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Gustaf Olsson

Division of Automatic Control
Lund Institute of Technology,
5-220 07 LUND 7, Sweden

Applications of automatic control methods and associated mea-
surement technigques on chemical and environmental procesees

are surveyed. The main applications considered are distilla-

tion columns and other mass transfer processes, reactors and
wastewater treatment plants. It is shown that advanced control
theory has been applied to several systems. Due to the complexity
of many plants and to inadequate instrumentation there is, how-
ever, still a large field for new control applications.

Reprint: ,
Survey paper, presented at the International Scandinavian

Congress on Chemical Engineering, Kem-tek 3, Coperhagen,
Jan 28-30, 1974.
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1. INTRODUCTION

If the title of this paper should be strictly followed the result
would be a thick book. The literature on the subject is overwhel-
ming and it is truly most difficult to see the significant contri-
butions among those published. This survey will just cover some
highlights in the area of chemical ané environmental process con-
trol during recent years and mainly after 1970.

In order to limit the number of possible applications, areas like
paper and pulp industry, glass and mineral industry, metallurgical
industry are excluded. Mainly three areas of chemical processing

will be considered in some more detail, wviz. mass transfer proces-

seg (mostly distillation), reactors and wastewater treatment plants.

The word "application" has many different meanings in different
papers. Here we will restrict the concept of an application only
to the case where real industrial data have been used or pilot
plants or full scale processes have been controlled.

In the text several other surveys of special areas will be men-
tioned. There are several surveys given especially in the fields

of instrumentation and modei building and identification.

The paper is organized as follOWs. After the introduction some spe-
cial dynamical features of chemical processes are summarized. The
instrumentation problems are of major interest in process control
and therefore some emphasis here is also put on these problems.
Some recent developments in pollution monitoring and chemical en-
gineering are mentioned. Computers are now being incorporated in
analyzing instruments thus giving new areas for feedback control.

Model building is certainly a central task in all control system
design. Several surveys of identification of chemical processes

are listed and the essential problems are mentioned. The control



synthesis task is by no means a standard one; one reason is that
rhe system structure plays an important role in chemical processes.
There are several theories available for handling multivariable
systems as well as nonlinear systems, but the control of complex

processes £till lacks a coherent theory.

The computer development during the last few years will probably
cause a tremendous development in both instrumentation technclogy
and contreol tasks, Microcomputers and minicomputers can change the

whole way cof thinking in terms of computer control.

In three chapters a review is majde of the developments of contrel
and instrumentation methods in the fields of distillation, reac-
tors and wastewater treatment control. Some major features of the
contributions are listed, but the survey is by no means exhaustive;
rather it 1llustrates some typical features of the development in
the different areas.

As observed in the final chapter it is not only that the practitio-
ners should learn the new theories but there are still several pro-
blems for the theoresticians to solve. The latter should alsc direct

their research to the real needs of chemical process control.



2. SOME TYPICAL PROBLEMS IN CHEMICAL
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General control theory does noit, in itself, pay any speci
tion to the system's physical or chem
e

a set of differential

i designing control systems for chemical processes there are, how-
ever, several special fe

m
o}

atures which must be considered and some of
those proklems will be considered here. A1l of them are not unigue
for chemical process control, but added together they define the
special type of approcach which it might be necessary to assume for
the contrcel of a chemical plant.

{

i Disturhances

o

Usually the word “"regulation™ means that certain states or perhaps
time-averages of states should bes kept constant. Disturbances may
consist of slow drifts, such as feed changes in a distillation
olumn or slow diurnal variations of the flow rate in the influent
to a wastewater treatment plant or the decay of a catalyst activity.
In the first case the amplitude might be quite small while in the
second case the amplitude variation might be very large. Sometimes
digturbances are similar to explosions as in some catalyst reactors,
at other times they consist of persistent random upsets or they
may result from a purposeful change in the level of operation. In

scme of these cases it is easy to measure the disturbance, such as

+~

the f£low rate in a feed. However, a shock load, consisting of heavy
metals entering a wastewater treatment plant is difficult to ob-
serve before the process output has already responded. Frequently

tochastic disturbances are not measureable at all but can be ob-~
served through the plant ocutputs. In all these cases, the plant
regulaﬁion should work satisfactorily and safely.

(b} Time constants

There is an immense difference between the smallest and the largest

time modes in many chemical plants. Some reactions in a catalytic
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reactor may last for a fraction of a second, other dynamical fea-

rures in the same ant iast for several minutes or hours. A c¢ontrol

ot
s

system nmust be defined in the proper frequency domain +0 work ade-
quately. The long time constants are not always easy to handle, where
oscillations can occur in recycling processes which last from one
labour shift to the next. It may prove very difficult to control

these slow oscillations manually.

{c} Monlinearities

Nonlinear behaviour is the rule and not the exception in chemical
plant dynamics, particularly in reaction systemSithe nonlineari-
ties are so significant that linearizations are seldom adeguate for

analysis and control system synthesis.

&) Couplings

——
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coupling between many variables plays perhaps the largest role
in meking chemical processes so complex and in addition many varia-
bles are coupled in arnonlinear fashion. Conventional control stra-
tegies are therefore often inadequate, and e.g. multivariable con-
trol has to be applied. See also (i}.

{e) Transportation lags

It is common that transport lags are present in chemical processes,
thus causing stability problems. Lags can also be created by mea-
surement technigues, e.g. by semi-continuous analysis instruments.
The analysis is time-consuming and the control action is consequent-
ly delayed.

(£} Spatial distributions

Most chemical processes need to be described by partial differential
equations. This is not only a theoretical proplem but many practical

problems arise too, such as whére to place the instruments, how

a4

many instruments are needed to measure a distributed variahle and
the best location at which to manipulate the process.
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Measurensnt can only be made of a very small fraction of the varis-
ples and for zome it is practically impossible and for others very
costiy. All measurements are subject to various random and systema-
c errors and can be misinterpreted or obscured by unaccountahle
cts. And as we have mentioneagd before the receipt of information
is often delaved, €.9. in analyzers.

{n} Control chiectives

Regulation of certain Process variables at desired levels is by far
the most common objective in continuous chemical processes. All

measured variables need not be regulated, however. E.g. in the case
of the control of internal reflux and feed enthalpy of distillation
columns, regulation is applied to functions of the state variables,
In systems like complex chemical plants one single criterion for con-
trol is usually insufficient. A whole spectrum of control objectives
is often reguired. Probably a whole performance vector is needed and
the control designer will have to decide how o weight the various
criteria included in that vector.

{i) Control system structure

It is by no means obvious how to achieve the best control. There is
& cruclial step in the control system configuration and structural
formation which is seldom discussed in a systematic manner. A good
example is the multitude of different control schemes suggested for
a distillation column. There are many questions concerning which
variables should be measured, and which inputs should be manipuia-
ted, before the feedback contrel law can even be formulated. This
Problem might be the most important control problem and it is cer-
tainly extremely difficult, Mostly it has been tackled in a vir-
tually gualitative way with no quantitative analysis.

{j} Process design and control design

There is ~ T believe - 2 largely ignored area where substantial pro-
9ress is possible, the integration of process design with control
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ccesses are most often designed from a steady-state point
of view with insufficient attention to dynamic behaviour and con-
trollanility. Thers a control engineer should have a responsibility
which extends to the process design. Major contributions to effec~
tive control systems often are due to clever modifications of the

process itself.



3. INSTRUMENTATION AND MEASUREMENTS

A keyv factor to implement automatic control in many chemical and
environmental processes is the availability of on-line instruments.
Even if there is much development being done on new instruments

there 1s certainly still a need of reliiable, sensitive continuous

on~line instruments at reasonable costs.

This problem is particularly difficult in wastewater treatment
plants because of the hostile environment which is typical for such
processes. Instruments for several physico-chemical variables have
existed for many vears, but their reliability in a bad environment
may be so poor, that their function will fail in some few minutes
of hours. |

Many of the pollution instruments which are described are initially
developed in cther chemical industries. Theraefore similar trends can

be observed in both chemical and environmental engineering instrument
development.

3.1 Poliution instrumentation.

In recent years there has been a rapid increase in the pollution con-
trel activities. This development is strongly coupled with the develop-
Ment of new instruments and measurement principles, which are now be-
ing used in laboratories and in processes for control or monitoring.

A good survey of available instrumentation principles in air and wa-
ter pollution is made by Garrod {1971). New articles and surveys ap-
Pear constantly in periodicals such as Chemical Engineering, Measure-
ment and Control,and Environmental Science and Technology. The En-
Vironmental Protection Agency in USA and many other national agencies

are supporting a lot of instrumentation research activities.

§ad
L
%]

Se.2 Alx pollution characteristics.

The clean air acts recently stated in many countries are by no means

any new phenomena. IN England, the first smoke abatement act was



1273. This was necessary because of the use of cheap cole
in London and concern on the effect of coal smoke con the health. In
1306 the problem was so large in London, thai c¢cal burning was for-
pidden by a royal proclamation, and wcod had to be used instead.

It is told that a man was hanged for disobeying the roval command.

Mcdern environmental laws seem to be somewhat more liberal,

Research on air pollution monitoring instruments has been going on
for several years. The recent clean air acts, however, have signi-
ficantly amplified this development, and a large number of commer-

cial instruments, made for continuous monitoring air guality are now

available in the market.

There is a lot of literature on pollution monitoring. The three
books by Stern (1968) as well as reviews appearing'in Analytical
Chemistry ("Air polliution, 1967, 1969, 15%71) are good general refe-
rences. Several meetings on air pollution have been arranged, and
the AIChE meetings reported by Coughlin et al (1972) and Butt et al
(1971) should be menticned. A large number of sources for. the me-
thodology of measurements are available, such as American Soc. for
Testing and Materials (1971), Cooper et al {1%70), and Morrow et

al {(1972). Three different types of air pollution will be emphasizead
here: particulates, sulphur dioxide and carbon monoxide. ©Other
important pollutants are nitrogen oxides and hydrocarbons coming
e.g. from motor vehicles.

Particulates means finely divided dusts of all sorts which are
emitted in the athmosphere. The particulates may be classified
as grit (1000-75 u), dust (75-10 u) and fume or smoke (<10 u).
(lu=le—6m). Technoleogy now exists for capture and separation of
up to 98% by weight of the solid matter emitted. Cyclones, bag
filters and electrostatic precipitatérs: will take up everything
from lumps down to particles with a diameter of some 50-80 u.

Most of the sulphur dioxide comes from operations associated with
either oil fired power plants or with pyrometallurgical processes
for metals, such as copper, nickel, lead and zinc from sulphide
Oores. The gas is oxidized by the atmosphere intc sulphur tri-
oxide which then forms particles of sulphuric acid. These par-
ticles may fall down as an acidic rain.



Abcut three quarters of the carbon monoxide produced comes from
£ ol

gasoline powered motor vehicles. About half

....&

uid increase by about E.BOC, becauvse of the "gr
house” effect. Consequently carbon monoxide formation in
place should be prevented at a reasonable cost, the real chall
of the seventies.

[

.3 Air

I-cj

oilluticn monitoring.

There is a great number of standard methods in use today for on-
line continuous sampling of air pollutants. To monitor fine parti-
culates measurements of light absorption, scattered light, or elec-
tric charge carried by dust can be used. For coarse particles stan-~
dard dust monitors are available

»

The Kem-Tek paper by Eckhoff ({1974} describes ancther most impor-

tant aspect of dust pollution, viz. the potential hazard of dust ex-

plosibility in many industrial plants o . The characterization
e

S
cf dust properties is mandatory and considerable work is going on

Also in the next paper, that by Bigrseth {1974) the problem of dust

io ized. A Lundgren impactor has been experi-
mentalilly tested particularly in an aluminum melting plant to mea-
s e particlie sizes vary mainly between about

0.4 um and iI0um. As hoth Bj¢rseta and the next contributor Kolderup
sential to perform continuous dust measure-

or has reported test experiences with ancther

type of dustmeter, viz., a radiometric f-meter. Also this device has

been tried out in an aluminum piant.

Some of the standard techn igues which are used for gas monitoring



include infrared absorption {carbon monoxide, carbon dioxide,

sulphur dioxide, hvdrocarbons), flame ionization (nyarocarbsns),
flame photometry (sulphur dioxide), cclorimet try {carbon monoxide,
sulphur dioxide, nitrogen oxides, lead, hydrogen sulphide, flu-
roides, ammonia), coulcmetry {sulghur dioxide), conductometry
{sulphur dioxide, hydrogen sulphide), as well a5 gas chromatogra-
phy and radioisotopes,

All these measurerent pPrinciples are used in continuous instruments,
and are commercia 11y available. The crinciples can also be used in
non-continucus sampling if desired.

ears the dtvelopmert cf air pollution analyzers
idly. Hochheiser et al {1971} have surveyed the para-
nuously monitored in the air and the availability of
ruments. Already in 1971 they found 25 companies offer-
ing sulvhur dioxide analyzers based on five different methods.
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The application of computerized multichromatographic systems has
become gquite common, especially in the petroleum industry. An esti-
mate of more than 20 such Systems in North America is reported in
the literature {source: Chem Engr vol 79, No 20 September 1972).

The National Air Cont trol Administration in USA has & continuing
program for the development of instru ments for pollution. Some of
this development is described by Ma aley (1972) and some developments

can be mentioned. A flame luminescent method to measure sulphur is
being developed.

Sulphur dioxide can also be measured simultaneously with carbon mo-
noxide and nitrogen dioxide in a triple system. The sensors in this
System are based upon the fuel cell principle and they time-share
the circuitry.

Chromatographs for new applications are being developed, such as an
automated chromatograph for the simeltaneous determination of car-



Lon monoxide, methane and total hydrocarbons. Another one is aimed

for hydrogen sulphide and certain organic sulphides,

chemiluminescence is used in a couple of in-
struments, one for determining ozone and the other for measuring
oxides of nitrogen. Ozone is titrated in the gas phase with a re-

active gas and the reaction produces light by chemiluminescense.

The continuous measurements of particulates in the atmosphere can
be made by a couple of ifferent principles. In one development
i ion of lidar {light detection and rang-

i
piezielectric instrument is used.

Specific icn-selective electrodes are also under constant improve-
ment, both for air and for water applications

Researchers at EPA in USA are experimenting with solid sorbants
instead of cUmbersome wet impingers for collecting materials, such

as fluorides, chlorides, carbon monoxides and gulfates,

3.4 Wastewater Monitoring.

Wastewater coming from domestic Ccr industrial sewers can be charac—
terized by a large number of barameters or guality variables. Such
parameters are biochemical oxygen demand, chemical oxygan demand,
total oxygen demand, content of phosphates, nitrogen, heavy metals,
suspended solids, turbidit+ ty, dissolved oxygen, organic carbon,
trace organics, pesticides, viruses and pH =tc.

Flow measurements are of basic importance in most chemical processes
and wastewater treatment blants. A large number of techniques are

in use, and depending on the type of f£fiuig, viscosity, flow velocity,
flow rate, harmful environment etc. different methods are suitable.

In the Xem-Tek paher by Thorsen (1974} a survey is given on flow
reasurement methods.

Mezasurement of wastewater characteristics 1s needed for several pur-

poses. Quality control in rivers and lakes is desirable to check the
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standard of cleaning. Measurement for control of wastewater treat-

ment plants is a fiecessary condition for an adeguate treatment.

There are two principal types of instruments for agquiring process

© in-stream probes or 8ensors

©  automated analytical procedures (or automated wet chemistry)

Several commercial probes and instruments work satisfactorily in
itaboratory type analysis, but are usually not suitable for long
term unattended use.

Instruments e.g. for dissolved oxygen, suspended solids {turbidity
meters) and pH need careful maintenance in order to work adeguately,
as slime often accumulates on the probes. Methods therefore have
been developed to clean the sensor element. Water jets have been,

and are being used ang ultrasonic cleaning is being carefully exa-
mined,

There is a tendency to avoid the wet chemical analytical techni~
ques and much efforts are paid instead on the development of elec-
trode type gensors; ion selecting type probes.

G hosh (1873} reviews the literature on water characﬁeristics meg-

Surements during the period 1%72/73 and has listed 72 references,

Some interesting developments from a wastewater plant control point
of view may be mentioned. A new method for the determination of sSus=
pended solids concentration is described by Liskowitz (1971, 1972).
The method is based on the depolarization of scattered light and
should be used for the contirucus determination of the concentration
of particlas in suspensions. According to Liskowitz the range is from
less than 100 mg/1 up to about 5000 mg/l. The measurements were
unaffected by size distribution of pérticles, density variations,
Sources of samples, or color variations.



lley et al (1972) have reviewed the state-of-

=}
the-art of turbidity measurements foxr process monitoring and con-

Reviews of the basic chemistry of the analyses of water in guality

ol are made by Tavlor {1 71}, Meredith {1972} and by Lumb

{1972y, A survey of instrumentation for control in wastewater treat-
D

tants is given in Olsson at al {1973}

tising sludge density meter, based on Cross correlation tech-
nigues has been developed, see Wormald et al {1973). The method
is based on the measurement of conductivity fluctuations within a
turbulent flowing stream. The meter is claimed to be useful in. the
range 1 - 2 & solids concentration.

A survey of iocn-selective electrodes for process control ig found
in a paper by Cornish {1973). On - line process analyzers are also
Surveyed in two papers by Kehoe (1859, 1972) and by Lipt&k {(1573).

Ultrasonic has been intro duced as a competitive technology for
control applications in process industry. In its simplest form it
is used for level cont rol of liguids and solids. In the field of
liguid flow metering the ultrasonic flow meter is utilizing the
Doppler principlie, so that the measurements depend on the value of

the veloccity of the sound in the fluid.

3.5 Automation of aralvzing instruments.

Many instruments in chemical industry are used for the Getermina-
tion of quite complex variables, such as composition in streams or
tanks. Previcusly most Process analysis from chromatographs, spectro-
meters and autotitrators was only possible to perform off-line in the
laboratory. With the introduction of cheap computation facilities it
is getting possible to introduce those instruments for on-1 ine pur-
Beses in feedback control systems. Process analyzers can very well

be automated, and fast processing of the instrument data makes it
possible to use the signal for control purposes.



The table below gives a flavour of the tremendous forecasting of

the use of analytical instruments only on the American market.
{scurce: Control Engineering, July 1973). 0f the total sales 47 &
are for scientific research, 24  for medical R & D, 29 &8 for all
industries which includes 11 % for the chenical process industry.
For comparison the total investment in the chemicail process in-
dustry in 1870 was estimated to he $ 12 - 15 billion {=109}.

TABLE: Analvtical instruments marke® forecast

Millions of dollars

Product Group 1970 1973 1878

Computers for analysis 85 130 260

Spectrophotometers 75 S0 115
{UV, IR, Visible)

All types of chromatographs
{20 % in chemical process industry) 60 75 100

Spectrophotometer, 16 33 68
atomic absorption type

Total analyzer sales 400 - 550 886

There are, however, some essential difficulties in'using these

instruments for control, i.e,
0 the process analysis instrument is not continuous in general,

i.e. each analysis might require several minutes just to collect
data before the result can be interpreted.

© the time delay due to the analysis can cause stability pro-
blems as well as practical pProgramming problems,

In -his Kem-Tek contribution Kirkov {1374} describes a device which
in many senses satisfies the needs cf a multipurpose analytical in-
strument in chemical industry. The component, a tin oxide semicon-
ductor electrode is useg as a selective electrode for several dif-



tions. It is claimed to be useful in instruments for

(=
measuring optical, photochemical and suspension characteristics

In some cases, e.g. for mass spectrometers, the time constants

(nl
may be made guite small. They may well be in the order of seconds
or less, depending on the desired accuracy, see e.g. Damoth et
al {(1972;.

Because of cost and reliability problems, process analysers are

R g
seldom used alone in feedback loops. Instead continuously mea-

1

5

in

sured variables such as temperature, pr ure, flow etc. are

used indirectly to control the plant andé the analyzers are used
to observe the trend of a plant variable. One example, of this
philoscphy is described by Shah et al (1969}, who describe the

control of an ammonia plant.

The possibilities for reconstruction of state variables should

be carefully examined in several cases, both aynamically and
statically. One example from gistillation control demonstrates
the idea. There it is common to reconstruct compositions from
temperature and pressure measurements. Those possibilities are

by no means exhausted in situations where measurements are needed

and no sensors are available.

By increasing information processing capabilities connected +o

. the instruments the senscrs can be checked out as well. Outliers

or instrumentation errors can be tested, and the calibration can
be adjusted periodically.



4. METHODS FOR PROCESS MODELING AND CONTROL SYSTEM DESTGN

In this chapter a short review
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1. The modeling

t synthesis method
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are commented on. Especially in multivariable systems there is a
£

s
large number of approaches available, and different methods applied
8

il process control are con
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or a basic description

a
of multivariable systems, we refer to e.9. Schultz(1967) ,.Rosenbrock (1970)

<

4.1 Modelinc and parameter estimation.
o}

th for system degign and
sign. In a large complex system like a chemical plant
modeling becomes a major task, and one of the main guestions is

how to simplify the model in an adequate fashion.

Needless to say the purpose of the model should be the primary
question. If the goal is to understand the dynamical behaviocur,
the model should be quite detailed. On the other hand, if the
model should be used for control system design, it is most often
sufficient to use quite less complex models. It is
important to model not only the input - output relati

also the character of the disturbances in order to handle them
adequately.

Due toc the complexity of chemical processes nodeling has to be
complemented with parameter adjustments to measurements. The
areas of identification ang parameter estimation have proven to be
quite successful tools in finding models for control purpcses.
& lot of applications of identification techniques in the chemical
field have been reported.

The problem of identification is to estimate a number of unknown
parameters in a model of known structure. The available informa-
tion is a number of sequences of measured values of the different

input and output variables of the process under consideration.



The model structure can be of nma ny different forms. The simplest

form is a so-called black-box approach. Then a canonical structure
r transfer function is assumed with unknown ccefficients. These
then do not have any special physical interpretation.
Stic systems with many inputs and one output can be
tely by standard methods today. In the multi-out-

a

8 to be more careful because of the interaction

The structure can alsc be much more fixed both in the single vari-
able and in the multivariable cases. The model can be given in

terms of a number of first-order - linear or nonlinear - differen-

tial eguations with unknown parameters. Depen:
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assumptions and the linearity of the systen di,ferent methods are

available for identification.

Methods like the least squares, the generalized 1

o]
i
)

exr sguares, the
instrumental variable and the maximum likelihood method can be
used. Which method to appiy depends on the complexity of the dyna-
mics and noise, on available computer facilities and on the desire
for accuracy.

ie

d
Lt

There are sesveral good surveys of the

-
-

» and Astrém et al (1971)

o

give a comprehensive presentation of available methdds. 1In

4]

b

another survey Gustavsson {(1973) has summarized identific cation
applications in - chemical and physical processes. These sur-
veys contain a large number of references which are not listed in

this paper. 1Ide entification methods are aiso presented in Nieman
et.al. {1971).

Scme papers have presented comparisons of identification methods

on industrial data, and those by Gustavsson (1972) and Clarke {(1973)
snould be mentioned.

4.2 Control of single variables.

There is certainly no single method that can solve all different



ypes of control problems arising in a chemical plant. Neither is
it possible to give a comprehensive list of all pPessible approaches
this. A flavor of the available possibiiities,

(S
however, will be given and references to other works will be made.

The majority of process control systems of today still contain
mostly local control loops and sometimes nested loops or cascaded
systems. Linear design technique from the servo - mechanism
theory is still in use for analysis and synthesis. The classical
ller is certainly satisfactory in many cases, and there
is no need to try more sophisticated control methods. The gain in
e

advanced theory would perhaps be too little.

Single lcops methods are, however, inadeguate i
significant interactions. There has been presente everal

a
approaches to handle such systems. Methods for multivariable con-

7]

trol have to be applied. An excellent survey of such methods is
given by MacFarlane (1972}. Here we wiil comment on some of the
theories relevant for chemical process control. In 43 the so-
calleqd non~interacting control is briefly mentioned. Reduction of
model complexity can be achieved by e.g. modal control, which isg
considered in 4.4, Multivariable control is more generally regar-
ded in 4.5. Reconstruction is mentioned as a tool in 4.6, and

the chapter is finished with some remarks on adaptive control.

4.3 Non—interactinq control.

Non-interacting control has been tried as the solution for typically
coupled systems. An often cited example is the control of both
top and bottom compositions in a distillation column. In this

metnod a control is sought, such that a ¢hange in set point of one
variable influences only one output.

To achieve thisg goal, a retwork can be.introduced between the con-~
trellers zand the plant, creating a decoupling of the interactions.
Single loop theory is then used to design the controllers. A con-

trol system with nen-interacting properties may, however, be most
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undesirable for chemical processes. The reason is, that such servo

performance should not be imposed,when it is the diminution of the

disturbances that is important. A noninteracting -~ control system may
= t

ies. Many chemical engineers claim that

o
n i

interacticn instea culd be used in order to achieve a better
control. The decoupling in a non-interacting system restricts the
compensations that can he applied. There is also a non-minimum

phase problem { |wrong-way") involved, as pointed out by Rosenbrock
{1966) and MacFarlane {1972). If the determinant of the transfer
function matrix has right-half plane zeros, as in nmany multivariable
chemical processes, the technique vields a pooYr performance. Non-
interaction contrcl therefcre should be used with great care, and

in many cases there are competing methods.

4.4 Model reduction.

The size of the number of states in models is often prohibitive.
In order to reduce the complexity of chemical process models seve-
ral techniques have been used. The modal control theory was in-
troduced by Rosenbrock {1562 b).

The central theme in all work on modal control is that the tran-
sient behaviour of a process is predominantly determined by the
modes associated with the slowest eigenvalues of the state matrix
(i.e. the slowest poles). If it is possible to approximate a high-
order system by a low-order system whose slow modes are the same

as those of the original system, then one can concentrate upon al-
tering the slow eigenvalues in order to control out a disturbance.
It is very important to note, that different disturbances can excite
different modes of the system. In Rosenbrock's approach it is poss-
ible to alter each eigenvalue separately so that the resulting control
system can be considered a non=-interacting control scheme.

There are serious drawbacks of the modal techniques, however. Mo-
dal control theory exploits the interactions among the variables,
but those ideal conditions do not occcur always in chemical proces ses.
All the states cannot be measured in practice and control cannot

be applied to all states.



Nevertheless modal control has been applied in chemical rprocess
control by Gould (1569), to a diffusive distributed process, by
Davisson {1967}, (1972} to the control of a distillation column
and a 4i-variable chemical plant model. Some of the disadvantages
of the modal control theory are alsc discussed by MacFariane
{1970, 1972). The method gives attenticn only to the poles,; while

the closed loop zeros are left unattended.

Bengtsson (1%73) has developed quite a different approach to the
problem of approximative controllers. The control system is first
synthesized tc an “"optimal" controller which is made suboptimal

by impesing constraints in the control structurs. To start with
state feedback control is used. Then this control is fit in a
rational way into another "similar® control with a predefined
structure. The method has been successfully applied to a three
machine power system. The method is well designed for the high-

dimensional problems that often occur in chemigal plants.

4.5 Multivariable control theory.

In classical design technique there is a large amount of different
criteria that can be used for synthesis-. In optimal control theory
there has been a systematic approach to define one single scalar
function, that reflects the performance of the closed locop system.
This performance.index is a function of all states and control
variables of the system and in the general case it éan be formula-
ted quite arbitrarily. The optimal control theory then states sys-
tematic ways to synthesize controllers, both for linear and non-
linear multivariable systems.

The word “"optimal™ has been misunderstood by many., A controller is
not optimal in any other sense, than it has minimized the perfor-

mance index. In a real plant, probably a large number of criteria

must be tried out before the most adeguate criterion can be Dung,

that can give a satisfactory behaviocur of the system also in other
respects, not formulated in the criterion.

For nonlinear systems open loop sclutions can be achieved, for
example to get input histories that minimize the time required
tc bring the process to a new operating point. In case of linear
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dvnamics, where the control criterion can be expressed as a scalar
unction, guadratic in the state and control variadbles, the control
system can always be forrulated as a feedbhack (closed ioop) system.

Application of linear guadratic theory for feedback and feedforward
O

control of chemical processes have been reported extensively,

iterature on the subiject, such as the

68} and Anderson et al (1971}).

pplied to a number of chemical pro-—

; €.9. stirred tank and tubular reactors, distillation columns,
5

"

ticn columns, absorption columns as well as to the "standard
a

s the second-order-plus-delay-system.

4.6 Reconstruction of state variaples.

In toc many application studies it is assumed that all state vari-
ables of a plant are measureable only because the linear guadratic
theory assumes such a.fact. It is not only unrealistic to assume
all states known - in many cases it is also unnecessary. There
are good metheds to find the states ﬁy different sorts of recon-
struction, if the states are not measured directly.

The most famous method for reconstruction of state variables in
linear stochastic systems is the so called Kaiman filter, which has
been developed both for continuous and for time-discrete systems., A
comprehensive treatment is found in e.g. Astrém {(1$70).

Measurement and process noise can be taken into account in a direct
way, but the filter has to assume that the ‘process model as well as
noise statistics are known, which might be prohibitive. There are,
however, identification methods available, see Astrdm et al {1973)
in which a steady-state Xalman filter can be identified directly
out of measurements of a process.

The reconstructed state variable can now be used in a multivari-
able linear-quadratic controller. The statistical problem of

getting the reconstructed variable and the deterministic problem
of calculating a control law can be separated into two different

tasks. This is the content of the so called separation principle,
see Astrdm {(1970).



4.7 Adantive control.

In many chemical processessore parameters may vary slowly as a
function of time, such as a catalyst activity. These parameters
can vary 1in such a way that the overall dynamics gets adversely

affected, if the controller is not properly adiusted.

Adaptive controllers are most desirable in such control systems.
Such a controller can adjust its parameters on-line and conseguent-
ly maintain a good performance in spite of uncontrclled and un-

measurable process parameter changes.

A slccessful approach to soclve this problem - a self-tuning regu-
lator - has been presented by Astrdm et al (1872) and Wittenmark
{1973). The regulator consists of two parts, one identifier and
cne controller. It is useful not only when parameters are slow-
ly varying but also for tuning of regulators, which might be a
time-consuming and difficult task. The self-tuning regulator has
been applied to two different full-scale processes, an ore

. crusher {see Borisson et al (1973)) and a paper machine (see Bo-

risson et al (1974)). The same type of controller has also been
implemented on another paper machine for moisture and basis
weight control, see Cegrell et al (1973).

In a feasibility study van Aarle (1973) has examined, if adap-
tive controllers are desirable in distiilation control. In the
special case studied some process parameters varied by a factor
of 2-3., For the process studied, however, van Aarle hesitates,
if adaptive control is attractive.

There are alsc multivariabie comnterparts to the self-tuning re-
gulators as described by Peterka-&strdm (1973).



5. TEE ROLE OF COMPUTERS IN CHEMICAL PROCESS CONTROL

bigital computers and associated information processing capa-~

g1 E
cities for monitoring and control are among the most significant
technological advances in the past decades. A few aspects of this

development will be considered.

(9]

L3

1 Review of the present status.

“

t is more than 14 Years ago, almost half a generation since the
first application of computer control was announced in Port
Arthur, Texas in 1959, Now the great pioneering period is over,
and computer control is a standard routine.

The annual increase of Process computers between 1959 and 19%96a

was about 50 % and after that about 20 %, Minicomputers constitute
the greatest part of the increase. The computing capacity/computer
pPrice ratio has increased dramatically in the last ten years.

Hardware reliability has increased so that DDC is considered
quite realistic in most applications. Software development has
also made a lot of standard solutiong possible, so that few in-
stallations today are tailor-made. Rather standard process ori-
ented program. packages are offered. Depending on the application
they may be of either a fill-in-the-blank type or some extension
of Fortran type languages. A status Teport on DDC applications
can be found in Bailey (1972j).
The traditional differences between medium size andg mini computers
in

aregdetting more and more obscured, In the fellowing raragraphs

we define a migi computer as having 16 to 24 bit word length,

oxr alternatively with a price more than $ 10 000 (such as IBM 1800,
CDBC 1700, GE 40600). A mini computer theén may have a word length
less than or equal 16 bit. -

In Ferrar (1971) a Summary of new computer installations in pet-

rochemical industry is made for the period 1967-1571. It is



shown that the use of medium size computers in new projects has
been guite constant in this period, see fig. 1. Except for 1570
the number of new projects was between 66 and 82 for the USA and
95 and 150 for the whole world. For 19870 the figures were 105
and 190 respectively. The minicomputers constitute the largest

; increase with 12 new projects in 1967 and 56 in 1971 in USA. The
number of new major DDC projects does not, however, increase sig-
nificantly any ionger; only 4 in 1%67 and 6 in 1971 in the USA.

In the tables below the type of applications of computers in
thé petrochemical industry in shown (valid at the end of 19713,
i The percent figures are based upon the number of projects ang
| not on the number of computers. The classification indicates the
‘ primary function of the computer; then there ig often some addi-
{ ticnal information processing task. The computers in "process

+n

| control” almost always are used for local control of some pro-
| cess variables,.

[ TABLE 1: Midicomputers in petrochemical industr

Process control: supervisory and operator

information 60 %
Process control: DDC ) 7 %
Information systems iz 3

0il movements: iocading terminals, tankage,
planning i1

Analyzers and laboratory control 5
Others 5

TABLE 2: Minicomputers in petrochemical industry

Process control 52
Process control: DDC

Information systems

Cil movements

! Analyzers and laboratdry control 30
Others

of e P P o oe
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Figure 1 - Computer applications in petroleum and petrochemical plants.
Worldwide total applications.

U.5. Zotal applications.

U.S. medium size computer applications.

U.5. mini computer applications.
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Figure 2 - Expacted cost development of LSI circuits.



5.2 Some trends in computer control.

With the introduction of the microcomputer or the "computer on
a chip” it has been possible to think in terms of completely new
omputer control. The increasing number of functions

built in a single LST (large scale integration)

prices per function is therefore getting down

g
enomenal. Just look at a desk calculator or a digi-
e e
ee fig. 2.

Digital/analog and analog/digital converters are also getting

cheaper, thus making it more favourable to use remote mult

plexing and data highway systems. Today there is much talk about
ated computers with fixed programs in read-only memories

or standard tasks in instruments, simple process loops,

transmission units or displays.

The idea of decentralized systems 1s getting applied. The trend
toward leocal on-line control instead of just one central compu-
ter is noticeable today. This control with its digital flavour
has a lot of interesting features. Tt gives a flexibility and
modularity which is not pcssible with a centralized system. It

is not necessary to make excessive investments from the beginning.

There are several reasons to decentralize. Cable costs are
axcessive, and the programming costs for a central computer
should by no means be neglected. Cable costs can be drastically
reduced by remote station multiplexing. This may be interes-
ting already for more than about 50 loops and average distances
from the CPU to the plant of more than 60 - 70 m.

Advanced instruments can be supported by their own littile compu-
T, and certain process units can be controlled by a minicom-
uter. Not all, but part of, the informaticn is interesting to

¥ to a central computer. With this type of arrangement the
plant reliability can be increased.

[
=
%)
il
[}
0]
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Tc sum up, the interesting features of this trend may be:

increased reliability

both serial and parallel digital data transmissions
compatibility and communication with higher level computers
ability to handle advanced control algorithms

0 o0 o o O

capability of handling a large variety of measurements
and control signals

favourable economy

flexibility

no drift problems

o o ¢ O

modularity

Software standard for microcomputers is still an unsolved
problem. No highlevel languages (maybe not even assemblers)

are available, why programming may be time-consuming. There is,
however, a trend toward macro level languages, where typical pro-
cess oriented features should be easily programmable. It should
also be possible to compile programs for a microcomputer in a

bigger machine, thus making high level languages available.

The compatibility between the small and the big computers is there-
fore important, if a decentralized computer system should be
successfully connected by a central computer.
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- APPLICATIONS TO MASS TRANSFER PROCESSES.

Mams transfer processes make up an essential part of many chemical

s plants. There are several processes where mass transfer in
some form is used, such as absorption, distillation, extraction, ad-

svrption; humidification and membrane operations.

concentrate the text on distillation columns. Some other appli-

cations ars also mentioned, such as gas absorbers and evaporators.

.1 Digtiliation columme.

Sistillation columns serve numerous purposes. Let us just mention

the fractionation of such a complex mixture as crude oil, (super-
fractionating operation) or the complete elimination cof an impurity
in & product. In a modern refinery plant, distilliation columns make
up about 50 - 55 % of the capital investment. There is a vast litera-
ture on the dynamics of distillation columns, but still new contri—
putions should be expected in the control field, especially the app-
iication of multivariable control and dynamical optimization.

Conventional approaches to distillation control are well described
in standard books such as Buckley (1564) and Harriot (1964). a good
description of the dynamics of distillation processes for control
purposes is also found in Gould {1%6%). Several other surveys on

Su

istillation columns operations can be found, and only some high-
ights will be mentioned here. Bolles et al (1968, 1969, 1970) co-

ot

ver in an annual review the literature published on distillation
columns for the preceeding year ending up with June 1970. In each

review there is a section on system dynamics and column control,
vwhere several adequate references are cited.
dy has been reported by Foulard et al (1973), where em-
pnasis is put on parameter estimation and identification of columns.
%

appiications of identification methods to chemical pro-
£o made Iin the previously cited paper by Gustavsson (1973)

5
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The modeling ~ problem is intima ately connected
wdel. In a paper van der Grinten et al {1969} review
r the construction of mathematical models F
Zoth the modeling of each tray on onc
or the other hand are considered with their resp
and drawpbacks from a control po

the adeguate model complexity for control
by Custavsson {(1973).

£.2 Distillation column dvnamice.

A typical distiilation column is shown schematically in fig. 3.

If all the detailed dynamical behaviour of a column should be repre-
sented in a mathematical model, this one would cer rtainly be very
compiex. It includes overall and component mass balances, energy
balances, hydraulic flows and vapor dynamics. The most important
part of the dynamics is the concentration dynamics of the different
ccmponents in koth iiquid and vapor phases as well as overall ba-
ancag. Those eguations are mostly linear, and the dynamics for each

]

tray iz coupled to its neighbouring trays. There are alse nonlinear

re

!
gm.a

tions,; such as the equilibrium curve and the liquid flow as a
function of the hold up on a tray. Also the pressure drop for vapor

through the liquid is a nonlinear function of the vapor fiow. '

If the number of trays is getting large, the number of coupled or-

dinary differential equations describing the balances may be approx-
imated by partial differential equations. This approach is made

in many theoretical investigations in order to get more generalized

tools for analysis and synthesis. This situation is eguivalent to

the continuous coperation of a packed column, which alternativelycan

be considered consisting of a large number of fictiticis trays.

-

A distillation column can be manipulated by a number of different
variables. The most important ones belong to the flow rates of feeds
and products, reflux ratio, heating and cooling capacities. The main
disturbances may be influenced by other processes and are resliated

to the feed flow rate, composition and enthalpy.
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The most important outputs are
’o the pressure at the column top
© differential pressure between some plates
O levels in the reflux and bottom tanks
0 temperature on certain trays

O concentration of the different drawing-offs
Then there are other state variables describing the internal beha-
viour in the column, such as

O - pressure

0 internal flow rates of both phases

o tray'concentrations,.temperature and enthalpies
¢ liquid-vapor equilibrium relationships

o various tray efficiency coefficients

The measurements which are generally the most required ones are flow
rates, temperatures, pressures and concentrations. The three first
entities are generally quite reasonable and easy to measure, while
concentration is often the weak point. The accuracy might be in-
creased by using a chromatograph or a mass—-spectrograph, but the
costs are in many cases prohibitive. See further chapter 3.5,

For control purposes there is always a difficult compromize to choose
the right system complexitv. It is certainly too complex to take the
dynamics of each single tray into consideraticn for control purposes.
On the other hand, significant interactions and nonlinearities may

cause a conventional control system to be too rough an approach to
the control.

It is typical for a distillation column, that a major problem in de-
signing a control system is to choose a suitable structure, rather
than to determine the actual values of the control parameters. This
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means that it is not at all clear a priori which variables to manip-
ulate and which outputs to measure. This is both a matter of opera-
tional convenience, eguipment costs, safety, dynamical behavicur and
plant yield and economy.

There is a large amount of different structures suggested in the 1li-
terature for different columns. It is inke resting to compare the
different control philosophies taken by e.g. Buckley (1564}, Harriot
(1964) chapter 14, and Rosenbrock {(1%62a) Other approaches are also
shown e.g. in Gould (1969}, Sieler {(1970) and Anderson et al {1969).

Few systematic efforts are made to compare and evaluate different
structures. It is quite clear that experience must guide the de-
signer to a large extent in order to limit the number of possible
combinations. There are, however, go many different processes with
their specific construction, that experiences from one column plant
might be of little value for another one. It should be a great

0

hallenge for the theoreticians to find more general methods for a

L’I

stematic control structure approach

5.3 Feed-forward control.

As mentioned, the most important disturbances have to do with the
feed to the column. Those disturbances are in general measurable.
This makes it possible to take advantage of feed-forward techniques
£o control the column. In general the disturbances in the feed var-
iables are quite small in amplitude or might be slow gradual changes.
Because of this, the transient behaviour of the column is seldom of
a major interest. Rather the feedforward control is made quasi-sta-

tionary, as will be shown in a couple of references.

Buckley (1964) has given quite a systematic approach to the idea of
usiﬁg feed-forward control in distillation columns. The inlet dis-
turbances were fed directly to ‘the reflux ratio and heat capacity
Eontrols, thus creating a high speed loop. The model for this feed-
forward control has seldom to be accurate, partly because of the
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size of the disturbances and partly because * feedback control from
the product wvariables should alwavs be used as a co mplement to the
feed-forward control. This is also discussed by Shinskey {1967) b

307 and Wardle.et al (1269},

Several applications of fesdforward control have recently been pu-
blished. Miller et al {1969) discuss feedforward control and pro-
vide a survey of 42 referencss on the subject. They ncte that only

5 of the references describe applications in commercial equipment.
There is also remarked by Nisenfeld et al (1973) a tremendous gap
between the number of applications and the number of publications of
them. Only in the USA and Canada more than 150 full scale columns
are coperating under feedforward control. Only four of these have
been described in the literature before 1969.

Three different applications have been reported by Nisenfeld et al
{1973). The case histories are documented "before" and "after" the
feedforward installations. The authors discuss how to gain an ade-
guate complexity of the model necessary for the feedforward control.
The models are primarily steady state models. Of course, such mo-
dels give transient errors which are not desirable. Now, it has been
possible to gain satisfactory dynamic behaviour just by adding first
order dynamic systems to the steady state models. Typically the mea-
surable disturbances, the feed flow and column temperature, are used
to feed signals to the distillate flow and to the pressure set points.
This was made for a debutanizer in a Fluid Catalytic Cracker unit
and for a gasoline depropanizer.

For a superfractionator (crude oil distillation) the-first step wasto
provide a fast cocrrective action for upsets in energy balances,

which can be reconstructed (by static relations) from differential
pressure and reflux accumulator level. The flow rate of only one

of the side streams, viz. the propylene product was manipulated by
the feedforward system.

Another paper by Wood et al (1972) deals with comparisons between
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feedforward, feedback and combinations of these for a binary column
having a diameter of 0.23 n and containing 8 trays. Typically first
order models with time delays were used. The models were achieved
by pulse testing.

£.4 Regulation and steady state optimization.

Two levels of control are often discussed in distillation eontrol
papers. The first level may be conventional set-point control, where
a number of local variables should be kept within certain limits.
On the second level the operating point of the columns should ke at
an optimum. Under assumptions of steady state behaviour, a profit

function is formulated, and this function should be maximized during
the cperation.

Sawaragi et al (1971) have considered a quasi-dynamic operation of

a pilot distillation plant. The plant is to be operated at a maximum
profit rate under the condition that the overhead product composi-
tion is maintained constant. A binary mixture of methanol and water
is processed in a sieve tray distillation column. The control wvar-
iablies are the feed fiow rate and the heating duty in the reboiler.
The profit is a nonlinear scalar function of the two control varia-
bles and of five state variables (flow rates and compositions), un-
der the condition of steady-state operation.

Maarleveld and Rijnsdor? {1969} studied a constrained static optimi-
zation problem, where the purity of both streams should be considered.
Thus koth the feed preheating and the column pressure should have
optimum values in a refinery column - a deisopentanizer. No quanti-
ktative models were given in the paper. Similar approaches, a combi-~
nation of feedforward control, feedback control and steady state
ptinmizing contrel have also been applied by Bornard et al (19695 on
ﬁperfractionating column. Duyfjes et al (1973) discuss the simi-
problems for a general bindry column or a pseudoc binary state
olumn. The transients are not taken into consideration at optimi-
zing control. Alsc these authors claim that 1itt1é is gained by 4y~
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namic optimal control.

Shunta et al (1972) have developed a contrcl scheme
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for both set point changes and load disturbances, Two Separate al-

gorithms are implemented simultanecusly. One receiving its input
e

s
signal from the setpoint and the other from the measurem nt variable.
4=

This control is shown to be better than conventiopal PI controlier.

6.5 Multivariable control of distillation columns.

The control of distillation columns should in many cases be multi-
variable because of the significant interactions Present. One ex-
ampie is the so called two point control problem, i.e. both exit
compositions are to be maintained within prescribed limits simul-~
taneously. Rosenbrock (1962a) was one of the first ones to point out

the interaction problem in distillaticn columns.

One approach to solve the twe point control problem is by decoupling.

Different approximations of the decoupling scheme have been suggested.

Rijnsdorp et al {1966) have described a non-interacting control

cheme for the simultaneous control of both end compositions. This

study has been taken up by Wood et al (1273} in an experimental
+

ion of the same non-interacting contrel scheme.

eva-

The two point control problem has also been taken up by Toijala
{(Waller} (1272, 1974). R truly multivariable control law, such as
linear guadratic control has been suggested and applied to the con-
trol of columns, e.g. by Brosilow st al {1988), King {1969), Hu

et al {1972} and Toijala {(Waller) {1572).

The linear quadratic control law {see section 4.5) is however un-
suitable without some important modifications. §&i1l feed=forwarad
control should be taken into congideraticn as counteraction of the
disturbances should be made as fast as possible. The cutput regu«
lation problem is censidered alsc by Bengtsson (1972, ch,. €). Be
shows that the Aultisvariable feedback and fead-forward problems
for linear systems can be treated with similar computations.



The linear guadratic control strategy should also be complemented
th some "integral action” corresponding to a classi
ier. Thereby the outputs can be returned to tha desi:
slow or dy state disturbances. There are sev ral approaches to
this problem. A survey is given in Bengtsson {1973), wrhere alsc new
methods are presented. Waller {Toijala ! (1974) have used another
appreach, which also means a sort: of integration of the output.
Waller et al {1874) have also adopted the idea of modal control,

discussed in chapter 4, in

O

rder to reduce the complexity of the
contyoller. This control is tried out on a binary distillation co-
lumn model and is found to be better than the decoupling control,
previously used.

The same'modal analysis approach has also been used by Davisson et

al {1972), for a complete chemical plant, described by 41 differentia

equations. The processes consist of tank reactor, a heat exchanger,
decanter and a distillation column.

6.6 Other control algorithms.

The distillation column contribution by Roffel (1974}, describes
models for heavily loaded trays. These models are then verified
by experiments on a sieve tray column with the components air and
water. For the high loading that the author considers, flooding
of a tray is a real threat to the operation of the plant, hence
it is important to better know the conditions for flooding to
occur and how te avoid it by control methodzs. A slight modifica--
tion of a PI controller was found to be successful. The propor-~
tional part of it has the structure

Ke - |el

Another type of control algorithm has been preposed by Merluzzi et
al {1972). It is a type of on~off control strategy, which has been
applied to a full distillation column separating a binary mixture.
The controller uses a linear combination cf temperature measure-

" ments to adjust the reflux ratio ir order +o maintain a desired over-
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head prodiuct composition. By using some simple relationships between
the control coefficients the authors have reduced the tuning of
the contrcller to the adjustment of one single parameter, correspon-—

ding to & very simple model of the column.

£.7 Reconstruction of process variables.

A linear centrol law must generxally know the whole state vector

{See chapter 4). This is seldom the case, and therefore it has to be

N

econstructed e.g. by a Kalman filter. Hamilton et al (1973) de-
scribe how they have applied a time-discrete Kalman filter to esti-
mate the state of a pilot plant evaporator. The filter was a part

of a multivariable computer control system. Although the noise and
process nolise levels were at about 10 %, the filter caused good con-
trol., The results were significantly better than those achieved with
conventional exponential filters, In this application the standarxd
Ralman filter was reasonably insensitive to incorrect estimates of
initial conditions and also for ncise characteristics as well as for
model parameters.

6.8 Other mass transfer processss.

An experimental and theoretical investigation of the unsteady-state
operation of a pilot scale packed gas absorption column has been made
by Bradley et al (1%72). Carbon dioxide was remcved from an air -~
carbon dioxide mixture into an agueous monoethanclamine (MEA) solu-
tion by absorption accompanied by chemical reaction. The mathemati-
cal model describes the mass transfer in a packed bed counter current
absorber and the conservaticn eguation for the gas and liguid phases
are partial differential equations. In order to verify the model, a
step cuange in gas feed composition was effected by manually changing
the setpoint of the CGziair flow ratic controller. For changes in ths
MEA flow rate the setpoint of the feed flow controller was stepped.

A similar application with step responses analysis is also presented

b

y Malilpani et al {1973]). The partial differential eguations, descri-
hing the absorber, were reduced to ordinary differential equations by
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the methoed of characteristics. Afterwards the two unknown parameters

in the system were determined by step response analysis.

An example of optim
by Newell et al {1

1 control of a pilot plant evaporator is shown
971}. In order to make up for deterministic dis-

turbances, the authors have extended the state equations by the in-

tegral of the output thus getting an "integral control action”

{cf 6.5 and 4). By taking the interactions of the system into con-

sideration, Newell shows that a considerable improvement is achieved.

There is, however, no comparison made between the optimal control

technigue and other multivariable synthesis methods.

The question on the integral action should be commented on. Newell

et al have used the classical approach to integrate the whole out-
put vector. This is the only solution #f the disturbance sources

are unknown. Bengtsson (1973} has derived another approach where

he shows that the number of integrators can be decreased, especially
if there are fewer disturbance scurces than controlled variables

As the author remarks, this is not merely an academic gquestion, since
each introduced integrator will cause a phase redardation. The system

is then harder to stabilize or it might even be unstabiliizable.
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7. APPLICATIONS -TO CEEMICAL REACTORS

questicons on optimization play a central role in the design, ocpera-
tion and control of a reactor. This is scometimes in contrast with

some physical processes, wher
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and steady-state operation but is of less
control.

7.1 Classification of reactors.

Chemical reactors may appear in many different forms, depending on
type of reactions, arrangement of flows, presence of a catalyst or

¥ g P
not, thermal conditions and number of physical phases involved. Some
major types according to the fliow pattern are the batch, the stirred-

tank and the tubular type reactors. Many industrial reactors may have

.

design between the extremes of a stirred tank and a plug flow re-—

ctor. IL is also differed between adiabatic and isothermic reac-

4Y

tors. Of course, the thermal conditions are also affected if the re-
actions are endothermic or exothermic.,
It is 3

auch easier to describe a homogeneous reactor, where the re-
acticns take place in one single phase than a heterogeneous reac—
tion, where several phases are present. There the problem of mass

and heat transfer between the phases is added on top cf the reaction
complexity.

Catalytic reactions are characterized by the presence of materials
in the reacting mixture, that do nct take part of the reaction ra-
tes. Usually catalysts are used in liquid or soiid phases and are
associated with heterogeneous systems. The catalvtic reactor is one
of the most important units of the typical chemical or petroleum
ihﬁustry. Approximately 70 % of the total output of chemical indu-
stry is processed at some stage with & solid catalyst material,
usually in a tubular or fluidized bed reactor. A1l catalysts are

also deactivating with time, which makes the optimization of those
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from an economic point of view. The bas
chemical reactors are found in standard
{i%61, 1965}, Gould (1969), Harriot (1964,
kinetics can be found e.g. in Walas {1959)
r

jancwr - Koppel (1965} and Asbhbjgrnsen

- Levenspiel (1%6%) gives a comprehen-

£ the knowledge about fluidized beds, both theoriss
B the reactor egua-

case, is one rea—

applications of

is an overwhelming list of contributions, where reactor models
have been derived from 3 priori knowledge. Analysis has been made

ey

ixlations of the system behaviour ars performed and different
control strategies have been calculated. Very little, however, is
described about real measurements, experimental identification or
applied optimal control of reactors. The contributiocn by Lowry et
al {1987} is, however, an interesting sxception. A large amount of

maasurements and steady-state calculations have been performed.

7.2 Stirred tank reactocr dvnamics and control.

he dominating feature of the dynamics of chemical reactors has to
o with the significantly nonlinear behaviocur. The range of linea-
rized odels is in general very small, why mostly a more elaborat
description of the dynamics is required. In contrast +o this a dig-
tillation column is almost linear, even if its dynamics might be
complex of other reaschs, see 6.2.

The dynamical behavicur of a stirred tank reactor is derived out of
21 and cnergy balances for the components which take part in
actions. The stochiometric relationships serve to restrict the
prhaviouwr of the system and decrease the dimensionality of the state
space. A discussion of these phenomena can be found in e.g. Aris

t is, nhowever, much disputet in the literature how to apply
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this constraint in general terms, and further contributions are
found in Gould {196%) and Asbigrnsen et al {1970},

The differentiail equations describing a chemical reactor are often
stiff, i.e. the ratio between the fastest and the slowest time modes
0f the system is very large. This means that there are real numeri-
c¢al problems to simulate such Systems. Edsberg (1972) has made a
bProgram package for the simulation of ordinary differential equa-~
tions, describing stirred tank reactors, where the stiffness ig ta-
ken into acount.

Because of the nonlinearities, mainly introduced by the Arrhenius
law, it is possible to get several operation points for the reactor.
Both the heat production and consumption in the vessel must be matched
in steady state. In an exothermic reaction there may be up to three
solutions, some of which are steady state unstable and some others
are stable. If more reactions occur there are of course more’
Ooperating points. In an endcthermic reaction, however, there is just
one operating steady-state point.

If an operating point is found to be steady-state stable, it is not
sure, that the same point is dynamically stable for small distur~
bances. Further conditions then must be imposed to ensure dynamical
stability. A linearization of the equations does not give any infor-
mation about the size of the region where +the linear equations are
valid. Therefore in most cases, stability properties have to be de-
termined by more sophisticated methods, either by nonlinear simula-
tion or by analytical methods such as the Liapunov method. To find
an adequate Liapunov function is, however, only possible in the

simplest cases. Therefore simulation is the dominating tool for re~
actor analysis,

Control of stirred tank reactdrs can mostly be mnanaged with conven-
tional methods, as soon as the steady state point is stable and the
listurbances are small. If an optimal control is desired, then the
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nonlinear model has to be taken into consideration. Even if the

control system synthesis might be straight forward, the effect of
disturbances might be confusing. It is possible that non-minimum
phase effects from feed rate changes to the temperature response

appear. A control system that does not take this effect into

consideration may overreact and cause severe errors.

It is a non-standard task to determine possibie operating points
in steady-state. For systems ox networks of reactors one must add
further -equations in addition to the basic heat and mass balance
equations. These are needed when there is heat or material re-—
cycling ox when separations are present. To find the “best™ opera-
ting poin£ in such a system is certainly a major calculation. One
has to define clearly what is meant by "best® at that time. Such
calculations include optimum residence time, optimum temparature
to maximize yield in tank reactors, determination of optimum tempera-
ture profiles in tubular reactors as well as selection of the best
transfer means for tubular and stirred tank reactors. Tazaki et al
(1972} present one approach to apply a decentralized theory to the
steady state optimization of a complex chemical plant. The large
scale problem is subdivided into a number of optimization subpro-
blems, which are coordinated in a certain manner.

Stephens et al (1873) have performed a steady-state and dynamical
analysis of an ammonia plant. Some of the concepts of stability for
simple reactors have been transferred to the big plant and they have
been proven to be useful. The reaction taking place is exothermic,
and therefore several operating points can appear. A simple control
scheme has been used for disturbance stabilization.

Dynamical optimization is much less used because the problem is so
difficult to solve. For stirred tank reacters or lumped parameter -
approximations of tubular reactors, optimal control theory has been
applied, but to a very limited extent. Mostly the applications are
simulation studies. The author is not aware of one single full scale




application of dynanical optimal control theory to chemical reactors.
There are several reasons, not only that optimal control should be
difficult to handle. The kinetic behaviour as well as other dynamical
features of the reactors are often poorly known. These facts are a
real challenge to bhoth modeling and control people.

Alien et al (1871) have reported a digital computer control applica-
tion of .a batch reactor, used for the production of unsaturated po-
lyester resins. The objective of the control system is to maintain
uniform temperature and pressure and to improve uniformity. The
reactor is connected to a packed column distillation column and a
variable surface partial condenser. The control strategies are fair-
iy simple but apparently successful for the purpose.

An interesting numerical study of applied optimal control has been
performed by Mirtensson et al (1973} . They have considered the opti-
mal contrcl of a batch acigd sulphite digester. The main contribution
of this paper is, that this is the first time that numerical optimi-
zation methods have been applied to such a complex system, where
constraints are prescribed tc the state variables, to the inputs
and to the final state. Moreover, the differential eguations are
highly nonlinear and discontinucus. Five state variables and two con-
trol variables describe the process. The optimal control task then
consists of the problem to reduce lignin content in the cellulose
below a predetermined level in such a way that the hemicellulose re-

duction is minimized at+ the terminal time, which is fixed 3 priori.
Javinsky et al (1970} have applied optimal control theory to a jacket
cooled continucus flow stirred tank reactor with a homogenecus li-
quid phase exothermic irreversible chemical reaction. The reaction

is of the form A + B > C + D. The optimal control problem is the
following: using the heat transfer coefficient between the Treaction
mixture and the coolant as the control variable, what is the control
law which drives the reactor system from the given initial state to

a specified final state in minimum time. Three practical applications
are considered
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© reactor start-up
© changing from one steady state to another

© regulating specified final state conditions.

e

A pilot plant reactor has bheen compared to analog studies.,
Kalman filtering has been used both for state estimation and para-
meter estimation in tank reactors by Weils (1971) and Seinfeld

(1969, 1970).

7.3 Tubular and fixed bed reactors.

In 2 sensé the distributed variable reactor may be considered a lo-
gical extension of the stirred tank approach. Still the mass and

heat palance eguations have to be calculated, but their form is get-
ting more complex than in the stirred reactor case. The mass balance
equation for each component is now a diffusion equation. The energy
balances will result in partial differential equations of first order
in time and space. Consaquently the dynamical behaviour is getting
more complex compared to the tank reactor case.

For a fixed catalyst reactor there are even more complications. Thus
the basic dynamical behaviour in a fixed bed reactor can be described
by the mass balance equations for every compoment and energy balance
equations for the wall, catalyst and reaction gas. In addition to
these equations, the mechanisms that determine reaction rates tend

to be much more complex since the presence of a solid catalyst im-
plies that the reaction is heterogeneous. The more scphisticated mo- ;
dels of those reactors therefore should include inter and intra par- i
ticle heat and mass transfer eguations. The dynamice then results
in coupled nonlinear partial differential equaticens. To handle such
a.cdmplex system for optimal control by any general tachniques is
far beyond what has been applied in any full scale plant. Major dy~
namical effects in & tubular reactor result from the highly non-

linear coupling between the temperature and composition distributions.
P
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To explain hot spots in the tube or "blow-outs" or "blow-downs"
‘linear analysis is seldom fruitful.

If the axial diffusion can be ignored, i.e. if the Peclet number is
large enough, then an idealized plug flow can be assumed. Then the
reactor equations in steady-state are completely similar to the stir-~
red tank case if the spatial variable is replaced by time. It is pos-
sible to do some steady-state analysis with ordinary differential
equation calculus. This calculus, however, does not show, how insta-
bility evolves in time for the fubular reactor.

There is a large number of papers, articles and books about the theo-
retical derivations of catalyst reactors of different configurations.

Except the previously mentioned bocks some articles will be reported.

Hoiberg et al (1971} have developed dynamic models of a fixed bed cat-
alytic reactor as a result of identification. The experiments were
using the platinum catalyzed reaction between hydrogen and oxygén be-
cause the coupling between the temperature and concentration of this
reaction system is large. Frequency analysis identification was applied
and measurements were made of the gas temperature and concentration
along the centre line of the catalyst bed.

It is wellknown that partial differential equation descriptions are
not well suited for control synthesis. Therefore itiis natural to
look for approximations in terms of spatial differences, lumped sys-
tems or some sort of stirred reactor approximation of the tubular
reactor. Michelsen et al (1973) have given an interesting contribu-
tion in this context. Instead of approximating the partial differen-
tial equation with straight forward spatial differences the method of
orthogonal collocation has been used, thus creating ordinary diffe-
rential equations in the so called state space form. The new state
variables are then weighted sums of the states at certain points of
the reactor, those points being calculated out of a Legendre poly-
nomial. It is shown by numerical examples that a plug flow reactor
can be satisfactorily approximated by only 6 or 8 points, which is
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remarkable.

Thg Kem-Tek contribution by El Rifai et al (1974) is mainly devoted
to the optimal design problem of reactors, both lumped and distri=-
buted. The dynamics of gas-particle heat transfer in both fluid and
fixed beds is derived in terms of ordinary and partial differential
. equations respectively. The models are then used to find optimal
equipment size, temperature operating conditions as well as dura-
tion of each of the two actual regenerator cycles in two regenera-
tor models. ) ) ’

Kalman filtering techniques have been applied to simplified models
of tubular and packed bed reactors, as in Gavalas et al (1969),
Joffe et al (1972), McGreavy et al (1972) and Vakil et al (1972).

Generally the control purpose in tubular reactors is to keep the re-
actor stable. Conventional control is used. It is, however, worth
mentioning, that the problem to keep the reactor stable might not be
more difficult than in the tank reactor case. Some reactions may well
be even easier to control in a distributed flow pattern than in a ves-
sel like a stirred tank. The problem to dynamically optimize is, how-
ever, a different question. It is guite common to practice a similar
control philosophy as in the distillation case. On top of the conven-
tional control there is a steady-state or quasi- steady-state optimi-
zation. One example of this type is found in a full scale methanol
plant, described by Shah et al (1970).

There are several simulation studies of optimal dynamical control re-
ported in the literature and a couple of examples will be given. Gould
et al (1970) have investigated the dynamic optimization of a simplified
model of the fluid catalytic cracking process. A linearized version

of the nonlinear control laws appeared to yield a better result than
conventional control. The plant and study was not implemented. Ray
(1871) has derived optimal control schemes -for a tubular reactor with

catalyst decay. Still much work remains to do before the control laws
can be implemented on-line, -
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8. APPLICATICONS TO WASTEWATER TREATMENT

The present chapter is a summary of a more comprehensive report
written by the author (Olsson et.al. {(1973)). The report contains
almost 100 references. Here it is not referred to any of those

references but to standard books znd to a few essential articles
and recent papers.

8.1 Why control?

Wastewater treatment is quite a new field for automatic control
applications. ©Not until recently much interest has been paid to
the problems of automation and on-line control. There are several

reasons for this, and some facts may be considered,

The guality of the effluent water has to satisfy quite strict regu-
lations today. 1In order to keep the quality at a smooth level,
advanced technigques are necessary. The operation of wastewater
treatment plants is getting more expensive, and if it is possible
to save money, control equipment is certainly of interest.

There are significant energy costs for pumps and Compressors, as
well as for chemicals, and there are potential possibilities to
save some of these costs by clever control methods. On the other
hand, it is difficult to give satisfying overall profit measures
for a wastewater treatment plant, as the output product cannot be

sold. The value of improvements of water quality is therefore
difficult te estimate.

The development of new instruments during recent years is also
making automatic control of wastewater treatment plants meaning-
ful. In the conference proceedings, edited by Bennett (1573)
there are several discussions on problems in automation of waste-
watér treatment plants.
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§.2 Wastewater composition.

Contrary to popular belief, sewage is only slightly contamirated
water. In fact, usual domestic wastewater is 99.95% water. For
most uses, however, the water must contain much lower levels of
contaminants. This shows that, even if waste treatment technology
need only extract small quantities of contaminants from wastewa-

ter, they must be reduced to very low levels.

The diversity of contaminants has already been mentioned in chap-
ter 3. 1In fact, the diversity is so great and the concentrations
are so low that only a few substances exist at a measurable level
This makes much of the instrumentation a major problem,

The water quality, both for the influent and for the effluent wa-
ter, can be characterized by a large number of parameters. The
most common ones are biochemical oxygen demand (BOD)}, chemical
oxygen demand (COD), total phosphorus, nitrogen and suspended éo—
lids contents. 1In addition there are several more relévant para-

meters, such as heavy metals, trace organics, pesticides and
viruses,

The problem for the control engineer is to find the most relevant
variables to measurefor control purposes. In a biological process
the control purpose should be to keep the biological activity at
a certain level so as to maximize the organics consumption, but
biological activity cannot be measured directly. Other physico -
chemical variables have to be monitored instead. In a chemical
Precipitation stage one woulgd like to optimize the.condition for
flocculation, but there are extremely complex conditions that

determine the rate of flocculation, not only the pH and the phos-
phorus or phosphate content.

A major problem is also to characterize the influent water in such
4 way that proper control actions can be taken according to the
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water compositicn. Even if the long term characterization of the
wastewater at a certain plant can be calculated, it 'is almost
impossible to get the momentary characterization of the "raw ma-

s
erial” coming in for processing.

ot

=)

[

he literature review by Ghosh (1973) is referred to for further

studies,

.3 Some basic features of wastewater treatment plants.

A wastewater treatment plant consists of = large number of com-
plicated unit processes. Here two of them will be emphasized, viz.
the activated sludge process and the chemical precipitation stage.
Those units will probably be the most important parts of waste-
water treatment plants for a long time.

e S e e mem Cmm o or G mar e moe

This process is a biological process, which has been specifically
developed to remove suspended solids, biocdegradable organics and

microorganisms from the wastewater. A flow sheet is shown in £ig. 4

In the process a bioclogical oxidation of soluble organic material
by microorganisms takes place. The microcrganisms consume the
organics, thus producing cell mass, carbon dioxide and water.
This reaction takes place in the aeration basin. Air is blown
into the tank to keep the dissclved oxygen content over a certain
level in order to maintain the biological activity.

In the secondary sedimentation tank the active microorganisms are
Separated from the flow. Some of the settled material, which is
mainly organic material, is recycled to the aeration tank (return
activated sludge) in order to maintain an adequate population of
the microorganisms. The excess gludge is pumped to the sludge

treatment part of the plant. That problem will not be considered
here.
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18.

For further studies of the process description we refer to some of
the books by Metcalf et al (1972), Eckenfelder (1966) or Culp

{1871} . The literature review by Azad et al {(1973) gives nore
e

T v s e e e e e e o e

The essential removal of phosphorus must be realized by chemical
precipitation. Phosphorus forms essentially insoluble precipitates
Wwith a number of substances. High rate of phosphorus removal thus
can be obtained when the right chemicals are added in proper doses.
The use of salts of aluminum and iron or ilime as chemicals is

dominating mainly because of economical reascns.

Both metal salt and lime>precipitation are very complex reactions.
It is beyond the scope of this paper to describe any details of
these. Here we merely consider in what way the dosage of chemicals
can be controlled. The pH basiciy determines which types of phos-
phates that will be dominating. The precipitation is strongly
dependent on the pH.

A control law for chemical dosage should consedquantly at least be
based on flow rate and PH measurements. The phosphorus or phos-
phate content is also a most desirable information, but that
information is not enough either. There are a lot of other factors
decisive for the chemical dosage, and the average dosage therefore

has to be determined experimentally for each plant with its special
wastewater composition.

The chemicals can be added in different parts of a wastewater treat-
ment plant, as illustrated by fig. 5. In Swedish plants post-
precipitation is common (80-85% of the chemical plants) but direct,
gimultaneous or pre-precipitation is also possible to use.

There is a vast literature on chemical precipitation. Let us here
just mention the books by Weber {1972} and Culp (1971) arnd the-

literature review by Cohen el al (1973}. Some Swedish experiences
are reported in Ulmgren {1973).
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8.4 Typical disturbances on the processes.

19)]

(
)

The most interesting disturbances are related to the influent,
either to the flow rate or to the composition. In contrast to feed
disturbances in chemical processes these disturbances are really
significant both in terms of flow rate and concentrations. The
diurnal wvariations of the influent fiow might be 30-50 % of the
average flow for a big plant with a large system of sewers. For
another-type of plants the possible variations may well be 5-10
times the average flow. Consequently, the disturbances are of
major interest, and the dynamical behaviour is of much greater im-
portance than in many chemical processes. In the design of new
plants, few attempts are made to take these variations into
consideration. Parallel basins, tubes and pumps, however, may be
installed. The plant is mainly designed toc operate at a steady
state flow, but such a steady state flow does never occcur. That
fact explains why so many wastewater treatment plants are oper-
ating poorly. '

Not only the predictable diurnal veriations have to be considered.
Sudden chock loadé of industrial waste might enter the process.

A rain storm can cause a rapid increase of the influent flow rate,
while at the same time the concentrations are going down. A
decrease in concentration is not desirable, because the biclogical
activity might be diminished due teo tco little food for the micro-
organisms, and consequently the removal of organics is getting
poor.

When the flow rate changes the sedimentation properties also
vary with time, as the hydraulic time constants of the basins
depend on the flow rate,

Changes in pH will directly affect the chemical precipitation,

and the chemical dosage must be properly adjusted. Disturbances
in phosphorus content or other composition variables of course

also influence the chemical precipitation.
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Depending on the amplitude of the disturbances, different
actions are needed.Linear, conventional control
schemes may cften be sufficient for small disturbances. For
large amplitudes, however, the whole dynamical behaviour of
the process is affected, and much more refined techniques are

reguired to handle such a situation adeguately,

6.5 Control variables.

A wastewater treatment plant is a highly complex system like many
other chemical processes. Therefore it is not at all clear which
variables to manipulate, where to locate the sensors and which

variables to measure. Here an attempt is made to list some para-—

meters, possibie +o use as conty¥ol variables,

In some plants it is possible to regulate the infiuent flow

If the sewer is large enough, it can serve as an equalization

2

basin. Thus the influent flow can be partially controlled and the
peaks can be attenuated.

in any sedimentation tank it is important toc know when to remove

the sludye on the bottom. The sludge pumping cycle should there-
fore be considered.

For the activated sludge process the most important control v
ables are the air blower speed influencing t!

ari-
the dissolved oxygen
content and the flow rate of the return activated sludge. With

those two variables both the bioclogical activity and the ratio

between substrate and living microorganisms can be controlled

It is clear that the rate of chemical dosage is the major confrol

variable for the chemlcal precipitation.
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8.6 Some important control locos.

The unit processes are very complex systems. Considerable
has been performed on biclegical kinetics under laboratory condi-
tions, but very litt

1
an activated sludge process in a real plant.

Before any complex multivariable control or optimal contrel can be
applied simple regulation mus< be tried out carefully. The choice
of suitable control algorithm is not the first major guestion.
Rather it is mandatory to get the proper instrumentation and the

adequate locations for the instruments,

The control of dissolved oxygen is of great interest. The blower
speed or mechanical aerator power is used to control the dissolved
oxygen level in the aerator. This type of control has been suc-
cesfully installed in some plants. The most advanced application
is supposed to be the one in Palo Alto, California, as reported

by Stepner et al. {1973}, The cost savings of such a loop can be
significant, because the OXygen content need not be higher than a
certain level (1 - 2 ng/l). Therefore power can be saved. It is
calculated that a 203 saving of the power costs is achieved in the
Palo Alto plant due to the control. |

i1t i5 alsc essential to maintain 4 certain ratic between the
amcunts cf food and microorganisms. The return activated sludge
flow rate can be used for the control of this variable. As the
biological activity cannot be measured directly, indirect phiysico-
chemical variables, like turbidity, dissoclved oxXygen content and
respiration, have to be measured instead.
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Control of chemical precipitation was mentioned in 8.3.2. In most
plants today the chemical dosage is manual, and in some few plants
it is made proportional to the influent flow rate or cdepending on
PH. It is important to consider the potentials of using a feed-
forward - feedback control scheme. Incoming disturbances from
the influent can be directly fed to the dosage control. Effluent
quality variables can then be fed back to maintain a smooth
guality.

There are great potentials to save a lot of chemicals with a do-~
Sage control system.

In Olsson et ai., {(1973) some dvnamical models of the activated
sludge process have been reviewed. These models may be used for
control system synthesis, but no application of such a control
law has been made hitherto, In a recent article Fan et al. (1873)

have made simulation studies of advanced control of an activated
sludge process. The models presented in Smith et al (1970) are
currently being improved at EPA in USA.
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9. TOPICS POR REBSEARCH IN CHEMICAL PROCESS CONTROL

In the survay it has been demonstrated that advanced control theo--
ry has been applied to some extent in chemical processes. There
are, however, many systems which would be interesting control

obiects if adequate methods were at hand and if instruments were
3 g

i}

available,

The problem of control system structure is important. The solu-~

tion of that problem would be one of the really essential steps
forward.

Lt is recognized by some researchers {see Astrém et al. (1871}

that a practical method of state and parameter estimation is one

of the keys to progress. There is also a clear trend to re-examine
and extend the classical nethods of freguency analysis, which is
reflected in e.g. MacFarlane (1972).

It is not true that the linear, qguadratic theory has sclved the
Structural probhlem of linear Systems, even if it is a nost signi-~
ficant contribution. The real problem is more difficnl than
that. The distillation process is one example, where it ig not
clear what to measure and what to manipulate.

In other processes, such as the activated sludge stage in a waste-
water treatment plant, there is also the prcblem of which variables
to measure. How can the state best be charactetized? Where should
the oxygen and suspended solids monitor be placed? Should the
process be a step-serated process or ones which appfoximates plug
flow? 2nd how do we know if we are Yeceiving representative
samples of the stream? Such are the guestions that need answers,

and it is the burden of new theories to invent ways both of ask-
ing and answering the questions.,

The representation of the process dynamics alone is a major task,
and much work has been done in the identification field although
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nenlinear and distributed systems require much more attention.
Furthermcre, the paraneters determined by these identification
methods sheoulg preferébly be of a physico - chemical nature and
nct those parameters resulting from numericail transformaticns into
canonical structures.

The adaptive control of complex processes is still a new field for
tions and there is certainly a need for this type of advan-
Ccad control. Some promising approaches need to be tested more in

full-scale industrial processes.

It is impcrtant to look for more slaborate methods to formulate
objective functions for process plants. This choice is ¢crucial for
the success of eptinal control theory. It is not clear which

attribute of the controlied system these indices should reflect.

The status of instrumentation is rapidly improving. For the next
few years this davelopment will hopefully continue, because there
is still a strong need to get reliable and sensitive en—-line
instruments for several process variables. Without an adegquate
instrumentation even the most advanced control method will fail,

In a quite recent article Foss (1873) critisizes chemical process
control theory. I am ready to agree with this author that the
gap between theory and practice today has alsc to be filled by
the theoreticians. Because of the complexity of many chemical
processes, the theory stili lacks some essential concepts. Suf-

fice it to say that the existing theory should be examined prac-
tically in those cases where it is relevant.
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