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ABSTRACT

Utilizing experimental transient data, of e ten-plate
pilot plant binary distillation column; reported by
Gerster and co-workers (26), various control schemes were
investigated by means of analog computer simulatiouns for
a 10% step disturbance in feed composition. Employing
refiux manipulation to maintain constant coverhead product
composltion, the optimal locatiocn of the sensing element
was determined. The utility of Eosenbrock®'s optimum
control point policy was also considered. The so-called
two-point control exhibits strong interacflon between
the two control loops. For close control of the overhead
product composition, feedforward plus feedback compenssa=
tion control was found very effective in decreasing the
maximum deviation of the controlled variable from the
deslred value and reducing the time required for the
controlled variable to returm to its original steady

state value.
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CHAPTER I INTRODUCTION

A major advancement of the chemical industries during
this century has been ‘the development of continuous process
p].an}ts operating on & 1arge scale. The advent of con-
tinuous processing in the chemlcal industrlies has brought
with it a requirement for ‘a much xﬁore, stringent control
of the process variabdbles, In generﬁl, continmious processes
are more sensitive to operating conditions than batch
processes (36). In addition, because of thelr generally
large size, operating at other than optimum conditions
is more costly in plant retu:mg, which further increases
the need for close ocontrol.

Continuous distillation is probably the most common
chemical engineering mass transfer operation. This
process ls designed to separate a known composition feed
stream into two or more product streams within a certaln
specification. To maintain steady state comnditlons in
order to achieve a specified separation, a valve or
stmple on-off controller has in some cases been satisg-
factory, but whén highly specified gqualities of the
products are required in spite of external upsets,

‘stringent control has become necessary (36).




The genexral theory of feedback control 1is well
established and adequate'for the analysis of any control
system that may De selected for study, provided the
trensient behavior of the process is knowm. For the
case considéred in this work; thevprocess investigated
15 the distillation column and its auxiliary equipment,
Several mathematical models for describing the translent
response of a plate-type column separating a binary
mixture have been proposed (3, 20, 23, 34, 41, 52, 53,
56), Several comparisons have also been made between
theoretical predictions and experiments (6,.7, 8, 26, 27,
h6, 50, 5i). Unfortunately, it has been found laborious
end time-consuming to predict the dynamic behavior of
2 columm. Control has been found to depend largely on
effects which are secondary to the main mess transfer
effect of the columm snd sbout which little information
is avallable. For this reason it appears to be as
difficult to reasch general conclusions from the results
of unsteady state calculations as it is to state them
from practical gxperlence (41).

'For'designing control systems of a distillation
column, early empirical work has offered some rules,
primerily of the rule of thumb type, which often ®ive -
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satisfactory but not optimal results. In the last two
decades, with the appearence of digital computers, theo-
retical analysis (10, 23, 28, 38, 41) has become possible
as far as the computing time is concermed. As a result
of these studies many rules have been confirmed or re-
vised and a few more new conclusions have also been
reached, but due to the complexity of the process a con-
pletely general characterization to the problem 1is still
not valid, even for a binary system.

A novel approach for designing control systems for
2 binary distillation column has been developed by
Bosenbrock (41), who used the concept of “disturbence
function D%, which is simply the sum of the magnitudes
of the rates of change of composition on all the plates
and is defined as

N+l

éDaZ
J=°

d

where HJ is the liquid holdup on the jth plate and X,
is the composition on the jth plate. The sum is tekenm
over all plates; the reboller, and the condensexr systen.
Later, Rosembrock (42) established that the disturbance
function D has the properties of a Lyaspunov function
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and stipulates that control should reduce the "amount of
disturbance® as quickly as possible, Both Gould (18) and
Rijn=dorp et. al.; (35) have pointed ocut that Roéenbrock’s
criterion does not take sufficient account of the top

and bottom products. Since maintaining constant product
. composition 1s the major objective of the control of
distillation columms, the inadequacy of Rosembrock®s
criterion is rather significant.

Most research workers in this field (10, 12, 19, 20,

96, L, 53, S4) agree that the optimal location of the
sensing element is on the top plate of the columm if the
objective is to achleve a constant overt}aad‘ product come
position by refiux rate manlpuiation. A direct measurc-
ment of product stream composition would be even better
if the scnsing element were highly sensiti.ve.‘ When the
detector has a lerge "dead space® (54) compromise. is re-
quired and usually intermediate plate composition 1z
controlled (53, 36, 44)}. Nevertheless, according to
Rosenbrock®s control strategy (41), one or two of the
intermediate plate compositions should be controlled.
On the basis of"' the preceding concluéi.ons, it appears
that they are contradictory to- each other and as o
Tesult of this embiguity, some misunderstandings have
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occurred (21) by applymg'aoserxbrock?s optinal control
po;l.i.cy to a diffemt objective i.e., constant overhead
product composition.

The purpose of this study.was

(1) to utilize Rosenbrock®s oriterion to exsmine
the variations in the product stream composition,

(2) to investigate the performance of the so=called
two-point control, smd

(3) to show the effect of a feedback compensator
on the feedformward control system,
by simulating a ten-plate binary pilot plant distillation
column (26) plus the control systems on sm electronic
gnalog computex, .
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CHAPTER II LITEBATURE SURVEY

In 1561, an excellent survey of the published studles
on dynamics and control of distillation columns and other
nmass tramsfer equipment was made by Archer and Rothfus

(4). Extensive bilbliography of both dynamics and control -

of distillation colums cant also be found in a historical
and critical review article by Rosembrock (&0) in 1962,
One year later, a survey on i;he application of automatlc
control in the chemical industry by Bijnsdorp et. al.,
(44) listed several other important referénces on the
dynemics and control of distillation columms, Gould’s
(18) review article deserves si)ecial mention. He not
only reviewed and smalyzed the research actlvities in
the cheracterization and control of distillation column,
but also pointed out the shortcomlngé of‘ various reported
studies as well as many promlising aspects.

' 411 of the studies to be mentioned in the following
sectiqna are for binary systems. Very little informatlon
about multicomponent distilletion has been reported, and
since it is beyond the scope of this investigation,
further discussion u_nless otherwise specified = will
all TeTer to & binary system.
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II-1, DISTILLATION COLUMN DYNAMICS

BASIC EQUATIONS 3
To describe the dynanics of a plate-type distilliation

colum, a set of basic mass transfer equations (i.e,,
total material balance for each plate and each component,
excapt one) plus phase equilibrium relationships, plate
efficiency, and energy balance equations for the condenser
and reboller systems and feed plate as well as the terminal
plates are sufficient (4). Harshall and Pigford (29)
' published the first enalysis of the equations of a binory
distiilation colum sultable for study of steady state or
transient behavior. |
METHOD OF SOLUTION 2

Analytical solutions can be obtalned with customary
assumptions by using the lLaplace transformation and
difference-differential equations or perturbation techniques
(3, 29, 50) for certain cases. The analog computer has
been employed to study the transient behavior for binary
distillation columns (23, 26) and some other mass transfer
units (1), :

B jnsdorp end Haarleveld (35) have proposed an elec-
trical analog for a distillatlon column which permits the
-si;mlation of prezsure arnd hydrodynamic translients:-and




thelr interaction with the composition transients, Acrives
and Ammdsen (2) have shown how matrix methods can be
enployed to determine the transient response of stage=by-
stage mess transfer equipment., Rosenbrock (37, 38) and
meny others (10, 20) have used the digital computer to
solve the array of equatlons, |

Another approach, nemely that of consldering the plate
munber jJas e contimzons rather then a discrete variable,
has been studlied (17, 32, 52) and fnrther elaboration and
reﬁnement 1s still in progress.
'I'HEORETICAL AND EXPERIHEN‘I‘AI. YORK 2

Early investigators;, e.g., I-Iarsball and Pigford (29)
and Davidson (17), consldered the start-up problem 'of a
fractionating columm and the rate é.t which the colummn
approaches ite finel equllibrium state, btut not the effect
of a disturbence on that state. Wilkinson and Armstrong
(51) calculated the transient response of a f.’e.vé—plate
cenriching columm to step changes in the composition of
the reboller-vapor and comparison with experimezital data
showed good agrgment at long-time intervals,

Voetter (50) has analytically solved the basic mass
transfer equations, with certain assumptions, for step
‘changes in feed composition and experimental data cbtalned
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from a sleve tray type column confirmed the theoretical
pfedictlons. Armstrbng and Wilkinson®'s experimental
data on.the transient response of a plate-type dis-
tillation column following disturbances in feed compo=
sition and reflux rate are in agreement wlth the solution
of the governiﬁg nass transfer equatlions solved by
Rosenbrock (37, 38) with the digltal computer method
and also in accord with the theoreticai predlctions of
Voetter (50). |

Campbell (14) introduced the usefulness of the signal
flow diegram concept and Rijnsdorp et. al., (34, 35)
utilized it to synthesize a passive &lectrical network
analog to represent the column'dynamically. ¥sny results,
reported in transfer function forxrm, have been obtalned
by Rademaker and Eljnsdorp (34), but unfortunately very
few of these transfer functions hsve been published.
Izawa and MoTinags (20) derived various transfer functions
by reduction of the signal flow diagram and by use of the
theoren of continued fraction to aveld the boundary value
difflculties.

Several other workers (12, 56) have also pointed out
the advantages of studying columm dynamics vlia block
diagram téchnlque, which again 1s developed from the




signal flow dlagrem concept.

Lamb, Pigford and Rippin (23) have derived a set of
linea:: émail perturvation type equations, with curved
vapor-liQuld equilibrium relationship taken into account,
to describe the dynamlie characteristics of a plate=type
distillation column and also have shown the analog clrcult
for simulation of these equations. Under close control,
the approach of linearization about the columm®s true
steady state 1ls well justified as demonstrated by the
good agreement with the excellent experimemtal transient
data reported by Gerster and co-workers (7, 8, 26, 27,
46). |
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II-2. DISTILLATION COLUKN CONTROL
CONTROL SCHEMES 3

Numercus satisfactory and practical control schemes

for distillation colum control have been reported in the
literature, however only a few references whlch are
illustrative = and collective will be cited in this study.

Bademaker and Rijnsdorp (34) introduced the principles
of the classification for the most common types of columns
and control systems. The book by Harriott (19) discusses
various simple control schemes and possible combinatlions
of these sohemes while Buckley (12) in his book deals
with the more practical aspects of distillation control
systems. Various other more sophisticated control schemes
can be found in the literature (11, 12, 25, 28, 31).
FEEDBACK CONTROL @

1. GENERAL :

In 1948, Boyd (9) reviewed various types of dis-
tillation control systems and presented recommendatlions
for controlling column pressure and other variables. He
nede a plea for instrumentation and control which can
naintain operations as steady as possible and prevent
such upsets as slugging, for example. In 1952, Coulter
"(16) set down the results of experience, discussing the




considerations involved in instrumenting a colurm and
applying the principles outlined. Parkins (33) emphasized
the importance of regarding the distillation column as

an emergy system, particularly when a sharp separation

is required.

The study reported by Bademaker and Rijnsdoxrp (34)
nentioned previcusly form a corme@ting link in the
literature between the quesi-static and dynamic behavior
of a distillation column, They considered that smalog
techniques were superior for studying control systems
and by substitution of a passive network for amplifier
circuilts wherever possible em enalysis of a column con-
talning large number of plates was mede practicable,
Transfer functions including pressure effect for a section
of column were summarized and certain frequency response
data were shown, Bose, Williams and co-workers (36, 53,
54) used relatively simple models for a five-plate dis-
tillation column and by simulation on sn anslog computer
studied the behavior of verious types of controllers.
They concluded that derivative control was ineffective,
and that proportionsl control was generally adequate for
step and sinusoidal disturbances. The conclusions of
‘#illlams et. al., (36, 53, 5&) were substantiated by
Browm (16) utilizing a digital computer.




An interest.tng approach, whi.ch may ald in under-
standing the effect of nonlinearities on control, 1is
the concept of the n3isturbence function®,as mentioned
in chaptei? I, which was suggested by‘Rosenbro(}:k (39, 41)
in 1962. BHe (42) has also shown that tﬁe "disturbance
function D" constitutes a Lyspunov function for binary
distillation and can be used to investigate stablllty
in the nonlinear case.

2. CONTROL POINT IOCA’I’ION s

It has often been stated (3, 49) that .’m case of
roflux manipulation the semsing element should be in-
stalled at the plate where the concentration gradient
13 a naximum, 'me results of many studles (13, 20, 53,
34, si) have shmm that this criterion is based only
upon steady state considerations. Consideration of the
dgnémics shows that if the major objlective is ninimum
variation of product composition the detector should be
installed as high as ﬁossi‘ble, with a compromise being
made between the senslitivity of it and the equivalent
dead time. .

Rosenbrock (41), using the mintmm ®disturbance
function D" as hi.s critenon, has specified g different
) optimmn control poi.nt locatlon poli.cy.
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3. INTERAC’I’ION g

There are two Iinds of mteracticms assoclated with
a proceas. namely physs.cal interaction and mteraction
bhetween tm or more independent control 100ps. Since
the former type is concermed with the process dynamies,
i.e., the parameters of each element used to describe
the system cammot be specified separately, it will mot
‘be reviewed here. |

Interaotitm between pressure control and the reflux
manipzﬂation is a ¥nown fact (15, 34). Rosenbrock (41),
in 1962, was the first to demcnstrate the interaction
between two control loops when reﬂux and vapor boilup
rate manipulations are used. -Jafri et. al., (22) in an
enalog computer study of two-polnt control of a tem-plate
laboratory column has also reported the presence of an
interaction effect.’

FEEDFORWARD CONTROL %

The possible application of feedforward control to a
chemical process was first discussed qualitatively by
Calvert and Coulmen (13) in 1961. One year later,
Oglesby and Lupfer (31) reported the design of a speclal
purpose analog computer for feed enthalpy control which

mae the firat actnal onnlication of feedfm contrgl to 2
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distillation colum. Later, Lupfer and Parsons (25)
described the synthesis of feedforward controllers of a
distillation column from an empirically determined
transient response of the column. Lamb, Plgford and
Rippin (23) synthesized a feedforwerd controller using
a linear model for e seven-plate column. Transfer
functions for the columm were computed from z freguency-
domain solution of the model and matrixz methods were
then used to solve for the feedforward controllier
trensfer finctions. ILuyben and Gerster (28) modified
the approach of Lamb, Pigford and Bippin by calculating
the feedforward controller transfer functions directly
from en approximation on the Bode dlagram, The per-
formemce of the controller was then determined by
analog similation of a ten-plate and & forty-plate
columm, and by experimental tests with a ten-plats,
2-foot-diameter .pilot plant column. They also pointed
out the need for the investigation of combined feedfore
ward and feedback control schemes.
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CHAPTER III THEORY

III-1. PROCKSS
VARIABLES s
The number of variables of a typical distlllation

column separating sn N-component mixture as showm
schematically in Figure 1 is 3N + 12, A 1list of these
variables is showm as Table i while tabulation of the
2R + 6 independent relationships which exist smong
‘these variables is illustrated in Table 2.
DEGREES OF g
The degrees of freedom inherent in a system is
defined {(30) as the number of variables which describe
the system minus the number of independent relation-
ships or equations which exist among. these variables.
Therefore, the degrees of freedom for any distillation
column is N + 6. For a binary system and with fizxed
feed lcecation i.e., E and S fixed, the degrees of
freedom 1s slx.
CONTROIL. SYSTEHM 3
The prlmars; objectives of distillation column
control are product quality control i.e., to maintailn
- overhead end/oxr bottom product compositions at a
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specified value (no side streams are withdramm), emd
matenal balance contrel i.e,;, to keep the average sun
of both top and bottom product: withdrawal rates to be
exnotly equal to the average feed rate., However, due
to the physical limitations inherent in the process,
cortain comstraints must be observed (12). For

example ¢
(1)} The columm should not flocd;

(2) Column pressure drop should be high enmough to
naintain effective column operation. |

Therefore, sometimes in order to keep one end at a
specified composition the composition of thé other end
product has to be sacrificed and can only be controlled
as close to the desired value as possible without vio-
lating the physical constraints, Usually no attemptﬁ
(19) 1s made to control both product compositions,elthough
two=-point control Ls theoretiecally possible by rogulating
two of the man.tpulated variables simultaneously. A
carseful analysis of the process to determine the degrees
of freedom mhe;-ent in the system must be performed,
The addition m“~ controllers is equivalent to establishing
functional relationships among the variadbles measured
-omd controlled. These relationships are additionsl
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indepondent relationships among the varlables, and
therefore, they remove degrees of freedom. The degrees
of freedom Temoved by the addition of a control system
should not exceed the number of degrees of freedom
which are inherent in the system or the system will be

overdetermined.
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TABLE 1
T CN _OF DIS TION V.

E (mumber of enriching stages)
S (mmber of stripping stages)

S A A L AR S AR -

T T T - T O Y S S I I

M + 12




TABLE 2

TABULATION OF THE INDEPENDENT
RELATIONSHIPS AMONG THE VARIABLES

Equilibriun relationships
Faterial talance

2x% = 1,0

Total emergy balance
Condemser energy balsmce
Beboller emergy balance

I L Y T T

Total 2N+ 6




I1I-2, CONTROL
FEEDBACK CONTRHOL 2
The design of a control system usually starts with

certain specific information such as a mathematical
deseription of the plamt or process to be controlled,
specified performance requlrements under dynamic and
static conditions, constraints emd limitations on the
system components, the inputs to the process and the
variables, the statistical properties of the extermal
disturbences, and a statement of the output variables
which can be meesured directly or can be estimated.
In eddition, extra requirements such as the introduc-
tion of sampling and quantization, the uss of speclal
equipment such as a dliglital computer, and the specifi-
cation of certain control system configurations or
models of control may be imposed. In some cases ﬁhe
solution of the problem may be unique; i.e., there is
a gystem which is best; in other cases compromises may
lead to several satisfactory solutions.

The methods .for the design end synthesls of control
systems may be classified into three categories. The
firnt i the well knmown methad hoged upon transforn

techmiques, inclnding the s domsin end z domein, or
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upon the ryoot-locus technique. This is often referrad
to as the trial-and-error degzign procedure (48). The
designer 1is glven a set of rather arbitrary specifica-
tions in the time end/or in the frequency domain snd
possibly a system configuration. Galn margin, phase
margin, peak overshoot, decay ratio, ete., are the most
commonly used specifications. The designer seeks to
satisfy the specifications by altering the gain smd/or
other controller parameters. The second method, which
hes been referred to as analyticel design, uses an
infinite-time integral of squared system error or &
mean-squArereYToTas a measure of performance. The design
procedure yiolds a compensation network for a linear
control system configuration upon application of classlcal
variational methods to minimize the performence measure.
During World War II and in the decade following, the
first and second methed constituted the major technique
for the design of control systems. These techniques,
which are employed extemsively by practicing control
engineers, may be referred to as the classical approach.
The block dlagram of a typical feedback control

ms'l-e-n 13 11'113%‘;1‘3*"‘ 4 9n Fimm 2 Miacs 013331931

g (W W e @ kB

épproach of system design 1s confronted by 'severe




linmitations and difficulties when applied to the design
of multivarisble end time~varying systems., Applications
usually are limited to idealized ahd relatively simple
feedback control systems, The outline of the two methods
is given in Tables 3 and 4 respectively.

The third method is 2 broad gemerallzation of the
second method and has been developed in many different
ways. If, however, one restricts his interest to the
control of linear processes, & rather clear pattern of
design procedures appears as pointed out in the book by
Ton (48)., The essential idea is that a functional on
the plent variables smd control variables is specified
or selected, constraints are imposed on the varisbles,
and a control law or sequence is derived by finding an
extresum of the functional by some variational technique.
This method is ropidly becoming the major technique. for
the design of control systems in many flelds other than
chemical engineering, In 1962, Rosembrock {(43) introduced
a concept similar to the third method for applicaticn to
chemical processes and as Bijnsdorp et. al., (44) pointed
ocut, one year later, it will be interesting to see

Rogembrock?s mathad apnlied to g specifis eyormle hut as

" yet no work toward that goal has been reported in the
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TABLE 3
TRIAL~AND~EBROR METHOD

I. SPECIFI ONS
1. Dynamiocs of the process
2. Desired values of the controlled variables
3. Load disturbances
4, Tolersble error and degree of stabllity (e.g.»
decay ratio as a criterion) | |
IXI. DESIGN PROCEDURE
1. Determine the system (the maximm controllex
gain) gain on the basils of error specification.
2. Design or choose the type of controller action
to meet the stabllity requlrement
3. By analysis, check to see if the specifications
are satisfled
L, If not, repeat procedure, using a more elaborate
controller




- 26 -

TABLE 4
ANALYTICAL DESIGN PROCELURE

I. SPECIFICATIONS
i. Dynanics of the process

2. Desired values of the controlled variables

3. load disturbances

4, Pexrformence critexrion

‘5, Physical constraints or limitations of the
process

II. DESIGN PROCEDURE |

‘1, Detexmine the classification of the probleme—
fixed, frec, or semifree configuration (48)

‘2. If the configuration is fixed, express the
performance index in terms of the {ree para-
metere (parsmeters of the controller); then |
minimize or maximize the performence index by
appropriate adjustment of these parameters

3. If the configurstion is frec or semlfree, apply
the method of spectral factorization to design
the compemsator (special type controller) which
aininizes or maximizes the performance index

4, Check to sce if the compensator (controller) thus




(Cont. of Tsble &)

determined satisfies the performance criterion.
If so, the theoretical design is completed and
physical realization may begin. If not, the
specification cermot be met and must be altered.
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literature.

~ In the present study, since each individual control
loop of the distillation column was cxamined independently,
it was satisfactory to follow the classical approach,

There are some distinct disadvanteges of feedback
control, namely

(1) corrective action is only taken after product
qualities have deviasted from thelr desired values,

(2) a long time is required for the controlled varia-
bles to return to thelr desired values, in many processes
such as large distillation columns,

(3) undesirzble interaction of feedback control loops
may occur as most chemieal processes are multivarisble.
PEEDFORUARD CONTRHOL 2

Antomatic control was first developed by the mecheni-
cal engineers and because of this, the emphasis in fheo-
retical research has been on feedback systems., Chemical
engineers utilizing the simllarity betiween mechanical
systems and chemical process systems started to develop
thelr omn theory, however, there are some fundsmental
differences between those two systems (13). Due to these
differences of the twn gysteme_  and from the ascourmilstad

" ezperience of chemical engineers, the concept of feedfor-




ward control appears to be attractive to process control
engineers.

Feedforward control, as showm by the dlock diagrem in
Figure 3, in principle eliminates the mein disadvantages
of feedback control by sensing the input disturbences as
they enter the process and taking the proper corrective
action, This implies knowledge of 2ll significent
inputs end of sn adequate causal relationship between
inputs and outputs. Consegquently, the desired outputs
may be obtained byrsdjusting the inputs to the predicted
settings. .

Peedforward control in pure form is the opposite of
feedback control in that in feedforward control the
control action ig initiated by inmput variables rather
than by output varisbles as in feedback control. Feed-
forward control cam be utilized in a varled range of
applications from individual wmit control up to the
over-all control of en entire plent system. Individual
mmit feedforward comtrol will be attractive where (13) ¢

(1) Input emalyses are most economically provided by
analytical devices.

(2) Toadhanal> dvnemine mar intryadnne osavrara ingtahiliitr.

TNV WA i) SRR RS GOy e wrere

. {3) On-line contimous computer control (as distin-
sushed from optimizing control at discrete intervals) is
economically Justifiable.
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There are also shortcomings of feedforward control,
namely

(1) the process may not correspond exactly to the
mathematical or empirical models used to desoribe it's
dynamic behavior,

(2) changes in controlled variables caused by un-
neasured input disturbances go uncorrected, and

(3) physical and process limitations may constrain
msmipulative inputs so that they can not be adjusted to
the required values by the fecdforward controllers.
FEEDFORWARD PLUS FEEDBACK COMPENSATION CONTROL

Since feedformward control and feedback céntrblrceach
has it*s omn disadvantages, a compromised control system
apparently appears to be the conbination of the two
control philosophies, l.e., use feedformard control to
elinminate measurable input disturbances asnd sdd o feed-
back compensator to compensate for any veriations of
quality in the desired products caused by some unpre-
dictable and unmmeasured disturbances, To illustrate
this concept, a block dlagram is shown in Figure L,

For a mzltivﬁrlable system, 1t is not necessary to
have z feedback compensator on every controlled variables
- Adding feedback compensators to those varlables which
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are eritical ic sufficient, Nevertheless, an analysis
of the degrees of freedom inherent in the systen is
gt11l necessary.
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CHAPTER IV PROBLEM FORMULATION

' IV-1. PROCESS IDENTIFICATION

The major requirement in the deslgn of control
systems for distillation columns is the knowledge of
the dynamic behavior of the system. In this study,
empirical mathematical models for describing the dyna-
mic behavior of the system were obtalined by approxima-
ting the experimental transient data of Gerster et. al.,
(26) by second order overdamped type transfer functions.
Gerster and co-workers obtained their data from a ten-
plate pllot plant distillation column., A detailed
deseription of the equipment used by Gerster and co-
workers and the operating conditions selected for this

study are tabulated in Teble 5.
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TABLE 5
PROCESS IDENTIFICATION

SYSTEM : Acetone-benzene mixture
EQUIPMENT ¢
Column 3
Inside diameter : 2 ft.
Number of plates : 10
Feed plate location s 5th plate from bottom
Caps ¢t 17=3 in, round bubble caps per plate on
4.5 in. spacing in 2.4% sq. i‘t;. aresa
Cutlet weir height : 2 in.
Downcomers : 0,345 sq. ft. cross section
Plate spacing : 18 in.
Condenser :

Downflow of vapor through 121 vertical tubes,
5/8 in, OCD.’ 75 in. 1°n8

Beflux drmn s
100 g=l.

Reboiler s .
Natural circulation, thermosiphon.
Upflow of ligunid through 163 vertical tubes.
3/k in., O.D., 122 in. long, discharging to 50
gal. separator.
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{Cont., of Table 5)
OPERATING CONDITIONS :'
System pressure, P 1 25 psig
Feed rate, F 3 1,096 1lb-moles/min.
overhead product rate, D 3 0.560 lb-moles/min.
Bottoms product rate, B 1 0.536 lb-moles/min.
Beflux rate, R : 1.155 lb-moles/min.
Beflux ratio, B/D 3 2.05 ”
Fead compositicn, Xp : Hi.2 mole % acetone
Vapor flow rate below feed plate, V : 2.07 lb-moles/min,.
Overhead prqduct }c'omposltlcn, Xp 3 82.2 mole % acetone
Bottoms product composition, xB s 2. 5 mole % acetone
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IV~2. OVERALL CONTROL OF THE PROCESS
CONTROLLED VARIABLES 3

1. Compositions of both end products or any two
plates of the column

2o Feed enthalpy

3. Feed rate

4, Heat input to the reboller

S« Pressure of the column
DISTUBBANCES s

1. Feed composition

2, Amblent temperature

3. Mechanicel fallures
OBJEC H

The overall control is designed to keep all of the
above six variables at constant values in spite of the
external disturbences. However, since disturbances such
as ambient tanpergfmre and mechanical fallure are un-
predictable, the msajor objective of control 1s to ensure
constant quality when there are disturbances in feed
composition, Thg other four variables could be prede-
termined on the basis of a statistical svaluation of
the disturbances and steady state calculations and

controlled at those values. For this reason, the present




- 38 -

investigation concentrated on the control of product
quality. The control of the other four variables are
usually referred to as "secondary control®" (19), and
control is designed primarily to stabllize the process
under a specific operating comdition:. Buckley (12)
end Harriott (19) outlined the various espects of such
control schemes in thelr books, and some of the specific
features of these control schemes were dlscussed in many
other sources (25, 31, 34). For the purpose of this
study, it has been assumed that feed enthalpy, feed rate,
heat inputs to the reboiler end pressure of the column
are closely controlled. A typiecal overall control
scheme for a column operating under such conditions 1s
shown in Figﬁre Se

ANALYSIS OF THE DEGREES OF FREEDOM =

As established in Chapter III, the degrees of freedom
inherent in =z blnary distillation column is elght (d.v.
=N+ 6=8, N=2),

Tabulation of the degrees of freedom reunoved by the
control of those gix variables mentioned previously 1is ’
shown in Table -6. From the results shown in Table.6jtit
ig obviocus that the system under consideration is not

" overdetermined,
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————— hl
!
| Overhead
Steam { Product
NECUPNIEES
Feed —I 4 ;/f*ﬂ—
!
Bottom
Product

Pigt 5 A typical overall control scheme for a

binary distillation . column




TABLE 6
DEGHEEES OF FREEDOM ANALYSIS

-LCondition ‘ ' Degrees of Freedom
' Bemoved.

L =)

Cperation with a fixed feed stage
1e%ey E and S fixed o | 2

FRC-1 sets feed rate i

TRC-1* 1s sufficient to produce a
constant enthalpy feed . - 1

FRC=2 38 sufficlient to yleld a
constant bollup rate 1

CRC-1 establishes a relationship
between composition {under constant

pressure) and reflux rate 1

CRC=2 establishes a relationship

between composition (under constant
pressure ) and bollup rate . |
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(Cont. of Table 6)

PRC-=21id FRC=3 together establish a
relat.tonship _betwee_m column pressure
and the rate ‘of heat removal from

the condenser 1

Total degrees of freedom renoved 8

* Hoxe sophisticated methods (11, 31) to control the
feed enthalpy can be found in the literature.
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IV-3, CONTROL SCHEMES TO BE STUDIED
1. ONE-POINT CONTEOL 2

Criterion
To maintain constant overhead product composi-

tion, Xp.
Control Scheme ¢

A plate composition is controlled by menipulating
reflux rate when there is any variation in the specl-
fled feed couposition.
Object 3

To find the optimum location of the sensing ele-
ment, i.e., the plate whose- composition éhculd be
controlled, in order to satisfy the above mentioned
criterion.
TWO=-POINT CONTROL ¢ '
Criterion 3

To maintain constant overhead and bottom products
compositions.
Control Scheme 3

To maintaln two plate compositions constant by
memipulating reflux rate and bollup rate to compen-
sate for gny disturbances in feed compositlion.

~ Object :
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To determine if the two control loops interact,

3'.' - FEEDFORWARD PLUS FEEDBACK COMPERSATION CONTROL ¢
 craterion 1

'1‘6 maintain constant overhead product composi-
tion, x.

Control Scheme 3

Overhead product composition is closely controlled
by applying en instantaneous corrective action to the
reflux rate, when there is & disturbance in feed come-
position, and a feedback compemsator is employed to
eliminate off-get due to imperfect models or unpre-
dicted disturbances and to speed up the i'esponse of
the control system. This control scheme s 1llus-
trated schematically by the block diegram showm as
Figure 6.

Object :

(1) To compare the performances of feedback,
feedforward and feedforward plus a feedback compen-
sator control, and

(2) To synthesize a perfect feedforward controller
(a mathematical model for Gp) which would allow no
variation to appear in product composition at any
 time, '
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CHAPTER V
SIMULATION OF CONTROL SCHEMES

The pérfomance of the control schemes listed in the
previous chapter were slmulated on an electronic analog
computer. The specific detailé of gl1ll the simulations
in this study are given in Appendlx 2,

PROCESS TRANSFER FUNCTIONS 3 \

It was assumed that the column under close control
‘behaires linearly and the relationships between variables
can be represented by transfer functions. Transfer
functions were developed by considering the experimental
trensient data of the type of second order overdemped as

(2)

6(8) = < T (e 7 D)
Such experimental transient data were obtained by Gerster
and co-workers (26) on a ten-plate pilot plant distillia-
tion column.

The two time constants and gain for each of the
trensfer functions that were employed in this study are
listed in Tebles 7 and 8.

CONTROLLER 2

On the basis of analog computer studlies by Williams

anxi co=-workers (36, 53, 54, 55) on feedback control




NOT,

INPUTS
OUTPUTS

p
Xg

Xy

TABLE 7
NS FOR SFER FUNCTIONS
Cpr, Gop -
) Gop -
Gop, Gop Gog
Gy, Gp Gy
Gu ’ GIP -
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TABLE 8
PARAMETERS OF THE TRANSFER FUNCTIONS
T (min.) 7T (min.) K For Gps Kp = (Z4)¢/(R)¢/(R)ss
For Gp, Ky = (X4)¢/(Zplg
7455 0.15 0.5800
8.20 0.10 0.3685
7.80 0.65 1.1700
6.65 0.27 0.6920
6.60 0.60 1.6700
8.00 0.46 1.0520
7.90 0.10 1.9400
8.25 0.65 1.1750
9.20 2.50 1.1250
7.95 - 3.25 0.9650
7.95 0.60 1.6500
7.56 1.14 2. 5200




systems_, a ’prqportlmml-mtegral controller was chosen
for‘tm,'s Anvestigation. The treansfer funotion Gs of an
fdeal proportidnal-integral controller can be stated as

Gols) = K¢ ( 14 =ghem ) | NS
where Ko = Controller gain (.~ psi/i2 psi/mole & acetone)
| 7, = Integral time (min.)
CONTROL VALVE 4 |

The valve was cmsidered to be pnetmatic and to ex=-
hibit linear charactenstlces and therefore its behavior
counld de represmted in transfer function notation as

Gy = Ky = (0.1827/1.155)/(1/12) = 2 (dimensionless)
SENSING ELEMENT & '

A first order lag, which has a time constant equal
to 1 mi.n.’i. was assﬁmad for the sensing element in the

feedback loop end its transfer function is

H= n_ - 1 (&)
T s+1 s+l

where Km = Gain of the sensing element = 1
Tm = Time constant of the sensing element = 1 min,
ANALOG COP!PU‘IEB SI TTON
Simulation of the control systems was done on an
e]zgctrom‘;c ahalog qcmpgtar by en;ploy:.ng a step=by=step
approach whbse ste;i are Vas follows 3




- b9 -

(1) Insert the proper transfer functions which ars
expressed in the Laplace transformation operator s domain,
into each of the blocks of the control system block di-
agram,

(2) Synthesize a non-scaled computer circuit on the
basis of the block diagram together with the transfer
functions.

" {3) Scale the variables (including the time varisble)
carefully and properly to avold overloading any of the
emplifiers used in the circult as well as to use the
computer to its maximum efficliency. Scaling of the
analog simlation may be done by preparing a digitsl
computer program for it, but for a simple project the
trail-and-error method is more convenient,

(4) Patch the scaled ocircult on the analog computer
and, if none of the amplifiers are overloaded (which
will usually necessitate rescaling the problem), proceed
to record the output voltages of the desired variables
for the input specified.

SCALE FACTOR =
Two types of scale factors are utilized in analog
computer simulation, namely a tims scals factor and a

xﬁa@itude geale factor. In this study, the time scale
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fector was chosen as one minute of real problem time
equals one second of computer time;, and different
magnitude soale féctors. depending upon the behavior
of each variable, were introduced.
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V-;. ONE=POINT CONTROL
CONTROLLED VABRIABLE 3

Overhead product comﬁositlon. Xps OF any intermediate
plate composition, IJ.
MANIPULATED VARIABLE 3

Beflux rate, R (1lbe-moles/min.).
DISTURBANCE @

A 10 % step change in feed composition, Xpe
BLOCK_DIAGRAM 3 | | |

The overhead product stream, 9th, 7th, 3rd and 1st
plate were the five locatlions of the sensing element
studied in thils investigation. .The block diegrem for
the case in whieh the overhead product composition 1is
controlled is showm in Flgure 7. The block dlagram re-
presentation of the other four cases 1s shﬂwn in Flgure
8, which also shows the overhead product composition
response by assuming a linear relationship between xp
and R and Xp.
ANALOG COMPUTER SIMULATION 3

The detalls of the procedure of the synthesis of
the scaled analog computer circuit can be found in
Appendix 2, Optlimal values for the two parameters, l.e.,

controller gain K. and integral time Ty, of the coatroller
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were determined by using the integral-squared-error
criterion (I aj:ézdt, where e is the error fumction

of the controlled variables). . The performence criterion
function was also simulated on the enalog cowputer.
Performance of the control systems with different lo-
cations of control point were than evaluated with the
controller operating under optimel settings. The tran-
slent response of both overhead product composition,

Xps and intermediate plate composition, X3 (3 =1, 3
7, 9) to a 10 £ step change in feed composition Zp

were recorded,
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Z ~%pr,
. +
Ge Gy ~1Gpp —T &
H

Fig. 7 Block diagrom of one=-point control scheme
(comtrolied varieble : X))

Z Gpr.
' Zp
. GnP
g — 631‘
Ge Gy Gsp — &
H -




- 54 -

V=2, THWO-POINT CONTRO

CONTROLLED VARIABLES 3
: Compositicns of the third and seventh plate, l.e.,

x4 and Zne
MANIPULATED VARIABLES 3

Boilup rate V (to control X4 at a constant value)
and reflux-rate B (to control I, at a constant value).
DISTURBANCE ¢

A 10 ¥ step change in feed composlition, Xpe
BLOCK DIAGBAM 3

The block dilagram of the two=-polnt control scheme
\s shown in Figure 9. In this study, the dynsmic leg
due to heat tranefer in the reboller unit was assumed
to be negligible, and consequently is simply represented
by a gein. There is no lose in generality of the pro-
blem considered since the dynamics of this heat transfer
unit counld be included with no difficulty, however, 1t
will only change the range of stability of the bottom
loop.
ANALOG COMPUTER SIMULATION 3

As for the one=point control scheme proportional-
integral controllers were used for both loops. The
optimal settings of the two controllers were determined
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independently, that ieg with only cne of the two loops
in action, using the integral-squared-error oriterion.
The performance of twoe-point control was then evaluated
by operating the top loop (reflux manipulation) at the
predetermined optimal settings and then bringing the
other loop into operation by gradual application of
the predetermined values of the controller settings.
Transient response of both controlled varlables Xo and

X

3 were yecorded,
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Fig., 9 Block diagreom of two=point control scheme

Set point
of EF *F
+
Sp | By %
Set point é o N
2 4

Fig. 10 Block diagrom of feedforward plus feedback
compensation control scheme
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~Gp H‘:';LGL‘
Tl

Simpiificd block diagran of feedforward plus

feedbaok compensation control

schene

Er — G, = GG0p

G Gp

3.

Fig. 12

-3

Equivalant dDlock diagrem of feodforward plus
fecdback conponsation control schemo




V=3, FEEDFORWARD PLUS FEEDBACK COMPENSATION CONTROL
CONTRO VARIABLF ¢

overhead prod\ict compodltlon. Zpe
MANIPULATED VARIABLE 3

Reflux rate, R.

DISTURBANCE 3

A 10 % step change in feed compositlon, ZXp.
BLOCK DIAGRAM :

The block dlagram of feedforward plus feedback come
pensation control is shown in Figure 10, A proportional-
integral controller was used in the feedbac]; loop. Since
the steady state value of feed -composition, (xF)ss. is
usually a predetermined constent, the block dlagrem can
be simplifled to Figure 11, VWhen the measurement lag
Hp 18 negligible Figure it-cen: bersihpIifled.furthersto
Figure 12. (The synthesis of Figure 12 may be found in
Appendix 3). The sdvantsge of representing the block
diagram as Figure 12 becomes evident when the perfect
feedforward functional GF. must be specified, The gain
Kp of Gp is determined from the steady state calculation

as
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A "perfect®” feedforward functlonal Gp was found as

Gp = Kp (ms-bi)('lngs-rﬁ (6)
(TDLi s 4+ 1) (TDLZ s + 1)

The synthesis of the perfect feedforward functional Gp
is outlined in Appendix 3, where a tabulation of specific
values is avallables
ANALOG COMPUTER SIMULATION 3

Four control schemes, namely feedback control with
the controller operating at the optimal settings which
were determined previously, instantanecus corrective
action feodforward control, dynamiocally "perfect"®
corrective rate fecdforward control, and feedforward
plus feedback compemsation control, were simulated on

the analog computer.




CHAPTER V1
BESULTS FROM THE SIMULATION

Vi1, RESULTS
1., ONE~-POINT CONTROL 3

The ranges of stability of the controller settings
are shown graphically in Figures 13-17 and the recom-
mended controller settings for different sensing ele=
ment locations are tabulated in Table 9. Figures 18-
22 show the integral-squared-error, J’ eZdt, plotted
against 1/Tg with K; as the parameter.

When intermediate plate composition is controlled,
the off=3ct of overhead product composition X, DAY be
calculated from

Xp _ _Gpr +(G4pGpp - G410pp)GcGyH (7)

ze 1 + GypGcGyH |
snd utilizing the final value theorem, for s step change
xp(8) = I/s
0ff-set of Xp = Lim Xp

£ =2

‘Calculated values of the resulting off-set in x; are
shown in TablelO.




TABLE 9
RECOMRENDED CORTBOLLER SETTINGS

Control Point /Ty Xg uin, [o%at (volts)
x4 0.21 b 0458
X4 0.40 2 2,68
%o 0,60 2 1.24
%5 0.75 4 1.70
% 0,60 15 0,078
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TABLE 10

OFF-SET OF OVERHEAD PRODUCT COMPOSITION

Control point

KL

0.580
1.170
1.449
1.670
1.78%
1.772
1.932
1.940
1,620
1.125

Kp

0.3685
0.692
0.909
1,052
1,067
0.728
0.986
1.175
1.204
0.965

Off=set of Xy

(mole % acetone)

0.000
0.427
0.074
0.050
0.361
3.169
1.420
0.284

~0.807

~1.500
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Oscillatory Hegion

Recommended

Controllexr
Settings
Stable Region
't
) | 1 |
0.05 - ¢©6.1 0.5 1.0 2

1/7p (min.-l)

13 The stability range of the controller

when xD is controlled




el

5000 -
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10.0 |—
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©
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Controller
Settings
K¢
1.0 {—
Stable Region
0.5
0.1 g I8 | |
0.01 _ 0.05 0.1 0.5 1.0 2.0

1/'I‘R (min.)

Fig. 14 'The stabilify.range of the controller when x4 1is controlled

i
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30.0
10.0 {— Unstable Region
5.0 —
. <:Sifillatory Region
(0]
Recommended
Controller -
. Settings
1.0 j—
0-5 —
Stable Reglon ¢
!
0.1 | ! [ ] ,
0.01 0.05 0.1 . 0.5. 1.0
-1
g 1/Tg (min. 7)
The stability range of the controller

when x3 is controlled

3.0
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Unstable Region

Oscillatorxy

Recommemded
Controller
Settings
r Stable RHegion
; i | b
0.01 0.05 0.1 0.5 1.0 : 5.0
' 1/TR (min.—l)
Fig. 16 The stability range of the controller when x,

is controlled
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Unstable Region

—

Recommended
Controller
Settings

~—0s

Stable Region

cillatory

{

|

i

!

1 , B

! ! | ' | l
0.01 0.05 0.1 0.5 1.0

1/Tp (min.-l)
Fig. 17 The stability range of the contrdller

when x9 is controlled
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Ke=10.0

0.03 | l | l | l
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Fig. 18 u(ezdt vs. 1/Tz (when ¥p is controlled)
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100.0
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Fig. 19 fézdt vs. 1/Ty (when x; is controlled)
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100.0 }— KC=1.5
50.0 |- K¢=3-0 _ Kg=1.0
KC=2.0
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' iezdt
10,0 }— X
5.0 =
1.0 A ' ] l 1 l
0.01 - 0.05 0.1 0.5 1.0

1

1/Tg (min.” ")

‘ P
" Fig. 20 \gezdt vs. 1/Tp (when Xq is controllied)
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Fig. 21 ezdt vs. 1/T; (when x, is controlled)
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100.0

0.1 - | l 1 ‘
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1/Tg (m%n.-l)

Fig. 22 e2at vs. 1/Ty (when x4 is controlled)




2, TuHO-POINT CONTROL 2

. The optinal settings for the controller used in the
upper control loop (reflux manipulation) are Ky = 2.0,
1/Tp = 06 min.~} ana for the controller used in the
lower 10<;p (bollup manipulation) are K. = 2.1, 1/ = 0.1
min,~1,

Responses of the two controlled variables X4 and X0
to & 10 % step changs in feed composition X, for differ-
ent controller parameters are $1lustrated in Flgures 23=
35, The conditions that were investigated are tabulated
in Teble 11,

3. FEEDFORWARD PIUS FEEDBACK COMPENSATION CONTROL :

Response of the sontrolled variable, xp, for feedfor-
ard _bontrol, feedback control and feedforward plus feed-
back gempenssation control is shown in Figures 36-40.




TABLE 11

' CONDEITIONS OF THO~POINT CONTROL INVESTIGATED

No, of Figure

23

24

25

26

27

3

Copditions

Only the upper loop is in azctlon

(optimal settings t K = 2.0, 1/Tg = 0.6)

Only the lower loop is in _gction

(optimal settings 3 Ko* = 2.1, 1/7p* = 0.1)
Both loops aTée in sctlon (optimal settings)

The upper loop is in action (optimal settings)
end a proportionel controller (K,* = 0.75) is

used in the lowsr loop

Seme as above, except Kg*

. Seme as above, except Kot

Same as above,; except Kq*

Same as above, except Kc'

1.80

2.10

2. 40

2.70




{Cont, of Table 11)
. n

32

33

35

The upper loop is in action (optimal settings)

 lower loop

- 75w

and o proportional-integral controlier

(xc" = 0,75, 1/TB'° = 0,3) is used in the
Same s ebove, except 1/Tp* = 0.5

Same ag é.bove, exoept 1/TB" = 0.5

Seme as above, except Ko’ = 0.325, 1/Tpe =0.6

Same as gbove, except Kc' = 0,325
UTR. = 008
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TABLE 12
COMPARISON OF CONTROL, SCHEVES

Control Schemes FBC FFC FPC 4FBC

Maximm deviation ,
{nole & acatone) ~1,00 =030 =013

T™ime required to
rotum to {xj)ss 50 60 25

(min.)

Period of oscil-
l&tim (mj-no) 6.Q - 6.0

Decay ratio 0.385 - 0.5

llote 3 TBC = Feedback control
FFC = Feedforward control
FFC + FBC = Peedforward plus feedback compensation
| control
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VI-2, ANALYSIS OF RESULTS

1. It should be noted that the boundaries of the con=-
trollability regions shown in Figures 13-17 are somewhat
qualitative, because the search technlque used in this

study was discrete instead of continmuous. This is of
no consequence since for the determination of the optimal

controller parameters, it is not necessary to have

detalled knowledge of the loecation of the exact region
boundaries.

2. For selection of the controller settings..the
integral-squared-error criterlon was employed. It cen
be seen from Figures 18-22 that the minimum in the
integral-squared-error curve was quite flat meening that
a range of settings near the optimum is possible without
significantly affecting the quality of control. The
optimum controller parameters for the case considered
may not be the optimal values for an actual columm, since
an ideal controller and linearity of the process were

agsumed. Since a criterion of constant overhead product

composition was used to locate the optimum control point,

. the use of controller parameters near the true optimum




will have no effect. ‘

3. The values of thé bff-set of overhead product com=
position ) caused by controlling the intermediate
plate compositions were calculated from equation (8).
It should be noted that the values predloted_by equation
(8) depend on the gains of the transfer functions. The
values shown are not exact orf-sét values for a step
chaﬁge in feed composition Xp because the gains of the
transfei.functions are basically unreliable (18).
Nevertheless, these values indicate that by controlling
intermediate plate composition zd.offfset in oferhead
product composition xp does exist.

L. From the previous argument, it is obvious that

for the objective of constant overhead product compo-
sition x; the optimel control point should be the
overhead product composlition X, or the vapoxr compo-
sition Y10 leaving the ltop plate. This is in contrast
to the ccntrél straiegy bf Rosenbrock (41), who proposed
a strafegy based on the maximumrrate of disturbance
function D annﬁlmeﬁt after an l1solated disturbance as
the criterion. In order to apbly‘thls control strategy,
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an excessive amonnt of mfomatian, since x, and d4/4t
Hjxj have to be detemined for all m-z of the mlues

of 3, 18 desi.red. To avold this 1mpractlcal require~
ment and to ensure that the steady state, to which the
columm temnds in the absence of further disturbance, is
the one desired, on the basis of some convenient assump-
tions, he suggested that one or some more speclal plate
compositions should be controlled. This optimal control
point policy recommends, for the case of reflux wani-
pulation, i.e., the so=called one-polnt contrel, that
the composition of the plate where the deslred composie
tion is xp + 4(x, 4 = X5) or on that where it is

Xp - (X4 - X) should be controlled. For the columm
utilized in this investigation, the 7th (oxr 8th) and
the 3rd plate correspond to the above menticned two
plates respectively. Confusion regarding the use of
various control criterion has already occured as exem-
plified by the work of Jafri (21) who sdopted Rosembrock®s
control point policy to an objective of constant over-
head product camposition instead of its owm oblective
of minimm disturbance function D at sny instence. This

e o Pag— X1 i A o
[V 34~ 4

eTTOT HRY Not D& SETrious wnen a Smail 0li=Set of

' gverhead product quality is tolerable, houever. it must




be stressed that conclusions can only be meaningful when
the eriterion is applied in the proper marmer.

S. It is interesting to observe from Table 10 that the
off-gset in overhead ﬁroduot composition x, which results
by utilizing reflux manipulation to control x, (xg) or
) to compemsate a step change in feed composition xp
is mmch smaller than would result by controlling other
intermediate plate compositions, This fact may or may
not be purecly coineldental; but this behavior is a good
Sndlcation of the utility of Bosenbrock®s disturbance
function D criterion. |

6. Figure 23 shous the respomae.of the plate composi-
tiomn X to a step change m‘feed composition when only
the upper control loop was in action at the predetexr-
mined optimal settings. Control is good, end the damped
oscillation response of the concentration hes a period
of epproximately 10 minutes and a decay mtio of appro-
imately 0.5. Figure 24 shows a similar result for the
lower plate composition x3 with only the lower controli
lcop in action at the predstermined settings; the period
of the damped oscilletion is about 8_m1m1tes and the
_de_oay ratlioc is about 0.“5_5; The _:res;)onsesvéf_x?_and 33
to a step change in feed composition xp, when both
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control loops were operative at the same settings as
Figure 23 and Figuve 24, are shown in Flgure 25,

Control becomes imstable, the responses of both controlled
varisbles showed a perilod of damped osclllation of about
5+6 minutes and a decay ratio of 1,01 to 1.03. Figures
26=35 show the responses of both x, and x, when the
upper controller slone was comected (at the predeter-
mined settings) and then the lower controller brought
into use by applying various degrees of j:roport:j.onal
and integral action, | The results indicate that increasing
the gzin of the lower controller csmuses sm increase in
the decay ratios of both controlled varisbles snd addi-
tion of integral actior results in poorer stability
characteristics ccmpared to when there is no control
action in the lower loop. All these results demonstrate
that the two control loops en:ployed showed strong
interaction against each other. o

7. Emoploying an smelog computer, Bosembrock (41) used
arvitrary transfor functions to demonstrate the possi-
bility of intermction between two loops for two-point
control of a distillation column by applylng a step
.chgnse in sot point {desired vélues 61"‘ x, end x7) of
elther of the two controlled varisbles. His sirmlation




results showed that the addition of a second controller
inoreased the period of damped oscillation substentially,
whereas in this sw.dy‘ the results are somewhat different,
that is the effect of Anteraction was found to narrow
the stabils.ty mge of the control systems rather then
enlarging the damped osclllation period. This difference
is presumably because of the very differemt ti'ansfer
functions that were used in both studies. Rosenbrock
was interested in illustrating the possible difficulty
of two-pomt cmtrdl. tﬁerefore, he employed érb!.trary
time conmstants and gains of the transfer functions.

The process gains were very small, close to uﬁity, hence
a high value of controller gain was elloweble. But,

the pﬁzpose of this study ﬁas undertaken to determine the type
of interaction existing . between two control loops
for en actual process. The overall process gain of the
columm As much larger than the one arbitrarily chosen

by Bosenbrock and consequently, the ailomble value of
the controller gain, in order to fulfill the stability
requirement, is decreased, This resulted in narrowing
the range of stabllity of the control systems. Therefore
the system mld becone mstable long before the effect

- of enlarging the dmnped oscillation perlod appears




substantially. This may be the reason for the differe
cnce ghowed between Rosenmbrock®s investigation and the
present work, As a consequence of this, it is confirmed
that the interaction between two control loops depends
strongly on the dynamic characterisilcs of the system
under consideration (41).

Jafri (21), who employed & set of empirical transfer
functions, simulated two-point control foxr a step change
in feed composition xp (usually referred as load variable).
Interaction was found to exist desplte the fact that
the effect of reflux rate on ths lower plate composition
was neglected, '

No general statement concerning such pogsible inter-
action of two control loops can be made, since no ana-
lytical study of this matter has been undertaken to
date.

8. Methods of improving the characteristics of an
interacting control system are stlll not fully under-
stood tut techmiques for making the two control loops
noninteracting have been developed (41, 48). One
approach to noninteracting control is to comstiuct a
linearized model of the process, Assuming that two
.vaﬂables are to be manipulated to control two outputs,
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one can visualize a two by fwo matriz of transfer
functions relating the outputs to the manipulated
variables which results in the use of four controllexs
as opposed to the conventional control scheme with two
coentrollers. The additional controllers are chosen so
as to diasgonalize the process transfer function matiix
and thus effectively cancel interaction effects. In
principal this ideas scems promising, but there hae been
1ittle investigation of the residual interaction duse

¥o nonlinearities. Obviously, a linear control phlilo=-
sophy of noninteraction can solve only part of the
problem when the controlled process is in fact nonlinear.
9, Figure 36 shows the respenseof overhead product com=
position x, to a step change in feed composition X,
when only the conventlonal feedback control loop, using
& proportional-integral controller, was operative. Even
employing the predetermined optimal controller settings,
the maximun deviation from the desired value of , is

- 1,09 mole £ and about 50=55 minutes are required to
damp out the oscillations, Flgure 37 shows that when
an instenteneous feedformard control is used alone, the
Tesponse of Xp is somewhat like a ramp response and the
' maximum deviation from the desired value of :éD.:.a - 0.3




mole ¥ and takes sbout 60 minutes to return to the
steady state value, This 1llustrates that the con-
trollability, as far as the maximm deviation from the
specified value of xp 1s concerned, has been improved
as compared to the feedback control, but the time re-
quired to return to the original steady state value

has not been improved. Utilization of a combination

of these two, feedforwnrd plus feedback compemsation
control, resulted in dbetter control as shown in Figure
38. The response of Xp has a maximum deviation of

= 0.13 mole % and only 25 mimutes are required for re-
turn to the steady state. .

10. Control can be even improved further as showm by
Figure 39 which is a record of the response of xp when
a "perfect® feedforward control was empioyed. The
response of Xp when "nerfect” feedforward plus feedback
compensation control was used is shown in Figure LO.

It can be seen that almost perfect control was achieved
by using “perfect” feodforward, but whethexr 1t is
worthwhile to use' the so-called “nerfect® feedforward
control has to be justified economically and practically.
. Ar;d, the synthesis of the feedforward functional G‘F
requires an exact detailled lmowledge of the process
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dynemics which still can not be predicted precisely.
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CEAPTER VII
EVALUATION OF CONTROL SCHEMES INVESTIGATED

1. Conventional feedback control of constant overhead
product composition by manipulating reflux rate 1is
usually satisfactory when a proportional-integral
controller is used in the feedback loope.

The determination of the optimal control point,
for feedback control, depends on the objective of control.
Confusion or mimmderstanding of the significance of
the control cobjective in selecting the optimal location
of the semsing elcment has alrsady occured (21). Om
the basis of transient data, of a ten-plate pilot plant
distillation column, reported by Gerster and co-workers
(26), five cases for different control ‘polnts of the
reflux menipulation were sirmmlated on the smnlog computer.
The simulation results showed that for the criterion
of constant overhead product composition the optimel
location of the sensing element should de in the over-
head product stream or in the vapor stream leaving the
top plate if the sensing element is highly semsitive.
Generalily in the region of the intermediate piai;es the
‘ cémp‘osltion has a greater gradient as compared to near
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the top plate, and consequently a sensing element that
has a large “dead space®™, on the basis of the work of
Williams aend co-workers (53, S54), ahould be located at
intermediate plate. But, intermediate plate composition
control results in a permenent offeset in overhead
product composition when & disturbance enters the process
from the feed composition. This off-set in the overhead
product composition is critical to the objlective of con-
stant overhesd product composition. Calculsted values

of off-set in overhead product composition due -to.the
control of intermediate plate composition, for a parti-
cular set of operating conditions, showed that the magni-
tude of off-set for the cases of controlling the 7th (8th)
or 3rd plate composition was much less than the off-set
which resulted by controlling any other plate composition.,
The above mentioned two plates correspond to Bosmbz;ock's
recommendation of the optimal control point for the case
of reflux manipulation. This may or may not be purely
coincidental, but 1t offered a good indication of the
4f1lity of Rosenbrock®s "disturbance function®™ criterion.
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2. The control of both product compositions at
constent values is usually referred to as "two-point®
control, Although "two-point” control has a potential
advantage over one-point control (19), it has been
pointed out that control is sometimes difflcult. This
is because of the existince of the interaction between
the two control loops. The results of this study
indicated a different type of interactlon occurring
between the control loops than Rosenbrock has noted,
This investigation showed that interactlon affects

the stabllities of the two control loops, whereas the
interaction effect noted by Roseénbrock had the effect
of enlarging the demped osclllation period (41), There=-
fore, the so-called "two=point® control scheme should
not be applied to a binary distillation column without
investigating the severity of the interaction. Evén
though methods for the dssign of a noninteracting
control scheme (41) have been suggested, it is prudent
to make that investigation, for the sake of economical
Justification., Interaction depends strongly upon the
dynamics of the process and with a particular column
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similar, the transfer functions may be such as to make




the column virtually uncontrollable. This confirms the
stroﬁg'dependence of the Anteraction between control
loops on the dynamics of the process, Nevertheless, a
general theoretical explanation of the phenomenon of
interaction between control loops is still not Vaiid.
3. Compared to conventional feedback control, instan-
taneous feedforward control decreases the magnitude of
the maximum deviation from the desired value of the
controlled variasbles substantially, but does not decrease
the time required to return to the desired value.

This 18 1llustrated by the results from analog computer
simulations. Instantsneous feedforward control of: the:
overhead product composition X, reduced the maximum
deviation of x; from « 1.09 mole % to = 0.30 mole &
but both schemes required about 50«60 minutes for
return to the desired value. Feedforward plus feedback
compensation control was found not only to decrease

the magnitude of maximum deviation but also to
decrease the time required for the overhead product
composition to return to the deslred value by almost
one-half of the time required when only conventional
feedbaclk control was used. WFhen feedforward plus

‘Peadback compensation control was employed, the
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maximum deviatlon of the overhead product composi-

tion from its deslred value changed from - 1.09 mole Y3
to - 0,13 mole # and the time required for x; to return
to 1ts desired value decreased from 50 minutes to

about 25 minutes compared to feedback cohtrol. Also,
since feedforward control alone oanné_:t compensate for
any vériation of the controlled variable due to unpre=
dicted disturbances, such as ambient temperature, steam
qﬁality, the feedback compensator cah be employed as

& monitor and to control the deviation of the controlled
variable caused by these unpredicted disturbances.

The results have shown that for close controi cf a
criticel varisble feedforwerd plus feedback compensation
control should be employed. Although the initiel
investment for such a control scheme involve the cost
of an extra controller the savings achieved by the ree
duotion of off specification product would no doubt
Justify the additional cost in a2 very short tlume,
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CHAPTER ViII
BECOMMENDATIONS FOR FUTURE WORK

1. TFor design of control systems of a distillation
colum, a set of linearized differential equations

to describe the dynamic characteristics of the columm
is suffioclent(23).  In order to avoid the tedious.cal-
culations involved in solving these equations, it
would be uprthuhilefto attempt to express the process
by transfer functions in the form of nomograph with
the operating conditions as the paresmeters., -Another
pessible approach would be to deﬁelop quick, simple
but sufficiently accurate methods for estimating the
parameters of the transfer funotlons involved ln the
design of control systems for differemnt operating
conditions,

2. Fuarther study on the theory of interacting control
loops is needed, The epproach to noninteracting
control for a linear system has been established
quite extemnsively, Obviously, & linear-control. phido-
sophy of noninteraction can only solve part of the
problem when~§he controlled protesscte in fact non=

linear. The effect of nonlinearities is still not
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fully understood, although Rosembrock®s "disturbance
fufxétion" seems promising. 'Jherefore, investigation
of the residusl interaction due to nonlinearity
should be conducted. |

3. Extension of the type of result obtained by means
of the “&isturbance function! is evidently desirable.
A statistical description of the rate of "disturbence
function™ entering the process and a rigrous mathe=
matical expression of the rate of "dlsturbance
function" vanishing due to the control action applied
are required, to obtain a closer physical understanding
of the application of Rosembrock®s theory.

4, Direct digital computer control is possible,
although very limited information has been reported
in the literature. Recently, in 1965, Thompson (47)
reported the operating experience of Imperial
Chemical Industries Ltd, with direct digital computer
control of a small size chemical plant and concluded
that if . certain requirements can be fulfilled
direct digital computer control is the pattern of
instrumentation for the future. The Institution of
Chemical Engineers of Great Briton have compilied {35)

' a.ust giving detalls of current process optimization




research projects in progress in universities and
colleges of advanced technology throughout the United
Kingdom and in goverment research stations., From the
1list, it can be seen that many projects related to

the applications of direct digital computer control

to chemical process have already been started, An
actual application of direct digltal computer control,
utiiizing the avaliable deéign techniques for 2 multi-
variable system, to a chemical process such as a dis-
tillation colurm would be invaluable for standarizing
the design approach to direct diglital computer control.
5. Investigation of both the dynémics and control

of multicomponent distillation columns should be
conducted,

6. The control scheme of manipulating boilup rate to
maintain the bottom product composition at a specified
value has already been adopted in the chemical
industries. However, no systematic work concerning
the optimal sensing element location for the boilup
manipulation control scheme has been reported in the
literature. This study would not be difficult to
achieve on an analog computer once the criterion of
control has beem determined and the process is properly
characterized,:
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APPIHDIX 1
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Fig. 41 Transient response of Xp to a step change in Xp
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Fig., 42 Transient response of Xp to a step change in R
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Fig. 44 Transient respoﬁsq of xg to a step change in R
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Time (min.)

Fig. 45 Transient response of X0 to a step change in xp
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Fig, Lg Transient response of x7 to a step change in R
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Fig. 47 Transient response of X4 to a, step change in xg
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Fig. 49 Transient response of Xq to a step change in Xg
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Fig. 50 Transient response of x; to a step change in R
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Digltal Computer Propgysm

C TRANSIENT HESPONSE OF AN OVERDAMPED SECOND OHDER
SYSTEM
5 DEAD 25, DETAT, TTH, TFO
. PRINT 30, DETAT, TTH, TFO
THETA = 0 |
10 THETA = THETA + DETAT
ZONE = THETA/TTH
ZTHO = THETA/TFO
BETA = TTH/(TTH-TFO) |
¥ = 1. = (BETA/(2.73%#*20NE)=-( (BETA-1.0)/(2.73**2TH0))
PRINT 35, THETA, X
Ir (Y - 0.98), 10, 15, 15
25 FORMAT (3F10.%4) |
30 FORMAT (//1H , 3F10.4)
35 FORMAT (1H , F10.4, F10.8)

15 IF (DETAT - 0.) 20, 20, §
20 CALL EXIT
END
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APPERDIX 2

Analog computer circuits
| e o




JPABLE 13
TABULATION OF THE CONDITIONS SIMULATED

Cose Mumber Conditions
1A Berlu: manipulation, X is controlled
2B Reflux memipulation, Xg is controlled
3B Reflux mamipulation, x7 18 controlled
4B Reflux manipulation, X5 is controlled
5B Reflux manipulation, x4 is controlled
6¢c Two-point control, X, and X5 are con-
trolled |

7C Boilup mamipulation, X, is controlled
8D Instantaneous feedforward plus feed-

back compensation control
8D *perfect® feedforward plus feedback
compensation control
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Ezerple of tho scaling of the problem
Chose a time factor as t

1 minute: prodiem time = i1 second mochine time.
Set up an unscaled block disgram for the control system
studiod asg

. 5
& TN ST T

— B/(R)ss o
Eyc(1+41/758) s+ 1;%1‘5,254& 1
{8+ 1)

Choae the prdpér magnimdé soalé factors and then set up a
scaled bDlock diagrem ag ¢ - ‘

(29%] —— | [

| | | | 100
(0a1)ByK(141/Tym) [ _.n!_.z___%, :'O m e | ( ___..KDJ
' ' P1 P2

(10p/(R)ss]

’ 1
s+ 1)

Fig. 51
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POTENTIOMETER SHEET

: Amplifier Pot

Pot No. Coeff. Value No., Gain| setting Ref.
35 5:8/(0:15)(10) = 3.87 31 | 10 | 0.387 |+ 10V
36 1/(0.15) = 6,67 31 | 10 | 0.667

37 1/(7.55) 0.132 30 1| 0.132

38 1/(7.55) = 0,132 30 1| 0.132

05 3.69/(8.2) = 0,450 06 1| 0.45

06 1/(8.2) = 0,122 06 1| 0.122

15 /T Various

16 (0.2)K¢

Various
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POTENTIOMETER SHEET

Amplifier Pot
Pot No. Coefif, Value No. Gain{ setting Ref.
00 1/(0:65)(10) = 0,154 02| 1] 0.15% | atov
01 1/(0.65) = 1,540 02| 10| 0.154
02 5.85/7.80 = 04750 03 1| 0.750
03 1/7:8 = 0,128 03 0.128
05 3. 146/6.65 = 0. 520 15 04520
06 1/6.65 = 0,15 | 15| 1| 0.150
07 170527 = 3,700 22| 10| 0.370 |
08 1/0.27 =3.700 | 22| 10| 0.370
15 1/Tq Various - '
16 Ko(04) | Various 1] 1
20 209/(7.,8)(10) =0.037 - | 18 | 1| 0,037 | +10V |
21 1.84/8,2 = _9.;220 _‘111. 1| 0,220 ]
22 1/7.8 T - 0,128 | 18| 1| 0,128
23 1/8.2 o = 0,122 14 1 R

0,122
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POTENTIOMETER SHEET

Amplifier Pot

Pot No, Coeff. Value No. Gain} setting Ref.
00 8435/(0.6)(10) = 1,390 | 02 | 10[ 0,139 [+10V
01 1/0.6 = 1,670 | 02 | 10 0,167 -
02 1/6.6 = 0,152 | 03 0.152

03 1/6.,6 = 0.152 | 03 0.152

05 5.26/8.0 = 0,658 | 15 0.658

06 1/8.0 = 0,125 is 1! 04125

07 1/0.46 = 2,170 | 22 | 10| 0,217

08 1/0.46 = 2,470 | 22 | 10| 0.217 i
15 /Ty L Various | |

16 Ep(0.8) " Various B
20 2.9/7.80(1d) = 0.037 . | 18 | 10,037 |+iov
21 1.84/8.2 = 0,220 | 1k 1| 0,220

22 1/7.8 = 0.128 | 18 1| 0.128

23 1/8.,27 = 04122 | 1% ilo.122 |
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POTENTIOMETER SHEET

sk ¥

T A s,
b

i Kk

' Amplifier Pot
Pot No. Coeff. Value No. Gain] setting Ref,
00 0.7/7:9(10) | = 0,123 02 1| 0,123 | +10V
o1 1/7.9 = 01265 | 02 1| 0,127 -
02 1/0.1 = 10,0 03 | 10 | 1.000
03 1/0.4 = 10,0 03 | 10 | 1,000
05 5,875/8,25 | = 0.712 15 1| o0.712
L 06 1/8.25 = 0,421 15 0.121
T o7 1/0.65 = 1.540 22 | 10 | 0.is5hk 4
08 1/0.65 = 1,800 |22 | 10| 0.i5% ]
15 1/Tg Verious |
16 Kol0uhs) Vearious | L ___" i
20 2.9/(7.80(10) = 0,037 - |18 | 1| 0.037 |
21 1,8/8,2 = 0,220 |1% | 4| 0.220 )
P 1/7.8 | =o0.128 |18 | 1| 0.128 -
23 /82 | = 0.122_ T _0.122 o

B i i
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. POTENTIOMETER SHEET
Amplifier Pot
Ec Pot No. Coeff. Value No. Gain{ setting Ref.
?’; 00~ |50625/(2/5)(10) = 0J225 | 02 | 1 |0,225 |+10V
z‘d 01 17205 =0.400 |02 | 1 |0.%00
i 02 1/9.2 = 0,109 |03 | 1 |0,100
03 1/9.2 =0.109 |03 | 1 |0.109
‘ "§ 05 4,825/7.95 = 0,807 |15 | 1 |o0.607
. 06 1/7.95 =0,126 | 15 | 1 |0.126
07 1/3.25 = 0,308 |22 | 1 |0.308 i
08 1/3.25 =0.308 |22 | 1 |0.308

15 YTy _|_ Vexious

16 Ka(O/%) | Various N .
26 2,9/(7.8){10)] =0.037 " |18 | 1 |0.037

21 1.84/8.2 | =0.,220 |1b 1 |0.220 N
22 /7.8 | =028 |18 | 1 0,428 | =
23 1/8.2 =0.122 (414 | 1 |o0.122




(Toxquoo quiod~omg) D/l 9S8O IO J 3TnoxTo xogndwod Joreuy 4§ BT

A amw @2

\J/

- 126 -

sl
i@mﬁ L

N1 TM >




- 127 -

POTENTIOMETER SHEET

Amplifier Pot
ase Pot No. Coeff, Value No. Gain| setting Ref,
6C 01 - 1/10 0.1000" 21 | 1| 0,100 M100V
" 02 5.01/6.6 0.7590 1| 1] 0.759
n 03 1/6.6 0.1515 1| 1] o0.152
C 0% 176.6 1, 6666 51 51 0.333
" 05 1/0.6 1.6666 2 51 0.333
" 06 5¢82/7.9 0.7367 3 1| 0.737
07 1/7.9 0.1270 3| 1| 0.127
n 08’ 1/0.1 10, 0000 4| 10 | 1.000 ]
" 09 1/0.1 10,0000 | & | 10| 1.000 )
w 10 5.156/8.0 | 0.3943 T 10,395 B
0 11 1/8.0 0.125 61 1] ¢.125
" 12 1/0.46 2.1739 7 5| GB35
. 13 1/0,16 12,1739 | 7| 5| 0.435 )
" 14 3.525/8.25 | o0.4273 | & | 1| o.&27 |
" 15 1/8.25 0.1212 8 1| 0.121
n 16 1/0.65 1.53846 9| 5| 0.308
" 17 1/0.65 1.53846 91! 5| 0.308
" 18 (2)(2)/3 1.3333 27 5| 0.267
" 19 | 0.6 | 0.,6000 10 1! 0.500
" 20% (2)(2.1)/3 1.4000 25| 5| 0.280 -
1% 0.1 0. 10060 12 171 0.¥00 7
S22 7+55/7+ 56 0.9987 13 | 5| 0.199
23 1/7.56 0.1323 13 1| 0,132
25 1I/1.14 0.8777 ib 1770877 | 1}
25 /1. 1% 0.8777 1% | 1| 0.877 -
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POTENTIOMETER SHEET

Amplifier Pot
Pot No. Coeff, Value No. Gain| setting Ref.
26 - 4.95/7.95 0.6225 15 | 1 | 0.623
27 1/7.95 0.1257 15 | 1| 0.126 -
28 1/0.6 1.6667 16 51| 0.333
33 1/0.6 1.6667 16 | 5| 04333
-
® Various vilues of Pot §o. 20 and |21 were hsed
for diffei:;nt ségﬁmss of the coy] in tl:e'

lower loop.

jtroller
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POTENTIOMETER SHEET

: Amplifier Pot

Pot No. Coeff, Value No. Gain{ setting Ref,
35 - 5.82/0.1(10)] 5.820 31 10 | 0.582
36 | 1/0.1 10,000 31 | 10 | 1,000
37 1/7.9 0.1267 30 1] 0,127 o
38 1/7.9 0.1267 30 1] 0.127
05 7+ 55/7. 56 1,000 06 1] 1,000
06 1/7.55 0.1320 06 1| 0.132
07 1/1.1% 0.8777 22 1| 0.877
08 1/1.1% 0.8777 22 1| 0.877 o
15 1/Ty Various | T
16 Xs(2/3) " Various |

o ’Ihe-.a;az;é—ﬁo;pﬁ‘géQEEi;ﬁi% ks thp seme ag for

case 18 (ha, 527 exoms

t thal twol more pof

were add

to 422 (Pot F\VO. 0

7 and| 08),

[ROSRIE——
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POTENTIOMETER SHEET

Amplifier Pot
Pot No. Coeff, Value No. Gain| setting Ref,
1 1/10 0,1000 33 1 | 0,100 | +toov
42 2.9/7.55 0.3841 17 1| 0.3841
L3 1/7.55 0.1325 17 1| 0.1325
Ll 1/0.15 6.6666 18 10 | 0,666
Ly 1/0.15 6.,6666 18 10 | 0.666
16 2,9/3.69 0.7850 34 1 0.785
by 3.69/8.2 0.4500 19 1| 0.450
™ T APy 9P 0.1222 |19 | 1| o.iz2 N
19 1/0.1 10,0000 |20 | 10 | 1,000 -
50 1/0.1 10,0000 20 | 10 | 1.000 B
51 K/5:15/5 | 3.0000 |36 | 5| 0.600 | *
52 1/Tg = 0.6 | 0.6000 16 1| 0.600
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POTENTIOMETER SHEET

Pot No.,

Coeff,

Value

Amplifier

Pot

No.

Gain

setting

Ref,

1/10

0.1000

32 1

0,100

+100V

2.9/7.55

0.3841

i7 1

0.384

1/7.55

Qi1325

17 1

Lol ol -4

0.1523

1/0.15

6. 6666

18 10

0.666

1/0.15

6,666

18 10

0,666

0.5651

38 1

0.5651%

lyy 3,69/8.2 0. 4500 19 1| o.4500]

I 1/3.2 0.1222 19 1| o0.122
Lo 1/0.1 16.0000 | 2¢ 10| 1.000 o
20 1/0.1 | 10,0000 | 10| 1,000

15/5

3.0000

0,600

0.6

0. 6000

20
20
36
16

00600

TTTTohe L od1325 | 13 1| o.1325]
558 T "'_'mo_“_;b{d'é" {1 [ 1] ewotos]
56% 343333 29 | 10| 0.333

2.6666

L1

0.2667

0.0105

39 1

0.0105

. . : ... ] . o
RS AY I i i1 T Ry A T o R it i a0 T P T TR OC £ D T ERI I 2T T G e AT, Tt b e Y T Tt S -
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2.,0000

14

0. 2000
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APPENDIX 3

Syntheslis of the "perfect® feedforward functional GF
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Redraw Figure 11 es

Isp
~Gp Gy, .
c = b 2 ¥ i+
Go _-é Gy b —HR®— Zp
B 2 L

From it, we may obtain
E.D = W+y
= GrEp + Z6p
= Grxn + GpGyb
= GyXp + GpGyla + ¢)
= G Zp + GPGV(-GR;F + chﬂ)
= G Zo + Gply(=Gpx, + Go(=H)x,)
Zf/Zp = (G, ~ Gplylp)/(1 + GGpGyH)

The same result can also be cbtained from Figure 12,
Therefore, Figure 12 1s equivalent to Figure 11,
A "perfect® feedforward functional Gp should make
Gy, = GpGyGp = 0, therefore
Gp = (K/KyRp) (Tpgs + 1)(Tpps + 1)/(Tpgs + 1)(Tpps + 1))
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TABLE 14

EARAMETERS OF THE “PERFECT® G

Ky, 0.580
Kp : , 0.'369
Ky : 2.000
K, 0.785
Tpg (mins) 8.200
Tpo (min.) ~100
Tpq (min.) $550

T (min) 0.150




NOMENCLATURE

- bottom product withdrawal rate, lb-moles/min.

- overhead product withdrawalrate, lb-moles/min.
number of enriching stages

- feed rate, lb~moles/min.

L = o U W
]

= transfer functlion

~ transfer function of the controller

Gp = feedforward functional

- transfer function between the load variable and the
controlled variable

- transfer function of the process

- transfer function of the control valve

- transfer function of the measuring element

- enthalpy of the overhead product
= enthalpy of the feed

« performance criterion function

Sy
H
Hy = enthalpy of the bottom product
Hy
Hp
I
K = galn

Aﬂ

-ccontralletsgati:
Kp = sain of GF.‘

Ky, = ealn of Gy

X, - process gain

KV -~ control valve gain
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- magnitude of. the.step change in xF
P '« pressure
Q. = condenser heat duty
Q;, = total heat lost
QB -~ reboller heat duty
reflux rate, lb-moles/min.
perturbaticn quantity of R
- steady state value of R
number of stripping stages
‘time constant (min,)
integral time (min,’)
- differentiation operator -

‘aww
Q
y ¢ wm v

- error function

= plate number

- total mmber of plates

= Laplace transformation operator
time

- mole fraction of acetone

- bottom product composition

=« overhead product composition

ggw‘wwmbuwna—aem‘
)

- feed composition

i& - ;th plate composition |

X =~ pexrturbation quantity of x

(x}p~ final deviation of x from the original steady state
value':_
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