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Abstract - ’ ;
This work présents the experimental evaluation of the:
A - _ _ : Lok
multivariable multirate seIf-tUning controller(STC) on a

. . -
pilot scale distillation ‘column, Control of distillation

columns remains a key concern to industfy because of "the
energy intehsive nature’ OF “the process inAproyiding the -
éomponent separation. A significant contributor to the
reduced perfofmah¢e ,of' mahy' control applications is the
inability to reject loaa disturbances within the process. It
is this aspect vof cont;oi which -would provide the mogt
sjgnif;éant improvement -td’findustrial' applications. Th?
ability“' to reﬁect disturb%ncés effectively‘ and retain
product specification,.while still maintaining an objective
of minimem energj consumption, is the corner stone of this
work. The evaluation of tﬁ% >TC,1is performed bj \comparing
ité: performance with that of ‘conventional Proﬁaftibnal
.Integral Derivative (PID) control. The férmulétioﬁ oq a
comparison 1is based on iﬁitial design_technigueshand well
.tuned results. |
The STC and éonVention;l controllérs. are used -to
provide dual composition’control of the distill&tion column
when i;n\fgf“subjeéted to disturbances composed of step
changes in feed flow. The pefformance - is qﬁantified
numerically by congidering the integral of absolute
errdr(iAE) over the dugation of the test period.
.The experimentai results show that the Q weighting
pa{ametérs in the STC fOrmulétion cén be ghosén with the

R

N\



sahe open ‘loop techniques-hsed forAng controllers. It was
. found thaﬁ the resppnsé of the multirate selfhtphihg
controller prpvided the least value . o& the IAE for
disturbahéé' rejeétion.- The response of thé -mu{ﬁirate
>self tunlng controller with Q welghtlng chosen by initiai'
technlques prov1ded a combined IAE result of 386. 5‘\Qhereas
‘a well tuned multiraté PID controller yielded IAE results of -
545, The significant improvement in dlstqrbance rejectlon
for the multirate self- tunlng controller was prov1ded by the
dead time compensatlon capabilities of *the self-tuning
controller. Insignificant imp;ovemenp Qas 6bserved betwéen‘
conv ntional PID control and that of"the self-tuning
contjéQler‘when Ioéps with no dead time were controlled.
This is aemonstrated by the IAE results for the self;tuning
confroller of 29.6 for top cdmposition control using IAE
parameter selection methdds. The-PfD control achieved an IAE

result of 30.6 after many efforts in retuning the

controllers constants.
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1. Introduction and Objectives .
4 _ ?

1.1 Introduction

One ' of the most demanding problems in the chemical

[

industry is the saving of energy resources. Dual composition
. . L . 1 .

control of distillation columns can vyield substantial

profits from the saving in utility costs. However the

presence of nonlinearities apd interaction among inputs and

outputs in a column has a significant effect on control of

v

any column., ' -

In recent yearé considerable effort:has been made to
establish °~ better methods that %puld imbrove control
performance compared to ‘that achieved "using conventional
feedback proportional-integral-derivative(PID) controllers.

Kalman's original self-optimizing contrbl system [1958]
was implemented on a very crude system of analog and digital
hardware. The drive, which'pfompted,the efforﬁ to pgrfofm
the task and develop a qgécial purpose computer was that the
systeﬁ would be applicable to a wide range of control tasks.
With the advent of today's minicompufers, the application of
self-optimizing control -systems (in a general sense) have
expanded [Seborgmgt ai.,v1983].

Due to the nonlinear and time varying nature of
¢:stillation columns, a controller which tunes itself wogld
provide an improvement in control [Brooks et al., 1983]. To
accommodate the combined. control of oth top and boftom

composition of a distiliation column, a multivariable



v

self-tuning controller -is reqpired.

Simulations of multivariable self-tuning controllers
have been undertaken [Koivo, 1980]. However a realistic test
of control system performance must involve experimental
studies on a process for which only approximate procesS‘
" models are available, a common situation in industrial

R
practice [Ogunnaike et ail., 1983]. . ;7

1.2 Objectives

The oBjective of this study is an extensive‘teSt and
evéluation of the performance of the multivariable multirate
self-tuning controller as modified by Morris et al., [1982].
The evaluation is performed on a pilot plant distillation
column located in.the Department of Chemical Engineering at
tﬁé University éf Alberta.

The basis for. the evaluation 1is a comparison with
conventional PID control. A requirement of this evaluation
is. that the same amount of information used to design a
multiloop PIﬁ. controller, wili be wused to specify the
multivariable self-tuning controller. This will provide the>
author with 'a comparison of the degree of difficulty between
the implementation of the controllers. |

Self-tuning control and PID céntrol response will be
"evaluated using initial ﬁarameter selection techniques based
ot apen loop response tests. Rour methods are used, two
-based on the one quarter decay ratio hethod‘%nd two based on

integral minimization methods.



1.3 Thesis Organization

The " material that follows is diQiQéd into éight‘
chapters. ChapteriTwo consists 6f a literature survey of the
current work done to the date of original writing (1984).
Chapter Three presents the derivation of the multiple-input
siﬁgle—output(MISO) self-tuning controller. Following this
the derivation of the multivariable self-tuning controller
is presented. Extensions to, multirate control form are
presented, as well as ertensions to the k—incrémental
multivafiable self-tuning comtrol [Tham, 1985]. Chapter Foﬁr
briefly describes the experimental equipment, including a
brief ‘desgription of the microcomputer used in the control
implementation. The distillation column dynamf&s, based on
open lgop step responses are presented in Chapter Five. The:
j;ransfer.functions used for controller parameter selections
are also tabulated. Chapter Six outlines the steps used for

controller paramet-- selection for both PID and self-tuning

control.

Chapter Seven presents the experimental results bésed
on responses for multiloop and multirate PID control as well
as multi?ariable and multirate self-tuning cont#ol, PID ’and
éelf—tunihg controller responses for well tuned results are
followed by /a brief preseﬁtatibn of the response . for
self-tuning control with feedforward compensation(MFF) of
the measurable disturbance.

Chapters Eight and Nine summarize the conclusions and

—

recommendationg which were :formulated as a result of this

(
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2. Literature Survey

4

2.1iint;oduction

Most chemical processes are nonstationary (i.e. time
‘varying). Typical examples are the decay of catalysts . in a
reactor or the reduétion in_overall heat transfer in a heat
exchanger due to fouling. These types of ch%nges iead.-to
deterioration in control behaviour unless ﬁhere is re-tuning
of the controller parameters. Kalman [1958) recognized the
need for a séif—optimizing control system for chemical
processes. At that time his control system ‘"externally
digital, inferhaily analog" was a very specialzzed piece of
equipment. Today, minicomputers ‘allow for. a degree of 2
flexibility which was unknown in Kalman's era.

With the aid of low cost computing power, the
implementation of sélf—tuning and adaptive control methods
have rapidly increased [Harris' and Biliings, 1981].
Self-tuning controllsrs . ave been classif¥ed 1into two
general classes [Clark: 1931; Seborg et al., 1983]:

v
g

i. Explicit( or indirect) methods.

-

1i. Implicit( or direct) methods.

<In the explicit approach, a process model is employed ..
and the control calculations are based ~on estimated model
parameters, which are wused indirectly in the control law.

-

The implicit method, directly identifies the parameters for
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the control law and implicitly determines the model

)

parameters. - (

v
3

2.2 Historical Development of Self-Tuning Control

[ “ .
/

The idea of self-tuning control 1is not new. Kalman
[H958] proposed'the £irst method which could be referred to
as a seqf—tuning controller. However, Kalman never realized
the fuli potential of the proposaf, due to- insufficiently
dexelopea theory and technology. It was not until Rst:ém and
Wittenmark [1973}, that the theory was revived and the
current interest in the subject continued.

Rstrom and Wittenmark's [1973] self-tuning regulator
(STR) was-proposed for a constant parameter system, one for
which the parametérsawere unknown. Their explicit approach
identified the parameters of a model which were then used'fo
calculate  the minimum = variance "control output.
Identification and control were sepafated following the
| design procedures proposed by Kalman [1958]. &strom and
Wittenmark [1973] have shown that for a system with.constant
bwt unknown péramefers, that, if the paraﬁeters.converge,
the cohtrol law obtained is the minimum variance contftol
law: (Minimum variance control refers td the minimization of
the varfance of the measured output  y(t) at the sample
instants [Clarke, 1981]}.) This was shown to béﬁtrue even
with a biased parameter estimation routine.

The self-tuning regulator algorithm [&strom and

Wittenmark, 9973] attempts to minimize the variation in the

)
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system's output when the 1loop is randomly disturbed. It
makes no attempt to ensure that setpoints are followed
optimally, nor. does ;t try to penalize excessive control~'
action.

The restrictions.of the STR were i%proved upon by the
self-tuning controller (STC) proposed by Clarke and Gawthrop
[1975]. fheir self-tuning controller assumed constant but
unkndwn parameters as did &strom and witténmark}s STR. A
cost function Qas,proposed, which included ‘system input,
output and setpo&nts; Costing polynomials were included

which allowed user definable weighting on the elements of

) 1 .
the cost function. The STC method had several advantages

~over the self-tuning regqulators; weighting of control was

allowed, setpofn variation could be optimally followed, and
there was no .r‘quirement to choose a system related
parameter to ensure convergence.

Keviczky and Hetthessy [1977] extended the | SISO
tontroller proposed by Clarke and Gawthrop [1975] to a
multivariable algorithm which identified the parameters  of
the‘ multivariable_/ structure direcgly. Thei{ control
algorithm was_  presented through implementation on a
simulated system.

Morris and Nazer [1977] and Morris et al., [1977]
extended Clarke and Gawthrop's [1975] algorithm to a class
of multivariable interactive systems. The SISO STC was

ex%gnded to include Feedforward disturbance compensation and

a discrete compensator in an inverse PI or PID form 1in the

\
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control policy. The <controller " was further extended to
enable control of a class' of multi-input mﬁlti—output
systeés in a decoupied form, thereby allowing‘regulation by’
individual single loop controllers. Interaction of co;trol
loops was handledw as feedforward terms which allowed
identification of a multivariabie system in a single loop
manner.’ v

De Keyser and-‘ van >Cauwenbefghe [1978] presented a
multivariable controller formulation which removed the
‘constraints for &he constant system parameters and assumed
the p?bcess to be nonstationary. The resultg showed; that
practical implementation Qas not feésiblé due to the
computation time required in the on-line solutié% of the
Riccati-equation.,

Harris et al., [1978] applied the self-tuning regulator
to a nonlinear and nonminimum phase pilot scale packed bed
.;:;ctor. Harris and co-workers noted the "parametgf windup"_
phenomengn. associated with recursive leaéfb sqﬁares

identification. They also suggested the necessity of using a

forgetting factor (exponential discounting factor) to enable -

-"tracking of time varyipg parameters.

Clarke and Gawthrop [1979] extended their previous work

" to include feedforward and multivariable control. This was

also demonstrated 1in the work of Morris and Nazer [1977].
Morris and Nazer [1977] ’aléo indicated stablitity and
convergence properties of the; sel_-tuning controller and

noted themgffecf'of pérameter‘ "blow-up" during- long term

I



operation.

Koivo [1980] extendealthe method of Clarke and Gawéhrop
[1975] to the multivariable form with the inclusi;n of
setpoint changes and costing of the control action in 6rder
to limit the variation of the control signal. Costing of the
control | ction reduced "the "bang-bang"” éoﬁtrol action
associated with minimum yariance control. Only systems ‘Qith
an equal numbér of inputs and butputs were considered,

Lieuson [1980] conducted an experimental study of the
control of a pilot- scale distillation column using the
multivariable formulation of th self-tuming controller
[Morris and Nazer, . 1977)]. The .wultivariable control was
achieved without identifying a multivariable form of the
control law. Identification and control was achieved on a
loop by loop‘bﬁsis with interaction used las feedforwargd
terms. in the\éontrol lawi The self-tuning results presented
were equal to or better than that of a well tuned = PID
controller [Morris et al., 1981]; .

Morris et al., i[1982] extendéd the multivariable
self-tuning controller [Morris and Nazer, 1977], to include
control of systems with different V sample intervals
(multirate control). The restrictions of eqaél time delays
for all loops was also>F?mpved. The multivariable, multirate
self-tuning controller used a recursive facto?ization
parameter estimator, based on‘the method of extended least

squares, S-tpoint following and feedforward control action

were included in the control strategy. The formulation of
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/ .
the multirate self-tuning controller assumed all the sémple
intervals of the procesé to be integer mulfiples of the
s%allest sample interval. ' '

Tanttu and Koivo [1983] presented a ﬁultivariable
self-tuning controller,'whichvwould handle the problem of"
different delays 1in the cohtrol inpﬁt. The restriction of
equgl sample tim?s for all loops wéé §t111 imposea and only
simulated results were presented.

The formulation.presented by \Morris et al.,, [1982],
Tham- [1985] and applied 1in this work, to the best of the

author's knowledge represent the only successful application

~

of the - multivariable, multirate . self-tuning control

algorithms‘to the control of a process system. Chien et al.,
[1983] presented a multipqte version of the self-tuning
controlier, with the evaluation ‘carried out only by
siéGiatioh.

A more detailed survey of adaptive control.- strategies
may be found in Seborg et al., [1983]. This survey includes
many applications of adaptive as well as seif—tuning

controllers. .

2.3 Applications of Self-Tuning Control

The theoretical development of self-tuning control has
been accompanied by a wide variety of experimentai and
industrial applica;ions.’ Rstréom  and Wittenmark's [1973]
paper was soon followed by industrial applications of\ EISO

self-tuning regulators [Bstrém, et al., 19771]. Among the



1

—t

~
applications cited were; control oﬁ a paper machine,

dlgester ore crusher, heat exchanger aAd an auto pilot for
a super tanker ~ Sastry ‘et al,, [1977] applied a SISO
self-tuning regulator to the conttol of the top composition
of a pilot scale dlstlllatlon colﬁmn.

Multivariable applications of Clarke and Gawthrop's
[1975] seif-tuning Acontroller, did not appear until after
Morris and Nazer's [1977] extension to the multivariable
“form. Lieuson [1980] studied multivariable self—tueing
contpdl of the terminal compositions of a distillation
column based on the/é&gorithm preeenﬁed by Morris and Nazer
[1977].

Koivo -et al., [1981] applied a multivariable
self-tuning controller to a computer controlled, laboratory
scaled concentration flow process. The eontrel was based on
a minimization of a cost function ‘which included ‘setpoint
and control action weighting.

Morris et ‘alf, [1982] extended ehe multivariable
self-tuning controller to a multirate formulation with
evaluation of multivariable control of a pilot scale
distillation column conducted only by simulat;on using a
nonlinear dis¥illation column model. Chien et al.,} [1983]
also studied‘»distillation column control using a multirate
algOrithm but only simulation results were presented. -Te
the best of the author s knowledge, the results presented in
this work and Tham [1985] are the first experimental

implementations of a multivariable, multirate self-tuning



conﬁroller.
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3. Development of Self-Tuning Controller

8
3.1 Introduction s '

w

The main purpose of this thesis has been the evaluation

of a multivariable controller. This has involved extensions

of fhe generalized minimum variance control law as presented

by Clarke and Gawthrop [1975,1979], Morris and Nazer [1977},

Morris et al., [1977], Morris et al., [1980], and Clarke et
al., [1983].

This presentation will start with a derivation of the
multi-input single-output (MISO) self-tuning controller and
be followed by the derivation of the multivariable (MV)
self-tuning controller with extensions to multirate
sampling. Finally an extension éf the MV °~ self-tuning
controller to the k-increme: -al bersion of the multivariable
multirate (MVMR) self-tuning controller is presente”. The
extehsjon ~of the MV Self—tuaing controller to the
k-incremental self-tuning controller hag been undertaken at
the University of Newcasgle Upon Tyne by Tham [1985] with
it's implementation and inij&al experimental tests carried
out at the University of Alberta. The MVMR k4incremental
éelf—tuning controlier is an extension of the k-incrementasl
single input single- output  (S1S0) self-tuning controller

propesed by Clarke et .al., [1983].

°
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3.2 Multiple Input Single Output Self-Tuning Controller

I
This section presents a derivation of Jthe MISO

5

self-tuning controller, followed by = development of the

parameter estimation teéhnique used.

3.2.1 Multiple Innut Single Output Control Law Formulation
Consicz2r a general discrete model for a process to be

represented by the following eqguationt-
‘Az ")y(t) = z7*B(z"")Yu(t) -~ z Dv(t) + C§(t) (3.1) |

where v(t) is a‘measurable disturbance at time t and §(t) is
random, zero mean, uncorrelated noise. The polynomials-A, B,
D aird4 C are polynomials in the backshift operator‘z‘1 with
‘ao=1, bo#0, and Co=1.. The value of z % is the system delay
expressed in integer multiples of the sample period and z ¢
is the delay associated with the measured‘diStﬁrbance. It is
also assumed ‘that C has roots strictly within the unit
circle.
. The objectivé‘Ais Fhe design of a contrcller which
minimizes the following cost function: .

J = E{[P(zj‘iy(t+k)—R(z")w(t)]2+[Q'(z")u(f)]zlt}

(3.2)

A3

-

where E{x|t} 1is the expectation operator given information

up to and including time t Qith-k21. The P(z" '), R(z" '), and
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Q'(z" ') are trar ~-r functions in z"eto allow for K general
weighting on tne system output y(t), setpoint w(t), and

control effort u(t), respectively which are expressed as

polynomial ratios of the form:

P(z"') = Py(z"")

Pde' 5

b

In the formulation of the cost function, setpoint
tracking is \ provided for by ~ the term
[P(z-")y(t+k)-R(z"")w(t)]. Excessive control | effort is
penalized by the cost function through the inclusion of a
weighted control term. The strateqgy becomes classical
minimum variance if the control term is removed from the
cost function or the Q' weighting polynomial is set to zer.

Minimization of the cost function of equation 5.2

. requires knowledge of future terms of the weighted output

P(z"")ylt+k). Since this is not available, minim‘® uti.. of
equation 3.2 in it's present form is unrealizabl:. 7- ¢ -de:
to perform the minimization we must generate an estimated
weighted output k steps ahead iﬁto the future.l 4

Rearranging equation 3.170f our system, yields:

Py(t+k)=PBu(t) * z* PDv(t) + PC&(t+k) (3.3)
, A A A

For simplicity, the (z°') arguments have been omitted. This

practice will be followed for subsequent eguations within

e

T~y
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this section. équation 3.3 will provide a realizable
weighted output as long as d2k 1i.e. the time delay
associated with the dis?urbance is greater than the system
delay. i -- |

Use of the .separation identity [&strom, 1970] wili

allow the unknown noise term §(t+k) to be expressed in terms

of known past'%érms and unknown future terms:

¥

PCs(t+k) = E §(t+k) + F_§(t) | ©(3.4)
A - AP,

N ~

where the polynomials E and F are of the form:
. >
E(z™') = 1 + e,27 '+ -+ +>en,z"“‘)
{
CF(z"t') = fo + Euz7' o+ + fopz7 ("2 (3.5)
nl = k - 1 n2 = nf - 1

* nf = max ( na - 1, nc + np; - k)

Substitution of equation 3.4 into equation 3.3 yields:

Py(t+k) = PBu(t) + E§(t+k)' + F §(t) + z* “PD v(t)
R : .

A AP A
(3.6)
The system equation of 3.1 can be rearranged as:
§(t) = A y(t) - z7%B u(t) - z “Dv(t) | (3.7)
C. - C C ™~
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Here §(t) is composed of only past and current measurakle
‘values and represenEs an estimation, of the noise at time t.
Therefore, replacing §(t) 1in equation 3.6, using eguation

3.7 allows us to express our k step ahead weightedj output

asS:

Py(t+k) = Fy(t) + [PC - Fz *| B u(t)
CPy , |2 AP,

3

0l

+ |PC - Fz"%| Dz*-¢v(t)
A AP, C

+ E§(t+k) (3.8)
Rearranging and manipulating the id%ntity of equation 3.4 we

\

.¢an express it as:

PC - F z'% = E
A APy (3.9)
So equation 3.8 can now be written as: .
* o N
Py(t+k) = F_y(t) + EBu(t) + z* ‘EDv(t) + E{(t+k)
' CPy C C '
' (3.10)
e
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Since t(t) is assumed to be white noise with zero mean,

therefore:

E{¢(t+k|t) } = O | | ‘ (3.11)
N N

In other words the best expected value of the future noise

term is zero. Defining the prediction of the weighted output

by:
Py(t+k) = Py'(£+k|t) + e(t+k) (3.12)

where Py*(t+k|t) is defined as the predicted weighted output

given information pp to and including time t. With:

e(t+k) = EZ(t+k) (3.13)

'replacement of the unknown Py(L+k)”term in the cost function

by its prediction enables eqﬁation 3.2 to be written as:

J, = E{[Py~(t+k|t) + e(t+k) - Rw(t)]?
. + [Q'u(t)]?} ' (3.14)

Y

Using equation 3.11, equation 3.14 can be expressed as:

Jy = E{[Py*(t+klt) - Rw(t)]?}

s 2{0'ul-)1%} + 0., | © (3.15)
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In equation 3.15, o0%., is the variance of the random

disturbance §(t). Using equation 3.12 and eguation 3.10 we

can express the predicted weighted output as:

Py*(t+k|t) = F_y(t) + EBu(t) + z* ¢EDv(t)
CP, C C

(3.16)

Equation 3.16 represents the weighted predicted output based
on known parameters and previous measurements of process
output, input and measured disturbances, y(t), u(t), and
v(t) respectively. |

The cost function is minimized by setting the partial
derivative with respect to the current control action u(t)
to zero ( 8J,/0u(t) = 0 ). The time optimal control sblutioq
would reqguire the expectation operator to be included in the
minimization. Based on the single stage appfoach of Clarke

et al;, [1975] the expectation operator may be removed and

the minimization becomes: ) s
33, = 2[Py*(t+k|t) - Rw(t)]*d[Py* (t+k|t)]
oult) - : oult)

+ 2 Q'ul(t)*a[Q u(t)] ' (3.17)
dult) - T

Note here’that the term Py;(t+k1t) is a function of u(t) and

1s given by equation 3.16 so that:

. S s
A[Py*(t+k|t)] = 3 EB
dult) du(t) C
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In the differentiat%pn with respect to u(t) the polynomials
) \ .

-

E, B, and C are terms involving previous and current contgbl

actions so that:

du(t-i) = 0 i 20 o (3.19)
dult)

_
Therefore, only the first terms in the®™E, B, and C

polynomials are involved in the differentiation.

a[Py.(t+k|t)] = €p bo = bo (3.20)
du(t) Co
Applying equation 3.5 the minimization becomes: -
N
3J, = [Py*(t+k|t) - Rw(t)] + gi Q'u(t) = 0 (3.21)

au(t) bo

For a new control weighting polynomial defined as:

QEgv 9! o . ' (3.22)

'solving' for u(t) from equation 3.21 yields a generalized

minimum variance control law:

7

ult) = 1 [Rw(t) - Py*(t+k|t)] . (3.23)

Q

R

The formulation of the self-tuning controller requires the
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i
) .
step by step minimization- of equation 3.21. Rather than

setting equation 3.21 to zero we can define a predicted

auxilliary scalar'output function—és: ' : =
$*(t+k|t) = Py*(t+k|t) - Rw(t) + Qu(t) (3.24)

We now base the control law calculation on éétting the
auxilliary scalar output function $*(t) to =zero .at every

control interval. Since the true auxilliary output function

~

is determined from:
- d(t+k) = Py(t+k) - Rw(t) + Qu(t) (3.25)

the error in theNoutput function estimate, obtained by
subtracting equati¢n 3.25 from equation 32.24, substﬂtﬂting

equation 3.12 into the result and solvihg for @"(t+k|t) 1is

given by:

¢*(t+k|t) = ®(t+k) - E§(t+k) ' (3.26)

b ’ h
o

The control law of equationr3.23 can be described in more
detéil,by Utilizing'equation 3.16. ¢ Defining the following

polynomials:

@
1
o]
o)

L = ED , : | (3.27)



allows the §iedicted weighted output to be writte

Py* (t+k|t) = Fy(t) + Gu(t) + z* ‘Lv(t)
’ Py .

3 —

+ HPy* (t+k-1|t-1)

’

Where G: F, L and H are controller polynomials fo
system. For an unknown system these polynomials a
with éstimates of the true polynomials; G, F, L a

the control law of eguation 3.23, making use

3.28 in terms of the estimated controlief
becomeg:

}i

ult) = 1 [Rw(t) - By(t) - Gult) - z* ‘L (t)

.V’Q Pd .
” i - APy* (t+k-1]|t=1)]

with
/ G = Go * §yz°" + +"§n2'"

ng = n

Since u(t)

4

factor out

\

e

1s not known at this time, we must

the current control action and define:

uy

@]

ng

22

n as:

(3.28) -

r a - know

re replacéa
nd H. Thus
of equation

polynomials

(3.29)

(3.30)

therefore

(3.31)
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so the current control action is calculated from:

A
<

ult) = 1 [Rw(t) - By(t) - G'ult) - z* “Lu(t)
[Q + Qo) Py ’
- RPy*(t+k-1]t-1)] (3.32)
Combination of equation 3.32, with a recursive parameter
estimation routine, forms the basis of a self-tuning

controller,

3.2.2 Parameter Estimation
With a controller structure and a methd of calculating
outp '+ bhased on controller parameters established, we must

now focus on a method to estimate the parameters F, 6, L and

I

Replacement of the known controller parameters in

equation 3.28 with their estimated values gives:

TPRy*(t+k|t) = Fy(t) + Gu(t) + z* “‘Lv(t)
Py

+ APy” (t+k-1]t-1) (3.33)

2
Equation 3.33 can be represented in a more simplified form

ass?e

Py (t+k|t) = O(£)X(t) | | (3.3
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where X(t) is the observation vector and ©(t) the parameter

wectors respectively defined as:

H wit) = [ yp(t), -yp(t-1), ---, yp{t-nf),
.ult), u(t-1), -+, ult-ng),
v(t+k=d), v(t+k-d-1), --°, v(t+k-d-nd),
Py*(t+k-1]t-1),Py* (t+k-2]t-2), -,
py?(t+k—1—nh]t'-1—nh)]‘
and
o(t) = [ to, £y, -+, £(nf),
O Ges G e, §(ng),
1,, 1,, -, 1(na), | _,
B, By, e, BOR)] O Gas)
where

yp(t) = y(t)

nf is the order of the F polynomial.
ng is the order ofvtﬁe.G polynomial.
nd is the order of the-L_polynomial.
nh is the ofder of the R bolynomial.

The weighted output ° of the process can be related to
thé input to the process by ;the controller polynomials.
Using the:definition of the pgedicted weighted output of the
process given by equation 3.12 and substif&ﬁiqn' into

[4

equation 3.28 at'time t-k, gives:



P
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<<Py'(t) = Fy(t-k) + Gu(t-k) + z °Lv(t)
P
//\ d
s + APy* (t-1|t~k=-1) + Et(t) (3.36)

- \‘

Use of the definition of X(t) and ©(t) from equation 3.35,

in conjunction with eqdation 3.36 yields a regression

function of the form:
Py*(t) = O(t)X(t-k) + E{(t) (3.37)

In equation 3.37, if the actual predicted weighted
output Py*(t) is replaced by Py*(t|t-k) this will allow the
use of a recursive least Squares based identification

technique.

The identification routine is applied to equation 3.37
to estimate ©O(t). The on-line ¢stimator used is the
_recursive least squares(RLS), method  th uppef diagonal
factorization of the covariance matrix [Bierman, 1976,1977].‘
The ‘conventLonal recursive least squares identificationb
algorithm when employed without a Variéble forgetting factor
sufférs from parameter "blow-up" [Wong et al., 1983].
Modifying Bierman's algorithm as suggésted by Morris et al.,
[1982] yiélds é_more numerically stable algorithm for long

term operation.
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The estimator wused in this study is based on the following
, / . :
“algorithm:

S

r = 5, + X(t-k)Pc(t)X‘(tvk)

$

K(t+1) = pc(t)x;(t—k)/r ‘ , .

v

Pc(t+1) = (Pc(t) - K(t+1)K‘(t+1)r)/Pé
O(t+1) = 6(t) + K(t+1) (_y(t) - X(t-k)&(t))
L P'd . ’ ‘ (3.38)

where 3

o is the variance of the ;oise as in the Kalman filter -
: approacﬁ or p,;=p, for RLS estimation B
pz is the forgetting:factor 0<<p <1
Pc is the‘covariance'ma%rix
K isithe Kalman gain |
r is én intermediate calculated value
Actual " computer fmplementétion " of the 7al§orithm
utilizes a.modified\form of equation 3.38 tor'saQe stbragz
lrequirementé.;for the covariagce ‘matrix “Pc. Th?s.invoives’
storing the Pc matrix‘as a vecﬁor since the lower- triangular
portion of'.the covariance matrix' is .not used . in.'the
updating. This reduction ih.ovefailistorage requirements is

an important factor 'in implementing adéptive algorithms'on

microcomputers.
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3.3 Multivariable Self-Tuning Controller
Even though the. derivation of -the MISO self-tuning
control law has been derived in the previous sections, -a

fv'l derivation of the multiwariable(MV) controller is

presented in this section, ihcluding its extension to
multirate sampling. The derivation is required, since
disturbance feedforward compensation is added in the

formulation . for ' the MV case, compared to the MISO

controller,

3.3.1 Multivariable Control Law Formulation
The multivariablé system 1is represented by the

following linear difference eguation:

“A(z" )Y (t)

n

7% iB(z-)U(t) 4 2791 iD(z" V(L)

+ C(z ")=(t) :
(3.39)

where: \ P

A(z"'), B(z '), C(z"') and D(z"') are ri*m polynomial

matrices in the backshift operator z '

Y(t) is an m*1 vector of measurable system outpup$

U(t) is an mx1 vector of control inputs

V(t) is an m*1 vector of measurable disturbances signals

Z(t) 1s a vector of random, zero mean noise of known

"covariance '

.

z"%'i is the time delay'fo; the ;th control input to the

jth procéss’output ekpressed as an intege: multiple of
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-the sample interval t,

et is the time delay for the ,th measurable

z
disturoance,vto\the jth process output expressed as _ an
integer multiple of the sample time t,

Witnent less of generality let - us assume that the
system outputs are independent of one another, as well as
the noise terms so that A(z"j and C(z"') are diagonal
matr;ces. The‘ assumptlon that A(z ') is diagonal implies
thqt the loop interaction terms are represented in. the
feedforward path [Tham, 1985]. The matrices A(z" ') and
C(z"') can then be assumed such that A(0) and c(0) are
identity ‘matrices, whicn is equivalent to setting ao=1 ,and
Co=1 for the MISO ~onttoller.

A As for tne ‘ J controller the multi—input mnlti—output
self-tuning cont:«l lgw is based upon the step by step
‘minimization of the following performance index J with

.

respect to the current control action U(t).

J = E{[P(z"")¥(t+k,;) - R(z")_W(t)]“[P(z“)Y(tw“kl.)

- R(z")w(t)]

- [Q (z-Hu(t) 1 [Q (z“)U(t)]lt } - (3.40)

r

In equation 3.40 E{*It} is the expectatlon operator given
‘information up to and 1nclud1ng jjﬂé . w(t) is an m*1
vector of desired setpoints. P(z N, R(z“O and Q (z-') are

\. &

m*m diagonal transfer function matrices of the férm

3
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P(z"') = Pn(z_1) = Pno +Pnlz_1 + pnzz_z + : .
Pd(z_‘ Pso t p,,,z" + pdzz—z + e (3.41)

¥ .
The term k;, represents the time delay between the ,th

. . %
control action signal wu;(t) and the, ,th output of the

process y,;(t) for the ;,;th loop of the process.

At time t the signals U(t) and W(t) are known so that
the minimization of J with respect to ult) requires the
p;ediction 6f P(z")Y(tfkii) aﬁ tihe ot That is
P(z")Y‘(t+k,i|t)‘ given kall the @nformation up to - énd
inclﬁding.ﬁiﬁe:t. From equation 3.39 we can factor out the
diagonal elements of :the delay from both sides, then
‘prémultiplying by the inverse of the oufput polynomial
matrix A(z~') and premultiplying by the weighting polynomiai

matrix P(z~') we have the following weighted ou-y ' :

PY(t+kii)=PA-1[zkii-'kiJBU(t)+Z.kii-di‘,’/:)]

+ z¥ipA-'CE(t) | (3.42)

For. simplicity the arguments (z"') have been omitted. This

practice will be followed for subsequent equation§ within
this section. Using the 1identity of equation 3.4 and

applying it.on a loop by 1loop basis, it 1is "~ possible to

define E(z"') and F(: as diagonal polynomial matrices !

since P, C and A are diagonal polynomial- matrices. ‘We can¥

now . separate the stochastic disturbance nortion in ‘terms of

R

7
L8

’
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past an” future disturbances as:

x

’
A

zk 1 'PATICE(t) = z*''EE(t) + Pi'A"'FE(t) (3.43)

Substituting equation 3.43 into 3.42 allows the weighted

predicted output to be expressed as:

PY(t+k, ;) = zk'i-kIIpA-'BU(t) + zX''-¢7ipAa-TDV(t)

+ EZ(t+k,;,) + P;'A"'"F=(t) (3.44)

From the difference equation 3.39 we <can solve for the

stochastic noise at time t, resulting in:
- _ _

=(t) = C 'AY(t) - z-*iic 'BU(t) - z:¢Tic'DV(t) (3.45)

ES

- Equation 3.45‘“ep:esents an estimate. of thes#stochastic noise

term at time t. Substituting equation 3.45 into 3.44 and

coliéc@ﬁng common terms we get the following result:

~

-

¥

PY(t+k,,) = C"P;‘Fv(t)
, ) .

1
3
z

.+ [zkil-kleA'—1C - -kijPajA—1F:I C"BU(t)

lv'v’., . 7» C
+ %%5yi-dlipA'TC_- z‘d‘jPE’A"F] C™'DV(t)

L+ EE(tvk, ) R (3.46)

Since’ the ‘identity. of ~equation 3.4 can .be manipulated to

yield:
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zkll-klij—1C - Z’k'JP;1A'1F = Zkll-kl\JE (3.47)
and

zkii-diippa-1Cc - z-¢ilp;'A-'F = z*"‘“alE ) (3.48)

The terms expressed in square brdckets in equation 3.46 can

be %eplaced, so equation 3.46 simplifies to:

PY(t+k,,;) = C='P;'FY(t) + z*!'-%1ic-'EBU(t)

oo+ gkl i-diICTEDV(L) + Ef(t+ki‘) ‘ (3.49)
Now by defining the following m*m polynomial matrices:

‘G(z")

= E(z"")B(z"")
L(z"') = E(z"")D(z"") . v ~ (3.50)
equation 3.49 may be expressed as: ‘E

PY(t+k;;) = Pz'C '"FY(t) + zK''-kiic-'GU(t)

+ogkii-diic-1Ly(t) + EE(t;"kii‘)- (3.51)

If we now define a vector of pfedicted weightedxoutputs of
the process as the difference between the actual weighted
output and the residual, based on the information up to and

including time t, as:

PY* (t+k,[£) = PY(t+k, ) - ES(t+k,,)  (3%82)

X'

Then by use of this definition and assuming that the best
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expected value of the future noise is zero i.e.
E{Z(t+k;,)|t}=0, allows the performance index of 3.40 to be

expressed as:

J, = E{[PY"(t+k,,|t) - RW(t)]'[PY*(t+k,;|t) - RW(t)]
+ [Qu(t)]1t[Qut)]} + of.uiy (3.53)
where o0?,,,, 1is a vector of the variance of the noise. In

the above performance index we still require a means oé
evaluating PY*(t+k,,|t). ‘This cén be done using equation
3.52, the weighted predicted output and equation 3.51, the
weighted output, our weighted predicte@ibutput can now be

~

" expressed as:

PY*(t+k,;|t) = Pi'C 'FY(t) + z“'_"“”C“‘GU(t)
' + z“““"'jC"LV(t) . (3.54)"
: v 3 .
As with equation 3;16,‘equation 3.54 represents the weighted
predicted output baseddon known‘parameters.' By defining a

new m¥m diagonal polynomial matrix H(z ') as:
H(z ') = 21 - (z=") | (3.55)

a recursive form of equation 3.54 expressed in terms of the
’ §

weighted output, process outputs, control inputs,

£ . .
disturbances and pggvious predictions can be stated as:
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‘PY'(t+kii|t) = Py'FY(t) + z¥'1-kilGgU(t) + zk'i-d1ILV(¢t)

+ HPY® (t+K, -1t~ 1) (3.56)
where F, G; L and H are controller polymémial matrices based
on a known system. We still require a means' of calculating
-he " current control action. To accomplish this we must
minimize J, with. réspect to U(t), the current control
action, so that 3J,/0U(t) = 0. The time optimal control
solution would require the expectation operator t§ be
included in the differentiation. As with the MISO derivation
the expectation operator may be removed and _the result of

the single stage minimization becomes:

8Jd, = C(0)"'E(0)'B(0)*(PY*(t+k, ;|t) - RW(t)) + Q'(0)'Q'U(t)
30 (t) ’ ' :
(3.57)

The minimization of the performance index withgat\ £he
expectation operator yields a suboptimal control strategy,
and is done to simplify the mathematics involved in the ?
differentiation. A detailed differentiation of .the

performance index without the ekpgggigion operator 1is

ig;esehted in Appendix A.

By defining a new control weighting polynomial matrizx

as:
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i

Q = B-'(0)'E-"(0)C(0) Q' (0)'Q" (z°")  (3.58)

L

" equation 3.57 becomes:

PY* (t+k,,|t) - RW(t) + QU(t) = 0 | (3.59)
Equation 3.59 represents a’control law based on the weighted
predicted output and the weighted setpoint. As with the MISO

7 : !
derivation we require a step by step minimization of
equation 3.57. Rather than settihg equation 3.59 to zero we

define an auxilliary output function vector & such that:

“ 4

/
®(t3ki 1) = PY(t+k,,) - RW(t) + QU(t) - (3.60)

So the predjicted auxilliary output function vector, based on

the weighted predicted output is:

$*(t+k,, |t) = PY*(t+k,,|t) - RW(t) + QU(t) (3.61)
with
<
e (t+k  |t) = ®(t+k,;) - EE(t+k, ) » - (3.62)

Equation 3.62 is obtained by subtracting equation 3.60 from

equation 3,61 and %ubstifuting equation 3.52 ipn the résult.

Setting & (t+k,,|t) = 0 45 the same restriction as equation ' °

'3.59 and Yields a control law which represents the inclusion

[
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of a k;, step ahead predictor in the'féedback‘path to
evaluate U(t). Replacing the weighted predicted output of
equation 3.56 in the control law of equation 3.59 results in

the following expression:

I'e

'zkii-kljgu(tq + QU(t) = RW(t) - P3'FY(t) ~ z¥''-¢1ipLv(t)

- HPY" (t+k, - 1|t-1) - (3.63)

Some restrictions apply to the application of the
control law formulation of equation 3.63. The delay

associated with off diagona. control inputs must be larger

" than the delay associated with the diagonal control inputs.

. As well the delay associated with - disturbances must be

~

greater - than the délay for control actions. These
restrictions are expressed mathematically as k,;2k,; for
i#j, and d,;2k;; for all j, since if these restrictions are
not satisfied' the prediction will contain future terms and
will Be unrealizable. These restrictions arev generally
applicable since in trying to control a proce§s our control
effort should be the first element to effect the output.

Equation 3.63 represents a means of implementing our control

law based on a fixed controller structure and known

controller  polynomials F, G, L and H. Replacirig the

controller polynomicls F, G, L and H with their estimated

values F, G, L and H, obtained from a recursive parameter
. ~

lgorithm, allows the controller to be
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<
/
3.3.2 Multivariable Parameter Estimation
As with the MISO self-tuning igggtroller, parameter
identificaﬁion must bé done on-line so that the controller
can track slowly moving and time varying systems. The
parameter estimation is based on the ability to predict the

weighted output of the process PY(t+k,;). To do this we

simplify the notation of equation 3.56 as:
PY*(t+k, [t) = ©@(£)X(t) (3.64)

where X(t) is a diagonal matrix composed of:

Xy, (t) ’ 0 .
.)_((t) = X22(t) . ~SN3.65)
0 Xmm(t)
and
e(t) = | @,(t)TJ%b(t), o, B (E) ]! - (3.66)

Expressing eduations 3.65 and 3.66 on a loop by loop basis,
yields:

Pyt (t+ki i Jt) = 0, ()X, (t) . (3.67)

-

337
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. \ v
Then by defining the weighted predicted output as:
Py, (t+k,;) = PyT(t+k,;|t) * E, ZE(t+k,,)  (3.68)

Expressing 'équation 3.56 on  a loop by loop basis,
substituting the definition for the predicted output, and
expressing the result at time t-k,,, yields:

N v

Pyi(t) = F1!|(t_k||) + G||U|(t—ki;) + G|Juj(t'k4])
Py

f L;|Vp(t—d|i) + L|JVJ(t—d|j)

-+

HiPy7(t—1lt_k||_1)

+

E,E(t) (3.69)

It then follows from equations 3.56,° 3.64, 3.67 and 3.69

that:

Xi;(t—kii) = [ Xl(t'kii),jXL(é'k;i‘ﬁ)} Ty, xl(t—k|.—nf|),
. - Py : ‘

Pd Pd

ui(t-k;i), UP(t;k;|“1), Ty ul(t—kii_ngii)l

Uj(t_k]j), Uj(ffk|j;1), Ty, Uj(t_k|J_ngiJ)r
} V|<t_dii)’ ";(t—di|"1),j"', Vi(t;dll_ndin)l

Vj(t—dij), Vj(t;dij—1),m"', V}(t—dij_nd|j),

Py (t=1|t-k,; -1, Pyx(t-2|t-k,,-2), - -,

iy

Py (t=1-nh, |t-k; Z1=nh,) ] (3.70)

~
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and : ¢ |
e, (t) = [ £,(0), £,(1), »-ﬁ, f,(nf,;),
g (0), gy (1), -+, gii(ngi i),
gi;(0), gi;(1), -, g.,(ngfj),
1,,(0), 1,;¢1), --+, 1,,(nd;,),
1,,(0), 1,,(1), --, 1,,(nd,,),
h,(0), h,(1), -, h,(nh;) ] . (3.71)
where

nf, is the order of the F polynomials for the ;th loop.

ng,, is thé order of the G polynomial f:%‘ﬁhe ith  loop.

on the diagonal.

ng,; is the order of the G pélynomial for the ;th loop

and the ;th element of the polynomial matriﬁ.

nd,; is the order of the L polynomial for the ;th loop

on the diagonal. - ’

nd,; is the order of the L polynomial for the ;th loop

and the ;th element of the polynomiai matrix.

hh. is the order of the;H polynomial for the ;th loop.

Combinations of equations 3.70, and 3.69} substitution
of PyT(tlt—k{{) for Py;(t), with the current  parameter

estimates,°yields:
PY (tit-k,) = ©,(t) X, (t-k;,) + E; E(t) (3.72)

- Equation 3.72 is in a regression form which allows the

parameter identification to be implemented, on a loop by
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loop basis. The same identification algorithm as described
in section 3.2.2 1is wused. More informatian. on the U-D

factorization method can be found in the 11ter’?ure

}
rwr‘ f o

[Bierman, 1976,1977; Nazer, 1980° WOng et al., 196? e

’

3.2.3 Extension to Multirate Control

In multivariable control, the overall sample fime
chosen is usually a compromise between the different sample
ﬂ'times of the 1individual loops making up the system. There
are sbmé systems %here such a choice is not satisfactory.
For the distillétion. column used in this work, the sample
time, for bottoms‘compositiOn,contrbl is chosen to be equal
to the minimum cycle time for the gas chromatograph
analy51s, but this sample tjme is too large for good control
of the . top composition, for disturbance rejection.
Therefore, an improvement in control perfoqmance should be
achieved by selection of different sample intervals to
cont:ol individual loops.

The implementation of the multirate self-tuning
controller assumes that all the sample 1intervals of  the
procesé afe integer multiples of the smallest sample
interval t;. In addition all the cgntrol signals for the
intefaétion loops are measurable. Therefore, from equation
3.69 all the control actions u;(t) for j=1,2,:--,ng,; Jj#i
for the 1i-th 1loop are (accessibré for the time sequences

. (i), 2t,(i), 3t, (i), - etc.-
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The output of the i—th'process loop Y;(kt.) is then

written .as:

' ' ng; ; )
A,y (kt,) = '“"B.,u (kt ) + Z z‘ki’B‘juJ(kt,)

j=
i
e. nd, |
AAIE D é-kiln.;vj(kt;) + CiE(kty) (3.73) ]

1
A

with vy, ‘uﬁ;' u;, v; and E; assumed known at each control
interval.

- fhe: development of the <control law follows the same
fogmét as the multivariable derivatioﬁ. With k;}>ki; and

k.;>dij, the control law expressed on a loop by loop basis ‘B

for the i-th loop becomes:

[0, + g, (0)]u;(t) = Ryw, (t) - Fyy,;(t) (3.74)
/ : Pd

ng; ’
- Z gll(k)u (t k)

k =1
- GijUth+kii—kij)
- L}jVj(t+ki‘—dij)

- H, Pyt (t+k;;-1|t-1)

In section 3.3.2 the parameter estimation was
represented on g, loop by loop basis, so, identification and

control can be performed. on a loop by loop basis w1th the

X
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required control action beiné determinea from equation 3.74.

For the special case where k.;=k.;, equation 3.74 is
modified and ’the solution for the current control action
requires the solution of a set of equations. Since the term

G,;u;(t), representing the control action from another loop

would be unknown at time t. |
This multirate formulatibn therefore allows for
individual design of each 1loop with respect to the

‘controller polynomials and the weighting anctions P, Q, and

R.

3.3.4 Extension to K-incrementai Self-tuning Controller

In the formulation of the self-tuning controller, the
assumption has been made that the noise effecting the system
is of éero mean and constanf covarianéa; 1f we modify :his
restriction to be noise of constant Covaria .e only, such
thaf Z(t)=N(d,0?), then we can rewgiﬁé the multf%ariable

’

difZerence equution 3.39 as:

AY(t) = z K JBU(t) + z-*'IDV(t) + C=(t) + 4 (3.75)
where all terms are as defined previously with d considered %
a constant Dbias term to‘ :eflect load chénges, signal

nonlinearity or nonzero mean noise.



Following the multivariable derivation the weighted Ky
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step ahead prediction can be written as:

Now defining th% k-differencing operator as: ~

allows equation 3.76 to be writteh,as:

0

Note that . the bias térm, d

4

PY* (t+k,, [t) = P3'FY(t) + z*' ' -¥1iGu(t) + z* i-4iiLv(t)

?

Ay S
BRIAN
e og

+ HPY™ (t+k, ~1|t-1) + 4 (3.76)

(3.77)

60

o K
PY* (t+k,|t) = PY‘(tLt;%ll)v+tP;‘FAgY(t) (3.78)
 ‘¥>z§;'4*"GAku(t) |
‘;“z*iﬁ‘df’LAkV(t)
. w4 uagpy'(t+kii—1|t—1) SR
v e S ”a> | e

. ? :
Pl

does not appear-¥since d is

T a§sumed constant,'Akaso,f

A P
3w :
vl ,
« < o1,
JFes
s
L5
[ i
- “\.’
. ;skﬁﬁ o <
o .
& g
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Reafranging equation 3.78 allows the control law for

-~

the k-incremental self-tuning controller to“be stated as:

N

R|Wi(t) - Py’;(tlt_k||) (3.79)

[Ql + g, (0)AJu; (t)

- FiAy, (t)

n

k

n ™M

léli('k)Akui(t"k)

- GjlekUJ(t+ki|"k|j)
- L|3Akv,1(t+k| |"d|])

- HiAPyT(t+k, = 1]t-1)

The parameter identification 1is done as per the MVMR
sef?jkuning controller, with the observation vector being
operated . on by the A, differencing operator, so the

7
regression form of equation 3.72 becomes:

\\\* ' J
AkPY’il(t+kii|t) = Gi(t)AkX;i(t—ki|) '*"Eii:(t) (3.80)
As withi.the MVMR self-tuning controller the G, F, L and H
polynomials can be specified on a loop by loob' basis with

individual tuning of P, Q and R weighting functions for each

loop.
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3.4 Control L;w'lmplementation
“To  this point only geherél formulations of the MISO,.
MVMR, and.k—incremenéal‘ sélf—tuhing controller have been
presented. The »derivgtions have been general with very few
assumptions involved: In this study, the cémputer control of
'a pilot scale distillation column was accomplished with the
MVM? self-tuning controller. Pféyious work [Lieuson, 1980]
USeéA a variation ‘Qf‘ the MISO seif—tuning controller. The
column has also beenfconfrolied with a variation of the MVuMR
k-incremental éélf—tuning controller [Tham, 1985]. Some of
these results for the k-incremental éolumn cénﬁrol are
presented in the_fésults portion of this study.
3.4.1 Distillatién Colgﬁﬁ Control Léw .
For _the -distillaﬁion éolumn control studies,'the MVMR
self-tuning congioller has been .used in a%modified form. The
cohtrolk law has been writteﬁ for a 2%2 system, with top
compositébn control as loop ohe, and bdttoms compositiénA
control as loop two. The multivariable sy§£em is represented
by equation . 3.39 with D(z"') as a diagonal bolynomial
matrix.. This formulation - is reasonable for.the distillatioﬁ
column, since there is only a single disturbance, feed flow -
rate. Thefefore,'ithp delays a}j=0 for 1i#j, as ;ell off

<,

diagonal elements of the D matrix are zero.
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The control law for the 2%2 case expressed for loop one is:

[Qi + g1:(0)Ju,(t) = Ryw,(t) - F,y,(t) (3.81)
P, . .

" Ngag .
-z g|1(k)U|(t_k)

k = ¢
- Gyzuz(t+k1}—k12)
= Lyav(t+k,,=d,,)

- HyPy5(t+k,,-1|t-1)

In _equatioﬁ 3.81 k12>k11_§nd d,,>k,;;. However, if k}2=k.,,
equation 3.81 must be mod&fied, since the iﬁﬁeraction term
u,(t+k,,-k;,) becomes u,(t). With u,(t) an unknown term, 4he
following equation must be used to sgive for u,(t) and qz(t)

.simultaneously:

]

[0 + 911(0)Tuy(t) *+ gya(0ualt) = Rywy(t) - g (¢)

Py
ng,
“k§ g {k)u,;(t-k) (3.82)
ngj:
-k§ g2 (k)uz(t-k) . R
e
: * g = Lygvy(t+ky=dy, ¥

- H1Py:ct+k11°1|t_1)

A similar equation can be formulated for loop two.
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931(0)u1(t) + [Qz + g,2(0)]uz(t) = szz(t) - E&Xz(t)

Py
A ngz i
™ - 921(k)U1(b(k) (3.83)
FoooTE

22
'k§ gz2(k)u,(t-k)

% - Lzova(tt+k,2-dz,)
- HzPy;(t+k22_1|t~1)
2 ¢ ‘ ’

Equations 3.82 and 3.83 can be represented by:
su(t) = T(t) ' . (3.84)

where T(t) denotes the right hand sides of equations 3.82

and 3.83, with: i

3

Q *+ g:,(0) 912(0) ,
S = (3.85)

g21(0) Q. *+ g:.(0)

'Since the control vector can be expressed as:

v

U(t) = s-'T(t) ' (3.86)

‘The solution of equation 3.86, is accomplished explicitly,

|
for the 2*%2 case, using Cramer's rule for matrix inversion.
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4. Experimental Implementation

4.1 Description of Equipment

The pilot plant distillation column in the Department
' LT : :
of Chemical Engineering at thef*Y 3¢2r51ty of Alberta 1is a

22.5 cm (9 inch) diameter col l¢x§ghat contains eight trays

numbered from bo?@'ﬂ to top. Each tray contains four bubble

caps arranged et square pattern. Tray spacing is 30.5 cm

(12 inch) with feed supplie

at tray four, an option is
available to supply feedqé_ tray five. Feed temperature is
_ controlled at 61°C using a small steam heat exchanger and a
Foxboro temperature coﬁtroller. A schematic diagram of the
distillation column is presented in Figure 4.1, with further
detailed descriptions of the column and asso;iated equipment
given by Sverck [1967], Pacey t1973] aﬁd Lieuson [19801.
Several changes have been madg to the column since the
studies of Coppus [1980)}, Kan  [1982] and Lieuson [1980].
Most of the ‘changes have been to piping and preheat loops;
for the feed and reflux flows. A recirculation line has been
added to the feed pump discharge, to maintain feed output .
presSure coﬁstant, at 25 psig. Tﬁis helps to ensufe
reproducible feed flow results regardless of the feed filter
condition. A regulaggr Fas been added to the steam supply tov
both the feéd and reflux preheat loops to allow these loops
ﬁo pfoperly maintain temperatures at 61°C and: 55°C
féspéctivéiy;} He§t‘¢x§hangers havé been added to the return

]‘lfne§'§c:tbe_f%ed,tank‘to maintain feed tank "temperatures

iy R - . ,‘,
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below 30°C.‘Above 30°C it was found that the water metﬁanol
mixture of the feed tank would cavitate in the feed pump
causing an erratic feed flow rate. It was noted that a
composition gradient as well as a temperature gradient
developed in the feed tank after several days of operation.
" To remedy this, an in tank feed circulation system was
employed eo maintain constant feed - composition and
temperature.

Changes in the Qperating cpnditions were also made; The
column was operated .with the vent to atﬁospﬁere shut, so
operation cor:esponds" more cloeely ‘to industrial
applications, since. most EolUmns run w?£h p;essure control
loops “which effects the compositioﬁ and ‘steady stafe
oberation. Operating the cefhmn inAthis menne:'has causeg, »
the column steady state operating conditions to .be .;ery
dependent on the tempefature ‘and amount of coolinglwatef
avai%able, as shown by the mass and energy balances given in
Tables 4.1(a,b) and 4.2(a,b). |

4Compapison of Tables 4.1a and 4.2a, reveals'that little

2

difference exists between the . two open loop steady'Sta%e
’ . . - ‘&y_";

operating conditions. The values of the flows have littde
difference, but-  the’ bottom - composition differs b§‘ &

significant amoﬁht. This difference 1is attributed to _the

change in cooling water flow. A reduction in™cooling wateﬁ&ﬂ
! 4 , : o

A (e

flow has increased the top composition only ' slightly, but
has had a:'significant effect on bottoms composition. In

closed lobp‘control/this_change in cooling water flow was
\\
A

\
1



13 July 1983 0845 hrs

STEADY STATE CC Slo.

( 488.  SAMPLES SECOND INTERvV. . )
FLOW DATA
FLUW g/s) STANDARD .~ 7IATION

STEAM 11 010 (.04
REFLUX 9.04. 0. 50
FEED 7.845 190
TOP PRODUCT 7.962 127
BOTTOM PRODUCT 0.274 462
COOLING WATER 218 302 .768

TEMPERATURE DATA

TEMP(DEG C) STANDARD DEVIATION

FEED INLET 61.370 . 0.309
REFLUX 47.700 0.000
- REFLUX INLET 52.805 0.364 .
TOP VAPOUR 59.252 0.165
CWATER IN 11.501 0.226
CWATER OUT 26.244 0.237
STEAM IN 118.608 0.000"
STEAM CONDS 100,480 : 0.000
REB VAPOUR 90.481 0.320
BOTTOM PRODUCT. 38.189 . 0.292
REBOILER LIQ 92.151 . 0.000
FEED , 29.419 0.227
CONDENSER LIQ 58.454 0.100°

COMPOSITION DATA (- MASS% METHANOL )

ERE AN
faci
L

TOP = 95.087 FEED = 50.742 BOTTOM= 7.439

Table 4.1a Typical mass and energy balance for
normal cooling water flow rate
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MATERIAL BALANCE -

FLOW ~ COMPOSITION = METHANOL  WATER: 7

(g/s) ( MASSY MEOH ) (g/s),_‘,(g/sax“&
FEED 17.845  50.742 9.055 .. B8.790
BOTTOM PRODUCT 10.274 7.439 0.764 ¥ 9,509
TOP PRODUCT - 7.962 .- 95.087 . 7.571 .. 0.391
‘% ERROR 0 -2.19 ¢ 7.95 ~12.63

@? :‘L
- i
ENERGY BALANCE
.r"?‘]x\
ENTHALPY IN ¢ ENTHALPY OUT
(3/s) g (3/s )

FEED 3898.104 %
REFLYX INLET 1392.183
STEAM 27377.020 4664.741
COOLING WATER 15388.843 - 35084.711
CONDENSER OUT 2961.556
BOTTOM PRODUCT 3924.632
TOTAL 48056.148 = 46635.641
HEAT LOSS 1420.508 ( J/s’ )

2.956 ( % OF TOTAL HEAT INPUT )

Table 4.1b Typical mass and energy balance for
normal cooling water flow rate

re
v



7 July 1983 1620. hrs

STEADY STATE CONDITIONS
( 730, SAMPLES 1 SECOND INTERVAL )

FLOW_DATA o

FLOW(g/s) STANDARD DEVIATEON
STEAM - 11.065 : 0.043
REFLUX 8.412 - 7 0.040
FEED 17.925 ‘ 0.070
TOP PRODUCT 8.629 0.077
BOTTOM PRODUCT 9.632 ' 0.176
COOLING WATER 182.619 8.274

TEMPERATURE DATA

TEMP(DEG C)  STANDARD DEVIATION

FEED INLET 61.531

0.332
REFLUX : 47.898 ' 0.107
REFLUX INLET 54,297 0.000
TOP VAPOUR ; 59.770 0.261
CWATER IN o 11.923 B 0.205
CWATER OUT = -~ 41.635 . . 0.569
.STEAM IN . "119.122 0.440
STEAM CONDS 102.644 ° 0.274
REB VAPOUR 92.444 0.272
BOTTOM PRODUCT 37.310 - 0.292 -
REBOILER LIQ . 94,305 0.440
FEED .. 27.301 - 0.446

" CONDENSER LIQ 59.719 0.287

COMPOSITION DATA ( MASS% METHANOL )

. TOP = 95.462 FEED = 50.063 BOTTOM= «5.064

Table 4.2a Typical mass and energy balance for
low cooling water flow '
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| MATERIAL BALANCE

FLOW COMPOSITION METHANOL WATER

(g/s) ( MASS% MEOH ) (g/s) (g/s)
FEED =~ 17.925 50.063 8.974 8.951
BOTTOM PRODUCT 9.632 5.064 0.488 9.144
TOP PRODUCT . 8.629 95,462 8.238 0..392
% ERROR : -1.88 : : 2.77. -6.53

ENERGY BALANCE

ENTHALPY IN ENTHALPY OUT

( J3/s ) ( 3/s )
FEED : 3936.203 t
REFLUX INLET 1336.308
STEAM. 27430. 146 4791.877
COOLING "WATER 9107.033 . 31774.650
CQNDENSER OUT 3041.375 .
BOTTOM PRODUCT 3786.999
TOTAL ' . 41809.691 38603.027

HEAT LOSS 3206.664 ( J/s )

7.670 ( % OF TOTAL HEAT INPUT )

&

Table 4.2b Typical m%ﬁp and energy balance for

low coolighf water flow
. Y A
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compehsatedufor by changes‘in_bofh the relux flow and steam
flow, resulting in a different'operating.point.

'fPairing of manipulated and controlied variables was
based on tﬁe’results of Lieuson [1980]. The energy balance
configuration’ for the top loop control removes the dynamics
of 'the‘ condenser level from the tQp composition respdnse
[Lieuson, 19801]. |

_ ngratfng‘cqndipions for the column wére'selécted for ;\"
metﬁéhol-water feed”mixture containing 50% by mass methanol.g
"Feed enters at a f&Eé”of.1§‘g/s and is separated into an-
‘overhead stream containing 95% by mass methanol and 5
“bottoms stream containing 5% by;mass methanol. The control
objective is to minimize the effect of feed dfstgrbances on

thé-terminal cdhpoéition,.When the feed fléw rate isﬂéhaﬁged
'by 25% from its normal steady state flow rate. It should Hbe
- noted tﬁaf for industrial applicétion; changes in feed rate
off 25%  represent drastic changes. This: . hagnitudé o£
disturbance is employed sinceAincreases in flow rate,of up

7

to 15% have little effect on overhead . compositiOn.‘

Therefore, in order to successfully demomstrate the"

7

performance and robustngss . of the controller, +25%
'digﬁurbancés’ in feed fate were uséd for ali experimental
tests. Use of’ this 1large disturbance also ‘allows for

.comparison with previgus work [Lieuson, 1¢:0; Kan, 1982]. -

The tolumn has an extensive amount of instrumentation

o 'measure‘physical parameters needed for column operation.
This includes - flow measurements for feed7__feflux, top

<l
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product, condenser cooling water, bottoms product and steam.
Thermocouples are 1installed #% measure rthe temperature of

¢ _ o .
all flows, allowing mass and energy balance calculations to

be performed.“

Compositién measurement is needed 1in order to apply
control, : top ¢omposition is determined- by a continuous
on-line capacitance probe connectéd to a Foxboro Dyanaldg
~recorder, with bottoms composition analyzed by an HP-5722A.

T, .
gas chromatograph (GC). The GC signal 1is analyzed by the
HP-1000 GC computer. The results are transmitted to the LSI

11/03 computer via a RS-232 serial communications line, with

a program resident in the LSI which interprets the report

from the HP computer to extract the valgf of _thé
composition. '
- ~ A\‘\

.

4.2 Control Implementation ‘ - /
Previous control implemenfations of éelf—tunihg‘control
have been accomplished using the IBM 1800 [Sastry, 1977] and
HP-1000 éomputers [Lieuson, 19801]. The current self-tuning
controller implementation is being accomplished using é LSI
11/03 16 bit microcomputer, using 64Kbyte§*of memoéy.

The computer is fitted with 16 “single ended analog -
_inputs"for various flow and pressure_meésurements, 8 anaiog
ou%puts/for‘control signal outputs, 8 éigitgl outputs for
valve énd »GC control,v and 16 thermodééﬁle inputs for‘

temperature me;}urements._Calculations are . done using two

word real numbers and single word integers. The computer is
4 . . N
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glso fitted with K a line' time clock to enable real time
execution. Driver rputinés for analog &gnputs, | analog
outputs, digital - outputs‘ and thermocodplé\ inputs are
assembler coded{routineg, written to be FORTRAN callable.
Analog outputs to ﬁhe feed, reflux and steam setpoin;s are
digitally multiplexed through one analog'output channel to
individuali current output stations. From the current output
stations the{signals are converted 'to pneumatic signals by .
current to pressure :onyerters, after which they are routed
to the local flow controllers for feed, 'reflux and steam

control.

“ﬁhé@#“ d
4.3 Operating Sysfeﬁ‘

Pfevioué control programs resided in multi-user main
frames or mini-computers, unlike the LSI 11/03 which is not
a multi-user computer. The operatihg‘environment is a single
user foregroUnd/backgroundvQQ;B) operating system. The
foreground/backgroundu feature allows the xecution of &wo
jobs; a priyiléged foreground job and a s€condary background
job. In the current application the self-tuning controller
operates in the privileged fdreground job so that it has
first priority on all tasks. This allows the background
partition to accommodate several jobs, though only one at a
timg. These jobs include ° mass and enérgy .balance
calculations and data ‘collection, data reformatﬁing from

binary to ASCII, data transfer programs to transfer

‘collected data from the LSI to the University Amdhal 5860
. . ’ {’ 5
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computer for analysis. File editing and compilation can also

be performed while the self-tuning controller manages the

distillation column.

T

1§.4 Gas Chromatograph

The bottoms composition is measured by’an HP-5722A gas
chromafograph(GC). The analog signal from the GC is received
by an analog ‘to digital converter model HP-18652A for
transmission to the HP-1000 GC computer. Communication is

_ accomplishéd via an interface loop (IL), used by the. HP GC

-

system,

Samples, for the GC, of the bottoms composition are
obtained from the reboiler by a cenérifﬁgal pump and piping
system. Normal f%ow in the sample piping system is from the
reboiler to ‘the pump, through a strainer‘énd back to the
reboiler. When a samrle is.required for analysis; a solenoid
valve operated bv e—thef the event control module on the
HP-1000 GC comput=r ¢- = digital out from the LSI, closes
and diverts flc+ frcm the npumpﬂthrough the GC automaticv.
sample valve. The'sahp_e Qalve 1s an 'Applied Automatioq\
model twenty valve, w.th internal sémple loop configuration *
and é 2u{ sample size. Timiﬁg on the HP-1000 event control
module and‘,the I'SI  11/03 is such that, flow is diverted
thfough the GC =-mple valve for 30 seconds prigr . to
actuating the -alve to samplevfhe flow. The 30 seconds is
required to ensu-e proper pugginjlof Ehe valve and to ensure

\

that 'an up-to-date bottoms composition is obtained. After

-+ o !
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aﬁhe "sample is takeﬁ, recirculation of thé bottoms flow from
fghéxfebqiier is refurned direétly to the reboiler until the
: héxt sample is required.
The overall cycle time for GC samplingjlis fhree
.minutes. Two minutes: are wused by the_HP'GC computer in
anai§zing the chromatogram; After two minutes the report 1is
- generated by the HP-1000 computer, transmission to the LSI
.11/03 .equires approximately 25 seconds, followed by the
sample purgé. ‘The béample purge is required to return the
detector current to the base line value in preparation for

the next sample.



:jS. Column Dynamics
” N

N

5.1 Introduction
In applying any type of controller or control strategy

to a system, certain information about the system must be

known. The information required varies depending on the

-

complexity of the controller beiﬁgvimplemented. Aésuming the

system we wish to control can be represented in the simplest

form as a first order plus time delay model, three
parameters are required to describe the system}' process

gain, -time constant and time delay. This information can be

. J '
obtained 1in many ways, one method being off-line

identification of the. syétem response used {n this work.
Analysis can be accomplished either graphicaily [Lopez et
al., 1967]'or by numericai‘search téchniques [Desphande and
Ash, 1981]. ‘

One of the easiest methodé_[Lopez et al,,‘1967] is to

analyse the process feaction curve [Cohen and Coon, 1953]

obtained from an open loop step test. Otherfmorglcoﬁplicated

methods, such as pulse testing [Désphande abd Ash, 198&] and
PRBS-testing can provifle the same informétion..Each méthod
has its advantages and disadvantages. For this study, opén
1éop tests based on step responses have been chosen to

determine first order plus time delay process transfer

functions of the two loops- involved in control of the

. distillation column.
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5.2 System Representation

In;Chapter 3 it was noted that the distillation column,
is being controlled as a 2%2 syétem. The distillation column
can therefore be déscribed by the foliowiné ~ transfer

function matrix representation:

*

yi(s) , G;,(s)  G,,(s) u,(s) o
= ' : (5.1)
Y2(.S) Gz1(S) Gzz(S) ) Uz(S) &
o~

where y, and y: designaté the top composition and the bottom

composition fespectively and u; and u, represent the reflux

v

and steam flow rates respectively. Since the dynamic

behavior of vhigher order systems, such as distillation

columns cah- b; épproximated by firét order plus time delay

€%ah§fe} function representati“ns'[Lopei et al., . 1967], this
x ‘

‘this study. The transfer

‘approach has been employed i

function is expressed as:

_Gds . - .
Gi;(s) =_Kp e : o - (5.2)

T,8+1 ‘ L .

where
Kp‘ié the process gain (wt%/g/s)‘
r, is the first>crder time cons;antv(mih).
#, is the time delay (min)

u-is the control input - ) 7

\



y is the process output

5.3 Manipulateg Variable Dynamics

. The values of the process gain, time constant_abd time
delay which will accurotely deseribe the distillation colunin
dynamic behavior must be determined. To do this open loop
tests, for step changéé in each of the 1nputs from their?
steady state value, wvere porformed to determine each of _the:
" four transfer -functions which répresent the distillation
column model. Positive and negative step tests vere |
performed to determine the nonlinear characteristicsio%ﬂthe7
distillation column. Reflux step teots were conducted with
110% changes in reflux flowvrates,rSteém~Step tests were
condoctediwith +5% changes in flow rate. The feod flow._rate.
tests were performed for disturbances of *15%. All tests
were oonducted over a 600 minute time duration, during.whiCh.
time the parameter under manipulation uhderwent four changesv
in a'oqua;e wave pattern, Transfer fonctions ‘wero obtained
by use oflthe program PﬁQFfT.FOR liéted io Appéndix B, which
is a modifiea versignﬂof the pfogrém MbDEL"[DeSphonde aod
Ash, 1981] which fits a second order plus time delay”model
to a set of input—outoot process déta obtained from o”'stép

test. First order models were obtained by spec1fy1ng a very

small initial guess for the second order time constant

\ .
1
! Figure 5.1 presents_ the response c¢btained when the

reflux flow rate was manipulated in a square wave patter -
s ~ '

The data for this diagram is contained in file REFD DR

" ernmt v wvs,
—
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~

As can be seen from Figure 5.1, the lower range of the
continuous analyzer for the top composition measurement was
reached for the downwérdfstep in reflux flow rate. In order
to obtain suitable reaction curves for the tbp composition
response, the reflux fléw was increased. Thisf operation
resulted in suitable reaction curves for the top composition
response, but bottom composition approached zero, which
prevented the use of the response curve for determining the
'transfer functions relatihg the effect of reflux flow rate
on bottom composition. Therefore, several open loop tests
were finally wused to determine the G,,;(s) and G,,(s)
transfer functions. The data from two tests, data files
‘REFLUX1.DAT and REFLUX2.DAT, were usea to dbtain the
.trahsfer ‘functions. Steady state conditions for reflux,
steam and feed flow were 8.9 g/s, 1f.0 g/s .and 18.0 g/s

respectively. - For brevity  the other ploté will not be
' 4

'“; presented, only the transfer functions obtained, are

preseﬁﬁed in Table 5.1.



64

PRI s S

Table 5.1
Transfer functions: Effect of reflux flow on top and bottom
composition

Region of Above Below

operation Steady State(SS) Steady State(SS)
Increase DeCrease Decrease ‘Increase
from SS to SS from SS. to SS
G,/(s) 1.52 e-'* 1.084 e-'* | 1.408 e-'* 1.604 e~ '*
3.265s+1 6.151s+1 10.964s+1 8.35s+]
Gz(s) 3.56 e-'2¢ 4,27 e~ ¢* 3.526 e *¢° 3.183 e "
. 13.73s+1 18.05s+1 21,2541 30.45+1
»

Figure 5.2 represents the reaction curves, from stép
test data 1in data file STEAM2.DAT,‘for the effect of steam

flow rate on top and bottom 'composition. Top composition

e

a ]
response to the increase in steam rate ap

pears to not have

returned to _steady- state before the second step, the

decrease in - flow rate, was introduced. The trans?er

functions obtained from these process reaction curves -are

presented in Table 5.2.

P

' -
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Table 5.2

Transfer functions: Effect of steam flow on top and bottam
composition | .
Region'of : Above Below
operation Steady State(SS) Steady State(SS)
Increase Decrease - Decrease Increase
from. SS to SS from SS to SS
G..(s) =-5.579 e ’* -5.484 e"’*| -6.416 e ¢ . -7,235 e ¢*
' 19.95s5+1 27.83s+1 12.345s5+1 14.02s+1
G,.(s) -1.084 e '* -,3016 e"®*| -.2746 e~ '* -.083 e-?®
27.4s+1 4,902s+1 3.31s+1 : 2.0s+1

The nonlineal characteristics of the distillation
column are ‘evident, by’comparing the‘gajis, time cohstants
and timé delays in Tabl;s 5.1 and 5.2. Note as well that the
nonlinear nature of the column is more pronounced in t&%ﬂ
off-diagonal, interaction transfer functions, than in the>
diagonal tfansfer fuhptions. The processvgains of G,. change’
by an order oﬁ mégnitude, and the time constants and time
delays vary by a considerable amount. The transfer functions
as presenfed in Table 5.1 and 5.2 would lead. to foumf
different controlle; desighs, depending on the direction'of
control ac;ion. This is not acceptable, so we must further
approximate the dyﬁamics of the column. Therefore, the
parameters of the transfer functions- yare . averaged
numerically to arrive at a single transfer funcgion matrix

¥

for future use in controller design. The final transfer

4
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5.4 Disturbance Dynamics -

/ : 67

function matrix is:

1.405 e"'* ~-.436 e~ 2"
7.17s+1 9.4035s+1 ~ b

v(s) = o(s) " (5.3)
3.635 e~ ¢ -6.179 e~ ¢*

20.85s5+1 . 18.,536s+1

v

To . gain some 1insight, as to the nature 6f the
distillatioh”column response to feed disturbances;‘opgn loop
tests were pérformed for step changes in feed flaw)g;te. The
reaction curveé that resulted from these open loop step
tests are pldtted in Figure 5.3 (daﬁa file FEED4.DAT). The
responsqu} the top composition graphically indicates the
ponlinearity of the distillation columﬁ with regard to feed

flow rate disturbances. The response of the top composition
. e

to a decrease in feed flow rate bem it's steady state value

results in an inverse response as dJisplayed in the first

transient .response -‘in Figure 5.3, No’explanation for the

iy
a2

occurrence cof this inverse response is offered. It is-

presénted here, only as an indication of the nonlinearity of

-

the distillation column, This inverse response was
demonstrated, and reproduced in several open loop test

results over the duration of this study. Work on, simulation

o f

4

. . . . ',
~ .

‘nverse response behavior of binary and multicomponent =

‘
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columns Jé underway [Wong,:1985].ktohtrol ﬁfrthe column ifar
this décfease in feed }lowﬁ rate will prove difficult to
requlate due to this inverse‘reéppnse. Furthermore, the top
composition appears to be vefy éen;i¢ive'to an increase 1in
feéd~%iow tO‘steédy state. It‘ should be noted that, the
reacpion Cvaes invFiéure 5.3 repreéent the response to #15%
changes in feed flow._rate. The cdnttol;studiés as noted in
Chépter 4, are performed using +25% changes. Open loop'tests
with feed  cﬁahgés of *25% were attempted, but the
compssition ‘response of both top and bottom products were

beyond the range of both ..easuring devices..

)



6. Selection of Controller Parameters

.Vk e o

- | E v
6.1 Introduction

- In Chapfer Three, theﬁderivation of the'mpltivariable
multirate self-tuning controller was presented. In the
derivation the  structure of the controller was fixed, but
the number of parameters. for each of the respective
controller polynomials and the value of~* the weighting

transfer functions were not specified. The number  of

parameters .and ‘the value of the coefficiehgs are left for

‘the control enginéer to specify depending on the system to

be controlled. . The . Q kweighting 'qu the self-tuning

controllers is specified on the baSis of the dynamic’

_behavibur of the distillation .cdlumn established through

open loop testing as discussed "in the previous chapter.

Settings for the proportional—integral—derivativg (PID)

‘controllers are also specified on the basis of the column

dynamics.

6.2.Sample Time Seléction

D The minimum- gﬁmple time asAnoted in Chapper Four for
the bottoms composi;ion loop }s limited to th;eé minutes due
to the restriction of the Gthyéle time. It seems reasonabléi
to expect that iTE£oved control performance of a process
would bg éxpected if it were possible to'sampie as rapidly
as the equipment wouid allow, bﬁt this practice may lead to

difficulties [Dahlin, 1968]. For the disﬁillation column a

70
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s .

short sampie time wouId ”r%yeal .the highe: order proceé§
dynamics and cause comblications, such as nonminimum phase
characteristics and /cbntroller ripging [Dahlig, 1968].
Stgphandpoulos [1984] recommends the selecti;T of sample
times based on the dominant & first order ' time constant

according to:

STy <ty < .27, - - > o (6.1)

LS

The dominant time constant for. the top loop is 7.17 minutes
(cf. equation 5.3), so the recommended sample time based on

equation 6.1 would be between 0.72 minutes and 1.43 minutes.

A convenient sample time of one minute was chosen for the

multirate control of the top loop, since three minutes is
t ’ ” -~

then an integer mulfiple of the smallest’sample'time.
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:6.g/gzggortioﬂéi%integral—DerivativévControlle; Parameters

L Aﬁéiog PIﬁ:fcb%trollers;have'been used fér many. years,
bugx_witﬁi the advent o£ low cost microcomputers the
imp}ehéntatigp ‘of' PiD_'contréi.with computers requires the
discrete feaiizéfiqn of the contro;ler [Verbruggen,'et- al.,
1975]. - Analog PID’ contrdl acﬁibn is defined in terms of
proportional band (pB), intégral time (TI) and derivative
time (TD). These terms, which are used in this work because

of their familiarity, are related to the controller -

constants of discrete controllers Kc, Ki and Kd by

<

[y
..

Kc = 100.0  Ki = K& - Kd = KcTD | (6.2)

\

t

For this study the discrete PID controller in the velocity

form with trapezoidal approximation for the integration was

implemented as:

Up = Up-; *+ [Kc + Kit, +.Kd] e, (6.3)

where
Kc is the proportional constant for the controller
Ki is the integral'constant for the controller

Kd is the derivative constant for the controller
. . ,

A v Pas
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e, is the error at time n

. Q R A
t, is the sample time '
u, is tRe control action at timeﬁg‘

Equation- 6.3 may be expressed as: T
Un'=’_un-‘1 + K,e, + Kzen_”, + Kien.2 (6.4)

‘ : ' N ' \ "
where K,, K,, K;.are the coefficients of the error terms of
) L y :

~eqguation 6.3. The values of Ki, Kz, K; ' are related to
_pfoportional conStant, integral constant,  and derivative

constant by the following equations: . :

1

/

K, = Kc + Kit, + Kd
G 2 t. .
K, = Kit, - Kc - 2Kd ' _(6.5)
. 2 t, ¢
K> = Kd
t.

i

Many methods are available to the engineer who wisheé
tdﬁwégtérmine. initiél controlier 'parameters for a PID
controller [Haalman; 1966; Lopez etval., f969; Pemberton,
1972; Yuwéna and Seborg, 1982]. For this study, four methodé
yill .be compared with regard to thé‘selection of initial
constants for digital PI and PID.controllers to accompiish
control of the distillation column. These methods are those

of Ziegler-Nichols(Z-N), Cohen-Coon(3-C), IAE and ITAE as

- summarized 5;{Miller et al., [1967]. These four me%hods for

the estimation of the initial constants of continuous

i
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cdnfroligrs $fe based on a:firét,prder p1us time deléy_model;.
represéhtaﬁion - of an opénP 166p;~pr§ceS§"réspons§\ (cf.
eqUation's;Z).AThé initial estimates?%of‘each,of thé methods
'are expfessed;by the follqwi&g.equatiggs: !
Co . N - L ‘ o

i -’

Kpke = A(84/74) . . L (6.6)
“ 5 ' | |
.TI/T1 = C(ed/T1) 4' (6.7)
TD/T1 = E(Gd,/T1)' . ’ ‘, (6.8)

r

with the values of the constants A, B, C, D, E,.and F for PI

i .
and PID controllers given in Table 6.1. For discrete
controllers the time delay, iﬁlequations 6.6 to 6.8, - should™
" be _evaluated with the equivdlent time delay 04=(6, + t,/2)

sampling. s ‘ : : .

in place of "84 [Moore et.él.,'1969]’due to the delay from e

The.COnstants of equations 6.6 to 6.8 in Tab%e 6.1 for
thé ”%iegief—Niéhols and Cohen=Coon methods are based on a
‘dne quarteridec;y fatio respﬁnse_characteristic; The minimum
integral of'absolutemerrér(IAE) and tﬁe minimum integral df;

the time multiplied by the absolute error (ITAE) are integral

criteria described by the minimization of the following: =

g

. ~
IAE = J |e(t)| at' . o (6.9)
ITAE = [ tle(t)| dt - © 7 (6.10)
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Taple 6.1 # |
Constants for Equations 6.6 to 6.8.[Miller et al., 19671

' Method Mode A B .C D / E F
: ; / _ - -

z-N  PI ..900 1.000 3.333 1.000
35C .,  PI ".928 .946  .928 . .583 ,
1AE PI .984 - .986 T1.644  .707
ITAE PI . .858 .977 1.484 . .680 | r
Z-N 'PID 1,200 N0, 2.0 1.0 - .5 1.0
3-C - PID 1.370 ‘o, .740 ° .738  .365 _ .950
1AE PID  1.435. .921 1.139  .749  .482 .1.137
ITAE pID  1.357  ,.947 1.176  .738  .381  .,995

v N s
) .

Miller et al., [1967] suggest$ criteria for determining the

relative merits for use of PI versus. PID control. For 0./,
less than 074, PI and PID control‘givs ?sseqtially the”aeme
resulfs,‘ but .if ,64/7; is greater than 0.4, the use of a .PID
contvoiler‘would offer an advantage over a Pl contyollér.
For the distiilation coluﬁh, refgrence to Tables 5.1 and
5.2, shows that ratio of.£he largest time delay to smallest
time constant for the top,loop is 0.3063 and 0.7290 for the
bottom loop. These results suggest that the top loop can be’

~

satisféctorily controlled by a PI controller 4whereés
‘ ' /

addition of Qerivative action is advantageous for control of

bot tom .coﬁposition. The initial controller settings for the

discrete controllers are summarized in Tables 6.2 and 6.3.
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~ * Table 6.2 7 '
Controller settings for top composition controller
GAIN OF SYSTEMs 1.4050 wt%/g/s
TIME CONSTANT= 7.17  MINUTES
TIME DELAY= 1.0 MINUTE
SAMPLING. INTERVAL= 3.0 MINUTES .
Z-N | 3-C - IAE | ITAE
(P) KC 2.041 . 2.305 1.812 1.093
PB .48.989 "43.383 55.177 91.509
| .
(PI) KC 1.837 1./90 1.979 1.711
PB 54.432 55.880 50.525 £3,429
TI . 499,950 215,998 335.787 3°1.853
(PID) KC 2.450 2.653 " 2.09Y 2.620
g PB . 40.824 37.693 37.102 38.174
TI 300.000 116,288 222.570 232,479
TD 75.000 57.712 £2.582 57.452
L -
SAMPLING INTERVAL= 1.0 MINUTE |
Z-N | 3-C 1AE | ITAE
(p) KC 3.402 3.718 2.998 1.901
PB 29.393 26.895 © 33.361 52.600
(PI1) KC 3.062 2.901 3.275 2.819"
PB 32.659 34,466 30.533 - .35.472
TI 299.970 160.366 234.001 220,340
(PID) KC 4.083 4.310 | . 4.314 4.249
PB 24,494 23.201 23,178 |.- 23.533
TI 1 180.000 100,342 151,811 159.463
TD 45.000 35.523 35,011 34,559
.‘ . * ! .




W : o
Table 6.3 ~ R o
Controller settings for bottom composition controller - . .
GAIN OF SYSTEM= 6.1790 wt%/g/s R P
TIME CONSTANT= 18.536 MINUTES ' : o L
TIME DELAY= 6.0 MINUTES . ' ’ R

SAMPLING INTERVAL= 3.0 MINUTES

Z-N | 3=C | IAE | ITAE

(P) KC 0.400 0.456 0.356 0.211

PB 250.013 219.304 280.964 472.889

(p KC 0.360 0.353 0.389 0.337
PB 277.793 282.901 257.318 297:172

| s BT | 1499.849 609.007 964.383 | 892.055

(PID) KC 0.480 0.524 0.534 0.517

PB 208.345 190,937 187.135 193.290

TI 900.000 422.083 643.232 670.770

TD 225.000 171.851 191.613 172,227

/

6.4 Self-Tuning Controller
For the self—tuning controller, specifying the number
of terms in each of the F, G, H and L polynomial matrices g§

equivalent to specifying the model of the system. In this

study no H polynomial matrix was used. For the distillation
: e yas us _

Column, the system is represented by#b11, F,, L, and G,
polynomials for lioop one. For the process response,

interaction and disturbance dynamics each approximated by

Y
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vfirst‘order plué.time aelayfmodels, three ‘parémetefs' woulq
ﬁeed to. be ‘speéified’fo: each pélynomiéliiﬁowevér for the
’three'ﬁinuté”saﬁpleHinterVal, aﬁy‘time délay ié%s ﬁhan 'ghe
Jthree.minuté samplelﬁeriod is taken aé one intéger delay, so
hthéwG1, transfer function with a time delay of one minute,
adds one parameter}to tﬁg G, polynomial,aand the deiay of

.two minutes associated with the G, transfer 'functiohu

'
<

réquiresA the. addition of one. parameterf to the G,:
po;ynomial. Thus the top loop composition self-tuning
con:;oller ,parameters numger 4, 3, 3 and 4lfor Gy, Fyy Ly
. and G,; polynomials respectively. .

Fof ‘the bottom compoéition controller (loop two), G,
has a six minute delay which is equivalent to two sample
intervals and G:;, has a delay of eight.minutesMSonsidered io
be three sample intervals,lit follows that the numberJ of
parameters are 5, 3, 3 'and 6 for G,., f2,>L2 and G,

1

polynomials respectively.
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6.5'Selecti§n of Q Weighting Pafamqters

- We have‘ specified the G,..FJ__L"andtiﬁ polynomial
matrices, so thé:selehtion of~P, Q and R weighting 'may now
be specified. Sélection of P=R=1 and Q=0 yf?lds a minimum
variance controller [Lieuson, 1980]. The P and R weighting
.wili femain as identity matrices for _this study, wyich
leaves the selection of Q weightiné ‘as the\ final degign

~step. Following the formam bresented by Morfis\e; al., [1981]
ithe‘Q.weighting‘tranéfer function will be repr%sentedAin the

\

A ' . \

form of an inverse PID structure, that 1s: \
€ .

Q= _ 1-z' L (6.11)
Qo *+ g1z~ ' +°gzz™°? N E ) : :

v

with the terms gqo,  g; and gq. chosen to represent the
‘ Lt _ \

coefficients of a discrete PI, PID controller [Velrbruggen et
' - ' \

\

al., 1975] according to the following relatigns:

Ke + Kit, +-

Qo = kd \
, 2.t ‘\
q, = Kit, - K¢ - 2Kd . . (6.12)
o 2 t, ~ :
q; = Kd
ts

The Q weighting uses thé inverse form because the weighting
as applied ip equations 3.29 and 3.32 appears as part of ‘the
denominator. With the self-tuning controller based on the k

¢

step ahé&d prediction, thére is' effectively no delay in the

A
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closed lodp characteristic equation [Lieuson, 1980; Morris
et al., 1981; Nazer, 1981]< which allows the Q weighting to

bé"represented as a Pl compensator. Consequently the same

methods used for célculating initial'qontroliar-settihgs for

-

» .

P, PI, and PID controllérs can now be used to.select the ©Q
wéighting coefficients. The‘diagonal transfer functions.(cf.
equation S{SQfare used without the\delay terms as the basis
'fof the calculation. The gglculated values of proportional
bénd, inpegral‘time'and derivative timé usiné»equations 6.6
to 6.8 are given 1in Tables 6.4 and 6.5. These values are
' provided;ﬁn this fofm for comparison with the PID controller
constants. Equation 6.2 along with equation 6.12 are Qigd to
transfqrm these valuéé into the Q weighting parameters for
hsg‘hin éduation7§.11, Since .this tranformation is provided

" within the preérocessing portion of the implemented
‘algorithm, for convenience, the values in Tébles 6.4 and 6.5

will be referred to as the Q weighting values.

6.6 Controller Performance Criterion

To compare the \performance of differentv types of
cohtrdilers, or the performance from the same type of
controller using-different settings, it is convenient to use

a. quantitative measure of performance.
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Table 6.4.

QO Weighting settings for top composition self-tuning

controller

8.1

wt%/g9/s

/

GAIN OF SYSTEM= 1.4050
TIME CONSTANT= 7.17 -MINUTES
TIME DELAY= 0.0  MINUTE
'SAMPLING INTERVAL= 3.0 MINUTES )
Z-N | 3-C I1AE | - ITAE.
(p) KC. 3.402 3.718 2.998 1.901
' PB- 29.393 26.895. 33.361 52.600
" (PI) - KC 3.062 2.901 3.275 2.819 "
o PB 32.659 34.466 30.533 35.472
g CoTI 299.970 160.366 | 234.001 220.340.
(PID) . KC 4,083 |  4.310" 4.314 4.249
PB - 24.494 23.201 23.178 23.533
“TI | 180.000 100.342 151.811 159.463
"D 45:000 | = 35.523 35.011 34.559
.SAMPLING INTERVAL= 1.0 MINUTE
2-N | 3-C IAE | ITAE
(P) KC 10.206 10.397 8.846 ' 6.255
PB 9.798 9.618 11.305 |  15.988
(PI) KC 9.186 8.203 . 9.676 8.246"
' PB | 10.886 12.191 10.335 12.126
TI | 99.990 84.518 107.620 104 . 388
\ . 2 . ]
(PID) KC | 12.248 12.240 - 11.867 12.027
PB. | . B8.165 8.170 ~8.426 8.315
T 60.000 44.604 66.671 70.883
™ 15.000 12.510 10.040 11.583

“



‘Q Weighting settings for

e

Table

6.5

bottom composition self-tuning
controller

82

GAIN OF SYSTEM= 6.1790 wt%/g/s

TIME CONSTANT=

TIME DELAY= 0.0

18.536 MINUTES

MINUTE

@

_F
- SAMPLING. INTERVAL= 3.0 MINUTES ¥
2N 3-C IAE ITAE .
(P) ‘KC 2.000 2.057 1.737 1.210
PB 50.003 . 48.619 57.566 82.618
, AN
(PI) KC 1.800 1.620 1.900 ° T1.621
PB | 55.559 61.718 52.636 61.676
TI 299.970 238.300 309.085 298.602
(PID) KC 2.400. 2.416 2.353 2.375
: PB 41.669 |~ 41.388 42.501 42.100
TI 180.000 128.694 | . 192.681 204.519
TD 45.000 37.250 30.739 34.724
Typical " common performance. Ccriteria are
[Stephanopoulos, 19841 :
ISE ="/ [e(t)]? dt $6.13)
IAE = J Je(t)] 4t (6.14) °
¥ 3 ° \\‘
ITAE =  tle(t)| dt- ' (6.15)
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‘ :'The'choice of criterion nust obviously neasore the most
importantf pertormance characteristics. The integral of the
squared error(ISE) is relatively insensitive to | smsll
errors, but large errors contrlbute heav11y to the value, of -
the 1ntegral [Lopez et val.; 1967-‘ Stephanopoulos,. 19841].
Consequently,‘ use of ISE as & criterion of performance will

‘result in a response with small .overshoots, out long

settling times, since small errors contribute.little'to the

. R,
integral. The 1integral of the @' ' ute value “of. . the
error (IAE) is more sensitive "t oo errors, but less
sensitive to large errors, when ,opare. with ISE. IAE.

weights ‘errors in the response curve equally. The integral'
of the time nultiplied absolute error (ITAE) is 'insensitive
to the initial/and somewnatuunavoidable‘errors, but places a
‘heavy .weight pn lerrors -of long duration. .Controllers

designed by the minimization  of .ITAE,_ show short tS%al

response time, short settling times and larger overshootsﬂ-r'

» e

than with either of -the other criteria [Lopez- et al., 1967;
Stephanopoulos, 19841.

For column composition control the "elimination of
.offset and the. minimization of . the overshoot‘R ars equally
important in the>'comparison ot controller performance,’so
the IAE performance criterion yill be‘used 'to comparg. tne
control performance for theudifferent . techniques used for
estimating initial controller constants. |

The continuous 1ntegral as defined by equation 6 14 is

evaluated as:
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le(t)*t, | 7 (6.16)

which approximates the integral of absolute error for the
top composition loop,with*t, = 1.0 minute. For the bottom

composition loop t,=3.0 minute51andythe upper limit on-thé 

summation is set to 50, which corresponds to' 50 samples for,f:

o

a test period of 150 minutes. f""3~ S "



7. Expefimental Results

o

The vmaterial in this chapter is separated into eight
sections. Sections 1 and 2 present the observed response of
the &stillation column operated under .multiloop and
mult{rate PID 'control with parameters based on initial
seleetion methods as proeided' in Tables 6.2 and 6.3. The
controlled responses under the multlvarlable“';mult;rate
self-tuning control strategy with the Q welghtrngfeaiues
glven&gn Tables 6.4 and 6.5 are presented in sections 3 andj

%ﬁﬁ

4, The control performance for the column operated under PID

control compared to the performance achieved using the

self—tunlng ‘qontroller based on the same 1n1t1al parameter .

Hselectlon methods are summarlzed 1n wsectmon 5. Sectloni 6

S . . ' S

Sy

presents _‘the response observed for the best settings.

<

: obtalned for mult1loop,'mult1rate PID control and for . the
self tunlng ‘control ' w1th tuned o] we1ght1ng for both
multlvarlable, and multirate applications. Results ‘of the
performance achieved using multivariable, multirate.

self- tunlng control with measured feedforward compensation

are provided in section 7. The - results of the k-incremental
self—tuning controller " with measured féedforWard

compensatlon are presented in sectlon 8.

The observed column response 1is presented in a standard

R

:_format, based on a +25% square wave. dlsturbance in feed flow
rate for all tests. ‘The duratlonvuoﬁ_ each” sequence of

changes, for 'partiouiar controller settings}is,10‘hoursr
“'Bach ¢ dy is separated into four sectionsfcorresponding'\to
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the four steps in the square wave»disturgance. The response
for the key Btpcess variables are presented for a 150‘minute
duration for each step. The response for ‘each Step is
presented using eight plotsf consisting of top composition,
reflux fibw,‘ feed flow, top‘qomposition I1AE performanggT—
" bottom composition, steaﬁ flsw; feed flow and bottpm‘
.compositidn, IAE performance. A detailed description of the
plot titles and abbreviations used are provided in

Appendix C.

7.1 Control of Prodﬁct Compositions Using a Multiioop PID
Control Strategy |
Tests for control . of Ithe pilot plant distillation
'columr u51ng a multlloop PID control strategy were performed

u51ng a common sample tlme of 3 0 mlnutes.;Conventlonal PID

Q{e and- mult%ﬁdgs strategles w1th'

.,a_,

no feedforward compeﬂsatlon were studled - (Kﬂﬂﬁ””f‘*;h

'controllers using thg'Sln

P

1

7.1.1 Control Performance With Cénstssts Calculated‘ffqm the
Ziegler—Nichols Equations

Table 7.1.1 provides a summary of the 1AE performance
values for the tests of thé control petformance of the pilot
'piant distillstion column whsn subjecte&¥to dual composition
control with conventional PID controllers usingtvconStants
calculatsd with tke.Zﬁeglet—Nichols equations. Figures 7.1
through 7.4 presents the‘féspohse —pf the manipulated .and

controlled variables when subjected to the‘eed flow rate
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.

Table 7.1. '
Multiloop PID Control Performance w1th Controller Constants
Calculated from Ziegler-Nichols Equations

IAE Values
Step ] TOP |  BOTTOM
increase from steady state | 8.0 | 255.9
decrease to 'steady’Stape | 21.0 |- 267.70
decrease from steady staﬁe;n | 49.3 | ~ 421.5.
increase to steady state- | . 38.1 - |  249.7
total - : | 116.4 | 1394.8
disturbances' In Chapter 5 it was noted that increases in

feed flow from steaqy state had very llttle éfféCfA on the

LS

top composition. This contributes to the good fegulation of
the t§p3composition evident in.Figure 7ij,'wﬁicp :esulted_in
an IAE of only 8,0. The top composition varies little during.
;he 1ntroductlon of the dlsturbance, and as can be seen,

_;onIy Eaf slight change in-the manipulated variable, reflux

flow, is required to maintain the comp051tion close ~ton ﬁheU,w

W

set point, so -1nteract10n as a result of the steam cﬁ%nge

5 —_—

from bo/;om comp051tion control is minimal. For the bottom

comp051tion a substantiai dev1ation fiom the setpoinpt occurs:
iat the introduction of the Qisturbar:e with a resulting IAE‘”
value of 255.9. Due to the small amount of integral action
it can be seen thaé“the controller. is unable to returm the

bottom composition to its setpoint prior to the end of the

test period.
: &
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Figufe 7.2 presents the response for a decrease in feed
flow rate back to the steady étate value, Thé‘bottom
composition response 1s similar to that shown in Figure 7.1
in that ﬁhe~‘controller hés .not returned the bottom
composition to the setpoint. Fer the top composition the
initial control response is poor, deviation from tue
setpoint is sustained as is illustrated by the IAE value of
2f.b. The IAE valﬁes of 255.9 and 267.7 for the bottom
composition indicate similar responses for the increase and

dgggggse in feed rate as displayed/ih Figures 7.1 and 7.2
respe '

tively.

v

The column respénse for a decrease in feedvflow rate
from the steady state rate is shown in .Figure ‘7.3.7 This
portion "of the »disturbance‘ displayed an inverse response
behavior in top composition for the open loop tests (cf.
Figure 5.3).'1The diffiéulty in regulation is obvious from
thé‘IAE valué for the top compos;t;on of 49.3, which ig over
six times the IAE value of the first step in' the
disturbance. For the bottbm composition, the same general :
pattern of control was obtained. The bottom composition did
not return to the setpoint prior to the end of the test. The
IAE value for thé bottom loop,of'421.5 1s almost double the
previous values. The added difficulty 1in controlling the
bdttomvcompééition can be attributed to thé interaction from

the reflux flow changes in attempting to control the top

composition.
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The response fof‘an increase }n feed flow back to tﬁe
‘steady stéte'value results. ipﬁsthéy'performance shown in
Eigure 5.4. _The top compos(tion control behavior is agéin
‘ poor as shown by the IAE value of 38.1, with the bottom .-

composition control equally pdor resulting in an IAE ‘value

of 449.7.

Y
{

The general trend ofuslow response by the controller to
ab sustained ‘disturbance ig evident for all ﬂfo;r step
changes. For the bottom coﬁpositign, the delay inherent for
the GC analysis has made reéulation ”éé the  bottom
compositibn difficult. The tbp'compoéition ig difficult to

requlate due to the nonlinear nature of the column as was

-

l

illustrated in‘Chapter 5.

7.1.2 Control Performance_with-uConétants. Calculated usiﬂé

"the Cohen-Coon Equ;tions_ -

Table 7.1.2 provides a summary of the IAE pqﬁﬁormancé
values for the tests of the contfol performance of{thé,bilot
"plant distillation column.wheﬁ subjected to'duai‘cpmposition
control with conventional ~PID"controllers usinéjconsténts‘
?alculatéd with the Cohen-Coon -equations. Fighres 7.5
'through 7.8 présent'the‘observed‘response of the pﬁlot plant
distillation column due to the  feed rate digturbances
introduced during the test. Figure 7:5:shows-the1responses
when the column is subjected to an ' increase  in ﬁeed flow

rate from 1its steady _state value. The t©op cémposition

deviates slightly from the target at thz c¢nset "of the

L!
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wly
4 - Table 7.

Multlloop PID Control Performance w1th Controller Constants
Calculated from Cohen-Coon Equations

r

IAE Values
Step R | TOP |  BOTTOM
increase from steady state | 15;7 | 183.9 o
decrease to étead& state | 12.4 | 154.6
decrease from steady state | 21.2 | 213.6
increase to steady state | 18.5 | 228.7
total o | 67.8 | 780.8
disturbance with a resulting IAE value of 15.7. Even under

open ioop.Tonditions the top composition shows little change
for this Sncrease in feed rate, so this deviation 1is
attributed to the interaction from changes in the steam flow
resUlting from, bottom composition control. The bottom
éomposition has retd:ned to ~the setpoint prior to the
Completion of the test period of 150 minutes;/ The resp$n§e
when the.feed flow is decfeased to its steady state value is
shawn 'in Figure 7.6. Better regulation of the ‘top
composition 1is achieved 1in comparison to the response for
the first step chanée in feed rate, as 1indicated by the
lower IAE wvalue of 12.4. The bottoms “composition has
returned, to the'setpoint with only a littlg overshoot‘and a
c.iresponding IAE value of 154.6.

Figure 7.7 shows the ‘response for the decrease in feed

flow from its steady state. The top ccuposition transient

exhibits a large deviatior.,, but the composition returns to
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the setpoint, resulting in an IAE value of 21.2. The bottom
-composition displays a similér response compared to the
previous feed rate change, but results in a larger IAE value
of 213.6, indicative of poorer control performance.
Increasing the feed rate béck to its steady state value
»gives rise to the responses displayed in Figd}e 7.8. The top
'compoéition deviates from its setpoint at the onset of, the
disturbance, but returns to? the setpoint prior )zo the
éompletion of the test period resulting in an IAE value of
18.5. The -bottom composition IAE value of 228.7 is typical
of the responses in Figures 7.5 té 7.7 with some overshoot
before the compositioni returns to the setpoint. ;

AN

7.1.3 Control Per%bxmance with Constants Calculated wusing
the Integral o£>Absolute Error Equations i

Table 7.1.3 provides a summary of the IAE / rfosmance
values for the tests of the control.perjormance of the pilot -
plant distillation column when subjected to dual composition
control ‘with conventional PID cpntfollers using constants
calculated from the IAE criterion equations of Miller et
al., 1t967. The control performance ghat-results using a
multiloo§ PID control strategy with controller settings
based. on the IAE equations is portrayed by the responses in
Figures 7.9 to 7.12. It can be observed. from Figure 7.9
which shows the column responses for tlhe increase in feed

flow rate \grom its steady state value that the top

composition deviates from the setpoint at the start of the

.
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, . . Table 7.1.3 , h .
Multiloop PID Control Performance with Controller Constants
Calculated from. Integral of Absolute Error Equations

, : ' ’ IAE. Values
Step ' ' | TOP | BOTTOM
increase from steady state | 14.4 |‘ 225.0
decrease to steady state | 14.9 | ©217.2
decrease from steady state | 28.6 | 296.1
increase to steady state - | 25.6 | ~ 307.5

total- | 83.5 | 1045.8

\
S

disturbance. but returns with élsmall IAE value of 14.4. This
satisfactory behavior does not result for the bottom ldop<as

the composition deviates by a large amount giving rise to an

L
-~ IAE value of 225,0.

3

-ty

-

For the decrease in feed flow fate to théxsﬁeady state
value it can be j&en from the results in Figure 7.10 thét
_neither‘the,tdp or bottom composition return to the setpoint
by the completion of the test period, resulting in IAE
*Gélues of 14.9 and  217.2 respectively. The bottom
composition returns to the setpoint shortly-after the end of
the test period as indicated by the initial portion of the
responéés shown in Figure 7.11 for the decrease in feed rate
, from 1its steady sta?e value. This step of the disturbaﬁce
gave rise to an in;ers; response characteristic (cf. Figure
5.3); so the large deviation of the topf&ompositiohlfrom'the

setpoint which resulted in the large I1AE value of 28.6 is to

be expected. Despite the large IAE'vélue of 296.1, for the

\
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bottom loop, the composition did return to the setpoint
prior to the completien of the test- period, as did ftbe top
compoéition. When the feed.flow rate was increased to its
sﬁeady state value both the top and bottom compositions did
.return to their setpoints before fhefénd of the test ‘period,
but displayed large deviations from the setpoint,.as can be
sFen from Figure 7.12, giving rise to IAE values of 25.6 and
;07.6.
’ ‘These fesults " for multiloop PID control of the
distillation column using controller constants calculated
from IAE criterion equations indicate ﬁpat_ the control
performance 1is Amarginally acceptable. Fhe compositions
deviate.from the setpoint, but eventually do return prior to
the completidbn of the test rﬁn. Manipulatiqn of the reflux
and steam flows is accomplished smoothly, with rather large .
changes in oper. ting regions to return to target.
7.1.4 _Controlf Perforhance wifh Constants Calcuiated using

uthe Integral of Time Multiplied b& the Absolute Error

EqLatiqns' |

Table 7.1.4 provides a summary of the IAE perfofﬁancé
values for the tes%s of the control performance of the pilot
plﬁnt‘distillation column when subjected té dual composition
control with conventional PID controllers using constants

I”;\ .
calculated from the ITAE criterion equations of Miller et

-+~al., 1967. Column performance for operation under a

multiloop PID { control strategy with controller - settings

.~
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, _ Table 7.1.4 . ¥
Multiloop PID Control Performance with Controller Constants
Calculated from Integral of Time Multiplied by the Absolute

Error Equations . .0
IAE Values i
Step ‘ | TOP |  BOTTOM
increase froT steady state | 14.9 | 248.9
decrease o steady state | 15, 1- | 243.8
decrease from steady state .-| 18.6 | 270.5
increase to steady state | 37.8 | 385.0
total . - | 86.4 |  1158.2

b

’

————”’

calCulated from the ITAE équat ns 1s i1llustrated by tHe
responses in Figures 7.13 to 3.16. 5 can be ;een from the
‘fesponge. of the bottomrcomposition for the increase iﬁ feed
rate presented in Figure 7.13, there‘is a large deviation

from the se&point with a slow return resulting in an "IAE

\

value of 248.9,; The top composition response shows similar
. . S X
behavior, but does return to the setpoint. However,

;cohsidering the nature of the open loop response (cf.'Figuré

P . . . A . '/ .
5.3} the compésition regulation for this flow change is
rt."*" , . - ) ) . L.
relatively poor, which 1is attributed to the large

proportional band (low "gain) ‘calculqted from the ITAE

criterion equations used to determine the controller

settings. - ‘ Aqqai

. S PR .
Figure 7.14 shows that the bottom composition deviates
markedly Y¥rom the setpoint as .the feed change is fist
irntroduced L.t does return to the setpoint, giving rise to
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an IAE value of 243.8. Control behavior of the top

composition is similar to that of Figure 7.13, with an IAE J

wi
|
value of 15.1. (‘

-

Y

For the decrease 1in feed flow from its steady state
value, .the response of the bottom composition in Figure 7.15
shows that the control 1is unsatisf@étory§§%th an overshoot
preventing 1its return,to the setpoinf. The top composition
response is similar, -also’ not returning to the setpoint
before the completion of tho test period. For the increase
in feéd flow rate back to the steady state va}ue, the top
composition. responsé exhibits a large; and sustained
deviation from the setpoint as shown-in Figure 7.16, so it

"is not surprising that the fesulting IAE value of 37.8 1is
higher than observed for the othér:feed-changes. Regulation

of

bottom composition is unaccebtable as the .composition‘
remains above the setpoint for the entire duration of the
test period. | 'v |

The testing of multiloop PID control of. product
compositions with controller settings calculateo using  fhe
ITAE criterion equations has, shown 'thét in general poor
régulation._results,‘.particulafly “when compared to the
control behavior that—. resulted using the Coheo;Coon.

‘constants. This is considered to be due to the reduced .gain
s N \

and the reduced integral action.

2
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7.1.5 Summary of Column Control Performance Using a

Multiloop o) Control Strategy for Calculated
Controller Settings ' -

The control performance operating the_ column under
multiloop PID control, as shown by the responses ihuFigUres
7.1 to 7.16, with the controiler‘constants calculated from
the wvarious equations (cf. equations 6.6 to 6.8) leads to
significantly different behavior. The performance index (IAE

value) for each of the individual responses, and the totad

IAE for each of the four step changes are summarized in

Table 7.1.5.

I3

Four parameter selection méthods have  been presented
with \Rgspect to the column response when disturbed by
identical feed flow patterns. It is evident from the results
in Figures 7.5 to 7.8 that better control of the colun
compositions has been attained by ;using the Cohen-Crun
controller ~constant selection technique, as compated to the
other three methods. Comparison of the column resprise: in
Figﬁres 7;5,'to 7.8 with respect to the magn:.iude ot the
initial deviations from the. setpoint shows -hat simila-
values of 1initial deviations resulted from the 2ziN and 3
selection medhods. The = improved performance that aous
using- the Cohen-Coon <controller settings is attributed to
the increased integrz. action, For the bottom composition
control, .the reduced derivative action also contributes to
the better.performance.'This tabulation shows that the best

overall product composition regulation for the four feed
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Table 7.1.5
1AE Values for Multiloop PID Control Based on Calculated
' Controller Constants

IAE Values by Method

Step | Z-N | 3-C | IAE | ITAE
increase top 8.0 15.7 14.4 14.9
from SS ' ‘
- |bottom 255.9 183.9 225.0 248.9

decrease top 21,0 12.4 14.9 15.1
to SS B :

bottom 267.7 154.6 217.2 243.8
decrease top 49.3 | 21.2 28.6 18.6
from SS : '

bottom 421.5 213.6 296.1 270.5
increase top 38. 1 18.5 25.6 37.8
to SS '

bottom 449.7 228.7 307.5 395.0
total top 116.4 67.8 83.5 86.4

bottom| 1394.8 | 780.8 1045.8 1158.2

total | 15°1.2 |, 848.6 | 1129.3 | 1244.6
‘ ‘ .

rate disturbances was obtained for <controller settings
-calculated wusing the Cohen-Coon method. The control
performénce cofrelates with the values of the respective
controller constaﬁts. As can be observed from Tables 6.2 and
6.3, Applibation of the Cohen-Coon equations results in the
largest amoﬁnt of 1integral action 6f any of the‘ four
. methods. The lower amount of derivative action for the
bottom. composition controller,‘ calculated using the
Coheh—Coon- equétiohs was also considered to‘be-a strong

factor 1leading to this method providing the most

satisfactory control performance of the four methods used.
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7.2 Control of Product Composition Using a Multirate PID

Control Strategy

This section presents the results from a series 6f
tests conducted, using a sample time of 1.0 minuté for the
top compositidn 1loop to examinde the effect of a shorter
sample time on column control performance. The samble time
for the bottom loop was maintained at 3.0 minutes.
7.2.1 Control Performance With Constants Calculated from the

Ziegler—-Nichols Equations

Table 7.2.1 provides a summary of the IAE performance
values for the tests of the control performance of the pilot
planf distillatioh column when subjectgd to dual composition
control with conventional PID controllers using constants
célculated with the Ziegler-Nichols equations: The column
1&performance that resulted using the Zieglér—Nichols
equations to calculate coptroller: constants for the four
different step.changes in feed rate is presented-in Figures
7.17 to 7.20. The column responses fof an increase 1in feed
flow rate ‘from its steady state value displayed in Figure
7.17 shows that the top composition is virtually unaffected
by the féed flow d;sturbance. The éhanges‘in the reflux
flow, demanded by the top composition controller have almost
completely éompensated fbr the effect of the disturbance oh
top composition, tb‘yield a very‘small 1AE value-of 6.3. The
bottoT composition Tresponse -indicates a large, slowly
aiminishing deviation from the setpoint with the composition

&
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Table 7.2.1
Multirate PID Control Performance with Controller Constants -
Calculated from Ziegler-Nichols Eguations

IAE Values
Step s | TOP |  BOTTOM
increase from sfeady state [ 6.3 | 277.0
decrease to steady state | 9.7 / | u?75.8
decrease from steady state r 19.1&1 ri} 382.
increase’ to steady State | 13.0 | 419.1

total - | | 48.1 | 1354.0

remaining above the setpoirit at the completion of - the test

period. This sustained deviation from the setpoing assists

the/;opicompositioq_controller, since interaction from  the

'steam flow is minimal. The response to a decrease in feed
R
flow rate to its steady state value is presented 1In Figure

a

7.18. Thé%top composition regulation shows small deviations,

£

g1v1ng ;;§§itp a slightly higher IAE wvalue of 9.7. ?he
bottome- comp051tlon responsebis virtually'a"mir;or image of
that in Figure 7.17, with the bottom composition not
returning to the setpoint' at the completion of the test
period.

For a decrease in feed flow rate from its steady state
value the observed column responées are presented in Figure
7.19. This feed disturbance demonst éted an inverse response
characteristic in the'top compesition (cf. Figure 5.3), so
it is not surprising that -he top compoS?ﬁion undergoes a

vafiety of changes, as the controller attempts to compensate

.
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for deviations in top composition, yet eventually returns
the top composition to the setpoint, wherea’s the bottom
composition remains below the setpoint for the duration of

the feed disturbance.

Figure 7.20 shows the response for &n increase in feedy
flow rate to its steady staté value. The top composition
undergoes a short period of deviation from the setpoint as a
result of the feed disturbance, but quickly returns. The
bottom compositionzsﬁows a-significant deviation from the
setpoint so it is ngt‘surprising that the IAE Qalue of 419.1
is higher thqn for ﬁhé other feed rate cha;ges. Regulatioﬁ

of the top composi:ioh~for this change in feed flow is not

entirely satisfactcry as demonstrated by the large IAE value

of 13.0.

o

7.2.2 Control Pérformance with Constants Calculated: using
| ‘the Cbhen—Coon Equation§

Table 7.2.2 provides a summary of the IAE performance
values for the tests of the control performance of the pilot
plant distillation column when subjected to dual compositién
control with <conventional PID éontrollérs using constants
calculated with ,ghe Cohen-Coon equétions. Figureé 7.21
through 7.24 present the responses for control of the
distillation column with controller constants based on the
Cohen-Coon (3-C) equations. The distillation column control
‘performancé resulting from an increase in feed flow rate

from its steady state value is presented\in Figure 7.21. The
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Table 7.2.2 -
Multirate PID Control Performance with Controller Constgnts
HRRN Calculated from Cohen- Coon Equations

IAE Values
Step | | TOP | <BOTTOM
increase from steady state o 9.2 l 196.9
decrease to steady state | , 8.8 | 173.9
decrease from steady state = | . 12.6 | 252.4
increase to ‘steady state | 10.8 | ‘ 264.7
total | | 41.4 | 887.9

results, of open loop tests and previous control performance
have indicated that this feed change has 1little effect on

the top composition, yet changes ip reflux flow show that

the interaction from the steam flow requires‘ the top:

19

composition: controller to compensate for changes in the
steam_flow reSulting in an IAE valué for the top composition
control of 9}2. The bottom composition deviates from the
setpoint with the onset of thé feed change  but returns by
the completion of the test period yielding an IAE value of
196.9, whioh is lower thén the value of 277.0 achieved using
the Ziegler;Nichols equations. .

- The column performaﬁce obtained for a decrease in feed
flpw rate to its steady state value is shown in Figure 7.22.
The top composition»control sho@s slight deviations as a
result of tﬁe feed disturbance but returns to the setpoint
vvalue prior to the comﬁletion of the test period. The bottom

composition also returns to the setpoint after an initial

B
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déViation resulting in IAE values of 8.8 and 173.9, which
afe iower than those of 9.7 and 275.8 that were obtained for
the test performed using the Ziegler-Nichols based
controller constants.

Decreasing the feed flow rate from its steady séate
value, gave rise -to the column performance dépigted in
Figure 7.23. Deviation of the top composition from the
setpoint is minimal as a result of the feed disturbance with
the composition returning to the Setpoint by the completion
of the test period, but as can be seen the bottom
vcbmposition overshootsk as it returns to the setpoint

resulting in a high IAE value- of :252.4. These results
demonstrate that top composition regulation with controller
settings established by the 3-C method was better,vﬁhan was
achieved with the controller constants selected by the
Ziegler-Nichols rules.

The control behavior which resﬁlted fdr “n .acrease in
feed flow rate ﬁo its steady state value is st wr in Figure
7.24. The top composition éhows only a minor de iation from
the setpdint at the onset of the feed disturk: ze but the
resulting IAE. value of 10.8 is higher than f.r either feed
disturbance ébové the ‘s£eady state opergting cénditidh.
Bottom composition exhibits a large deviation’ from the
.seﬁpoint, léading to an IAE value of 264.7 higher} than for
the previous three feed disturbances. ,

The overall result. display a faster return to ﬂthe

setpdinf for a given disturbance than was evident for the



-

5

127

tests conducted using the Ziegler-Nichols based controller

-~consta S.

7.2.3 ’Control Performance with Constants Calculated'hsing
the Ihtegral of Absolute Error Equations

Table 7.2.3 provides a summary of the IAE performance
values for the tests of the control performance of the pilot
plant distillatfon column when subjected to dual composition
control with conventional PID controllers using constants
calcﬁlated with the Integral of Absolute ﬁ}ror equations.
The qolumn performance which resultsA usiﬂg mult;rate
sampling for é multiloop PID control strategy with
controllex constants calculated from the IAE based equatioﬁs
férm the four different step,changeé'ipajhe feed flow rate

are presented in Figures 7.25 to 7.28. THe column response

obtained for an incréaée in feed flow rate from its steady

, : &
state value .s shown in Figure 7.25. The top composition

shows only a ‘minor deviation from the setpoint as a result

T

F . , ,
of the feed changes with good regulation of the top

composition ‘&6 indicated by the IAE value qf 7.1. The bottom

3

‘ .. . \ - 4
composition regulation is acceptablefwith a’ return to the
setpoint on completion of the test period.b

The top compos@tidn exhibitsiafminorfdeviatibn from the

5

setpoint in Figure 7.26, with good regulation of the

composition, unlike the cohtrol ofT;the /bottom composition
which remgiﬁéd below the setpoint at the completion of the

test period.:
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| Table 7.2.3 .
Multirate PID Control Performance with Controller Constants
Calcglgted from Integral of Absolute Error Equations

£

IAE Values
Step | TOP |  BOTTOM . .
increase from steady state I 7.1 | 219.7 ‘
decredse to steady state ;J 9.2 | 232.6
decrease from steady state | 13.8 | 298.1
increase to steady state | 15.6 | 348.6

total ' | 45.7 | 1099.0
\ 3

N

~
As can be ‘seen from Figure 7.27, the top composition

again y deviates from the setpoint, but returns to the:
setpoint prior to the completion of the test. This

regulatory performance can be considered satisfactory in
view of the inverse response depicted in Figure 5.3, whereas
bottom composition control is unacceptable due to the large

IAE value of 298.1. b

For the increase in feed rate back to its steady state
value; as can be "observed from Figure 7.28, the 'top
composition slips ‘from the setpoint initiali}, but returns
before the end of the test with an fAE of 15.6. The bottonm

composition excursion 1is excessive and unacceptable during

the initial portion of the test as the composition reaches a

- value that 1is more than double the value of the setpoint;

vet the high gain of the controller eventually returns  the

bottom composition to the setpoint prior to the end of the

test pe{@d. . 4 !

L
.
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7.2.% Control Performance with Constants Calculated using
thé Inpegral of Time Multipiied by the Absolute Error
Equations

Table 7.2.4 provides a summary, of the IAE performance
values for the tests of the control performance of the pilot
plant distillation column when subjecteé to dual composition
control with conventional PID controllers using constants
calculated with the ITAE criterion‘equations. The responses
of tﬁe distillation column using'these controller constants
sor the four feed rate disturbances are presented in Figures

7.29 go 7.32. For the step inc;ease'in feed. flow rate, as

shown 1in Figure 7.29, the top composition deviates from the

setpoint whéé'the feed disturbance is introduced, yet slowly

-

returns to the setpoint with an IAE value of 10.4. Bottom
composition control is unsatisfactory due to the sustained
deviation from the setpoint for the duration of the step,

yielding an IAE value of 279.0. A similar unaccecptable

control Tresponse is depictedi®in Figure 7.30 for the
disturbante'where the feed flow rate 1is decreased to its
steady state value, resulting in a top loop IAE of 12.4, and

a bottom loop IAE of 263.0.

The poor response of the distillation column control
for a decrease in feed}flow from its steady state rate 1is
shown in Ffﬁ@ré 7.31. Top composition control‘barely returns
to the‘sétpoinb at the completion,gf the test period, as
well bottom composition regﬁlationlis equaliy poor for this

change in feed flow.
- o
J’.‘\A\

]



134

Table 7.2.4 *
Multirate PID Control Pexformance with Controller Constants
Calculated from The Integral of Time Multiplied by the
Absolute Error Equations

IAE Values

I

Step - o TOP | BOTTOM . )
increase from steady state | 10.4. | 279.0
decrease to steady state | 12.4 | 263.0
decrease from steady state | 14.6 | 351.0
increase to steady state | C 115 | 295.0

total N | 48.9 | 1188.0

The top composition control deviates initially from the
setpoint; bﬁt rétufns by the end of the test "period, as
observed in the,iresponse presented”in Figure 7.32, with a
corresponding IAE §alue‘of %1?5. The exceésive deviation of

bottom composition from the setpoint, coupled with the long

period of time required fo: the‘bottbm‘composition to return

to the setpoint, resﬁfting ih an IAE value of 295.0 makes
the control performance'Qhaccéptablé;f, ' —

e ~
"
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"7.2.5 Summary of Column Control Performance. Using a
Multiloop PID Control Strategy with Multirate Sampling
The control performance ,of the distillatioh colu?p"
operating under multiloop PID control with multirate
simpling, as shown by the responsesvin.Figures 7.17 to 7.3é,
wdth' controller constants selected from"the different
equations presented earlier (cf. equations 6.6 ?to' 6.8)
caused significantly different control behavior. The IAE

performance index.for the 1nd1v1dual responses and the<f~tal

IAE for“all four step changes are summarized in Table 7.2.5.

» “J-

As can be seen from the summary of the IAE values g1venva

e Table 7.2.5 fOr multirate sampling w1th a mult1loop”PlD

o,

o g
ttol strategy, ‘the best 0verall performance was obtained

from the controller constants determ1ned via the Cohen~Coon
. equations. The . IAE. values that resulted from the use of

Cohen Coon calculated controller constants are 51gn1f1cantly
>

-~ lower than the - three other methods, yet all« four methods

P o

L resulted in underdamped control of the compos1t1ons. The

«

. Cohen Coon constants presented in Table 6 2 for one  minute

: sampligg"provide the largest amount of integral action of.

P
Y

" the “four methods, . yet the -gain associated with the

’¢\ Cohen4Coon method is not the largest The methods ranked’ in

=

: ﬁ? terms of 1htegral actlon from largest to smallest are; 3-C

fr_ ITAE,x IAEmand ZTN, in, terms of observed overall performance

2 “
nx v J

& ..the ranklng 1s 3-C, IAE ITAE then Z-N. The larger gain of
'h the IAE method 1mp@ﬁyes the performance of thercontrol even

» _-(._-.,)x . v qv, &
ﬁ*ugh the 1nterga1 comstant . is less than the = ITAE method

R

R

R
[

o
e
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, Table 7.2.5
IAE values for Multiloop-~PID control,with Multirate
sampling, based on €alculated controller settings

IAE Values

Step | »Z-N | 3-¢ | IAE | ITAE
increase top 6.3 |  9.2°% 7.1 - 10.4
from SS , = o

bottom | 277.0 |- 196.9 219.7 279.0
d-c- -ase top 9.7 8.8 9.2 12.4
to SS

| bottom | 275.8 173.9 232.6 263.0

decrease top 19.1 12.6 13.8 14.6
from SS ’

bottom | 382.1 252.4 298, 1 351.0
increase top i3.0 10.8 15.6 11.5
to SS :

bottom | 419.1 264.7 348.6 295.0
total © ] 1802.1 | 929.3 | ,1144.7 | 1236.9

L]

Obviously‘fhe best blend of gain and reset action ~wés»

provided by the Cohen-Coon equations, as substantiated in
J ‘ ‘G,
the observed control performance,.

L

i . 23
7.2.6 The Effect of Multirate - Sampling On™ Control
Performance Using a Multiloop PID Control Strategy

-

Table 7.2.6 summarizes the IAE totals for the top and
bottom ébmposition response for multiloop and multirate PID
control.

The tabulation clearlyl\ indicates that, the top
composition regulation improved‘with the use of a one. minute

sample interval. The same controlier constants were used for

the bottom composition control, for both multiloop and

&



3 ; ‘ . : ‘ 141
. ] s X

Table 7.2.6

Comparison of Single rate and Multirate sampling PID control

t

IAE Totals by Method

Top Totals | Z2-N | B-c | IAE | ITAE
Multiloop 116.4 67.8 |  83.5 © 86.4
Multirate "l 48.1 41.4 45,7 48.9
Bottom Totals |- Z-N [ _3-C | IAE |  ITr9
Multiloop | 1394.8 | 780.8 1045.8 1158.2
Multirate | 1354.0 887.9 |  1099.9 1188.0

7
multiraﬁé control. ﬁhish improvement iﬁ top compgsition
regulation reduces the 'effectivéness of the bottom
compogition controlleé due ‘to the 1increased interactién
resulting from ﬁhé’ improved control of top-composition by
large?‘changes in the reflux flow at each sample instant.
This is illustrated by the totals of the IAE yélues for the
bottoﬁ loqp, in all but one case the totélg“were higher for

multirate control. In the case of the Ziegler-Nichols

control, bottom composition control was so poor in the’

-

single sample rate case that £he . improvement in top

composition regulation has very little effect on the bottom

composition. The largest reduction in performance occurred

with the Cohen-Coon method, a 14% reddction in bo%tom

P24

4
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composition regulation odtufred for a corresponding increase
in the top composition regulation of 39%. Use of controller
constants established from the Cohen-Coon methdd providéd
the most satisfactory regulation of top and bottom

composition for both the single rate and multirate

P

tests.

The responées showed that for bottom composition
control, the initial deviation of the composition from the
setpoint, were of the same magnitude for the <corresponding
steps of the disturbance. Therefore, any compafison of the
control effectiveness of the diffegént controller constants
should bé judged on _the rate at which the éomposition
returns to.the setpoint and the ‘amqunt//of oscillatioh or
overshoot which results during the response. This initial
deviation cannot be removed by employing  only a feedback
~control strategy. Feedforward action could be intréduced in
order to cdompensate for this distu§bance, but this would
requife 'a feed flow rate measurement as well as additional
tuning and more’ inforﬁation4 in the form of transfer
functions relating the feed disturbance to the individual
compositiohs. These test resu}ts of the control perfofménce
that can be achieved using conventional feé§back PID control’

S

shows its limitations in dual composition controél. 1It- is

difficult to compensate for the interaction of the
manibulated -variables, steam and _  reflux flow rates,
especially when the interaction wvaries in magnitude

depending on the type of disturbance. This very fact *has
' . . ' .

)v
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been the dr;ving force forImultivariable‘control ‘strategies
for many years. Once a feedforward control strategy has been
implemented, several bther factors come to light; ﬁow does
one tune tHe parameters, set the mo@elvif model based or
even account for disturbances other than those which are now
measured. These questions should become egEier to answer
after the presentation of the multivariable and multirate
self~-tuning cbntrol fesults.

s
7.3 Control of Product Composition Using a Multivariable

’

Self—Tuniné Control}ler Strategy

P

This section presents responses for control of top and

bottom composition of the pilot scale‘distillation“column
using the multivariable,seif—tuning"controi algorithm. The
parameters for Q weighting used for the controller are
tabulated in Tables 6.4 and 6.5. The sample and c;ntrol
interval wused for these tests was 3;0 minutes; as governed
by the GC Saﬁpfe timé!described in Cﬁapter 4, The ﬁumber‘ of
controllér parameters and the polynomials used are specified
iﬁ Chapter 6. Feedforward disturbénge compensation was
implemented with the use of three L pafameters for both top
and bottom controllers. For this portion of the study the
feedforward compensation was implemented by wuse of the

prediction error as the feedforward term to the observation

vector:

%
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Y(t) - vy (t|t-k,;) (7.1)

This form of estimated feedforward compensation has nbeen

applied with the self-tuning Egg&foller, since no additional
sensors and no additional éaffjj%on is required from the

process.

+ For this'@;éédy the forgetting factor‘(ekponential
oy s '

‘discounting factor) used in the identification algorithm is
[

py = 0.998. The initial s
identification algorithm we¥

ntroller . parameters . for - the

set at zero, with the diagonal
of the covariance matrix initialized at 100€I. In order to
identify the _qongroller parameters, the column was first .
operated under manuai® coﬁtrol, at an operating point
different from that of the steady state which the tests
would be conducted. The column was then switched over to PID
control and brought to steady state operation with
controller parameter' identification” in  progress. After
completion of approxiamtely 100 control ahé, samplind
interyals, the ‘diagonal éleﬁents‘of tﬁe covariance matrix
were examined.’Controi of the column was transferred to the
self-tuning controller, with the Q weighting parameters set
to conservative ggfault values, when the magnitude of the
largest element of‘ﬁhe diagonal became less than or equal to
unity.
Thé  maghitﬁde of the diagonal elements of the
'$éb§ériaﬁcé, ﬁatrixljindicates the confidenﬁe iﬁ the value of

e
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the parameters being identified. The smaller the value of
the diagonai elements the more-éonfidehce is perceived in,
the parameter estiﬁates, ,ﬁ%th the distillation column
operéting under the control of the self-tuning controller
and at the desired steady state, the O weighting parameters
to be studied were entered into the control program from the
terminal keyboard ahd the column operated at steady state
for a minimum éf 5 hours prior to the commencement of ~any
testing. This proceedure wés followed to ensure that theIQ
v Qeighting parameters selected for study were capable of
maintaining steady stafe operation, as well as ensuring that
the column isvnot in a transient period at the béginning of

a test.

7.%;1 Control Performance with © Weighting Constants
Determined With Theinégler—Nichols Equations
ﬂg% Table 7.3.1 provides:a summary of the IAE performance
\ values for the tests of the seif—tuning control performance
of the pilot plant distillation column .wheh subjecéed to
dual composition control with multivariable self-tuning
control using Q weighting conétahts calculated with ﬁhg
Zieglér—ﬁichols equations. The distillétion\ column
perfbrmance obtained while operating under multivariable
self;tuning ‘cqﬁtroi- gith Q weighting parémeters determined
by :he Ziggler—kichols method ére pregented in Figures. 7.33

to 7.36. The top composition,. as can be seenﬁin_Figure<7t33,'

deviates slighfly from its setpoint but returns’qUigklywwith



% 146

Table 7.3.1
Multivariable Self-Tuning Control Performance with Q
Weighting Constants Calculated from Ziegler-Nichols
Equations . -

IAE Values

Step | - : | TOP |  BOTTOM
increase from steady state | 8.5 | 97.3
decrease to  steady state | 12.0 . w . 88.0
decrease from steady state | 28.2 - | 119.0
increase to steady state b 19.4 | 93.0
total 5 . | 68. 1 | 397.3

-
‘D

a resulting IAE value of 8.5, wheféas the bottom compdsition
deviates sligﬁtly But returns qﬁickly; witﬁ.an IAE value of
>97;3, which 1is significantly lower than‘the'IAE value of
255.9 that resulted for the same.feed disgusbance with the

column operating under. thg multiloop. PID control strategy.

As can be seen from the values -

7.3.1 the
.composition regulation for the ste@u; ange in feed rate to
stéédy state was>acéeptable, as can be observed from the
résponse displayed 1in Figure 7.34. The bottom compositioh

: regulatfén is good, characterized by a guick return ~to  the

setpoint, with some minor overshoot and an IAE %aiﬁ

88.0, which 1is. super&or‘ to that' obtained witﬁg
‘cOrresponding;multilooﬁ'PID response of 267.7.

The distillation colomn responses . obtained for

[N

decrease in feed flow rate from its steady state rate

shown in Figure 7.35. The top composition deviates from
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setpoint by a large amount, yet eventuwally returns to the
setpoint; Despite the fact that the column is difficult to
regulaﬁe due to the inverse behavior noﬁed in the open 1loop
.tests (cf. Figure 5.3) for this feed disturbance, the
rgsulting IAE value of 28.2 was nearly one half- the IAE
value- for control using the multiloop PID control strategy.
As can be observed, bottom composition deviates from its
setpoint at the initiation of the feed disturbance, but

retﬁfhs well béfOrg the 'combietign of the test period,

resulting in an IAE@g@lue_of.ﬂ19.0 comparéd to 421.5 for the
correspondiné multiloop PID control strategy test.

Figure 7.36 shows the distillation ceclumn response for
the increase in feed flow back}ﬁo its;steaay state rate. The
‘top composition low 1AE valﬁe of 19.4 is in sharp contrast
pb the value of 38.1 fgr the cofresponding multiloop PID .
test. 'Th? improvemént in bottom composition control is even
more marked with the compésition returning to the  setpoint
‘with 1little or no overshoot, resulting in an IAE value of
93.0,:which'is less thaﬁ one quarter of the eQUiVélent

‘multiloop PID IAE value of 449.7. 4

The responses of " the aistillatiog ‘column operating

3
L4

under the ' multivariable self-tuning controller with Q
» L . : v .
weight}ng,pagameters based on the Ziegler-Nichols method,

show a quick response and a ret. rr to the setpoint with
. , .
little, overshoot.'The IAE values are lower, for "all four

Step ;'disthrbances, than those that resulted using a
multiloop PID control strategy with the CBbtroller constants

»

AN
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based on the same Ziegl?@~Nichols rules.

7.3.2 tontggl Performance With Q Weighting Constants
Determined By The Cohen-Coon Equations
Table . 7.3.2 provides a summary of the IAE performance

values for the tests of the self-tuning control performance

of the pilot plant "distillation column when subjected to

dual composition control with multivariable sélf—tuning"w

control using Q" weighting constants caldllated with the

-3

Cohen-Coon equations. Figures 7.37 through 7.40 show the

four different feéd flow disturbances employing the
multivaeriable self-tuning control with Q weighting constants
c?lculated using the Cohen-Coon (3-C) method.”As can be seen
from th; composition responses iﬁ Fiéureg 7..32 and 7.38, for
feed disturbances above the steady state value, satisfactory
. control is achie;ed. Comparison of these‘results with those
obtained using the muitiloop PID strategy shows that\the use
of the self-tuning control strategy has provided a

significant improvement 'in control performance. However for

the feed rate disturbances below ﬁhefstegdy state value, the

" composition responses in Figures 7.39 and 7.40 show that.

satisfactory control of bottom composition is achieved but
«this is not the case for top composition.:As can be seen for
the feed flow rate decrease, the top c€omposition shows.a

marked deviation“from the setpoint, resulting in an IAE

distillation column response after being subjected to the

-

%} value of . 19.5, nearlyj as large as.the 21.2 value for the

-
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Table 7.3.2 5,
Multivariable Self-Tuning Control Performance with .Q
Weighting Constants Calculated from Cohen Coon Eqguations

‘ IAE Values

Step ‘ . | - TOP, | BOTTOM
increase from steady state | 7;6, | 61.4
decrease to steady state = | 8.7 | 72.8
decrease from steady state | 19.5 | 93.3
increase to steady state | 13.5 | 86.2

total ' ' | 49.3 | 313.7

multillop PfD control strategy.
| Al-hough the top ompogltﬂwn also sho&é' a marked
deviation from the ‘setpoint,> for an increése in the feed
flow rate béck to‘its steady state]valué,'the resulting IAE
vélue of 13.5 does represent a suitablg{improvement over the
IAE of -18.5 that resulted for the control of the column
using the multiloop PID stﬂgiegy.
7.3.3 Control Performance With O Wéighting ~ Constants
 calculated from the Integfal of . Absolgte Error
Equations |
Table 7:3.3 provides a summary of the IAE performance
values for the tests of the“self—tgning control performance“
of the pilot plant distil;étion column when under dual
composition céntrol with multivariable selthunihg control

using Q weighting constants calculated with the IAE

criterion équations. The distillatibn_column responses, for
N ! !é: ; .
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‘ Table 7.3.3
Multivariable Self-Tuning Control Performance with Q )
Welghtlng ‘Constdnts Calculated from Integral of Absolute

y Error Equations

IAE Values
Step , . | - TOP | BOTTOM
increase from steady state I t2.5 - | ° 80.6
decrease to steady state | 12;? | 78.6
decrease frém'steédy state | 2.4 | 97.8
increase to steady state. | = 17.5 | 77.6"
total | 67.3 | 334.6

7

the four “feed rate distu;banées w&th the coiumn épéfétéd
under multivariable self-tuning control with the Q weighting
‘parameters fixed on the basis of phebintegral of absolute
error criterion are presented in. Figures 7.41 to 7;44;
Figure .7.41 presenﬁs the distillatiOn.column responsé to an
increase in feed flow rate  from itgv steady state wvalue.
Comparison of 'these results with.éhose achieved using the
muitiloop PID contréi strategy'kcf{ FiguréS' 7.9 to 7.12)
show that the use of the self-tuning tontrol has only lead.
to a marg}hal improvement in-top’ cpmbosition control. from
83.5 to 67.3. This is in sharp contrast to the sggnificanply
impered bottoms composition control which has ' reduced ".the
totall IAE value for all four step tests from 3045.81to
334.6, L |

These results; show that ﬁultiva;iable‘ Sgif

control o. the column with the Q weighting' gparameiérs s
.." N ’
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established by the 1integral of absolute error method,
provide accepfab e regulation of the top composition, and
exz-ellent botto =compositioh control, |
: . apy

7.3.4 Control Performance With Q Weighting Constants

‘Calculated from the Integral of Time Multiplied by the

-Absolute Error Equations 5

Table 7.3.4 provides a summarf of the IAE performance
values for the tests of the sélf—tuning contrecl performance
of ( e pilot plant distillation column when operating with
multivariable sélf-tuning control using Q weighting
éonstants calculated with the ITAE criterion équations, The
control behavior results obtained for thev distilbatiohl
cdlumn'sﬁbjected to the feed rate changeé wﬁen operated
under multivariable self-tuning control with the Q weighting
parameters calculated on the basis on the integral“jof timei
mﬁltiplied ‘by the absolute error criterion are presented in
Figures 7.45 to 7.48. Comﬁarison of th2 results in Figqggs
7.45 andv7.46 with those in Figures 7.13 and 7.14 show t%ét
self-tuning control has reduced the top composition IAE
values by nearly one third. However just as observed for the
other;tests of the self—tuning con;rolle;, use of this
strategy has signifiéantly improved regulation of bottom
composition. The results in Figures 7.53 and = 7.14 vergﬁs
those in Figures 7.45 and 7;46 show that the iAE‘value nasl‘

been decreased by a factor of four. Similar improvements can -

also be observed by comparing the results in Figures 7.47
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~ // Table 7.3.4 ‘ :
Multivariable Self-Tuning Control Per®ormance with Q
Weighting Constants Calculated from the Integral of Time

Multiplied by the Absolute Error Equations

. , IAE Values

Step . 0P | BOTTOM
increase from steady state | 0.0 , |  78.5
decrease to steady state | 11.7 | 82.6
decrease from steady state | 23.3 ‘| K 105.2
increase to steady state | 17.9 | 83.1
*total - B | 62.9 | 349.4

and 7.48‘with those in Figures 7.15 and 7.16. A substantial
improvement in composition control is evident when the IAE
totals from Table 7.1.4 are combarea with the results in
Table 7.3.4, IAE totals for the top composition eﬁe reduéed
from 86.4 to 62.9, with bottom composition IAE totals

reduced even further from 1158.2 to 349.4,

=

¢7.3.5 Comparison of The Effect of The Method of Selecting

The Self-Tuning. Controller Q Weighting Parameters on
. o
Column Performance -

o |
Thé I1AE performance index  for top hgg bottom

compositiqgn responses from all the test results of Figures

/" j

: * ‘-\ ’ A .
7.33 tdj 7.48 and the total IAE for each of the four ¢

different step changes in feed rate are summarized in Table*

-~

7.3.5. Examination of these values reveals that for all four

iiow rate disturbances, the best control of top composition
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~

_ Table Y.3.5
IAE values for the Multivariable Self-Tuning Control

Responses for initial parameter values
3 B .

IAE Totals by Method

. Step | loop | » Z-N | 3-C |  IAE | ITAE .
increase top 8.5 7.6 12.5 10,0
from SS v

bottom 97.3 61.4 80.6 78.5
decrease - top 12.0 8.7 12.9 11.7
to *SS ' : '

' bottom 88.0 72.8 78.6 82.6
decrease top | 28.2 19.5 24.4 23.3
from SS o ‘

. bottom | 119.0 93.3 97.8 105.2

increase top 19,4 13.5 17.5 17.9
to- SS/ )

/| bottom 93.0 86.2 77.6 | 83.1
total | 465.4 | 363.0 | 401.9 | 412.3

is achieved using the Cohen-Coon method of selécting the Q
weighting parameters for the self-tuning controllers.

Furthermore, only for one feed disturbance did this method
| of selecting the Q weféhting_parameters not provide the best
control of the bottom cﬁmposiﬁion. It is therefore not
surprising as shown by. tﬁe total IAE valbe for top and
bottom composition, forv the four different feed rate '
dispurbances, thatvthe Coheh—Coon method of selectiﬁb the Q
weighting parmeters provides the best control performance.
It 1is wvery important to‘note that even though use of fhe
Ziegler—Nichols rules fé} selecting | the Q wéighting
" parameters results in the poorest control performance. for

this series of tests, the IAE value does represent a
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.substantial impfovement ‘?S. columr\5 céntrol beRavior when
- compared wigh ‘the IAE value of 1511.2 obtained using the
Ziegler-Nichols rules for selecting the controller constants
for - the multiloop PID control strategy 't;s;s (c%
_Tabie 7;3;5). The initial deviation of the  bottom
”edmposi}ioﬁ from the setpoiﬁt resulting from the feed flow
‘rate disturbéhce occurred for thesi ‘ tests of thé
multivariable self?tuning_ controller jus£~as fbf the tests

of the multiloop PID sfrategy. ‘Tﬁe'.magnitude: of the

deviations have been reduced for this series of tests by

pos
v

including estimated feedforward compensation in the control
algorithm: (cf. eqhation 7.1). However, to -reduce - (and
possibly eliminate) this deviation;J direct feedforward

compensation would be required.

7.4 Evaluation of Multivariable Self-Tuning Control Using
Mu;tirate'Sampling for Column Control
Just as for the series of tests of the multiloop PID
control strategy wusing’ multiraté sampling, this series of

tests was undertaken to evaluate control behavior™ using

multirate sampling for the multivariable self¥tuning control
»strategy.vThe studies were pgrfofmed with a top composition'
sample time of 1.0 minute and a bottom.éomposition éample
time of 3.0 minutes. ¢ |

The multifaﬁe form of the self-tuning control
algorithm, becaﬁse of 1its inherent decoupling action

requires the identificetion of interaction polynomials. With
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fthe top composition control accomplished at 60.0 seé;nd
intervals, there are three control actions for the top loop.

for every control calculation of the bottom ioop controller.

. I.’ , |

This now requires the de}erminaﬁion of - the {nputs to the
observation vector which will determine the G, polynomial.
For this study the input for the™ bottom loop 1interaction

y polynomial G, was set to be the avefage of the last three

ﬁontrol‘actions including the control action at time t.

ek ) "=,’2: uy (t-i) R (7.2)
=0 3 R, . .

Equation 7.2 provides the‘inputsarequired to formulate ﬁhe'
obserVat@Pn vector given by’ équation 3.70 for the bottom
'.controller ideﬁtification [ Nazef,‘1981f Tham 1985 ] with
.u;{t—k.j) replaced by wu,(t-k,,) from equation 7.2. The
current control action, at time t can be wused in the
identification algorithm since, the value is not requ;red
for calculations until the delay ki has occurred.

-

'7,4,1\\‘Control Performance with Q Weighting Co&stants
- Cgiéhlatedeith~The Ziegier—Nichols Equations

Table 7.4.1 brovides a summary of the IAE values for

the tests of the self-tuning control' perfq;mance of the

pilot plant distillation column when ‘spbjected> to feed

disturbances while wunder control wusing the multirate

self-tuning control algorithm  employing - Q weight{ng
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[N

- Table 7.4.1 4.
Multirate Self-Tuning Control Performance with Q Weighting
Constants Calculated with Ziegler—NicholslEquations

IAE Valués

_Step .- O TOP | BOTTOM
increase from steady state | 8.3 O 11é.1
decrease to steédy state | 171 | 72.6
decrease from steady state | - 13.2 | © 109.6
increase to steady state | 18.8 | 70.3

total ) ] 57.4 | 368.6

constants, calculated with the Ziegler—Nicholé equations. The
controlvbehgviqr of the disfillatiqn column for all four
feed disturbaq@es using the multirate self-tuning control
strategy witﬁ? b weighting parameters based on the
Ziegler-Nichols rules is shown in Figures 7.49 through 7.52.
For the inéngpse in feed flow rate from its steadyv state
value tﬂe top composition,only deviates from the setpoint
for the initial period of the disturbance as can be seen
from the response in Figure 7.49. The changes in the reflux
flow rate indicate a large amount of__interactidn from ‘the
steam flow;. '

Figure 7.50 presents the results of the distillation
column control. performance for a decrease in feed flow to
its steady state ‘value. ff can be seen ‘that the top
cdmposition IAE value \pf 17.1, Eesulting-,from the

oscillations is more than double the value for the previous

test when the feed rate was increaSed. Examination of the
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which appeared in Figure 7.50 to be increasing 1in magnitude
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-

first .portion of Figure 7.51 shows that-the oscillations

—

did decrease prior to the next feed change. This oscillatory

beﬁavior was attributed to the combination of high gaih and
large ahbunt ‘of integral action ' in the 0 ‘weighting
parameters. Bottom compogition,control is very. sétisfactory
showing only an initial deQiatibn from the -setpoint followed
by ‘& small overshoqt whén réfurning to the setpoint
fesultingwin an IAE vglue of only 72.6. r

: Regdla;ion of the top composition for a decrease iq

feed flow from. its steady state seems to BQ,unaffected by

the inverse dynamic response characteristics that seemed to

affect control performance in'thg previous tests of othgr

algorithms as can be observed from Figure 7.51.

-

. ‘ /
As for the previous tests, when feed flow is increased

back to its steady state value, control of top composition

‘has been shown to be difficult which is borne out By'the

results presented-in Figure 7.52. This is reflected by the

high IAE value of 18.8 caused by the rapid changes in steam |

- flow. The sharp increase in top composition. may also be

" caused by some interaction from the condenser level control

loop.
Comparison of the results of the four tests using

multirate’sampling with Q weighting parameters selected by

the Ziegler-Nichols rules, with those using a single sample

interval of 3.0 minutes shows that there has only been a

marginal improvement in the control ‘behavior.
L. . A
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7.4.2 J!htrol._.Performance 'with Q Weighting. Constants
\ T e " 0 ) .

/ ¢
<

Calculated by the Cohen-Coon Equations
Table 7.4.2 provides a summary of the IAE-valués for.

the tests of the self-tuning fcontrol_ performance of the

pilot plant distillation' cclumn . when subjecbed to feed

.disturbances while under multirate self-tuning control using
Q weighting constants in the_cohtfol algorithm.which were

calculated with the Cohen-Coon equations, The column

performance for the four feed fléw_changés is displayed in

Figures * 7.53 through 7.56. Comparing the composition

responses and IAE values given in Figure 7.53 with those in

Figure 7.37 reveals that use of multiraté rather than single"

‘rate sampling has not improved the control behavior. This is
attributed to the large amount‘ of integ;al action which
- tends to lead to oscillatory rééponses.

Comparison of the composition respdhses in Figures 7.54
to 7.56 with those in Figures 7.38 to 7.40° shows that for
~the othér three feed flow rate disturbances; that regulation
of top composition has improved by the use of mﬁltirafe

sampling. This is not the case for the control of the bottom
. - ’6 .

composition as the IAE values that resulted from the tests

. using the multirate sampling form of the algorithm (cf.
Figures 7.53 to 7.56, Table 7.4.2) were all higher than when
" only single rate sampling was employed (cf. Figures 7.37 to

'~ 7.40, Table 7.3.2).

- The column composition responses using multirate -

Selfftuning contfol for Q weighting parameters based on the

v
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. “Table 7.4.2 \ '
Multirate Self-Tuning Control Performance with Q Weighting
Constants Calculated with Cohen-Coon. Equations
. . :

IAE Values

Step - i N TOP |  BOTTOM
increase from éteady state | 10.0 | 85.7
decrease to steady state -‘| . 7.8 | 85.5
decrease from steady state | - 15.1 | 139.5
increase to steady staté& | | 9.3 | 95.1

total | 42.2 | 405.8.

-

return of the composition to the setpoint followed by.

overshoot.- This response pattern is attributed to the high

integral action provided by the Q weighting parameters;

@

7.4.3 Control Performance v h @ Weighting Constants
Calculated By Integral of 2.solute Error Equations
"Table 7.4.3 provides a summary of the IAE values for

the tests of the self—tuning control 'performance of the

pilot plant distillation column when subjected to feed

disturbances while under multirate self-tuning control with
Q weighting constants calculated from the IAE criterion

. equations. The control behavior that resultéﬁxysing these Q

wéﬁghting p@ffmeters is displayea in Figures 7.57 through

7.60. As can Dbe seen by comparing the top composition.

responses 1in Figures'7.41 to 7.44 with those in Figures 7.57

to 7.60, it can be observed that the use of the multirate

b

Cohen-Coon equations tend to be .characterized by a quick -
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Table 7.4.3 ’ '
Multirate Self-Tuning Control Performance with Q Weighting
Constants Calculated with Integral of Absolute Error

Equations
- IAE Values
Step | . | = TOoP- | BOTTOM
increase from steady state - | 6.0 | -78.3‘*
decrease to steady state |- 5.6 | 65.4
decrease from steady‘stategt‘k 8.8 |~ 116.0
increase to steady state | 9.2 | 97.2

total - | 29.6 |- 356.9

r o ) .
sampiing»rfotm of the‘algorithﬁ has reduced the IAE'Value by
‘at least EO%. Analysis of the IAE values for the bottom
compositions res@onses . in Tables 7.3.3 Hwith those in
Table 7.4.3 reveals that multirate samplingq'leads to a
marglnal reductioni:i ‘ the IAEMLvalue for tae feed rate
changes above the steady state rate but not for‘ the other
feed rate changes The IAE value for the step deé{ease An
feed rate from the steady state rate has 1ncreased from 97 8yﬁ
to 116.0 and for the step back to the'steady state, the
increase is from 77.6 t6 97.2. In general, both the top _and

bottom compositions return quickly to their setpoints after

the onset of the:disturbance with little overshoot.
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_7;4.4 Control Performance With Q Weighting Constants
Calculated from the Integral of Time Multiplied by the
Absolute Error Equation

Table 7.4.4 provides a _ summary of the<IAE values for
the gests pf the self-tuning control performance of the

pilot plant distillation column when subjected to feed .

disturbances while wunder control with the multfgéte
self-tuning control wusing Q weighting constants caiculated

with the integral'bf time multiplied by the absolute error

equations.

. Table 7.4.4
Multirate Self-Tuning Control Performance with Q Weighting
Constants Calculated with the Integral of Time Multiplied by
the Absolute Error Equations

Fa'a

>

w ~ IAE Values

Step - ~}  Top | BOTTOM
increase from steady state | . 8.5 | 69.9 7
decrease to steady state | - 6.0 | 85.9
decrea. - from fteady state | 8.7 | - 121.7
increase to ;teady state ‘| 1.1 | 102.5

total | | 34.3 | 380.0

The distillation column control performanée is shown

graphically in Figures 7.61 through 7.64., Comparison of the
IAE values for the <control of top composition for this
series of tests with those of the previous set for the @

! . .
weighting parameters- based on the IAE equations shows that

the overall performance is very similar. However, the effect
¢
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of multirate sam)ling on improving the performnace as

measured by the IAE values is not as marked as with the case

using the IAE equation based Q weighting parameters. In the '

case "of the control of the bottom composition, only for the
case of the étep incteasg in feed rate from the steady gtate
value did multirate sampling reduce the IAE value (cf.
Figure 7.45 and 7.61). For  the other three feed
' d?éturbances,‘ use of Q weighting‘param;;ers calculated from
the ITAE equations, with the multirate sampling form of ‘the
algorithm, has resulted in a deterioration of control
pe rmance. This deterioration in  bottom ‘Control
performance 1is at the expense of top composition control

simprovement and increased intera .ion (cf. Table 7.3.4 and

Table 7.4.4).

S

Y N

\
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w
7.4.5 Comparison of The Effect on Control Performance of The
J R
Method of Selecting the SelfiTuning Controller Q
Weighting Parameters Using The Multirate Algorithm
The IAE values for the test results presented in

Figures 7.49 through 7.64 are summarized in Table 7.4.5. As

can be seen from the tabulation, the best overall control

PR -2}

performance was obtained with the Q weighting parameters

calculated using the IAE equations, followed by the ITAE,

Ziegler-Nichols and Cohen-Coon methods, in that order. The
initial deviations in the bottom composition from the

setpoint are smaller in magnitude than that provided from

the multirate PID control performance.'This~is in contrast

to the test results obtained with the single rate sampling
algorithm that showed that the best ovéfall control behavior

using Q weighting parameters based on the Cahen-Coon

e
equations.
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‘ Table 7.4.5
IAE Values for Multirate Self-Tuning Control Based on
' Calculated Q Weighting Parameters

IAE Values by Method

IAE | z-N | . 3-C | IAE | LTAE
increase top 8.3 10.0 6.0 8.5
from SS -
bottom 116.1 85.7 |. 78.3" 69.9 !f
7
decrease top 17.1 7.8 5.6 6.0.
to SS ’ .

i bottom 72.6 - 85.5 65.4 85.9
decrease top 13.2 15.1 8.8 8.7
frog. SS

bottom 109.6 139.5 116.0 121.7

increase top - 18.8 9.3 9.2 117
to’ SS

' bottom 70.3 95.1 97.2 102.5

total | ,426.0 | 448.8 | 386.5 | 414.3

7.4.6 Effect On:Control Performance of ﬁsing The Multirate
Sampling Form of The Self-Tuning Control Algorithm

~The combined IAE values for top and bottom composition

for. the _single rate and multirate sampling tests of the

self-tuning control for all four tests are summarized in

Table 7.4.6.

¢
i

Careful examination of the results presented in
Table 7.4.6  indicates that for top composition regulaﬁion,
~multirate self-tﬁning control‘providgs the lowest combined
IAE value regardless of the method used to selec} the Q
Qeighting parameters. As can be seen, the lowest - value
resulted when ‘the parameters were calculated using the IAE

equations., In the case of the bottom composition, only for
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{

Table 7.4.6 .
Combined IAE Values for Single and Multirate Sampling
Self-Tuning Control: Effect of Q weighting Parameter
- Combined IAE Values

IAE Totals by Method

Top Composition | Z-N | 3-C | IAE | ITAE

Multivariable * 68.1 - 49.3 67.3 62.9
‘ o

Multirate 57.4 |  42.2 29.6 34.3

Bottom Composition | Z-N | 3-C | IAE | ITAE

Multivariable 397.3 313.7 334.6 349.4

Multirate 368.6 405.8 356.9 380.0

the wuse of the Ziegler-Nichols rules was the multirate
sampling advantageous in terms of the combined IAE wvalues
that resulted. This was also the case for the comparison
between the control performance of conventional PID control
‘'using single and multirate sampling (cf. Table 7.2.6). This
reduction in performance, 1in terms of the comggned I1AE
vélues, is apparently due to the increased interaction from
the top composition 1loop because of the shorter sample
interval énd improved top loop performance. Examination of
the information in Table 7.4.6 shows that the combined IZE
totals for the top -composition control using Q weighting

parameféfs calculated by either of the two integral
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min&mization mthods provided the largest improvement in
fegulation énd caused the 1least degradation in bottom
composition regulation in the traﬁsition from multivariable
control to multirate control.
T
7.5 Comparison of The Control Performance Achieved Using
Multiloop Conventional PID and Multivariable Self—Tuniﬁg
Control |
As has been presented, each control strategy was tested
using four different step disturbances in feed flow rate,
Four | different methods for sélecting PID> controller
constants and for specifying the Q weighting parémeters of
'the control pénalty of the self-tuning controller cost
function were studied. The rQ§uits of these tests are
summarized in Table 7.5.1. The test results showed that for
top compositioﬁ PID control q,sampie time of one minute,
resulted in improved regulation of the top composition when
compared to the results obtéinéd using a three minute
control interyal, ‘illustrated ‘by the range of values
expressed in Table 7.5.1. The variation of IAE Qalueé for.
the control of the top composition wusing PID -control
decreases significantly when a one minute control‘ interval
is employed. For multiloop control the top composition IAE
results range from 67.8 té 116.4, and is reduced to 41.4 to
48.9 with multirate control (cf.‘Tablev7.5.1).'The average
improvement in regulation for the top coﬁposition is. 92.4%,

which provides substantiation for the application of



Table 7.5.1

Comparison of Controller Performance Bewteen Conventional

PID versus Self-Tuning Control For Both Single Rate and
Multirate Sampling Using Four Parameter Selection Methods

199

IAE Totals by Method

PID Response Z-N | 3-c | IAE | ITAE
Multiloop top 116.4 67.8 83.5 86.4
- |bottom | 1394.8 780.8 1045.8 1158.,2

total | 1511.2 848.6 1129,3 1244.6

Multirate top 48.1 - 41,4 45.7 48.9
bottom | 1354.0 887.9. 1099.0 1188.0

total | 1402.1 929.3 1144 .7 1236.9

Self-Tuning Z-N 3-C IAE ITAE

Response
_

Multivariable| top - 68.1 49,3 67.3 62.9
bottom 397.3 313.7 334.6 349.4

total 465.4 363.0 401.9 412.3

Multirate top’ 57. 4 42.2 29.6 34,3
bottom 368.6 405.8 356.9 380.0

total 426.0 448.0 386.5 414.3

multirate control. For the botﬂpm composition regulation,

the GC analyzer sample time .restriction of three minutes
does not allow a shorter semgle and control interval to be

tested. The IAE values for the oottom composition regulation
™~

vary between 780.8 to 1394.8 for multiloop PID control,

values 1is

whereas the range/pf IAE reduced to

1354.,0 control. The individual increases in

for multirate

the IAE values are primarily due to the interaction from the

improved top composition control. The overall increase in

IAE performance based on the four methods is a reduction 1in

bottom composition control performance of only 3.4%. The

overall economics of‘the‘individual situations will dictate
Dy -

—
/

887.9 to
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whether the control enhancements to multirate contrdl are
deemed necessary. )

Examination of the results in Table 7.5.1 show that
although top composition control has not improved, in
applying multivariable self-tuning control, when qomparéd
with multirate sampling of the PID control strategy, bottom
compogition control imprdved immensely = with the
implementatibn of the multivariable self-tuning _control
algorithm. This improvement in bottom composition regulation
can be credited to the dead time compensation capabilitief
of the self-tuning controller aléorithm, along with th;
decoupling nature inherent within the formulation of the
algorithm. The multirate self-tuning control algorithm
provided improved control of' the top composition for thrée
out of g%e four différent ~methods used for selectfﬁg
controller parameters, indicating that self-tuning control
does provide an advantage in controlling processes without
dead time.

Self—tuhing control with Q weighting parameters chosen
with standard open loop response techniques yield supérior
control performance of the pilot plant distillation column
when subjected to feed disturbahces when vcompared to
conventional PID control wusing the same technigues to
establish conﬁroller constants. Multirate sampling for
&olumn congrol 1improves the regulation of the top
éomposition loop with minimal reduction 1in control

performance of the bottom composition loop for both PID and

® ‘ J
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self-tuping control studies.
7.6 Column Control Behavior Using Tuned ‘Controller Settings"

For PID And Self—Tunfng Strategies

From the test fesults that have beén pregented, it is
obvious that control of the distillation column is affected
" by the choice of the PID contfoller settings and the Q
weighting parametérs of the self-tuning ‘controllers. This
section will present the resuiés aéhieved usihg tuﬁed PID
controller séttings, and Q weighting parameters for the
self-tuning controllers for the same *25% disturbances in
feed flow rate as used for the pkevious tests. In\most cases
appfoximately 12 different combinations‘ of controller
constants and Q weighting parameters were tested to
establish favorabl valués in ﬁerms of the resulting IAE
values. To check that the value$ represented well tuned PID
control and Q weighting self-tuning control, parameters of

the controllers were adjusted slightly and the tests

repeated. When changes resulted in higher IAE values, the

results were deemed to have been obtainiﬂ using "well tuned"”

controller constants and Q weighting parameters.

AN

-

-

.7.6.1 Performance Using a Tuned Multiloop PID Control
Sfrategy

Tahle 7.é}ﬂ provides a comparison of the IAE yaiues.for

the tests of the multiloop PID control performaﬁce of the

pilot plant distillation column when subjected to feed

€
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'

Table 7.6.1
Control Performance of Multiloop PID Control With Tuned
o Controller Constants

IAE Values
Tuned | 3-C
Step: | TOP | BOTTOM | TOP | BOTTOM
increase from SS | 8.0 | 99,0 | 15.7 | 183.9
decrease to 'SS | 7.9 ‘| 117.9 | 2.4 | 154.6
degfease from SS | 10.6-] 161.3 | 21.2 | 213.6
increase to "SS | 9.3 | 134.0 | 18.5 | 228.7
total | 35.8 | 512.2 | 67.8 | 780.8

disturbances using tuned'con;rollgr constants and the best
fesponse from calculated controller Lonstants. The control
performance that was achieved 'using a multiloop PID control
strategy when>the -onstants of the controllers were adjusted
experimentally, is illustrateé by the re;ponses presented in
Figures. 7\§§ to 7.68. The signif}cant'improvement in the
W
control behavior shown - by these fégdzté can be readily
‘appreciated from the IAE values presented in Table 7.6.].
The CohenyCoon IAE values weré selected for comparison since
it was this_set of célculated controller constants, of the
four different methods tested that proguced the mést
satisfactory control performance (cf. Table 7,5.}). It can
be -.seen that tuning .of the PID controller constants, -
starting from constants calculated using the;CoheneCoon

equations, has resulted in a large percentage reduction 1in

the IAE values. Comparison of the IAE values for tuned
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settings with the values achieved in the previous set of
tests using other calculated controller constant values

4
illustrates the marked improvement in control behavior that

_c;n be achieyed by "controller tuning".

Comparison of the tuned PID controller constants with
thQse\eétablished by the differenf calculation methods shows
that the improved performance was achieved due to larger
gainé (smaller proportional bands), more integral action for
both 1loops as$ well as reduced derivatiQe action for the
bottom loop. Despite the extensive péogram of ‘tuning
controllef constants the bottom cbmpoa,tion consistently
exhibited 1argé deviations from the setpoint at the onset of
veachl disturbance. These large deviations result becausé of
the time delay associated with the bottom compésiﬁion
analysié, and the inability of cc veﬁtional PID coﬁtrollers
to compensate for this time delay.
7.6.£ Performancé Uﬁing a Tuned PID Control Strategy With

‘Multirate Sampling

In order to further study ' the effect on control
performance of redhcing the sampling and control interval of
fhe ~top composition control loop from 3.6 minutes to 1.0
minute, tests were performed fOr‘ éach of the same feed
‘disturbancgé' for» tuned éohtroller settings. The results of
tﬁesé- tests, with controller constants A~selectea by
vmon{foring the IAE values are shown in Figures 7.69 through
7.72. To appreciate the control gehavipr that was achieved

*
L3
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by tuning the controller constants, it is appropriate to
consider the best behavior that was achieved using
ca}culated controller se:tings. For ease of comparison the
‘iAE ‘values that resulted using the Cohen-Coon based
equations to generate the contfoller constants and those
from this series of tests are presenéed in Table 7.6.2. As
was the case for the previous series of tests, starting from
the Cohen-Coon calculated controller constants, adjustment
of the constants reduced the IAE value for both top and
bottom composition control for all four feed rate
disturbances. In order to examine the effect of a reduced
sampling interval for toé composition on performance, the
corresponding IAE Qalues in Table 7.6.2 need to be compared
with those in Table 7.6.1. Comparison of the IAE'vaers
obtained using tuned controller constants shows that for top
cd&positibn, except for the step decrease in- feed rate that
the short sample and control ‘interval has improved the
control performance even for well tuned control.

As might be expected, comparison of ﬁhe corresponding
IAE .values shows that no improvement in the regulation of -
bottom composition resulted from the use of the 1.0 minute
sample .and control interval for the top composition loop.
Therefore it is not surprising that a comparison of all of
the responses in Figures 7[69 to 7.72 with those in Figures
7.65 to 7.68 shows that the only noticeéble difference 1is
the tighter control of the top compbsition that was achieved

~

using multirate sampling.



_ Table 7.6.2
Control Performance of Multirate Sampling PID Control With
Tuned Controller Constants

IAE Values
Tuned | 3-C
Step | TOP | BOTTOM | TOP | BOTTOM
increase from SS | 5.3 | 101.6 | 9.2 | 196.9
decrease to SS | 5.2 | 117.4 | 8.8 | 173.9
decrease from SS | 11.8 | 158.8 | 12.6 | 252.4
increase to SS | 8.3 | 136.6 | 10.8 | 264.7
total | 30.6 | 514.4 | 41.4 | 887.9

7.6.3 Multivariable Self-Tuning Column Control Behavior
Using Tuned Q Weighting Parameters
The responses ‘that resulted with the distillation
column operated under multivariable self—tuﬁing control
using tuned Q weighting parémeters for. the four different

feed disturbances are presented in Figures 7.73 through

7.76.

F

Assessment of the control behavior, as expressed:by the
magnitudeVOf the IAE values, shows that use of tuned 0
weighting parameters versus calculated Q weighting
parameters has a very limited effect on control perforﬁance
as can be seen from the results summarized in Table 7.6.3.
These ;esults must ‘be compared against the multivariable
self-tuning control perfprmance observed with the use of the
Q weighting parameters calculated using the Cohen-Coon

equations. As can be seen from Table 7.5.1 the Cohen-Coon



Bad N
e

214

/9'0°€°€°S/0°081=8L/(0°0=01*0"0S1=11‘0"08= =gdio

/v‘0°E‘E¥/0°081=81/(0°0=0L" o 08=11°0-S1=84d)D/1S AW €L L 3¥NII4

(SNIW)3WTL

021
1

1

08
1

0

021
1

e

N

L 0° L1
b O * l_.,._
S 81 m
-0°02 o
~
—FS* 12 Win
-0 €2
-0
4 00-01

-SL° 01
F0S° 11
FS2* 21

(S/9)18S

-00°€1

o

<
:

Z1M)8X

e
(HO3W

e

(SNIWI3WIL
021 09

L | I 1 1

(SNTWI3WIL f
owﬁ ow

| 1 1

(SNIWI3WIL .

021
]

08’
1

0

1

—+0° L1
Lc-g1 ™
5'81 ]
-0°02 o -
~
S 12 »
-0° €2
0

. 0:8
€78 3
-9° mO.
6 mS
26

_ >
L 0S°v6 m




215

(-

021
i

1

~

/9°'0°€°€°5/0°081=81/(0°0=0L*0"0S1=11°0"05=94)0
/%°0°€°€E°¥/0°081=8L/(0°0=0L‘0"08=11°0"S1=8d)0/1S AN ®L°L 33N914

(SNIW)3IWIL

L

08 0
L1 0 L1
i O m
S*81 m
lo.ONnU
~
~S* 12 W
. -0 €2
03 0

0L°6 .
~Sv- 01
F0S 11

(S/9)1S

~G6° 11

~

tSNIWI3WIL

021 09 0
| - 1 1 1 1 O
-S1
oe P
™m
L-ob .
6'65  -08
(SNIWI3WTIL
021 09 0
L { 1 i | O
Le —
=7 lmmU
m
-G .
0-8 -Z1

(SNIW)3WIL
owH

1 1

09 0
1

=

o.bﬂ
Q- M
S 81 m
IO.ONFIuv
~N
-5 12 U1
“0°€E2

00S* L

-SL8tL 22
-0S2°8 o
F529°8 ¢

L0006

WA \1)5\/ LN ol

>
0S"¥6 O
L gL yg =
st ve X

o~

W

00-S6

) =
- FS2°86m

Log g6 T



216

/8'0°€*€°5/0°081=81/(0" o 01°0°0ST=11‘0°05=84)8

i

/¥‘0°€°€°Y/0°081=81/(0°0= D_, 0°08=I1'0"S1=8d10/1S AW SL* L m#:ohm

(SNIW)3IWIL

~‘021

L L

. 09
1

(579134

i

(SNIW)3IWIL

[

021 08
1

L

1 | 1

0~I11

(SNIW)3IWIL

021 09
1

1

L L1

A

(SNIW

021
1

JIWIL
03 0

I 0S° 16 O

o

. x
LSL 96

Ao A M N agess S
<< < { vww.mmm

-0S°S6 m



&

- /9’ o £°E°S5/0°081=S1/(0°0=01'0°0S1=11*0" Q8= 84)0
4 /v°0°€E‘E°¥/0°081=SL/(0°0=01*'0"08= Hh 0°S1=8d)0/1S AN 9L°L 3¥N9I4

(SNIWI3WIL
021 09 0

[ - 1 1 S 1 0" €1

-G vl
. Fo-91
A
L0 61

g0°8

22

(879134

(S/9)18

L

(SNIW)IWTL
Owﬁ 09 0

i 1 1 0

m
~-06 -
: orLs L0zl i
(SNIWI3WIL
021 03 0
L 1 1 1 | O
\ -€
, e
- m
1&\\¢Wtk. 6

(SNIWJI3WIL

0zl 09 0
1 0-€1

N
L5 vl
-0 91
-G L1
L0 61

(S/90134

/.

IS



. 218

( o ) ,  _Table 7.6.3
Multivariable Self:rTuning Control Performance with Tuned Q
_Weighting Constants

; f IAE Values #
B ‘ Tuned . | - 3<C
Step | TOP | BOTTOM | TOP | BOTTOM
increase from SS | 7.7 | 57.3 | 7.6 | 61.4
‘decrease to SS | 9.0 |- 59.9 | 8.7 | 72.8
decrease from SS | 17.7 | 111.0 | 19.5 | 93.3
increase to SS | 11.2 | 67.6 | 13.5 | 86,2 f
total | 45.6/] 295.8 | 49.3 | 313.7

'

response provided the loweét.errall total IAE resﬁonse of
the four methods tested. These results show that regulation-
of the bottom composition has improved for three out of the
four feed rate changes, with the step change exhibitingi'thg
inverse respénse (cf. Figure 5.3) providing the gfeétest
difficulty in composition control, In the case of top
composition regulation, only the two cases where feed rates
are below steady state >conditions. do the composition
regulations show any improvement.  -The two conditions where
feed rates are above steady state rates show- minimal
.reduction in performance, since’they were already very-well
reguiated responses it would indeed be difficult to improve.
Comparison of the results in Table 7.6.3 with those given in
Table 7.6.1, for the multiloop PID control strétegy; reveals
that for control of the’ bottom composition thé multivariable

self-tuning controller with tuned Q weighting parameters
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outperforms the multiloop PID controllers, but just the
opposite situation - exists for the top composition
regulation. The improvement in bottom composition regulation

has resulted 1in a significant amount of interaction that

influences/fop composition control.

e

7.6.4 Control Performance Using Mult{}ate Self-Tuning

Controller With Tuned © Weighting Parameters

The results preéented i9 Figuros 7.77 through 7.80 show
the column responses obtained usf;g the multi&ariab%p
self-tuning controller with @ultirate sampling when the Q
weighting parameters were establishgd by tuning. The IAE
“values that. resulted from this sot of tests are summarized
in Table 7.6.4, as are the IAE values from the series of
tests wusing the multivariable sé}@—thning controller with
multirate sampling wheh the. Q weighting parameters were
determlned by the IAE equatlons. As can be seen from the 1AE
values, regulation of bottom coﬂpos Lion for all four feed
flow rate disturbances was improved “ turing, but this?was
not the case for the top composition. This Si?é' pattern of
behavior, consideFed to'oe caused by the ioieraction of the
steam acting as a disturbance to the_top-coﬁpoSition cont¥rol
loop, ;was; afso obsorved fo: the multivariable sellituning

tests (cf. Fable 7.6.2).
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A

Table 7.6.4
Multirate Self-Tuning Control Performance with Tuned Q
Weighting Constants

, : IAE Values
Tuned | 1AE

Step | TOP | BOTTOM | TOP | BOTTOM

increase from SS | 8.5 | 45.7 | 6.0 | 78.3
decrease to SS | 8.7 | 57.1 | 5.6 | 65.4
decrease from §S | 12.0 | 95.5 | 8.8 | 116.0
increase to SS | 11.5 | 64.2 | 9.2 | 97.2
total | 40.7 | 262.5 | 29.6 | 356.9

7.6.5 Comparison of Tuned antroller Eerformance
As can be 'seen from the 1AE values summarized in
. Tables 7.6.5 and 7.6.6 for multiloop PID Yontrol of the
, coidmn ~using "single rate sampling an'improvement of.35.4%
has been achieveu by tuning,of'the PID cqntroiﬁer constants.
For multlrate sampllng using the PID control strategy; an
1mprovement of 41, 4% was obtalned by tunlng the controlier_
‘constants. It 1is worthwhile to observe that .the total IAE
ya;ues for operating_‘the colump u51n§ multlloop PID
eontrolu sﬁrategy'ﬁfor}'single ‘apd multirate sampling were
{fbirtually identical. However it must , /be. stressed that"a
substantlal amount of" é?de and. effort had to be expended due
to the' large anper of~tr1al»runs Wthha were performed to
‘arrivelvdt the %final controller settings. ‘The total IAE
vaers Mwi;h.,the ieolumn" operating uhderfﬂimultivariable.

self-tuning control show that "smaller improvements were
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Table 7.6.5
Comparison of Tuned Controller Performance

oG
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IAE Total by Control Strategy

Sampling Single Rate | Multirate
.Step | PID | sTC . | PID | STC
increase top 8.0 7.7 5.3 8
from SS ' . -

bottom 99.0 57.3 101.6 45,
decrease | top 7.9 9.0 | 5.2 8
to SS »

bottom 117.9 59.9 117.4 . 57.
decrease top 10.6 17.7 11.8 12.
from SS ' .

bottom| 161.3 111.0 158N 95.
.increase top 9.3 11.2 8.3 11.
to SS . ‘

bottom 134.0 67.6 136.6 64.
total | 548.0 | 341.4 | 545.0 | 303.2

T

Table 7.6.6

Comparlson of Tuned Controller Performance and That Obtained

. With Calculated Constants

IAE Total by Control Strate§x

Sampling Single Rate | Multirate ™

| PID | .sTC | PID | STC
Tuned IAE ~ 548.0 341.4 545.0 l 303.2
Total ,
IAE total | 848.6 | 363.0 | 929.3 | 386.5
percent .
improvement - 35.4% 6.0% ' 41,4% 1.6% .

w

. Method | 3-c | 3-C | 3-Cc | IAE
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realized by adjustment of the Q weighting parameters than
for adjustment of the PID controller sett{ngs.

A  further comparison of control performance of the two
"different strategies showing the IAE values for each
composition as well as the total values is presented in
Table 7.6.7. This summary shows that the  best top
composftion ;ohtrol was obtained wusing the multriloop PID
control strategy with multi:ate sampling. The IAE values
show that wuse of mulﬁirate self-tuning control clearly
provides superior bottom éomposition' regulation, but this.
superior performance has résuited in increased interaction
with the top composition control which causes degradation in
‘the control _of .top composition compared with that achieved
with the PID control strategy.

Sihce the resulté have shown that for multirate
sampling only a marginal improvement in control performahce'
is obtained using the multivariable 'self-tuning control °
strategy with tﬁhed Q weighting parameters versus calculatéd
values, it is appropriaté to compare the,IAé values achieved
using calculated waeighting'parameters‘versus these valués
that resulted using tuned PID controllers with the'mulfiloop
stratégy. These values for the two sets of tests are
summarized in Table 7.6.8. Based on tabulations provided in
Tables 7.6.7 and.7;6.8 we can conclude that the multirate
sampling form of the self-tuning control algorithm providés
superior control wheﬁ?compared with the best performance

that can be achieved using a multiloop PID control strategy.’

£
3
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Table 7.6.7
Total and Individual Product Composition IAE Values for PID
and STC Control Using Tuned Controller Settings

Controller Metho@'

| ML PID | MV ST /4/ MR PID | MR ST
top response | .35.8 | 45.6 | 30.6 | 40.7
Bottom response | 512.2 | 295.8 | 514.4 | 262.5
IAE Total - | 548.0 | 341.4 | 54512 | 303.2

¢

Table 7.6.8
Comparlson of Tuned PID Control With Self-Tuning Control
Using Calculated Q Weighting Constants

Control Strategy

Step \composition] PID ] STC
increase top 5.3 . 6.0
from SS ' : _ .
bottom . 101.6 78.3 :
decrease " top | - 5.2 5.6
to . SS ) :
bottom 117.4 . 6544,
decreasé top 1.8 8.8
from SS .
) bottom 158.8 116.0
increase top 8.3 9.2
“to SS
bottom| 136.6 97.2.
Total IAE for top ~ ]
Composition 30.6 . 29.6
Tgtal IAE for Bottom : '
Cémposition 514.4 : 356.9
Total IAE Value | 545.0 ] 386.5

¥ Q welghtlng parameters based on the IAE criterion
equatlons (cf. Table 7.5.1) RN
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7.7 Eggect On Column Control Performance Using Measured
F;édforward Compensation with Multivariable Self-Tuning
Control

In all the previous tests of control performance, thé
self-tuning controller employed estimated feedforward
compensation (cf. equation 7.1). For this series of\tests:
the disturbance, i.e. feed flow rate, is measured and used

as the input value’ of the observation vector. The same Q

weighting parameters‘ as determined from the tuned

performance results were employed to obtain the_coldmn
respdhses shown in Figureé 7.81 through 7.84. These results,
obtained using the single rate samp}iné\ form of the
algorithm show that excellent control of ‘the bottom
compositionlhas achieved. To further appreciatélLJe improved
control Ehgg results from usipg airect measurement of the
feed disturbance, the »IAE values of both composition
responses displayed in Figures 7.81 to 7.84 are summarized
in Table 7.7.1 vas‘ are the  IAE values that were obtained

using an estimate of the feedforward disturbance for both

o

tuned and calculated Q weighting parameters.
As can be seen from the tabulation we ~can conclude
that measurement versus estimation of the feed disturbance

for feedforward compensation improves the regulatory

performance of the self-tuning controllér. In terms of

individual loop performance, the IAE values 1in Table 7.7.1

show that for Dbottom cdmposition the_measuredqfeedfofwa:d

compensation tests result.in the lowest IAE values. These
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Table 7.7.1
Comparlson of Multivariable Self-Tuning Controller
Performance IAE Values

o
I

- Estimated Feedforward Measured
Compensation ‘;Dlgﬁfrba
. . A TR
T o . (‘“’; 4}‘
step loop -~ Calculated Tuned - ﬁ@aﬁ}ﬁ
: Constants Constants Consth&’“ “
increase top 7.6 7.7 7.9
from SS
' bottom 61.4 - 57.3 . 50.9
decrease top 8.7 3.0 7.4
to  SS ,
bottom 72.8 59.9 39.2
éécrease top 19.5 17.7 14..0
from SS '
~bottom ' 93.3 111.0 59.8
increase| top . 13.5 11.2 9.3
to SS . '
bottom 86.2 67.6 - 60.2
Top loop '
IAE Total 49,3 £ 45,6 - 38.6
Bottom loop
IAE Total ‘ 313.7 295.8 210.1
Total ] 363.0 | 341.4 | 248.7

results also show that for feed flow rate disturbances below
steady state that regulation is mote»diffi;ult. Tﬁis is due
to the'inverse response and nonlinear characteristics that
éharacté}izevthe column dynamics for -these disturbances. The
largef’IAE values relate dircétly to the oscillatory return
of the bottom ¢omposition to the' setpoint for the step -
decrease from the steady stqte value while for the .step
return Eovthe normal feed rate the:cgmpositioh response has

shown that overshoot accompanies  the return of  the
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composition to the setpoint.

Tuning of the (o] Weightiﬁg parameters tb reduce integral
action and gain should improve t'e regdlaforx control for
these disturbances., | | |

As the responses in Figures 7.81 to 7.84 show the

bottom composition, as for the pfébious tests, undergoes a

deviation from the seﬁpoint at the onset of the 'aisturbance
for-each of ghéifour flow rate changes, but the magnitude of
‘the initial deviatioh has been 'reducéd, 'indicating that
measured feedforward Eompensation‘ié more efféctive than use
of estimated feedforward “action to. minimize any initial
deviation from the setpoinf fér feed disturbances. |

To further assess the improvement in control ~behavior

that results bi,using measured feedforward compensation, a

series of tests of ‘the multivariable self-tuning control

strategy _were ’perﬁormed using multirate Sampling.'with the

top composition sampled on a 1.0 minute - cycle, with the
bottom . composition ’sampled at the 3.0 minute interval. The

‘column responses that resulted for the four feed rate

disturbances uSing tuned ¢) weighting' parémeters are

presented in FiQUres 7.85 to 7.88.

.The - effective decoupling action provided by, the

self-tuning controller is clearly shown 'in Figure 7.85 by

sharp bottom composition control action (large steam rate

increase) to _compenséte' for the disturbance, that is
'accompanied by the rapid short duration decrease in reflux

flow (top composition contro} action) resulting in improved
. - ,



235

\w.o.m.m.m\o.omﬁuwplo.QHDF.D.omHn:.o.omumm.E
/y°0°€°€°¥/0°098=S1/(0°0=01°9"LOI=11°2°8=8d)0/44W 1S NW S8°L 3¥N9I4

(SNIW)3WTL C (SNIWIIWIL

021 09 0 : ] S 021 - 09 0
[ 1 I I 1 O-F.— . HwZH_}_ UMZH.—. . L 1 1 1 1 0-L!
. 021 09 -0 : S .
-5°81 _.Ju._ L1 1 Lle 1 g S8l ﬂJJ._
ID.ONm lmﬁ — IO.ONm
-5t 12 o e T -3 1z o
IO.:.MN A. . oy m TO-MN
021 0gs - o0 S ) - 021 08 0
L. 1 1 . 1 1 . Ow-m ) A Nnom low | - 1 1 1 R | O-v
Fo1-01 & ) |
0L 01 o
NG .
Loe 11 & (SNIWI3WIL
- 021 09 0
-06° 11 L L L L——1-¢
021 09 0 x g —
L 1 1 1 )| Dg .
,mm g P
— m
N/ Fg 6"
- Lem . 1tg Y
\ Q
-1t




236

g

021
1

R
mw.o.m.m.m\o.@wﬂnw&\ﬁ,o.o,nmb.o.omﬁu:.o.omnmmuc
/9°0°€*E ¥/0709=61/(0"0=01*9°LOT=11°2°9=8d)0/44W 1S ¥W 98°L 3I¥NOI4

P

09 0 - | 0z1- 09 o
L 1 0'L1 HWZHZHMZHH C ] 1 L 1 0 LT

021
—A

08 0
L

L L L o,.
-81
Log P
b m
- ~SY . -
. L'ge - Los
(SNIWJIIWIL —
021 08 0
L ! L _

0°0

8

L 21L

.’



237

/v°0°

021 09
L. 1 1 1 1

€

(SNIWI3WIL

/8°0°€*€°S/0°081 wh\ﬁo.QnDh.o.omﬂnHF.o.@mnmmuc

m.v\o.ownmh\ﬁo.ou F.mnhoﬂth.w.mumm_c\mmz Hw.lﬂ L8*L 3¥NII4

0

0-ct
Syl
0791
-Gt LIT

~0°61

(S/9134

(SNIWJ3WIL

021 ds 0
L 1 l 1 1 i D
g1
Log P
™M
LSy .
8' €S -08
(SNIWI3WIL
021 - Q9 0
L 1 l - 1 1 O
lm..l.
Lg P
m
6 .
L 21

Y6

y

(SNIW)3IWTL
5021 - 09 0

| - 1 1 1 1

—— - .

0°€t
LS vl

-0°91
-G L1
Lo 61

(S/9134

021 09 0
1

0°S
| ceq O
89 2
08
~N
-5 6

| . . L0" 11
0zl 03 0 >
v 0S*¥6 O

o) yp =
sL*ve =
L 00°66

. =

g2 06 M

- Q

-0S° 56 L




238

[

(SNIWI3WIL

P
1

1

08
1

~/9'Ceee m\o 081=61/(0" o 01°0°0S1=11°0°058=84)0
/v*0*E*E*¥/0°09=S1/(0°0=01*8*L0T1=11°2°8=8d)0/ 44N 18 ¥H ww L umDoH.._

0

x10"€1

- L] Ij
S*v1 m
F0°91 &
~
FS* Ll
s
~-0*61
0 _

-00° 8
rwﬁ.ms
_0g- mﬂ

~-00" :.
0 =<

0 @
Le X
€5

g ™
. =X
-6
Q
A

vmw oﬁb.

(SNIWIIWTL

021 g9 0
[ 1 1 i 1 O
. _
Fer
Log P
m
-Sp .
8' g9 -08
(SNIWJ3WIL
021 09 - 0
| - 1 1 1 1 O
rmv..l
g P
m
-6 .
2°01 -cl

| -

(SNIWIIWIL

021
] -

]

0S
)

0

Lt 0% €1,

gt
L0971
XA
iLo-el
0

(S8/9)34

1 ' Oo'
-,
58 7
lo..bflu
g ~
-S°8 Wi
ro.oﬂ.
0

-

m—
> .
[

o~
1 00°S6
(" =
Se* mm_.d

0s* mmH

08 me
. X
m_b wml.



239

A

top and bottom composition regulation. This decoupling
action is also evident from the responses for the other feed
rate disturbances. |

The effectiveness of the  measured feed rate
disturbanceg for .applying feedforward action 1is clearly
shown by the  IAE values .summarized in Table‘7.7.2. This
tabulation which shows the IAE values for the Jestimated
feedforward action versus feedforward actioq based on the
measured feed disturbance for tuned Q weighting, also
cdntains . the IAE values obtained using calculated ¢Q
weightings. Although no tests were cdnducted. usihg the
.calculated Q weighting Qi£h measurement of the feed rate
dfgtufbance, it is to be expected thét ﬁhe total IAE wvalue

would decrease from the 386.5 value but likely not fall
below the 204.7 Qalue. | |
7.8 Column Performance Using The K-Incremental Form of the
Self-Tuning Controller |

In Chapter 3 thdféxtension of the ba;té algorithm to
provide k-incremental self—tuning contr waé presented.
This section presents "results‘,obtained using measured”
feedforward compehgation for both single rate and mulgirate‘.
sampling with the Qﬂweighfing parameters of both controllers
set at the tuned:values used in the previous tests. The
distillation column responses provided Ain Figures' 7.89
through 7.92 document the performance achieved’iusihg the

. _ "
‘k-incremental fofm of the algorithm with no adjustment of

/




240

Table 7.7.2 :
Comparison of Multirate Self-Tuning Controller Performance

A

IAE Values

- i

Estimated Feedforward | Measured
Compensation ' Disturbance
step - loop Calculated Tuned Tuned
Constants Constants |-Constants
increase top 6.0 8.5 ' 6.1
from SS ‘ : '
bottom - 78.3 45,7 30.2
decrease top 5.6 8.7 5.8
to SS .
bottom 65.4 .} 57.1 35.7
decrease top 8.4 ' 12.0 9.4
from SS ‘

" bottom 116.0 95.5 ) 53.8
increase top , 9.2 - . 11.5 10a 2
to SS

' bottom 97.2 64.5 : - 53.5
Top loop o
IAE Total 29,2 40.7 31.5
Bottom loop . E . o
IAE Total ’ 356.9 262.8 173.2
Total | 386.5 | 303.2 | 204.7 -

¥

the Q weighting. ‘Regulatioh of the column product

composition has improved by use of the k-incremental form of -

the multivariable self-tuning controller as shown by the

individual composition IAE values ‘as well as the total

values presented in Table 7.8.1. For all four feed rate,

disturbances, the IAE value for the control of top

‘composition was reduced. by wuse of the k-incremental
. Q‘ - :

algorithm, but for bottom composition the control action

&
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Table 7.8.1 :
Co4umn Performance Using Multivariable K-Incremental !
Self-Tuning Control With Tuned Q Weighting Constants

. IAE Value
Step ' : , | TOP | BOTTOM .
‘increase from steady state | 6.8 | 36.2
decrease to steqdy_state + 4.8 | - 42w5
decrease from steadyqstate3ﬁ 1 - 13.5 | +762.4
increase to steady state | 8.4 . ff 50.9
total o 33.5 | 192.0

ranas

: . eF . :
produced a lower IAE value for Qgﬁy two of the four

. . {',

disturbances. ‘ @}
To ™ further demonstrate the performance of the
k-incremental form of the algorithm, the self-tuning

controller was employed - under multirate sampling with the
tuned Q weighting parameters unchanged from those wused in
the previous multirate tests. The control behavior that
resulted by employing multiragf sampling with the
kfincremeﬁtal self-tuning contrgiler is .displayed by the
respohses in Figures 7.93 to 7.96. Just as was the case for
~ the single sample rat%ﬁ?ﬁeries of tests, use of .the
k-incremental form of Eﬁg algorithm has improved the
regulation of‘the'tdp compésition as shown by the IAE values
tabulated‘in Table 7.8.2. However, this 1improvement has
caused a degradation in the control of the bottom

omposition for all four jfeed disturbances. It is worthy of

-o>te that £for the changes in feed rate, below the normal
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. . iy
Table 7.8.2 '
Column Performance Using Multirate K-Incremental 'Self-Tuning
Control With Tuned ,Q Weighting Constants '

IAE Values
Step . | TOP ° |  BOTTOM
increase from steady state | 5.4. | 47.7
decrease to steady state | 5.7 | 45.0
‘decrease from steady state | 8.1 |  96.0
increase to steady state | - 8.0 | 64.0
total _ | 27.2 | 252.7

éteady sﬁatev flow rate, the tdéugggposifion IAE “values of
8.1 énd 8.0 are the lowest IAE véi;es achieved kor any
controi' strategy and controller settings evaluated in this
study. | | ;

Results have been presented for multivariable,
multirate self—tuning contqﬁﬁ and the k-incremental
self-tuning. controller (K-INC) formulatipn, all using
measuredofeedforward compensétion. A sumyagz
values obtained fo;‘the tests conducted ;sing the measured
feedforward compensation is given in Table 7.8;3.

Examination of the results indicate that control of top

composition was improved using the k-incremental form of the

-

algorithm for  both single rate sampling - and multirate

sampling. However, requlation of the bottom composition by
- ) )

use of the k-incremental form of the self-tuning controller
only improved. for the single rate sampling.

.,.;: 5

of the IAE-

&
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Table 7.8.3 ,
Summary of Measured Feedforward Compensation IAE Totdls

-

Single Rate Sampling| Multirate Sahpling(

STEP |loop | STC | K-INC | STC | K<INC
increase top 7.9 6.8 , 6.1 5.4
from SS

bottom 50.9 36.2- 30.2 - 47,7
‘decrease’ top 7.4 4.8 5.8 5.7
to SS
‘ bottom 39.2 42,5 35.7 45.0
decrease top 14.0 13.5 9.4 8.1
from SS . -
bottom 59.8 62.4 53.8 96.0
increase top 4 9.3 8.4 - 10.2 8.0 -
to SS :.\ :
: bpttom 60.2 50.9 .-| 53.5 64.0
Toptcomposition ) ,
IAE total ) 38.6 33.5 31.5 =~ 27.2
Bottom composition )
IAE total 210.1 182.0 | 173.2 252.7
Total | | 228 7 ¢| 225.5 | 204.7 | 279.9

Ly

On "the basis c¢° these results it is not possible to

reach any general :-onclusion on the improvement of control

behavior that results -y use of the incremental form of the -

algorithm as the 2 weigrting parametérs were the same as
used for the =:-ests with the positional form of the
algorithm. It is -0 be expected that adjustment of the 0
weighting param=t=--s  for tesps' performed using’ the
k-incremental alg.rithm and multigété.sampling would itesﬁlt
in a Dbottom .ccmposition fAE value iower than 173.2, thus

showing the same improvement trend as was evident from the

/
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tests performed using only single rate sampling.

Vs

,
T



8 Conclus1om§\
This work has been prlmarlly concerned with the experlmental'
evaluation of the control performance that can be achieved
using multivariable self-tuning control stréfegy forv singlé
and multirate sampling. In the evaluation of this strategqgy,
compafison with conventional PID control with no decoupling
or feedforward compensation‘ was used. The comﬁérison wés
accomplished in two stages: |

The first stage preéented a comparison of ghe
distillaéion column responses under multiloop PID
céntnol, "with that of multivariable self-tuning céﬁtfol
where_Eontroller parameter selections were based on four:
parameter selection methods.
The second stage compared the performance obtained using
the multiloop PID control strategy with tuned controller
éettings with the behaviour obtained using the
‘mulfivariable self-tuning dowgrol strategy with tgned Q
weighting parameters. |
ﬁ? Of: the foﬁr méthods used to galcplatg the PID
Jﬂcontroller éeft%ngs, the calculated séttings using the

.‘.G

Cohen—Cooh(B—C) ‘method, resulted ‘in_ the best control
performancé for both single and multirate sampling.

" Tests of the multivariable self~£uning control strategf
using calculated Qlweighting parameters for the single rate
sampling révealed tﬁé; thé'Cohen~Coon method resulted in the

lowest overall 1IAE values for the selection of the Q

weighting parameters for 'the"self-tuning controller. For
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multirate samplipg, the TIAE selection tebhnique was found to
result in the lowest overali IAE value.

Control iof the distillatién column . using the
multivariable self—tuhing control strategy with Q weighting
parameters based on initial selection methods has been shown
16 brovide superior performancekfor disturbance rejectioé
when compared with mulpiioop PID control, for both single
/

and qnltirate'sampling studies.

Multirate sampling versus single rate samplinggfor both .

the PID and' self-tuning control strategies resulted in

improved top‘CQmposition regulation, with minimal ‘reduction
in the effectiveness of bottom copposition control due:to
the increased}interactiéh.

The change in column responses due tc the adjustment of

the Q weighting parameters (effectively altering the amount

" of proportional and integral action) followed the pattern

observed. for adjustihg the - PID controller constants.

A

Significant improvement in terms of an overdll IAE value was

“obtained from tuning, of the PID controller constants for

both single and multirate sampfing. ﬁsing the multiloop PID
control strategy with the‘controller settingsgf adjusted to
obtain the lowest overall IAE valﬁe,vvirtégllj identical
total IAE values resulted using both the single rate and

multirate sampling. It can 'bg_ concluded, that for the

multiloop PID control strategy there appears to be no

~significant benefit to be derived by multirate sampling for

control of the distillation column. ,

Pt
Ve
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Tests of column control using the multirate self-tuning

control strategy with Q weighting:based'on initial selection

methods showed sthat superior results for disturbance

i

rejection is possible compared with results achieved using

tuned PID controls W1th a multiloop control strategy

Measured feedforward compensatlon 1mproves the

disturbance rejection capabiltities of the self-tuning

controller, for both the single rate and multirate'fprms-ofv
the algorithms. Furthermore it was shown that including
- feedforward compensation action resulted in improved

controller performance and did not require tuning of the . Q

weighting of the self-tuning controllers as wouid be the
case if feedforward control was included with the multiloop
PID control strategy. The multivariable'gelf—tuning control

strategy evaluated in this work provides 'good disturbance

rejection for both measured and unmeasured disturbances. The

multlrate appllcatlon prov1des superlor regulatlon - compared

to the. multlvarlable form. The self- tunlng control strategy

with feedfgrward vcompensatlon can - be regarded  as ah

effectlve means of ai@cluding _the‘beneﬁits;pf‘feedforward

compensation without the drawbacks associated with the

implementation using conventional PID control Strategiesland

their need for pergodic tuning.

The column control performance that resulted when the

k-incremental. form of the self-tuning control strate“y bas

tested, for single rate sampling, shows promise :in providing

improved disturbance rejection capabilities when compared .
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with multivariable (poéitiOnal) self-tuning control strategy
results. However no improvement was observed from using
multirate sampling from the tests that were conducted. The
results do indicate that additional testing to fully
evaluate the potential of the k-incremental £6rm of the

algorithm is warranted.

4~



9. Recommendations _

9.1 Recommended Changes and/or Additions to the Equipment

As a consequence of the numerous experimental tests
performed to study column control behaviour, the following
equipméht modifications are suggested:
N (a)The effect of chénges in cooling water flow on the
steady state operation of the distillation column was
ddcumenged in Chapter 4. It is recommended that‘a cascade
»control loop be established between the column pressure
control loop and the cooling water flow control loop.
Control of the column pressure loop should be accomplished
with a-proportional plus integral controller with its output
as a setpéint to the temperaturé control of the <cooling
water discharge. The temperature control Aloop should be

added as proportional control only.. It is recommended that

*{the setpoint range of the temperature controller be limited

W
R)

. *to a range of 20°C to 30°C._ Since the desired normal

operating temperature of the <cooling water discharge is
approximatelyj25°cr Setpoints larger than 30°C would altef
the colum%us steady state operating charateristics by a
significant amount, as noted in Chapter 4;

(b)In several of the tests, théunonlingar dynamics of
the condenser level control  required the -duplication of
several - experiments. This ‘was due mainly tc~the-nonline§r

nature of the level respsase of the condenser. level. The |

“aanlinearity  1s  due ro the reduced glass aectuion of thne
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vessel where the level 1is maintained. Aﬁ, times top
composition control required a large change in reflux flow
to occur, resulting in a sudden drop in condenser level.
Since the level controller 1is a low gain controller,
condenser level was at times lost resulting in 1loss of
reflux flow to the columﬁ;&This loss of reflux flow resulted
in a loss of top composition measurement,'necessitafing that
the test be aborted!. In order to correct this situation, it
is recommended that a straight 3 inch diameter, 12 1inch
length glass section be added to the 3 inch diameter reducer
section of the condenser> receiver., The level controller
would therefore have a linear system to control and could be
tuned to provide quicker response, tﬁereby ensuring the
completion of the test .runs. The capacitance probe and
associated level transmiting equipment would require:
relocation to the bottom of the 12 inch section as well-as
the reference leg of the level transmittér would reqqire
extension to enablenéfdger control,

| (c)It is also recommended tﬁat the existirg pneumatic
controllefs —aﬁ%;htransmitters be replaced with electronic
transmittersﬁiéﬁd‘ microprocessor based controllers. This
would elim&ﬁate the need‘ for P/I converters between the

transmitters and the analog input boards of the computer.
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9.2 Recommendations for Future Research Work

It 1is recommended that in planning futurelexperimental
testing of the different control strategies and algorithms
that consideration be given to the following areas of

¢

research:

(a)Simulation studies [Tham,: 1985] have shown some
improvement in disturbance rejection abilities for tﬁe
k-incremental self-tuning controller when compared with‘the
positional form of the self-tuning control  strategy
evaluated 1in this work. Experimental evaluation of the
robustness of this control strategy and comparison with the
self-tuﬁing contfoller presented in this  work is
recommended. |

(b)Evaluation of hybrid self-tuning control [Gawthrop,

N,

1980] to determine if the control strategies performance

>

@%%ults in any improvement in the regulatory control of the
,

inverse behavior and nonlinear characteristics of the column

used in this study. N

“Yc)an investigation on the effect of over and under
' J}\‘;‘ha . ‘ . ‘ : ) . .
paramet®rization on the quality .9f control to determine

-

reasonablie limits and bounds on _ihg, umber of parameters

reqguired f@ﬁ self-guning control“wigﬁobt-significant loss 1in
s TR

controller performance.

(d)An  experimeiitgl investigation and comparison of the

0y

recursive least squares ° idéntification ~ method using
recursive upper diagonal factorizatrion with variable

forgetting factor [Fortescueaet al., 1981] as 5ﬁposed to a
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fixed forgetting factor used in this study.

(e)An investigation of the effect of varying the sample
time, for top composition contro. to other than the two
sample times. studied in this work. The investigation of a
further feducﬁion in top loop sample time below 1 minute
would determine if product composition control for the step
changes below the normal feed rate could be improved.

(f)Evaluation of the multivariable self-tuning control
strate v has shown superior disturbance fejection abilities
when compared to the conventional multiloop PID control
strategy. It is recommended that an investigation of the
servo con£rol behaviour of the self-tuning control strateqgy
~be undertaken to compare 1its performance " to that of
multiloop PID control- with ™ and yithout déad time
compensation., ™

(g)In most industnial processes, ' output data may be
lost temporarily, and if this happens it may cause a majo;
upset or even. an accideﬁt. IQQTE proposed that the effect 5§5
the steady state and servo tracking capabilities of the
self-tuning controller, when output data 1is temporarily
missing; should be studied. Wong and = Bdyoumi [1982]
suggested -a method which may provide.a starting'pbint for

] . .
tﬁis inves%igation. '

(h)With the'recommended changes for measurement of the
condenser level, studies could bé conducteé\to detefmine the
effect 'of varying condenser steady state holdup. This would

determine if condenser holdup could be used as a means of

-



261

assisting in modifying thi/bpen or closegd loop behaviour of

P
the column. -

(i)The methéds applied in this work to dgtermine
controller settfhgs and ¢ weighting parameters were gased én
a knowledge of open loop résponse behaviour which fequifes
‘the system to be available for an ettensive period qf
testing ﬁnleés the system dynamik behaviodl is known. Yuwana
and Seborg, [1982] have suggested a means of determining;
conventional ‘PID} controller "~ settings from closed loop
‘ 6peration. ?his technique as we11 ,as others should be

investigated ‘for establishing controller settings and

parameters without a knowledge of open loop behaviour.

;

-,‘\
A
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Append}x A v

" pifferentiation of Cost Function

ATHgf'multibariable céntrol law fbrmulition of section
3.3.1 required the minimization of the perggfmance' index
represented by egquation 3.531' Bésed :06 'the_apprﬁfch of
Clarke [1975] the expeétation operator is removed and the

performance index becomes: A

J, = [PY*(t+k, . |t) - RW(t)]* [PY*(t+k, |t) - RW(t)]

+[QUU(E)] [QUU(E)] + oi.yy - | (A.1)

Minimization of equation A.1 is.accomplished by setting the

‘derivative to zero. (dJ,/du(t)=0). ;

Differentiation of the cost function of ‘equation A.1

will be accomplished 4n° several parts. First some basic:
~

matrix differentiation is presented.

) ”

1. If:
.,.é = y'Az | | : (2.2)
where
y = y(x,t) '
T A= A(x,t) ¢ (A.3)

z = z(x,t)

x = x(t)

2
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‘Then ‘ ’
*&%: [%yx_'j‘l\zba» I:d_g‘)l:|A‘y+y“{g%] z . © (A.4)
- &
2. If
F = AB B (A.5)
where
A = A(x,t)
B = B(x,t) (A.‘6)
x = x(t)
then:
A dF = B'3A + 3BA" (A.7)
dx ox ox

The above two relations were extracted from Appendix A

.of Optimum .System Control, A. P. Sage, Prentice Hall Inc.

Iy

1968. -

With the above matrix differentiation relations the

cost function can now be minim}zed.

Bl
-

< Using relation 1 and setting:

[PY* (t+k. |t) - RW(t)]®

=Ly . -
1= A ‘ (A.8)
[PY*(£+k,  |[t) - RW(t)] = z



L

Then the firaﬁ*portion of the differentiation becomes:

dd, = 3 [PY"(t+k,,[t) - Rw(t)] [PY*(t+k;,|t) - RW(t)]
du(t) 2U(t)

+

3 [PY"(t+k,;|t) - RW(t)]* I*' [PY*(t+k;;|t) - RW(t)]
3u .

( )

+ [Py~ (t+k..|t) - RW] [PY*(t+k,,|[t) - RW(t)] -
S0Tt) |

(at9)
Since 31 =0 d ' . _ (A.10)
BU(t) )

ti*refore,' equation A.3 is composed of only the first two

“terms, requiring the evaluation of:

Q_E g (t+k;i|t) - RW(t)]" . ‘ S (a.1D)
) . ~ : :

Since the term RW(t) is not a function of*U(t), .it's partial
derivative is zero and the derivative is evaluated based on
substitution of equation 3.49 into equation 3.52 given

below.

-
~

Y(t+k,,;) = C'Py;'FY(t) + zk!'i-kiic-1'EBU(¢t)

+ gkii-diic-TgpV(t) + E=(t+k,,;) (3.49)
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and ' "

. ’ o~ .
PY* (t+k, |t) = PY(t+k,,) - EZ(t+k,,) (3.52)

which results in the following equation:

PY*(t+k,|t) = C 'P;'FY(t) + z*'i-%iic-'EBU(t)

+ gkit-dlic-Tgpv(t) =~ : (A.12)

performing the partial differentiation of equation A.12
Va .
leaves only the term containing U(t), all otHer elements of

the right hand " side of ' the eguation disappear after the

differentiation, resulting in:

t

: CAPY*(t+k,,|t) = 3 _ [ C"EBU(t)} ‘ (A.13):
S/ ou(t) 3u(t) ‘
Since E, B and C are polynomial matrices of z-', the only

elements which are functions of U(t) are the first terms of

the polynomials. The result of the right hand side of

‘equation A.13’becomés:

t.

5 [ C'.‘EBU(t)} = ¢(0)-'E(0)'B(0)° (A.14)
aUZtS ’

so, the first term of equation A.9 is expressed as:

4
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C(0) "E(0)'B(0) *[PY*(t+k, |t) - RW(t)] (A.15)
. "
Now, using relation 1 for the second term of equation

. p v
A.1, the following variables are defined as:

[Q'u(t)] =y .
I = A | | (A.16)
,A [Q'u(t)] = 2z .
wi‘t:;h w7 )

.

-

3 3 &Q'U(t)]‘[Q'U(t)]
du(t) ault 3

+ 2 [Qu(t)]* 1t Q'u(t)]. C(A.17)
ault) | :
+ [Qu(y] | a1 [Qu(t)]
. aul(t) | . .
- |
The last term of equation A.17 is zero since  the partial

e

derivative of I is zero (c.f. equation A.10).

We must therefore evaluate the fbllowing expression:

alo'u(t) ]! R (A.18)
“ant5 ' . g ,

Since Q' is a diagonal matrix of z"', only the first term of

the product is involved in the differentiation, with the

result:
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wr

‘L A J | -
: (A.19)

alQu(E)]t = @ (0t
U %t'i' T R o -

the noise term was assumed to be of constant

Since
covariance. Then:

’ ¢
* ¥

0 (A.20)

20%.,,, =
st | |

éombinipg the results of A.14, A.15, A.19 and A.20 yields

the following minimigation: )
NV

dJ1 =
dau(t) :
3

+Q'(0) Q' u(t)

€037 "E(0)*B(0)* [PY*(t+k,,|t) - RW(t)] (A.21)

Equation A.21 represents the final result of ;‘the

minimization and is presented as equation‘3.57 in Chapter 3

N ',J N . -
- -~ £a o
el v B B
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Appendix B

Source Code PROFIT.FOR '

PROGRAM eQROFIT FOR

THIS PROGRAM FITS A .SECOND ORDER PLUS DEAD TIME
- MODEL TO A SET OF INPUT-OUTPUT DATA OF A PROCESS.
A NONLINEAR REGRESSION IS USED TO SOLVE THE PROBLEM,

REF: DESHPANDE P B & ASH R H .

"ELEMENTS OF COMPUTER PROCESS. CONTROL WITH ADVANCED
CONTROL APPLICATIONS"
INSTRUMENT SOCIETY OF AMERICA, 1981

THE FOLLOWING NOMENCLATURE 1S USED:
'K = PROCESS GAIN
1 = PROCESS TIME CONSTANT 1
T2 = PROCESS TIME CONSTANT 2
N = PROCESS DEAD TIME

INUM = NUMBER OF INPUT OUTPUT POINTS
U(I) = PROCESS INPUT

X(I) = PROCESS OUTPUT

T = SAMPLING PERIOD

‘'THE ORIGINAL PROGRAM FROM THE ABOVE REFERENCE
I'S MODIFIED TO HAVE ANOTHER I/0 STRUCTURE.

- ALSO THE PROGRAM FIXED A MAXIMUM POSSIBLE-TIME DELAY
_DECLARATION OF 8 SAMPLE INTERVALS.

THAT HAS BEEN MODIFIED
TO TAKE 'N' SAMPLE DELAY INTERVALS PROVIDED .THAT THE
NUMBER OF DATA POINTS DO NOT EXCEED ( 200 - N - 1 )
IF MORE DATA POINTS ARE REQUIRED, THEN THE DIMENSIONS
THE :
-~ APPROPRIATE ARRAYS' MUST BE ENLARGED.

THIS PROGRAM READS IN A MAXIMUM OF 6 COLUMNS OF DATA.
TO INCREASE THIS, DIMENSIONS OF 'D' AND 'FACTOR' MUST BE

‘CHANGED TOGETHER WITH THE END LIMITS OF I1/0 'DO' LOOPS.

U. OF A. , U. OF A.

VACI E ' ‘ MING

APR~-84 ' ' . 17-0CT-82

REAL K -
DIMENSION D(200 6) FACTOR(6)
- COMMON/BLK1/%(200),U(200),XP(200) ,F(200),INUM,T,N,J,
1 ~ PINDEX
COMMON/BLK2/XAQPT(3), XBOPT(3) , XCOPT(3) , XSOPT(3),
1.FBOPT(3),FCOPT(3), FSOPT(3) ,XMM2, XMM1, XM, XMP 1, FMM2,
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aOn (@] QOO0 .

OO0 000n0n

(@

2 FMM1,FM,FMP1,DK,K,T1,T2,PREOPT, FREOPT FAOPT(3)

DATA IYES a

IDATA = 1
IWIO = 6
IRIO = 5
PINDEX = O.

READ  (IDATA,

REWIND IDAT

... READ -AND NO

DO 151 = |
READ (IDA

DO 10 J =
D(I,J)
10 CONTINUE

INUM = I
15 CPNTINUE

20 CONTINUE
SEFERATE OUT
WRITE (IWIO
READ (IRIO,

WRITE (IWIO,
READ (IRIO

Y/

0
220) (FACTOR(J),J=1,6)
A

RMALIZE DATA SET

, 200 ’
TA,220,END=20) (D(1,J),Jd=1,6)
1, 6

= D(I,J) - FACTOR(J)

THE INPUT-OUPUT VARIABLES TO BE USED

, 225)
230) IPERT
235)
230) 10UT

2

IF INPUT-OUTPUT RELATION IS OF NEGATIVE GAIN TYPE

CONVERT THE NORMALIZED OUTPUT VECTOR SET TO HAVE

THE OPPOSITE SIGN. THE INITIAL GUESS FOR 'K' MUST
THEREFORE BE A POSITIVE REAL .NUMBER.( THE ORIGINAL

PROGRAM DO
GAIN IDENT
.. INITIALIZE

SIGN = 1.0
USED TO GI

SIGN = 1.0

WRITE (IWIO,

" READ (IRIO
IF (IANS .E

DO 25 I = -1
D(I,I0UT)
25 CONTINUE

ES NOT SEEM TO WORK FOR NEGATIVE
IFICATION, HENCE TF ADDITION)

GAIN PARITY FLAG

FOR +VE GAIN RELATION

VE PROPER SIGN IN FINAL PRINTOUT
215)

,290) IANS -

0. IYES) SIGN = -1.0

, INUM |
= SIGN * D(I,IOUT) ~ N

\
N
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35 CONTINUE B B

2717

—_— i *

. GET SAMPLING INTERVAL AND INITIAL ESTIMATES

WRITE (IWIO,240)

. READ .(IR10O,245) T, N
WRITE (IWIO7250)
READ'(IRIO 255) K, T1, T2

‘e ENSURE THAT ALL ENTRIES FOR INITIAL ESTIMATES
ARE +VE NUMBERS . - '

= ABS(K) -
ABS(T1) -
ABS(T2)

K
T1
T2

.. INCLUDE SAMPLING DELAY OF '1' TO PURE PROCESS DELAY

# N =N+ 1 o |
RESERVE SPACE FOR TIME DELAY SHIFTS IN SUBSEQUENT N
CALCULATIONS .
DO 30 I = 1, N
U(1) = 0.0
X(1) = 0.0 .
XP(1) = 0.0

30 CONTINUE

PLACE THE APPROPRIATE DATA INTO THEIR RESPECTIVE
VECTORS

DO 35 1 = 1, INUM
U(I + N) = D(I,IPERT)
X(I + N) = D(I,IOoUT)

'"IC' IS THE CYCLE NUMBER
IC = 1

WRITE (IWIO,260)

WRITE (IWIO,265) .

IN THE NEXT 3>SECTIONS OF THE PROGRAM, K, T1, T2 ARE
OPTIMIZED SEPARATELY USING A DSC-POWELL SEARCH.

40 P1 = K | o T
P2 = Ti » - ,
P3 = T2

PRINT THE VALUE OF GAIN WITH ITS PROPER SIGN

SIGNK = K % SIGN ' .
WRITE (IWIO,270) SIGNK, T1, T2, PINDEX
WRITE (IW1O,275) IC
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% OPTIMIZATION OF T1 ... DSC SEARCH

60 L .= 2 b
DK = 0.01 - ////////
. J =1 o N ) T

\ ~ . 278

OPTIMIZATION OF K
DSC SEARCH

IIL = ‘l

DK = 0.001

J = 1

PREOPT = K | . \
F(J) = ERROR(K,T1,T2)

IW1 J o+ 1

F(J ’ 1) ERROR(K + DK,T1,T2)

IR (F(J + 1) .GE. F(J)) DK = -DK

IF (K + DK .LE. 0.0) GO TO 60

45 IW1 = J + 1

F(J + 1) = ERROR(K + DK,T1,T2)
IF (F(J + 1) .GT. F(J)) GO TO 55

OLDDK" = DK
K.= K + DK
' PREOPT = K \ | B
FREOPT = F(J + 1) » e L

DK = 2.0 * DK ‘ , ' TR T
IF (DK .GT. 0.5) DK = 0.5 . UV '

JIF (DK .LT. - 0.5) DK = =0.5 TR Lt
IF (K + DK .LT. 0.0) GO TO 50 "~ = .~

Jd=J + 1 S SR

GO TO 45

50 DK = OLDDK

K = K - DK

55 XM = K + DK

XMM1 = K

XMM2 = K - 0.5 % DK

XMP1 = K + 0,5 % DK

FM = F(J + 1) : y
FMM1 = F(J) '

'FMM2 = ERROR(XMM2,T1,T2) AN\
FMP1 = ERROR(XMP1,T1 ,T2) T ) i
CALL DSC(1) e E

K = XSOPT(L)
GO TO 100

PREOPT = .T1 ;/ff

F(J) = ERROELﬁJJﬂa%%ﬁ‘ R

IWl = J # R

F(J + 1) ERROR(K T1 + Dx T2) :

IF (F(J + 1) .GE. F(J)) DK = ~DK -
IF ((T1 + DK)/T .LT. 0.0145) GO TO 80 -

65 IW1 = J + 1 I
: 'F(J + 1) = ERROR(K,T1 + DK,T2) :

IF (F(J + 1) .GT. F(J)) GO TO

—



\

\

OLDDK = DK
T1 = T1 + DK
PREOPT = TI
FREOPT = F(J + '1)

DK = 2.0 * DK :

IF (DK .GT. 0.5) DK = 0.5

IF (DK .LT. - 0.5) DK = -0.5

IF (T1 + DK ,LT. 0.0) GO TO 70

IF ((T1 + DK)/F .LT. 0.0145) GO TO 70

J=J + 1
GO TO 65 "
70 DK = OLDDK
T1 = T1 -,.DK
75 XM = T1 + DK
XMM1 = T1
- XMM2 = T1 - 0.5 % DK
XMP1 = T1 + 0.5 % DK -
FM = F(J + 1)
FMM1 = F(J) kS
FMM2 = ERROR(K, XMMZ T2)

FMP 1 ERRQR(K,XMP1, T2)
 CALL_DSC(2%
-,‘T1 R50PT (L)

<, +60.T0 100
'C - OPTIMIZATION OF T2 f.;DSCfSEARCHV »
B0 L = 3 IR
DK = 0.01 :
J=1

PREOPT = T2 ‘

F(J) = ERROR(K,T1,T2)
CIWT = g o+ 1 :
Fla + 1) ERROR(K T1 T2 + DK)

IF (F(3°+ 1) .GE..F(J)) DK = -DK' = T

IF ((T2 + DK)/T .LT. 0.0145) GO TO 205
85 IWl = J + 1 -
F(J + 1) = ERROR(K,T1,T2 + DK)
IF (F(J + 1) .GE. F(J)) GO TO 95 .
OLDDK = DK -
T2 =.T2 + DK -
PREOPT = F(J + 1)
DK = 2.0 % DK '
FREOPT = F(J + 1)
IF (DK .GT. 0.5) DK = 0.5
"IF (DK .LT. - 0.5) DK = -0.5
IF (T2 + DK .LT. 0.0) GO TO 90
IF ((T2 + DK)/T .LT. 0.0145) GO TO 90
.Jd = d %+ K '
GO TO.85
90 DK = OLDDK
_ T2 =.T2 - DK
95 XM.= T2 + DK’
. XMM1 = T2
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" *115 FBIG := FA

o

140 FBIG

145 ABEROR =

XMM2 = T2 - 0.5 % DK
XMP1 = T2 + 0.5 % DK
FM = F(J + 1) ‘

1 = F(J)
FMM2 = ERROR(K,T1,XMM2)
FMP1 = ERROR(K,T1,XMP1)™
CALL DSC(3) L
T2 = XSOPT(L) h

POWELL SEARCH:

THIS SECTION OF THE PROGRAM CALCULATES
WHICH IS THE OPTIMUM VALUE OF ONE OF THE VARIABLES.

100 IF (XSOPT(L)

"PREOPT = XSOPT(L)
FREOPT = FSOPT(L)
XA = XAOPT(L)
- XB = XBOPT(L)
XC = XCOPT(L)
XSTAR = XSOPT(L)
FA = FAOPT(L)
FB = FBOPT(L)
FC = FCOPT(L) ~
FSTAR = FSOPT(L)

105 XACCUR = 0.005

I1 = INT(FA*1.0E6+0.5)
12 = INT(FB*1.0E6+0.5)
‘I3 = INT(FC*1.0E6+0.5)
14 = INT{FSTAR*1,0E6+0.5)

IF(I1.EQ.I2
110 IF (FA .GE. FB
IF (FB .GE.
IF (FC .GE.

%BIG = KA -
. IF (FB .LE. FC) GO TO
120 FSMALL = FC @
XSMALL = XC
GO TO 145
125 FSMALL = FB
XSMALL = XB e
GO TO 145 |
130 FBIG = FB
XBIG = XB

IF (FA .GT.*FC) GO TO 120

‘135 FSMALL = FA

XSMALL = XA

GO TO 145

FC

XBIG XC .

IF (FA .LE. .FB) GO TO
GO TO 125

135

.EQ. PREOPT) GO TO 200

AND.I2.EQ.13.AND.
.AND. FA .GE..
FA .AND. FB .GE.
FA .AND. FC .GE.

125!

ABS (XSTAR - XSMALL)

<,

I3.EQ.I4)GOTO

200
'FC) GO TO 115

FC) GO TO 130 .
FB) GO TO 140

IF (ABEROR .LE. XACCUR) GO- TO 200

*

'XSTAR'

280
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IF (FSTAR .LT. FBIG) GO TO 150
XSTAR = XSMALL
GO TO 200
150 IF (FBIG .NE. FB) GO TO 155
GO TO 200
155 IF (FBIG .EQ. FC) GO TO 160
AB1 = ABS(XC - XB) - ABS(XC - XSTAR)
IF (AB1) 165, 170, 170
160 AB1 = ABS(XA - XB) - ABS(XA - XSTAR)
IF (AB1) 170, 165, 165

\

165 XC = XB
FC = FB
XB = XSTAR
FB = FSTAR
GO TO 175
170 XA = XB
FA = FB- ’
XB = XSTAR -
' FB = FSTAR
175 ANUM= (XB#*2-XC**2) *FA+ (XC* %2~ xA**z)*FB+(XA**2 XB**
1 2) % FC _

DENOM= (XB-XC)*FA+ (XC-XA) *FB+ (XA~-XB) *FC
XSTAR = (ANUM/DENOM) / 2.0
IF (XSTAR .LT. 0.0) XSTAR = PREOPT
IF(L-2.GE.0.0.AND.XSTAR/T.LT.0.0145)XSTAR=PREOPT .
IF (L - 2) 180, 185, 190
180 FSTAR = ERROR(XSTAR T1, T2) ’
K = XSTAR
1F (FSTAR ,GE. FREOPT) = PREOPT
: GO TO 195 =
185 FSTAR = ERROR(K,XSTAR, T2)
T1 = XSTAR . o
IF (FSTAR .GE. FREOPT) T1 = PREOPT
GO TO 195
196 FSTAR = ERROR(K,T1 XSTAR)
T2 = XSTAR '
"IF (FSTAR .GE. FREOPT) T2 = PREOPT
195 IF {K- /EQ. ‘PREOPT) GO TO 260
IF (T1 .EQ. -PREOPT) GO TO 200
IF (T2 .EQ. PREOPT) GO T0:200 , R
GO TO 105 C o . B
200 IF. (L - 2) 60, 80, 205 E ‘ .
!
THIS SECTION OF THE PROGRAM DETERMINES IF ALL
3 OF THE VARIABLES ARE WITHIN THE PRESCRIBED ACCURACCY
(YACCUR) OF THE PREVIOUS CYCLE VALUES. ,
, IF THEY ARE NOT, THEN THE OPTIMIZATION IS REPEATED.

sXeXekekele

205 IC = IC + 1,
YACCUR = 0.00t1 -
IF (ABS(K - P1) .GT. YACCUR) GO TO 40
YACCUR = YACCUR * 2.0
IF (ABS(T1 - -P2) .GT. YACCUR) GO TO 40
IF (ABS(T2 - P3) .GT. YACCUR) GO TO 40

-+
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WRITE (IWIO,280)

SIGNK = K * SIGN .
WRITE (IWIO,270) SIGNK, T1, T2, PINDE.

RESET PINDEX TO ZERO

PINDEX.= 0.0

N0 000

RESET OUTPUT DATA TO ORIGINAL FORM

DO 210 I = 1, INUM -
- D(I,IOUT) = SIGN % D(I,I10oUT) ©
210 CONTINUE -

WRITE (IWIO,285)
.READ (IRIO,290) IANS
IF (IANS .EQ. IYES) GO TO 20

STOP

215 FORMAT (1X,g' IS RESPONSE OF -VE GAIN TYPE (Y/N)?')
220 FORMAT (6G12.5) N ‘
225 FORMAT (1X, ' ENTER COLUMN NU 3ER OF PERTURBATION

1 VARIABLE:') ' '
230 FORMAT- (12) - _
235 FORMAT (1X, ' ENTER COLUMN NUMBER OF OUTPUT

.1 VARIABLE:') -
240 FORMAT (1X, ' ENTER SAMPLING INTERVAL AND APPROXIMATE

-1 TIME DELAY:') -
245 FORMAT (G12.5, I3) P
250 FORMAT (1X, ' ENTER INITIAL GUESS FOR.K, T1 AND T2 :')
255 FORMAT (3G12.5) - ‘ ' ‘
260 FORMAT ('OSTARTING VALUES')
265 FORMAT (10X,-'K', 14X, 'T1', 13X, 'T2', 11X, 'PINDEX')
270 ‘FORMAT (4F15.6) ' : S -
275 FORMAT (1X, ' CYCLE =', 13). R
280 FORMAT ('OOPTIMUM VALUES"®) ' T SR
285 FORMAT (1X,. ' MORE (Y/N) ?') T e Lo
7290 FORMAT (A1) : ) '
END :
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14

_THIS SUBPROGRAM CALCULATES "ERROR"
WHICH IS A MEASURE OF HOW WELL THE VALUES
. OF K, T1, T2 FIT THE DATA
XP(I) = THF PREDCTED PROCESS OUTPUT
& ‘

FUNCTION ERROR(K, T1, T2) - N
REAL K - - :

- COMMON/BLK1/X(200),0(200),XP(200),F(200),INUM,T,N,J,
1 PINDEX ‘
PINDEX = 0.0
Al = EXpP(-T/T1) + EXP(-T/T2)
A2 = EXP(-T/T1) *x EXP(-T/T2)
B1=K*{(1,0-A1+(T1*EXP(-T/T2)-T2*EXP(-T/T1))/(T1-T2))
B2=K* (A2~ (T1*EXP(-T/T2)-T2*EXP(-T/T1))/(T1-T2))

 "ISTART = N + 2

IFIN = INUM + N

NOTE THAT THE DELAY TERM HAS ALREADY
INCLUDED THE SAMPLE DELAY |

OF '1'

DO 10 I = ISTART, IFIN

~ XP(I)=A1%XP(I-1)-A2%XP(I-2)+Bt*U(I-N)+B2*U(I-N-1)
E = X(I) - XP(I)

, PINDEX = PINDEX + E x E
10 CONTINUE

ERROR = PINDEX

RETURN
END
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1

. THIS IS PART OF THE DSC SEARCH..

THIS SUBROUTINE FINDS "XSOPT(L)"
WHICH IS THE PSEUDO-OPTIMUM VALUE
OF THE PARTICULAR VARIABLE BEING SEARCHED
( K IS THE SEARCHED VARIABLE )

L=1

L=2 ( T1

IS THE SEARCHED VARIABLE )

L=3 ( T2 IS THE SEARCHED VARIABLE )

SUBROUTINE DSC(L)

REAL K

284

COMMON /BLK 1/X(200) , U(200) ,XP(200),F(200), INUM,T,N,J,
PINDEX

COMMON/BLK2/XAOPT(3)

XBOPT(3),XCOPT(3),XSOPT(3),

FBORPT(3) ,FCOPT(3), FSOPT(3) XMM2 XMM1, XM XMP1 FMM2
2 FMM1,FM, FMP1 DK,K,T1,TZ, PREOPT FREOPT FAOPT(3)

IF (FMM1
XAOPT(L)
XBOPT(L)
XCOPT(L)
FAOPT(L)
FBOPT(L)
FCOPT(L)
GO TO 15
XAOPT(L)
XBOPT(L)

XCOPT(L)

FAOPT(L)
FBOPT(L)
FCOPT(L)

now o non

[ | S I | A 1]

.GE. FMP1) GO TO 10

XMM2
XMM 1
XMP 1
FMM2
FMM 1
FMP 1

L

XMM

XMP1 .
iM

FMM 1

FMP 1

FM

ANUM = (DK/2.0) % (FAOPT(L) - FCOPT(L)) '
-DENOM = 2.0 * (FAOPT(L) - 2.0%FBOPT(L) + FCOPT(L))

XSOPT(L)
FSOPT(L)

IF (XSOPT
IF(L-2 .GE.

(¢

IF (L - 2)

FSOPT(L)

GO TO 35

FSOPT(L)
GO TO 35
FSOPT(L)

IF (FSOPT
XSOPT(L)

RETURN
END

il

(©

XBOPT(L) + (ANUM/DENOM)
1.0E6
) .LE. 0.0). GO TO 40
0 .AND. XSOPT(L)/T LT,
20, 25, 30 :
ERROR(XSOPT(L) T T2)

ERROR(K,XSOPT(L),T2)
ERROR(K,T1,XSOPT(L))

) .LE. FREOPT) GO TO 45
PREOPT -

0.0145)GQTO 40
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Qppendixlc )
"Figure Nomenclature

The figures presented in this work were labeled with a
~

standard set of nomenclature. - Refering to Figure C.1 the

plots are, identified as:

A .

Controlled variable, top composition Qeight percent
methanol (XD(WT% MEOH)).
Manipulated variable, for top loop control; reflux flow

(RE(G/S)).

Disturbance, feed flow grams/second (FE(G/S)).

Performanée criteria, top loop integral of absolute
error (IAE).

Controlled variable, bottom compqsifidn.weight‘pefcedt
methanol (XB(WT% MEOH)). | |

Manipulated wvariable, for bottom 1loop <control; steam

flow grams/second (ST(G/S)). -

Disturbance, feed flow grams/second (FE(G/S)).

‘Perfotmance criteria, bottom loop integral of absolute

error (IAE).

285
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Refering to Figure C.1 the title of the plots are defined in

the ‘following format, with each of the seven areas of the

title defined by: o

1. ,This area*indiqates‘the figure ﬁumber end descripfien of
the control used for the particular plot. The following

abbreviations were used:

ML Multiloop Control Strategy: Single>réte sampling
MV Multivariable: Single rate sampling

. MR . Multirate Sampling
Design Method: |

Z-N Ziegler-Nichols

3-C . Cohen-Coon
IAE Integral of Absolute Error '
ITAE - Integral of the Time Multlplled by the

Absolute Error
" Where no' design method is indicated, the results presented:

are for tuned control.

etd

Type of control: . *

PID - Conventional proportional’ integral
‘ derivative control ' :

ST i Self-tuning control "

KINC ST - K-Incremental self-tuning control

MFF Measured feedforward compensation added

The title is presented in a two 11ne format. The first
line presenting the type of control used for the - column as
well as information regarding the control of the top loop.

The second line indicates the information for the bottom

leop control.



288

Refering to Figure C.1 the information in the title for

areas 2

2 and 5

3 and 6

4. and 7

through 7 are~defined’by:

N

Controller settings for PID control, specifically

the wvalues of the proportional band(PB), integral

time(TI), and derivative time(TD). For self-tunin

control these values indicate(the parameters usgg

for the Q weighting. \ L
Ll

. . f/ ’
Sample-time for top and bottom loops regpéctivel?. 9

For self-tuning controllers - only. This area
specifies the number of parameters used in each of
the = controller polynomials., 5 .integers are
specified, with their associ-*ed polynomials in left
to right order:

G,, parameters .
F, parameters N
L, parameters '

S parameters

. For PID

G,,; parameters N

control areas 4 and 7 are ommitted.



