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SUMMARY

The results of single-loop and cascade control
systems are compared to show the advantages of the
cascade system over the other in controlling a reactor
outlet temperature. Tests were performed for both
control systems on a totally simulated and on a "
partially simulated continuous stirred tank reactor
fitted with a cooling jacket. The system disturbance
is a combination of step changes in the reactor inlet
temperature and throughput and in the jacket coolant
inlet temperature, while the jacket flowrate is the
manipulated variable.

To predict performance, the whole system is
simulated on a Honeywell-316 digital computer. This
study also assisted in the design of the corresponding
partially simulated system.

In partial simulation some parts of the system are
simulated on the computer while other parts exist as
real plant items with on-line linked operation. In
this particular research, reactor and jacket inlet and
outlet temperatures and reactor throughput are trans-
mitted to the computer as required data for the
simulation of the mass balance and the generation of
the control action. A signal representing the calculated
reaction heat generation is transmitted back to the
plant to implement the release of the required exothermic
heat of reaction from electrical heating elements. The
corrective signal from the simulated control action is
also transmitted to the real control valve to regulate
the coolant flow. The transmission of these signals
and their conversion to the required form is controlled
by the Honeywell Analogue Digital Input/Output System
(HADIOS)

To confirm the partial simulation experimental
results, total simulation model tests are made using
the initial operating conditions of the partial simulation
study. The results from the two simulation methods
are very close although the total simulation could not
model all features of the actual plant and its
operation.

Partial Simulation

Key Words On-line Cascade Control
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CHAPTER 1

INTRODUCTION

The aim of the project is to investigate the
advantages of a cascade control scheme over the corres-
ponding single feedback loop system. The two schemes
are studied by total simulation on a digital computer
initially in order to assist in the design of equip-
ment and subsequently for comparison with experimental
test results.

The system chosen for the study is the temperature
control of a jacketed continuous stirred tank reactor
(CSTR). The experimental system is implemented by
partial simulation in which the thermal effects exist
in the equipment but the mass balance and kinetic
aspects are simulated on a digital computer.

A partially simulated CSTR is chosen since there
was considerable experience and background in the
Department. However one significant change in the
present research is the replacement of the analogue
computer by the digital computer for the simulation of
the mass balance and kinetics, necessitating the
development of links in both directions between the
plant and the computer. Another significant change is
the replacement of the conventional controller by
computer generated control action.

The terms total simulation and partial simulation

i



have been introduced above. Throughout this thesis,
total simulation is applied to simulation of all parts
.0f the system on a computer (either analogue or digital)
whereas partial simulation will refer to test equip-
ment in which certain aspects are simulated by computer.
The use of partial simulation enables a system to
be studied without the use of chemicals and this has
the advantage of avoiding the cost of chemicals, the
construction of equipment to withstand their corrosion
and their hazardous properties. In addition no chemical
disposal or recovery problems exist and the equipment
is operable by one person. Thus in this particular
case the medium flowing through the reactor is water
with the reaction rate simulated in conjunction with
the mass balance by the computer. The computer evaluates
the reaction rate at each moment of time based upon
input flowrate and temperature signals from the plant
and hence the rate at which heat should be generated
in the exothermic reaction is available. The computer
transmits an appropriate signal to immersion heaters
situated in the reaction vessel and hence the required
reaction heat generation is released. The temperature
of the reactor is the object of control and is
adjusted by manipulation of cooling water flowrate
through the jacket. The reactor temperature signal to
the computer is therefore also used to generate the
corrective control signal to the cooling water control
valve.

In operation stepwise forcing disturbances may be

G



made to the reactor feed temperature, to the through-
put and to the temperature of the available cooling
water. In operation one, two or all three of these
disturbancegfgade to both the single loop and the cascade
control systems. The change on the coolant input
temperature has the particular purpose of generating a

disturbance in the secondary loop when operating with

cascade control.



CHAPTER 2

LITERATURE SURVEY

2.1 INTRODUCTION

The introduction in Chapter One enables three
major areas of required literature survey to be identified.
The first covers complex control schemes and in
particular the possibilities of using them to improve
the performance of single-loop feedback systems. The
second covers simulation techniques especially those
related to the replacement of chemicals by computer
mass balance. The third covers simulation of control

action as well as on-line control techniques.

2.2 SINGLE-LOOP CONTROL SYSTEM

The single feedback-loop is the commonest and
easiest control system. A typiéal system has a block-
diagram, shown in Fig.(2.1). It requires only one
controller, one valve and one measurement transfer
function, besides those for the plant load and corrective
disturbance.

The existing theory has been developed largely
for application to the single-loop control system (22,30,49,50).
In chemical plant, linearised process items and three

term controllers have normally been considered for the

5
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control of a single non-interacting response variable.
Analytical solutions and stability analysis have been
developed for such systems. Some total simulation work
on non-interacting responses but without linearisation

has also been reported (26 ).

2.3 IMPROVEMENT OF THE PERFORMANCE OF A CONTROL SYSTEM

Many significant pieces of work are reported on
the straightforward single-loop control system. Not
much work has been reported on improved types of control
system and is mostly on the theoretical rather than
the practical aspects.

The nature of the process, the magnitude and location
of the disturbances, and the characteristics of the
controller govern the performance of a control system.
Sometimes the performance of a single-loop control
system can be improved by making relatively minor changes,
such as adding derivative action to the controller,
using a positioner to improve the valve response as
Buxton ( 5 ) and Chao ( 8 ) di& in their separate
researches, decreasing one of the smaller time constants,
or reducing a pure time delay. Usually these methods
of improvement are not sufficient especially for large
load changes, and other problems which require a more
complex system are:

(4) not achieving a fast response

(ii) not being able to regain the desired value

quickly enough because of limitation of

i



reset-time
(iii) instability
(iv) limitation of proportional gain-band width
(v) occurrence of interactions between two
response variables.
The following sections consider the various ways

in which improvements may be obtained.

2.3.1 CASCADE CONTROL SYSTEM

In cascade control the set-point of one loop (the
inner or secondary loop) is adjusted by another loop
(the outer or primary).

Since 1947 when cascade control system came into
use in the processing industries, principal emphasis
has been piaced on the benefits of interlocking a
primary process variable (outer loop) to a secondary
variable (innér loop). One of the first articles on
the cascade control system was written in 1948 by
J.N. Swarr (42 ) where six types of mechanical control
systems are illustrated and it is shown how a cascade
control scheme can be applied to each type. In 1954
W.R. Bailey ( 3 ), J.G. Ziegler (53 ), and H.J. Hartz
(24 ) wrote articles on cascade control systems and
in all cases showed that with a secondary loop a faster
response and a high performance could be obtained. This
situation advanced in 1956 when R.J. Franks and
C.W. Worley ( 18) were first to determine quantitatively

the relative advantage of one system over another.

T



They compared the performance of a cascade control
system and the corresponding single-loop control system
using the "ITAE No." which is the maximum of '"the
integral of time x arithmetic error (ITAE)'".

t

i.e. 1TAE = f'% |e|dt

o
and the ITAE No is the maximum value of this integral
in which e is the arithmetic difference between the
actual output and the desired output.

The ITAE No. is the index representing rapidity
with which a system recovers following a disturbance.
It is thus a time weighted error and using consistent
units, the performance of one system is compared
directly with that of another. The study is by total
analogue simulation of a system by two control schemes.

The system has a transfer function P, consisting of

1
three first order lags in the primary loop and}Pz-con—
sisting of two first order lags in the secondary loop;
each of P1 and Pz has an overall gain of unity.

The performances of the control systems are
investigated on the basis of théir response to four types
of disturbance by plotting the ITAE No. versus the
ratio (0 to 10) of the dominant process lags of the
two processes. They proved that if L1 and Lz are the
dominant lags of processes P1 and P2 respectively, the
maximum improvement (2000:1) of the cascade control over the
single-loop is when the disturbance is on the secondary

loop at LI/L2 ratio of 10.

In the same year Norman W. Gollin ( 21 ) wrote an

AN e



article on cascade control systems and showed that multi-
loop cascade control:-
(1) reduces the effect of disturbances
(ii) increases the natural frequency of the system
(iii) reduces the effective magnitude of some
time constants
(iv) is used because the adjustment and control
of the primary variable is impossible in
certain single-loop systems
(v) is used because the provision in the secondary
loop controller for high and low limits ceases
to prevent undesirable effects produced when
the secondary variable exceeds these limits.
He concluded that, a cascade control system can
provide better control than is obtainable with a
single-loop system in the following ways:
(1) Thg effect of a disturbance in the process
is least when it is included in the secondary
loop.
(ii) When attempting to improve the performance
of any control system; one generally recognized
rule is to reduce the size of the second
largest lag in the system. This is achieved
in cascade control by attempting to close the
secondary loop around the second largest lag;
this has the effect of reducing the lag.
Further advantages may be realised from cascade
control, including significant time constants in: the

secondary loop. This was reported by P.U. Webb (47 )

-



based upon "analysis of transient response curves'.
Doing so reduces the overall time constant, thus greatly
improving the performance of the primary variable when
disturbances enter the process outside the secondary
loop.

Other reports showing the advantages of cascade
control are (23,39) where the integral error of a cascade
control system is compared with the one achieved by
using a single-loop control system. A wide range of
proportional gain and reset time can be used with the
system remaining stable when using a cascade control
scheme (14,23,39).

It can be concluded that in setting up a cascade
control the following points should be considered:

(1) Cascade control is especially effective if
the inner loop is much faster than the primary
loop and if the main disturbances affect the
iﬂner 100p first, ( 33)-

(ii) Stable automatic control of the whole system
can be obtained with an otherwise unstable
inner loop. ]

(iii) For the secondary controller only proportional
action is recommended (4,43 ). The reason
for omitting integral action is that the gain
is usually large, and the slight offset
resulting from load changes is eventually

corrected by the primary controller.

=10



2.3.2 PARALLEL CASCADE CONTROL SYSTEM

Cascade control is sometimes used in process systems
where the primary and secondary transfer functions are
not in series. 1In this type of control the secondary
transfer function is used only to improve the control
system, and make it into a cascade control form, but
in series cascade control the secondary transfer func-
tion is part of the whole system and is enclosed within
the primary loop. Fig.(2.2) shows the block-diagram of

a parallel cascade control system. In this figure

G = Transfer function for the corrective disturbance

rg

entering the primary process.

G = Transfer function for the load disturbance 2
entering the primary process.

GS = Transfer function for the corrective disturbance
enfering the secondary process.

GLS = Transfer function for the load disturbance
entering the secondary process.

GCP = Transfer function of:the controller in the
primary loop.

G = Transfer function of the controller in the

CS
secondary loop.

2.3.3 RATIO CONTROL

This is referred to by J.M. Douglas (14) as ''pseudo-

cascade control'", while J.B. Arant (2 ) defines ratio

=11
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control as a special form of cascade control in which
a secondary variable is held in some proportion to a
primary variable. The latter introduces three systems:-

(1) simple, fixed ratio,

(ii) simple, variable ratio,

(iii) ratio computation.

Parallel cascade and ratio control are not relevant

to the system chosen for the present work and so no
more details are given but there are examples respectively
in (28,34) and (2,39 ).

The literature mentioned above is very limited

i.e. it does not give enough information on control

systems especially those which give an improved performance.
Furthermore these reports have been criticised by many
articles as being mostly theoretical,insufficient and
inapplicable. Alan S. Foss (16) has summarised the
position well when he states that '"there is a wide gap
between the theory of control and its applications and

that the theory of chemical process control has some

rugged terrain to traverse before it meets the needs of
those who apply it'". |

Many crucial points can be extracted from a study

of the control system literature, including:

(1) the quality of control is adversely affected
by the lack of measurements, the errors and
the delays

(ii) there is not enough  information about the
choice of the process variables to be con-

trolled
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(iii) elements of the performance vector (e.g.
profit index, peak excursion of variables,
integral squared error, state- and control-
weighted quadratic index, settling time) give
different measures of control performance

(iv) 1lack of information on stability and safety
parameters make the design difficult

(v) the design of many control systems has been
based on the static, rather than the dynamic,
characteristics

(vi) the process system is usually made non-
interacting simply because there is difficulty

in designing multivariable control systems.

2.4 SIMULATION STUDIES

2.4.1 TOTAL SIMULATION OF THE SYSTEM MODEL

The system selected for study produces complicated
block-diagrams and the analytical solution of these is
very difficult (12)" "In recentnyears, following the
development of computers, simulation by analogue and
digital computer has been substituted for the analytical
solution. The analogue computer provides a very fast
result and does not require any numerical methods, but
it has the following disadvantages (29).

(1) It can accept only linear signals and there-

fore non-linear signals have to be linearised.

(ii) The potentiometer settings of the computer
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are inaccurate and unreliable.

(iii) The amplifiers are very sensitive and can
even be damaged if the computer is over-
loaded.

(iv) Simulation time is different from the real
time.

(v) All the variables have to be scaled in a
range compatible with the computer.

(vi) To set a circuit on an analogue computer
requires very complicated wiring.

(vii) Only initial condition problems can be
simulated.

(viii) The capital outlay is very high and the
machine can only be linked to one piece of
equipment at a time.

Several pieces of work have been reported on the
complete simulation of a coﬁtrolled system on an
analogue compﬁter. The best of those relevant to this
research are (5) and (12), (See Chapter One), which
are concerned with the simulation study of a CSTR
containing a cooling coil and ﬁéing a single-loop scheme
for control of reaction temperature.

Currently simulation studies of chemical processes
are turning extensively to digital computers and have
been one of the major subjects of the more recent
research in chemical engineering (17,35,40). Digital
simulation

(1) is easy and reliable in use and only requires

enough knowledge of programming and numerical

)



analysis

(ii) 4is reasonably accurate (compared to analogue

simulation)

(iii) has no problem of scaling

(iv) can solye boundary condition differential

equations as well as initial condition ones

(v) is less expensive to run than an analogue

computer and can be shared among a number
of jobs.

Many books and papers have been published on the
simulation of chemical processes on a digital computer,
but the nearest relevant to this particular project is
"the simulation of the single-loop control of a steam

Jjacketed stirred tank (26)", but having no reaction.

2.4.2 PARTIAL SIMULATION

The partial simulation technique is a cheap and
very safe method of studying a system by a combination
of plant items and computer.

This project is mostly con;erned with the control
study of a jacketed CSTR with the mass balance simulated
on a Honeywell-316 digital computer and the thermal |
effects existing within real plant.

The literature concerning this part of the research
is very limited. The only relevant pieces of work in
this field are Chao ( 9) who studied the optimal and
adaptive control of a CSTR; Alpaz ( 1) who worked on

a plug flow reactor, and the nearest is the work of
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Buxton ( 5 ) which was the study of a CSTR using a
single-loop feedback control system acting through a
cooling coil. They all simulated the mass balance of
their systems on an analogue computer.

No report was found of a partial simulation technique,
using a digital computer, for any kind of chemical

process.

2.5 ON-LINE DIGITAL CONTROL

The earliest control was entirely manual, and was
later assisted by the addition of indicating and
recording instruments. This was followed by local
automatic control which in turn evolved into centralized
automatic control. In 1958 computer process control
systems made their appearance and the use of computers
as elements ip control systems rapidly became an
accepted and very effective practice.

The objectives of computer process control are
to overcome most of the deficiencies of automatic
control because even the best céntralized automatic
control installations have the following short-
comings (32).

(i) Lack of integration, or control of the

process as a whole.

(ii) Lack of consistency in results due to

dependence on operators.

(iii) Awkward and costly data recording and

processing.
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(iv) Lack of capability to implement optimal
control to attain economic objectives.

(v) Still some risk of upsets or hazardous
operating conditions due to slow reaction
time of operators.

The availability of the digital computer has

added three capabilities to process control viz. rapid
computation, data storage, and decision making. Thus
the following three major functions were made avail-
able by the computer process control system:

(1) Data processing and monitoring-*

(ii) Direct digital control and program control.

(iii) Optimal control.

Direct digital control by the computer process
control system uses the computer instead of the auto-
matic controllers to regulate individual variables.
There are many reports on direct digital control.
Although most of them consider electrical engineering
control problems e.g. (6,32,35,45 ) the principles
apply to other fields of engineering, including chemical
engineering. Thus experience useful to the present work
is reported on the computer implementation of controller
actions, etc. For more information on the computers
and process control refer to the reviews given by
T.J. Williams (51,52) and article written by

Carvers S. India Ltd (7 ).
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2.6 CONCLUSION

The literature on cascade control is limited but
in all articles this type of control system has been
praised and several of its advantages over the single-
loop control system are shown. Although direct
digital control facilitates multi-loop control systems
and no automatic controller is required, no practical
research has been done to confirm any of those articles.

Alan S. Foss (16) has stated that "the classical
theory is capable of analysing the difficulties in
control problems but has nothing to suggest as a
remedy". Even simulation without analysis has little
to offer to the codification of knowledge of dynamical
processes or to a broadly applicable solution of the
control configuration. Also it should be mentioned
that process modelling is a substantial and crucial
task and is by no means routine.

Most of the hazards and cost problems of the
chemicals exists in laboratory experimental research.
Even so very few people have overcome these problems,
in their research, by excluding the chemicals and
simulating their effects on the computer. The partial
simulation technique can bring a new useful line of
research into chemical engineering laboratories.

The surveyed literature shows a scarcity of
articles on the practicality of the cascade control
scheme and also on partial simulation applications.

Since a lot of research remains to be done with a wide
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range and variety of experiments in the cascade control
and simulation fields, the present work set out to

study both and to combine them.

=)=



CHAPTER 3

THEORETICAL DEVELOPMENTS

3.1 INTRODUCTION

In this chapter the system model is defined and
its parameters calculated in accord with the assumptions
made. It is also shown how the steady-state temperatures
and concentration can be obtained by an iteration method.
In order to compare the cascade scheme with the
single-loop control system the transfer functions of
each element of the system are combined in block-

diagrams to form the two overall transfer functions.

3.2 THE SYSTEM MODEL

The system consists of a CSTR with a first order
irreversible exothermic reactiog cooled by a jacket of
significant hold-up, Fig.(3.1). The important features

are considered in more detail in the following sections.

3.3 SYSTEM PARAMETERS

3.3.1 REACTION RATE CONSTANT

Because the reaction is first order and irreversible,

the kinetics are:

i,






