?O) E(20),.XF
1(4) KK, {PROD, T MTT, IKT I

COIMON WY(20).5F ,HST A WO E1" O, UA TR, F(4).0LP(20),DT,LF . HF, bp.Ts

COKMON KPAR _KSTR.VVR,LVIN.UNAX KPIT.KPIB . . .
NTT=MTT-9 .
READ(5,100)(XT(N)} =t . MTT)
READ(S,.100)(YT(N) 1i=1,".TT)
READ(5,100)(LT(N) . K=1,11T)
READ(5,100)(VT(N) . l.=1 NTT)
READ(S.100)(WT{N) N=1 MIT)
READ(S5,1003 (0L (N) N=1 MTT)
READ(5,100)(: (N) N=1 NTT)
READ(5,100) (HLT(N) 'i=1 MTTY) v
READ(S. 101)(HVT(N),!i=1,4TT) A y
100 FORMAT(10FB.4) ”~
101 FORMAT(10F8.3)
RETURN
END
SUBROUTI!E VFLOW
REAL LT(.D) :
OIMENSION C( 1t 1, B(12),FT(20).5B(19),SFT(9),DHL(20).5W(19)
COMMON x1(20).\‘“30).LT.VT(20).4LT(20).HV1(20).HL(ZO).EiFU.XF
1(4) . K% TPROD, T, i T, IKT, 1
COMMO:. WT(20).SF . HSI AHLO,BHLO,UA, TR, F(4),.0LP(20),0T, LF HF .QP,TS
CONMIMO!. . KPAR ,KSTR,IMVR ,UMIN, ULAX ! "IT,KP1B
NTT=MiT-1 .
c *TEMPEL iTURE OF STEAM . '
C C**HEAT AL ED
1F(1KF 2)60,51,51
60 READ(5, 100)1QP
oP=1QP "
TF(1QP-0)50.5° .50 .
100 : ORINAT(217) - .
St TS=(SF*(HSI-2.:L0) JA~TR)/‘'JA+CIHLO*SF)
QR=UA* (TS-TR)
QP =QR
S0 CONTINUE
NL=NTT-1
C C** VAPOUR AND LIOQ: 0 FLDwRuETS
DO 1 N=1_NL ‘ -
t=N+ 1
C(N)=(HLT(M)-t" (N))
1 BIN)=(HLT(N)-HLT(M)) "
C(NTT)=-(HVT(NTT)-HL" (NTT))
C C-** DERIVATIVES OF HL
DO 35 N=1 .77
35 DHL(N)=(HL "N)- HL(h))/DT
PaNTT+1
10 2 N=s{ NTT
2 SW(l)=0.)
DO 4 M- NL -
IF(N- ° ),5,20
20 IF(N-LF;21.6.21
21 1F(N-LF122,.22,7 e . . S
22 FT(N)=W. (N)*THL{ . )=B 1) (SW( ) -FCI)-LT())+QLP(N)
GO TO 4 . 5
S FTIN)=UT(N) i L{: -B()e(SV(N)-F(I1)-LT(:))+QLP(N)-QP

%~ . o '
& : :
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1:8
139
140
141
142
143

1494

145
146
147
148
149
150.
151
152

153 .

155
156
157

158

159
160
161

€2,

‘464

165
166
167
168
169
1709
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193

194

195
196
197

&
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W
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GO TO «
FTY(N)=WT(N)* DHL(N) a(u) (SWIN)-LT(M))-FCI)*(MHF-HLT(N))+QLP(N) : .
GO TO 4

FY(N)=WT(N)*OHU(N)-B(N)* (SW(N)-LT{M))+OLP(N)
CONT INUE

ETINYY ) =WT(NTT)*DHL{NTT)-LT(M)*(HLT(M)-HLT(NTY))+OLP(NTT)'

ADD=0.0

DO 10 N=1 NTY
SFY(N)*=ADD+FT(N)
ADD=SFT(N)"

" ADD=0.0

1

12

40
a1

44

00 11 N=1,NL

SB(N)=ADD+B(N)

ADD=SB(N) .
VI(NTP)=SFT(NTT)/(C(NTT)+3B(NL))
DO 12 N=1{ NL ﬂ

. "
VT(N)-(SFT(N)-SB(N)'VT(NTT))/C(N)”*;f .
DO 13 N=1.NTT : _
K=NTT+1-N
JEK- 4
MoK+ 4

IF(K- Lriao 14,40

1F(N-NTT)A41, 5 41
LT(K)=VT(J)*LT(M)—VT(K)

GO TO 13

LT(K)=VT(J)‘LI(H) SVT(K)+F(1)

GO TO 13 , .
LI(K)=LT(M “VT{K) :

CONT INU

RETURN

END

SUERQUTINE . NTH

REAL LT(20)

DIMENSION x5T7(19),YST(19) . HXS(19) ;HYS(:9)

COMMON XT(20),YT(20),LT,VT(20) HLT(20).HVT 20).HL(20), E(“O) XF

1(4) KK, TPROD,T,1 /T, IKT, I

100
101
102

R

(7
[, el

COMMON WT(20),SF,HSI,AHLO,BHLO,UA TR F( '), QLP(20),0T LF itF, .7, TS .

COMIZON KPAR,KSTR,MVR,UKMIN,UMAX,KP1T KP13
FORMAT(10F2.4)
FORMAT(10F5.3)
FORMAT(1CFB.2)
IF(IKT~-2)1,4.4
READ(S. 100)XST
READ(S. ‘00 )YST
READ(S5, :01)HXS "
READ(5.102)HYS L )
DD %0 N=1,19
CONTI1NUE
DO 5 N=1t MTT ' N
HL(N) - HLT(N)
K= ¢ -
DO 10. N={ MTT :
00 27 J=K.19
-xr! ST (UY-XT(N 20,20,2
.xNuE
K-J 1 ) . .
L=y
HLT(N) = ((XT(N)- xsr(k)) (HXS(L) HXS(K))/(XST(L)
CONT INUE
K=

x

:5"

1
-
i
1

a

& 2

(K))'HXS(K))




198 DO 30 N=t, 7Y ‘ :
. 199 10 40 JrK,19 ‘ -
200 IF(YST(U)-vT(N))40.40.3 -
201 40 CONTINUE . : :
202 3 Key-y e >
", 203 L=y N T T e i
204 - HVTIRY = ((YT(N)-YST(K))*(HYS(L)-Hy (K))/(vsr(t)-vsnlk))mvs(x)) ;
205 30 CONTINUE . . ' e
206 RETURN '
207 ND .
208 UBROUTINE (omp . .
209 C C  YST IS THE VAPDUR COMPOSITION WHIC I wouLD
210 C C BE IN EOUILIBRIUM WITH THE L1OUID IN THE N , B
214 C C  CORRESPONDING TRAY. THEY ARE CALCULATED 1 :
212 CC FROM X-Y DATA, AND ARE EXPRESSED AS LINCARIZED .
213’ € C  EOQUATIONS. F_ATE EFFICIENCIES ARE ALSO
214 C C  CALCULATED 1.:RE. - X
215’ REAL LT (20) - ' _
216 OIMENSION YST(20),YS(26),x5T(26)
217 COMION XT(20),YT(20),LT,v7(20), -T(20).HVT(20).W.(20).E'(20).Xf
218 1(4) . KK, TPRED, T, 4T7, IKT, ] ca 4
218 COMIN wrm),sr,r:sx,AHLo,aHLo.'.:A.m,r(a),oq_p(zcﬁ.or,u.us.op_r_s
220 COMEON KPAR,KSTR.MYR,UMIN, UMAX .KPIT .Kp 1B : .
221 NTT=MTT- o
222 101 FORMAT(10F8.3) P
223 1F(IKT-2)1,3,3 T g
224 1 RELD(S,101)XST t Ty
.225 RELD(5,101)YS ~ o ,
226 . 3 U=ty : . ", ; b
227 . . DD 20 K=: M7T . " '
228 00 10 MmuU.26 -
2284 7, . » T UIF(XSTH -'xr@ho.to.z ~o e
230 ' 10 CONTINUE e . T
231 2 J=N-1 : . e
232 L=N L ‘ , ,
233 VSI(V.)--(((XT(K).«-XS‘(d))'(rs(L)—YS(\J))/(XSI(L)-A M)eysta))
234 .20 € NT. UE . ‘ , - N g
235 , YT(1)=EC1)YST(1) o ' :
%36 DO 2% Nsi,uTT ‘ Rt ¥
237 JUsNet : - ' : ’
238 21 YT(U=E{U) (VSTQU)-YR(N))sYT(N) =% P IS
239" RETURN . : T &,
240 g END ) ML
END OF W1LE PR -
b}
. » ° .
' - - q '
- o 'l'. -, *
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o - APPENDIX F: BOTTOM.PRODUCT CONTROLQ@R TUNING BY THE #
- ZIEGLER- NICHOLS CONT INUOUS CYCLING METHOD - )

1)"

The dlst1]1ation column was operated at the following -
cond1t1ons . S ot ,jg
: R L L e,
N . S I T
) v Feed. Flow O 17.98 g/s - S
_ . . 4. - Reflux Flow 13.35 gfs - Ny
o . Steam Flow J3.22 /s' - B

Top Composition
7 'Bottom Composition
a. . Feed Composwt1on

"n T ononn

96. I SRR
. 3. % A
50,08 % T

Various proporQIOnal gains were tested, under closed
loop control, for. a 2% step - increase in set point to obtain a
- - sustained system oscillatlon. The results are summarized in
¢, Table F1. - TX

-

’ Tabje'F1' Results of Bot tom Product Campgsit1on
e Z\egler Nlchols Pun1ng Runs

o o R”n ‘. Ppoportjona] g'ln &Sntem P'e’rformance "" N .

A F 1) . v( i . 0 04 .4 ) »," tl‘"jy:, Of 1 “ ) E .‘i ’A’- a“ .
S 0 06 - - sugtained fcillation PR
S F3 . "0.12 - - ‘System uffstdble = . H
. . F4 . | 0&20 e system unstable - "t .7

o . : ) -
o . L] e

3 . e e T

» : « et - . . '
.- - The control ;ﬁsgﬁgsypulated varIableﬂresponses for ‘Run

F2 are plotted in Figurds F1 and F2. On the basis of the -

"' Ziegler-Nichols re ded; settingg, the controller{) ;
constants for propgg?Tg al plus Integral c ntrol are.

Ke = 0.45Kp puy 0.027. b
Pu/1.2

n
]

80.0 minutes

B

TR
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APPENDIX G: SUMARY OF PARAMETER ESTIMATION TESTS‘FOR STR
‘ : CONTRdL OF BOTTOM PRODUCT COMPOSITION

5 T . o
v T

40N . guUNS g1yen in Table G.1
ble disturban fl

were undertaken to identif --ﬁ*si
e

patternsfor obtaining STR par,v est:mates foF inr
tests of the regulator 7
- 's. ' . e : .
Table G.J - Summary Of Parameter. Est1mat1on Tests For
S i STR €ontrol Of Bottom Product Compos1t1on '
. 8 o s ST -
‘ M=2: K = > L= 6
. ‘-T' . T e . ) » ‘ . . -
For stochastlc (Gauss1an) dhanges 1p feed flow rate I
‘ i
Run a E;ﬁjmetér o
Devzatwgn Eanameiena Behavi 7
. g0 Lt ABL ’P .
G1- © +.0g/s D0 R -0;2?54' 0?567By Par&ﬁéters h
E o~ AR o =0.3796 0.1350 did not
5 .. e T ' -0.1461 - converge® - «
: SR A " | 8.0538 ) T SRR
o~ e g . -0.0%46 S ;o
@ ”V ahs . "' © e : o, -0..0972 " . ’
L.’ ‘_i . - . ’ _g o 2 .
" ‘-"&, " ’ K ' * ' . ’ » . .
G2 3.0 g/s, 0.0 -4.2410 -0,4138 Parameters -
S . - ) -0.7210  '0.6750 . d{!inot ¢
e ' : : -0.3218 = coferge :
r . } '0.5420" -
T - ‘ , -0.3f189
) ‘; ® ¢ o ' 0 1649 v
’,Foﬁ déTErmynlst1c step changes 1n‘{eed flow rate: “
) - 4216 gle—r Y . .\ *
' G310 ' 95]1§Q ) 7°°D 0  ’ =1. 2274 '0 2897 Parameters
L , T 0. 2885 0., .3178 = cohverged -
34 .4 g/s R " E ) : 0 34.&3 . - . A:/_‘ v "‘63?

,o 60 . -
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G4 10 " Final  -5.5874 -0.1607  Parameters
18.0 g/s Parameters ° 4.6377.-0.0247 did not
Of Run G3 . 0.1027 converge
WL . 0.1418 ’
; | . -0.0196
: » o -1.0294 »
-
+ G510 180  700min, 0.0 -0.5038 0.0282 Parameters
. " - =-0.5259 0.200 converged
. . lé.Of_g/s . 0’3109 g |
. Makgls 0.2656 (L 9
N o -0.0625 ‘<.
s ﬁ?{ ' o S 0.6574 5
66 10 700 Findy *  -5.1508 -0.0412  Paramefets
" ]18.0 g/s  min. Param&ters = 4.0556' o.o;go converged
- “ Of Run G5 ' 0.0731 . '
- Mhdels T Y olo719
*-0.1185 . R
© -0.9923 |

Y
-+ - DOn the basisy of %se results. the square pulse :
d1sturbance ,;n&gn G"“/as.,ﬁelected P

.“ 7

',3'

. ) .'.‘.‘ - | . u 3 &
. t “ " - BN A'_‘

LR

T
[N )
.,

° ) . .
.t - . ‘ e,
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; APPENDIX H: EFFECT OF SAMPLING INTERVAL ON THE STR CONTROL

4 OF BOTTOM PRODUCT:-COMPOSITION -
e : . o |
‘Ihe number of parameters to be updé_ted on- hne as well as IS
the amount of memoryyrequired with a real time process RS

¥ defined as a nonnegative ‘integer expressing the syst ime &
delay as a multiple of the sampling interval. Hence can
~be manipulated by a change in samgling interval. The test& .
perforr;wed using d1fferent samphng 1nferval are %Jmmamzed L 2
in Table H.1. : ng

computer are d1rect affected by thg 'k parameter, wh1Eh is ¢

) . A v ! - ﬁ
o PR A ' a
"\ Table H. 1 Summary Of EPC Add PI1 Tests For Bottom e
Product Comfositiom-Contro} Using - ' » - ¥
| I D\fferent Sampwg Intenvals | AN O
o w s RS T e
RS I P k=2 "iﬁ3”‘ "Bu £10.  P(D) .= 50. i
Sampl‘iri'gAInter'\;’alf- = .«g‘ L | ’ .. -
& .. 4 et C ’ o '
e Disturbance
- ) ‘.1(;. . '
L_ | - Y3l _ ' _ .
Hi - 0.0 -1.6044 0.0248" .
’ ‘ 0 0732 . 0 328 10 180 700
. 3466 14.4 g/s | min. -
H2  -:  Final  -3.6943 \0.5255 18.0 g/s: 700
. : Parameters.: J\2-.09_00 .1338¢ 10 min.
_ Of Run H1- . . -1.5631 14,4 g/s
L UL, -
H3 0.7628 - Final ' 'FPC o © Feed F low
. ' Parameters .F - %F ¥
- R Y T -
L. o D sy A . -; TN
H4 - 1.1545 " Final™" =~ ‘FPC .. ‘Feed Flow |
e T Pafarameters L . - , L +20% —
R SRR PR ... S
".' . & Qq : e ,;0 Run H2 \ . {L':;\ ‘: | L ) . .
o PR AN T T
H5 0.2801 . Final " - 7FPC - - Set. Point !
: Parameters S S +2X

. '"g Of Run HZ

POl o
b, » . . c - . v,
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‘ i ,‘ . dq . . & .
~ H6 - 0.0969 . Einal R : FPC ‘Set. Pg%nt
' : arameters e ) - .
Of Run H2 i
e T o -
H7' 1.8383+ .D.og~ 84.  (  Feed Flow
N “.' A o MR . "26%
, - T YT I -
HEgn2.369 0.08igf, T T  Feed Flow '
"gz L B . ’@M. : -9'20% , -
H9 Q105 | sq.o&*" BA. L T i #Set- Point , !
: ’-~:e~ * ’/’»' , ! a, _-;_ s .:Ai PR - ¢ 2% 4
H10 oaogg gy 84 IR BN Set Point'
‘(q".,@x_ t‘ T . ’ L ch

CUHI1 - v o, od i g 0 S0 LQ_gLs_?_

'fgi*val* ‘t 1@2@ seccpnds = Tlme Delay

Yo el wh, L . 1
o L. e, wu
16 A

I R ) 0478 <0.7074. I_L__I‘B 700
‘ N - N .u .. - .v‘.‘..“ [ ‘ ) g/s mln.
[ . SRR :;b" S, ‘ . i } o
) ot / "‘? " e )
- H12 - Final. S~ -1,9883 0. 2318 _"18.0 /
R : Parqmetsers° ' 1 0378 -1. 2326 l %,! 700min.
i Of Run H11 X - 4.4 g/s :

By 1ncreas1ng the sampling interval from 256 seconds to
512 seconds,*K. is effectwel'& reduced by half.. The FPC
performanee is superlor when compared with the PI
performance as shown in Table H.1. When the sampling :
-‘interval is further increased to 1024 seconds, which is éﬂ‘
eqmvalent to the system stiime delay, the parameters in R ,-/
H12 were still dmftmg at the end of the run. - |

. S /

. . . ' ‘ . . . . . .
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