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CHAPTER 18
COMPLEX CONTROL SYSTEMS

18.1 INTRODUCTION

It has been seen that the control quality obtainable wi
system is determined by the characteristics of
nature, magnitude and point of entry of the disturbances. It is com-
mon practice to minimise disturbances in as many of the operating
conditions as possible by installing independent control systems, as
illustrated by Fig. 2.1. Sometimes, however, large disturbances
cannot be prevented from entering the main control system which
may, therefore, be unable to hold the deviation within the specified
limits, particularly when the time lag produced by the plant is large
or when the disturbances enter near the detecting element. In these
circumstances it is often profitable to employ more complex systems,
which contain additional measuring, controlling or regulating units
as in the examples discussed in the following sections. Clearly, a
complex system is used only if the control quality which can be
obtained from a simple single loop system is unsatisfactory.

The purpose of this chapter is to discuss the operation of some
types of complex systems. The cascade system Is discussed most
fully, because it is the most commonly used. A knowledge of the
basic principles which govern the operation of the systems described
will assist in reading the published descriptions of specific applica-
tions, and in selecting and adjusting the system to be used in a given
application. The papers to which reference is made contain the
results of long experience in the field and should be consulted.

It will be clear that the systems described represent a step towards
fully integrated control systems, in which each condition affecting
the process is measured and maintained, by a single master controller,
at the optimal value relative to that of every other condition. Such
systems will soon be installed to conirol processes which demand
more consistent operating conditions than can be obtained with the
systems in current use, but for some time the majority of plants will
not employ systems more complicated than those described below,
namely :

(1) Disturbance-feedback.

(2) Cascade.

(3) Systems which employ one measurin g unit for the adjustment

of two correcting units.

th a single loop
the plant and by the
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(4) Systems which employ two independent controlling units for
the adjustment of one correcting unit.

A note is appended on Ratio and Averaging Systems, which alire
both widely used in practice. They are not necessarily clzlomp gy;
systems since in their simplest forms neither employs more than o
measuring, controlling or correcting unit.

18.2 DISTURBANCE-FEEDBACK

It was explained in Section 3.4.2 that for successful ‘manual operatl%n
of a plant exhibiting distance[velocity lag, the instruments must 1e
installed in order to indicate to the operator changes in supply
conditions before they enter the plant. Otherwise, no c.or;.ectlvg
action can be taken until the effect of the disturbance is in 1<5ated
by the detecting element at the plant output. It willnow be apprecxage
that it will also be an advantage when the plant exhibits transfer Eg
to provide indications of changes in supply conditions hto the
operator, if these conditions are not separately controlled. "1(; e Virai]me
considerations apply when automatic control is employe ) en
measurements of supply conditions (or other operating con dmorfs)
are supplied to assist the controller, the control system is said to be
“dist -feedback system’.
: "?illséu;?:tzi ;fs most frgquenﬂy used when a disturbanpe occurs
in a condition which can be measured but for some reason canno‘;
be controlled. For example, the plant may have to accept the tgj‘t}?
production of a previous plant as one of its raw materials. 5
alternative to accepting a disturbalnc:, in supply rate is to insta
rag ity between the two plants. )
Sto’%itif iii%?\(;esy unnecessary expen%iture if, by a suitablearrangement
of control equipment, control can be effected satisfactorily in spg:e
of large supply disturbances. The provision of storage capaci ty
between plants may result in considerable additional running cc<1)s i
as well as in additional capital expenditure; for example, the pro uc
of the previous plant may cool lin ttne storage vessel and may have to
-heated in the following plant. o
be’rr}e)ebgiastturbance-feedbackc;;?stem is arranged as shown in Fig. 15;:1 .
As already explained, its object is to provide 'c.orrectl\i&;,1 acéflunt
immediately a disturbance appears, instead of waiting f_or: e edei;:
of the disturbance to pass through the plant and to be mc.ucfatﬁ y
the detecting element (D.E.1) at the plant output. The distur a;xci
is measured at X, by the detecting element (D.E.2), before it en er‘;1
the plant, and an appropriate signal is generated by the unit ;(fan
transmitted to unit Z, in which it is added to the output signal from
the contr¢™ g unit (C.U.).
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The full lines in Fig. 18.1 show the arrangement of the equipment
when the disturbance enters at W on the demand-side (or when the
disturbance occurs in a subsidiary supply condition). It was seen in
Chapter 17 that th@given by a single loop system is pro-
portionakito the atteniation (A,) suffered by a signal in passing from
its point of entry to the detecting element. When A, is too small to
permit a satisfactory D.R.F. with a single loop system, disturbance-
feedback can. be profitably used to assist the controller to keep
de\{latlons within the specified limits in spite of the disturbances
which must be accepted.

T}{e advantage of the disturbance-feedback system Increases up fo
a point as the disturbance enters the plant later in the loop, but it
clearly cannot result in satisfactory control when A, become’s small
—as when the point of entry (W) is near to the detecting element or
when the time lag in the
plant between W and the
detecting element is mainly
due to distance /velocity lag.

The unit Y is usually ar-
ranged to give proportional
-+ derivative action. The
proportional action is ad-
justed so that the potential
correction due to the output

Fic. 18.1. Disturbance-feedback control ~ Signal from Y is equal to the
system potential deviation due to

_ the disturbance. Thus sus-
tained changes in the uncontrolied condition produce an exactly
compensating change in the correcting condition. The derivative
action time is adjusted so that the lag experienced by a signal passing
from X to detecting element D.E.1 through the correcting unit iz
equal to the lag suffered by the disturbance in passing from X to
D.E.1 direct. 7

‘The time lag suffered by the disturbance in passing from X to W
will assist control, since it will reduce the delay between the arrival
of the disturbance and of the corrective signai at the detecting ele-
ment. If this lag is a transfer lag the attenuation between X and W
will also have the advantage of attenuatin g transitory or cyclic
disturbances before they reach the plant.

Fig. 18.2 gives recovery curves calculated for a plant equivalent to
the system shown in Fig. 18.1, for a single loop control system (curve
(@) ) and for a disturbance-feedback system (curves (b) and (c) ). In
all cases the controlling unit was used with P - I action. The equiva-
lent system of the plant consists of three transfer stages with time
constants =, v and 2t; the disturbance enters between the second and
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third transfer stages. Curves (b) and (c) give the recoveries when the
unit Y has proportional action ané proportional +- derivative action
respectively (R = 27).

03

Comparison of curves
(2), (b) and (c) shows that
the effect of proportional o2l
disturbance-feedback 1is
not very large in this
case, but that proportional 6{":;" |
- derivative disturbance-
feedback results in a very .[ &

considerable increase in

T

(6) (a)
CAVAND - A

1

the controller should be o

. et ) YIve i 11t N - .
‘Idju'\ud t<' SIVE tnax, W “.h F1G. 18.2. Recovery of system of Fig. 18.1. with
e:1 damping. The addi- S 5 -
. =% (2) no disturbance-feedback
tional measuring element (b) P disturbance-feedback
X, the measuring and (c) P + D disturbance-feedback.
transmitting element Y

and the adding unit Z do not form another closed loop system, and
therefore the response of the complete system to disturbances other
than those measured at X remains the same as for the single loop
system. The settings of the controller can therefore be found, as
explained in Chapter 10, by using the gain/phase diagram of the
controller and the phase-lag/attenuation diagram of the plant.

Feedback Adjustment—The proportional action factor of unit Y is
adjusted, as explained above, so that its output signal corresponding
to a step disturbance (0) at X produces a potential correction 0p—
where 6p = potential deviation due to .
The derivative action time of unit Y is set equal to =’ 47" + 1"
1z * where <, 7/, /' . .. 1" are the time constants of ex-

>

ponential transfer stages equivalent to the system composed of
D.E.2, the plant between the correcting unit and W, and the trans-
mission lines between D.E.2 and the correcting unit.} -

* ol g/ o ., 4+ n = L;the value of L — 2= for the system composed of
D.E.2,Y, Z, and the correcting unit motor in Fig. 18.1 can be found by measuring
the response of the motor to a ramp signal injected at X (see Sections 4.3 and
14.3.2). For this purpose Y must be adjusted to give proportional action only.,

+ This is a practical compromise, since ideally # (P + D) units with derivative
action times <, =7, "/ . . . =@ should be Used to ‘compensate’ for the lag due to

srr

these 7 exponential stages with the time constants </, ©/, t, , , T N
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In the example taken the measuring and transmission lag are
assumed to be negligible and therefore the derivative action time was
set equal to (t 4 1) = 27 (see Fig. 18.1).

The disturbance-feedback system has been discussed fully by
Porter (62).

Practical examples, selected to show the advantages and disad-
vantages of the disturbance-feedback system compared with the
cascade system are given in detail by Toop (5).

Note: (i) The disturbance-feedback system is likely to be most
useful when major disturbances enter the plant at a point such that
A, is about /A,.

.(ii) The system could be used to assist the controller when major
disturbances occur in the main supply, using the arrangement shown

by the broken lines in Fig. 18.1, but in general a cascade system is
used for this purpose.

18.3 CASCADE SYSTEM |

This system generally has the purpose of improving upon the control
quality obtainable with a single loop system when the major dis-
turbances enter through or near the correcting element. The con-
troller (C) (Fig. 18.3) resets the desired value of the subsidiary
controller {C’), instead of positioning the correcting unit directly a3
inthe single loop system.
The function of control-
| ler C' is to reduce as far
as possible the effect of
supply disturbances.
The subsidiary con-
troller decreases the
j : operating period of the
Fic. 18.3. CascadSontrol system. whole system and there-
) _ fore hasthe effect of pro-
ducing phase advance in the control loop; this is eguivalent to
increasing the derivative action time of the main SicA
In adjusting the system it is essential to make/T > 3T" ih order to
avoid resonance between the main and subsidiar ere T, T
are the operating periods of the two loops respectively. This usu;.lly
presents no difficulty because the subsidiary loop is normally
arranged to contain only a small part of the plant which is in the
main loop. T'his implies that T must be small in order that the phase
lag produced by the transfer stages in the subsidiary loop is equal to
(180—gc) degrees. At the short operating period the attenuation (A,)
produced by the plant in the subsidiarv loop at period T’ will
* For an explanation ~=e Ref. (54).

L -’ i
4, T 4,

LG
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normally be large, compared with the attenuation (Ap) produced
by the whole of the plant in the main system at its lower operating
period (T); therefore the proportional action factor (Ky) of C will
generally be large compared with the factor Xy of C.

Care must be taken to ensure that the overall gain of C and C' is
not so large that anticipated deviations will over-range the correcting
unit.* This is particularly important when the subsidiary loop forms
a flow control system.

Controller Adjustments—The settings of the main and subsidiary
controllers can be determined as follows:

(1) The subsidiary controller is Yirst adjusted to giVe imax. and
e:1 damping using the phase/gain diagram of the controller and the
phase-lag/attenuation diagram of the part of the plant in the
subsidiary loop.

Normally, however, the subsidiary controller has proportional

action ealy, and hence it is only necessary to find the plant attenua-
tion (A,)at the period (T") which gives 180° phase lag (for the required

-

subsidence ratio). This can be found directly from the frequency

response diagram.}

(2) The frequency tesponse of the plant with the subsidiary
control loop is then found. If this is done experimentally, by the
method of Chapter 7, the loop is opened at D. The output of the
analyser is connected to the subsidiary controller (so as to vary
the desired valve setting sinusoidally) and the main controller is used
(with proportional action only) as a transmitter, to provide a pres-
sure signal to the analyser proportional to the signal from the main
detecting element. From the frequency response data obtained the
phase-lag/attenuation diagram can be plotted for the plant plus
subsidiary control loop. The main controller is then adjusted to
iVe Umax. and e:1 damping, using this diagram and the controller
phase/gain diagram. ‘

The main controller often has proportional -+ integral action
and hence again a phase/gain diagram need not be used. The settings
will be S = T, where T = period at which the phase lag of the plant
plus subsidiary control system is 171°, and the proportional action
factor K; can be found at once from the attenuation (A) at the-
operating period (T). N

If the settings determined in this way are such that either (a) the
overall gain of the two controllers is too large, or (b) the ratio % is
likely to lead to resonance, then K; and T’ must be adjusted to more

% The total gain of C and C’ is KZ.(L.F.K—(see Section 11.6). _

+ In practice, when the frequency response diagrams are not available the
controlle -an be set up by the usual trial and error methods (see Appendix IV).

—
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suitable values in relation to X; and T.* This will necessitate
departing from e:1 damping in the subsidiary loop; this is not
important when the subsidence ratio in the subsidiary loop has a
negligible effect on the form of recovery given by the complete
system. The main loop will be adjusted to give a subsidence ratio
e:1 as before.

The improvement which is effected by using a cascade system
instead of a single loop system depends on the characteristics of the

plant and the point of entry of the disturbance, as illustrated by the
following example.

18.3.1 Comparison of Cascade and Single Loop Performances

The plant to be controlled is represented by the equivalent system

shown in Fig. 18.3. Disturbances (0; and 6,) enter the plant at A
- (through or near the cor-

T ! recting element) and at B

(after two transfer stages).

2407 e 42mins - The performances of a single
é ‘ Rfmo17 loop system and a cascade
> system in controlling the

¢,o;_ ﬁacr;m @, — F camve of given plant will be compared
(Fig 18:3) P+I+D controller in terms of th@énd
- the period of operation
which each system gives.
The disturbances §; and 0,
are assumed to be of step

form. and to give equal

O
* ]
S 3
T |

PLANT PHASE LAG

|
|

1

I

1

- 120° Pmox=#1 -y
4

] e s potential deviation of 1,000
— units. In this example the
PLANT ATTENUATION (A4)

controller in the single loop
system and the main con-
troller in the cascade system
both have proportional +
integral + derivative action. The subsidiary controller in the cascade
system has proportional action.

F1G. 18.4. Determination of controller action
settings for single loop control of plant
of Fig. 18.3.

method described above for determining the controller action
settings, the application of the method to this example is indicated
very briefly. The method of finding the frequency response of an
open loop system experimentally has been described in detail in
Chapter 7 and the determination of optimal controller settings

Determination of Controller Adjustments—In order to clarify the

* Alternatively T’ can perhaps be reduced by repositioning the detecting
element D.E.2, so that fewer transfer stages are included in the subsidiary Joop,
or by reducing the measuring and transmission lag in the loop.
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from the phase-lag/.. .enuation diagram of a plant and the
phase/gain diagram of the controller have been given in detail in
Chapter 10.

Single. Loop System—The phase/gain diagram of the controller is
shown in Fig. 18.4 in the tangential position relative to the phase-
lag/attenuation diagram of the plant contained within the single
R R\ . .
loop system. The value of = (- S) is 0-17 and the period of
. 1

270°
N~
240‘“&\ >y
~
\ \
10° S
210 ‘ R
1(\ & \\\\ P 270" T
l'e \\ T =22 mins
150° 1 o 240° |
- N 3 l
\ bl |
\ .
50° N T 210 |
=@ I
20 9%‘ |
A > s
o \ \ § |
) Q |
) >
X g |
}\ 5 & 150 i |
P +
x b | |
z
' < 1 |
Ay N S 120 | —
N |
NN l ;
t A Fmax=103 |
! 90° I Y i
0-5 1-0 2-0 B 102 20 S0

—_— P
PERIOD (MINUTES) ATTENUATION_{A)

FiG. 18.5.1. Determination of Fig. 18.5.2. Dcterr_niriation of main con-
for subsidiary system of Fig. troller action settings for cascade system
18.3. of Fig. 18.3.

operation is 4-2 minutes, so that the derivative action time (R) must
be set at 0-71 minutes. K, and the proportional band width can be
found from the value of . (= 4-1) as described in Section 10.3.

Cascade System—The proportional band width of the subsidiary
(proportional) controller is found from the value of . given by the
frequency response diagram in Fig. 18.5.1. This diagram gives the
requency response of the part of the plant in the subsidiary loop +-
the transfer stage (7, = 0-1 min.) corresponding to the detecting
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element (D.E.2) shown in Fig. 18.3. The attenucaon (Aj)* at the
period of operation (0-7 minute) which gives a phase lag of 180° is
4-7, for e:1 damped oscillations, so that y. = 4-7.

The action settings for the main controller (P + I + D) are found
from the phase-lag/attenuation diagram of the part of the system
between D and E in Fig. 18.3, and the phase/gain diagram of the
controller (C). The point of tangency (Fig. 18.5.2) gives the value of

¥(= %) as 0-33, and the period of operation as 2-2 minutes.

Therefore the derivative action time must be set at 0-73 min. The
proportional band width and X, can be found from the value of
Umax, (= 10-3).

300

8 Disturbance 8,

200 -

Single loop
control

e Coscade[conrrol | g i

00 1 2 3 4 B 6 7 8
Disturbance 4
TZOO —
Single loop
100 — Ca“:;;m] contro!
0 | i ! L : L ]
! 2 3 4 5 6 7 8
P —

TIME (MINUTES)

F1G. 18.6. Comparison of recoveries of single loop and
cascade systems.

Value of %, and Gaz’n——,-l.];, = % > 3, so that resonance effects
will not be appreciable.

The total gain (Gy) of the two controllers is given by the products
of the attenuation (a) due to the subsidiary and main loops at their
respective periods of operation (T’ and T); i.e. Gy = (%’ X ;—2)

The values of Ap and A, given by Figs. 18.5.1 and 2 are 21 and 4-7.

The value of Gy is thus G This value was found to give no risk
of over-ranging the control valve in the given operating conditions.

* A; = A, X (attenuation due to exponential stage with time constant = at
period of operation (T”) of the subsidiary loop)

. 293
= A, X [1 + (27,;7’“) } (See Section 6.2.2.)

R
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Therefore the conu. iler settings given require no modification to
avoid rescnance or over-ranging of the correcting unit.

Comparison of Performance—The recovery curves for the single loop
and cascade systems are given in Figs. 18.6 for 0, entering at A and 0,
entering at B respectively.

The values of the (true) D.R.F. and period are summarised in
Table 18.1.

TABLE 18.1

3 Period
System D.R.F. (minutes)
for9,at A | forf,atB
Single loop 3-7 3-6 4-2
Cascade 50 8-8 2-2 (main loop)

D.R.F—It will be seen that for a disturbance entering at A (e.g. for
a supply disturbance) the ratio of the D.R.F.’s given by the cascade
and single loop systems is about 12, but for a disturbance entering
at B {outside the subsidiary loop) the ratio of the D.R.F.’s is only
about 2-5. Thus, the cascade system is much more effective in
reducing peak disturbances in supply than the single loop system.
When the disturbance enters later in the plant, outside the subsidiary
loop (e.g. for a disturbance in a subsidiary supply condition or for a
demand disturbance), the cascade system does not produce as large
an increase in D.R.F., although in some plants the increase may be
considerable (e.g. 2-5 in the example taken) due to decrease of the
period of operation, as explained below.

Period—It is important to note that the cascade system decreases
the period of operation of *his plant from 4-2 to 2-2. This is a
considerable advantage when the process demands a fast return of
controlled condition to desired value after a disturbance. It also
explains why the cascace system effects an increase in D.R.F. for a
disturbance which falls cutside the subsidiary loop, i.e. by increasing
A; (Fig. 18.3) as a result of the shorter operating period.

18.3.2 Conditions for use of Cascade System

The following notes on the, properties of the cascade system may
assist designers in deciding in what conditions it is profitable to use it.

PR
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(1) Plant exhibiting distance[velocity lag. It is clear that if a plant
exhibits mainly distance/velocity lag-and the disturbance enters after
the detecting element of the subsidiary loop of a cascade system,
cascade control will improve control quality by decreasing the period
of operation, but there will be little increase in D.R.F. If, however,
the disturbance enters within the subsidiary loop the increase in
D.R.F., as well as the decrease in period, will be considerable. (See
description of Fig. 18.7 below.) '

(2) Change of load. The subsidiary controller of a cascade system
ensures that the correcting condition is maintained very close to the
value called for by the main controller, in spite of changes in plant
characteristics with change of load or of supply pressure. It will be
remembered, from Chapter 16, that in a single loop system such
changes'may demand a readjustment of proportional band width in
order to obtain the same stability of control, i.e. the same subsidence
ratio. In a cascade system, variation in the subsidence ratio of the
subsidiary control system generally has only a secondary effect on
the stability of the whole system; therefore it is not necessary to
characterise the correcting element in order to maintain e:1 damping
in spite of load changes.

It should be noted however that when the controlled condition in
the subsidiary loop is flow, measured by an orifice plate, the square
root scale of the subsidiary controller will cause the overall gain of
the controllers to increase very considerably at flow rates say 50%
below the normal value for which the system is set up. Consequently
instability may result. Conversely at flow rates higher than normal
the gain will be too low. This difficulty can be overcome by using a
flow controller designed to give a linear scale, or by adding a linear
to square root conversion device to the unit which recelves the signal
from the main controller and adjusts the desired value of the sub-
sidiary controller.

An example of the effect of the square root relationshipinacascade
system is given by Hoyt and Stanton (71).

(3) Long operating period. The cascade system is particularly useful
for decreasing the effect of disturbances entering early in the plant,
when the period of operation of the system is long under single loop
control. Cascade systems are frequently used therefore when the
final controlled condition is the measured composition of the product,
because most analytical instruments exhibit a large time lag and so
tend to give a long operating period.

(4) Occasional large or rapid disturbances. An incidental advantage
of the cascade system is that the subsidiary controller can be arranged
to limit the maximum corrective signal which can be applied to the
control valve, without decreasing the potential correction available
to the main controller as long as the signal to the correcting unit

:
7
&
3
i
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does not exceed the permissible maximum. Hence the overall gain of
the two controllers can be high and the main controller can safely
be adjusted to give a long derivative action time, without incurring
the tisk of over-ranging the control valve when unusually rapid
disturbances or unusually large transitory disturbances occur.

18.3.3 Example

A good example of the use of a cascade system for reducing the effect
of disturbances which enter near the correcting element is provided
by the steam temperature control system as applied to boiler super-
heaters, shown in Fig. 18.7. This system, which is discusse.d in detail
by Toop (5), employs a desuperheater between the primary and
secondary sections of the superheater to correct steam temperature
disturbances. The steam temperature is corrected by spraying water

DESUPERHEATER
" ————= - 0/v UG
5.
STEAM | | TRANSFER UAG [} | o
e L VALUE MINs. | T DEL.
| S -4 U

PRIMARY SUPERHEATER

STEAM TEMPERATURE
DISTURBANCE

I WATER
F1G. 18.7. Example of _cascade control system.

into the steam in the desuperheater before it enters the secondary
section.

Major disturbances are due to changes in gas flow or temperature,
and to changes in the steam rate. Since the two sections of the super-
heater are in the same gas stream, disturbances both in steam rate
and in gas conditions will be reflected in steam temperature dis-
turbances at the exit from the primary section. These will clearly be
corrected much more rapidly by the subsidiary control loop than by
the main loop, which contains the large transfer stage formed by the
mass of the superheater tubes and the fluid-film resistances to heat
transfer (see Section 15.10). The only appreciable transfer stage
in the subsidiary loop is associated with the temperature detecting
installation. Therefore the period of the subsidiary loop will be short
and the proportional band of the subsidiary controller C’ will be
narrow. Disturbances entering the loop will therefore be very
quickly corrected. ‘ )

It should be noted that the distance/velocity lag, due to the time
taken for th- steam to pass through the secondary superheater tubss,
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occurs after the subsidiary loop. Normally this lag is small in
superheaters (of the order of seconds) and therefore has a negligible
effect compared with the transfer stage (whose L value is of the order
of minutes). If, however, in a similar type of installation the distance/
velocity lag was large, then the system would illustrate Note (i) of
Section 18.3.2 concerning distance/velocity lag. The cascade system
would prove increasingly more advantageous as the distance/velocity
Jag increased for disturbances entering at X. For disturbances
entering after D.E.2, a cascade system would only improve control
in so far as it would decrease the period of operation of the system
as a whole, as previously explained.

For other examples taken from practice a paper by Ziegler (60)
should be consulted.

18.4 SysTEM OF ONE MEASURING UNIT AND TWO Cor=ECTING UNITS

A system which proves valuable in practice when disturbances enter
the plant in a subsidiary supply condition or within the plant itself
is shown in Fig. 18.8. Very rapid
corrective action is required in
oe these conditions in some cases, to
prevent damage to the plant or
product quality. For example, the
part Z of the plant in Fig. 13.8
may be 2 converter in which a
violently exothermic reaction takes
place. If a hot spot develops, the
process may commence to ‘run
away’ and very rapid corrective
action is required. Similarly, if 2
liquid /vapour phase reaction takes place in the converter and a
sudden increase occurs in the liquid supply rate, again the process
may commence to run away and immediate corrective action is
essential.

The signal from the detecting element which measures the value
of the controlled condition is transmitted to the main controiler,
which operates a control valve in the main supply line, and also to a
subsidiary controller, which operates another control valve in a
second supply line. If the attenuation (Ay) due to the part Z of the
plant is small compared with the attenuation (Ap) due to the whole
plant at the operating period, the period of the subsidiary control
loop will be short compared with that of the main loop; the correc-
tion applied by the subsidiary controller will become effective much
earlier than that applied by the main controller.

The function of the subsidiar+ controller is to correct for the

Af-
4\ SUBSIDIARY
SUPPLY

Fic. 18.8. Control system with two
controllers operating from one de-
tecting element.
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disturbances entering late in the loop, while the main controller is
making the necessary adjustments to the main supply condition.
When this correction has been made the subsidiary controller should
return the subsidiary supply to its normal value. Hence the subsidiary
controller should have proportional or proportional + derivative
action. It should not have integral action, which would give a
permanent change in subsidiary supply. The main controller can
have proportional -+ integral + derivative action, as cailed for by
the process.

Consideration of the operation of the system in frequency response
terms will assist in determining the controller adjustments. The sub-
sidiary system must be adjusted first to give a sufficiently large
D.R.F. to reduce deviations to within the prescribed limits. The
proportional band width (and derivative action time) required can
be found by carrying out a frequency response analysis of the sub-
sidiary loop opened at X. Care

must be taken to ensure that the —it -
gain of the subsidiary controller ——= i "iwmu“ =

is not so high that it causes 25 7o)
fluctuations in the subsidiary ! & _

supply in excess of those which : 'Pl_i—_" -l @)

can be tolerated from an opera- ! ™ ]

tional point of view.

The action settings of the
main controller are then deter-
mined from the frequency re-
sponse of the whole system, determined by opening the main loop
at Y. To agﬁw%gﬂMMem
must be stch that T 1s larger than 31 —wl - iod of
the subsidia stem. It should be noted that if it is important to
return the subsidiary supply to its normal value as soon as possible,
then the operating period and subsidence ratio of the main system
should be adjusted to give the shortest time of return to desired value,
if necessary at the expense of departing from the tmax. CTiterion.

Tt will be noticed that the subsidiary loop assists in decreasing the
period of operation of the whole system because it introduces phase
advance in the same way as the subsidiary loop of the cascade system.

An example of the use of this type of system is shown in Fig. 18.9.
A liquid is vaporised and mixed with an air stream. The mixture
reacts in the presence of a catalyst in the converter. The controlled
condition is converter temperature and normally the steam rate is
the correcting condition. If the converter temperature commences
to increase rapidly, the subsidiary loop will reduce the vapour
concentration long before thegmain controller action becomes
effective.

Fic. 18.9. Example of system with
two control loops operating from
one detecting element.
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18.5 Svstem Wite Two INDEPENDENT CONTROLLERS AND ONE
CorRECTING UNIT

In this system, shown in Fig. 18.10, the object of the subsidiary loo
1s.to counteract the effect of disturbances arising near the correc‘cing
efement_. It will be seen that the system is veryosimilar to a cascade
Systern in both purpose and method of operation. The only difference
is that, as in the system described in the previous section, the sienal
frorr% ‘the main controller does not influence the signal from the
subsm;zary controlier. In this system the output of ea:h is, however.
combined in an adding unit to operate the single correcti,ng unit,

Applications of this type
of system are most numer-
ous in boiler control instal-
lations (5, 63).

Controller Adjustment—The
action settings of the two
controllerscan be determined
by the method employed
for the cascade system. The
) ) subsidiary controller (C') is
{iorgt ac%g}zsted, l_lsilng ;he frequency response diagram of the subs(idigry
P- ine period of the subsidiary lo 1 I
: op should normally be short
and th1e proportional band will b sufficiently narrowy to make
mfile‘%rafx‘ or derivative action unnecessary in the subsidiary controller
g peb :: :eqilaegn/q‘/trespc?se of the plant and subsidiary Ioop will give
restvldglalienuation diagram regujred o < ini
! " 1 g I Ired ior determini
action settings of the main controller (g) ST the
]\ioten: This system diﬁf;rs from the cascade system in that the two
controllers are arranged in parallel with the result that -

(2) the §ubsidiary controller cannot be used to prevent over-
ranging of the main control valve by the main controHervard

(b E“e main control valve must be characterised to comDe;7saAt°
for changes in plant characteristics due to load changes o;
Tor supply pressure changes, as in the sin gle loop systez%. ,

FiG. 18.10. Control system with two jn-
deptendent controllers and one correcting
unit.

18.6 RaTio CoNTROL SysTeEMm

In many processes the values of two Operating conditions are main-
tained il a constant ratio by the System of Fig. 2.5 (b) wh;c“ s

fiow ratio control System. A signal proportionaol to flow ’(1) is ';;;“sa
mitted b?l the proportional action unit F.C.1 to the ratio cortr«;j?:
F.C._Z, whose desired value is continuously adjusted to a ‘iOWA H ;’w
required value compared with dow (1). ’ e

See last page for Fig. 2.5
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Flows (1) and (2) may be, for example, the flows of two fluids
supplied to react in a plant or the flows of waste acid and alkali in
an effluent neutralisation system. Numerous examples have been
published of the use of flow ratio systems in the control of distillation
and absorption columns (64), (65), (66). One such use is illustrated
in Fig. 18.11, which shows how some of the control systems discussed
in this chapter could be used, in place of the simple single loop
systems shown in Fig. 2.1, to control a distillation column. The
reflux rate in this system is controlled to be in a constant ratio to the
feed rate.* A paper by Wallis (67) is of particular interest in that it
describes a coordinated control system which uses ratio control and
employs electric control equipment.

A detailed discussion of the use of ratio control in combustion
control systems is given by Farquhar (73).

Adjustment of Ratio Controller—The adjustment of the controllers
F.C.1 and F.C.2 depends on the changes which are expected to
occur in flow (1). It will be seen that F.C.2 must be set up so that
two conditions are fulfilled : ~

(2) F.C.2 controls flow (2) with the required precision at a steady
desired value, when flow (1) is constant. :

(b) Changes in desired value of F.C. 2 corresponding to changes in
flow (1) do not result in excessive overshoot or resonance.

To satisfy condition (a) F.C.2 can be set up in the normal manner
with a wide proportional band and short integral action time (of the
order of the operating period).

To satisfy (b) resonance must be avoided by taking care that the
period of the closed loop system differs by a factor of at least 3 from

* It has been common practice to control the reflux rate at a constant value,
which is Jarge enough to permit the efficiency of separation specified at the maxi-
mum feed rate expected. This ensures that the column will produce greater
purity of products at lower feed rates, at the expense of reheating more distillate
than is necessary to obtain the specified purity. Saving can therefore be effected
in heat supplied to the boiler by maintaining the refiux rate in constant ratio with
the feed rate. An argument against doing this is that the major part of the heat
supplied to the boiler is used to reheat the reflux, and therefore changes in refiux
rate must be accompanied by changes in heat supply to boiler. It is therefore easier
to obtain steady operation of the column by maintaining reflux rate constant and
it may pay to do this at the expense of supplying more heat than is necessary.
Changes in heat input wiil then be made only to compensate for unavoidable
changes in conditions, e.g. feed composition and rate of heat 10ss to the ambient
atmosphere.

It is assumed that feed rate changes will be slow when this system is used,
since two factors would otherwise militate against its success, namely (a) frequent
and rapid changes in heat supply to boiler and (b) the delay in re-establishing
equilibrium between vapour rate up the column and liquid flow down the column.
This would call for a time delay in the transmission line from feed rate transmitter
to ratio coniroller, {0 arrange for the refiux rate to change when the change in
vapour ra‘ up the column reached the top plate.

Y
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that of any cyclic changes in flow (1), and that the subsidence ratio
of the closed loop system is sufficiently large to avoid excessive
overshoot resulting from the most rapid changes expected tc >ccur
in flow (1).

As a;guide, it can be taken that, to a sufficiently good approxima-
tion for most purposes, e:1 damping wili result in 609, overshoot
after a step change in desired value; 10:1 damping wilil give about
20% overshoot. (See Appendix V.)

Full treatments of the response of closed loop systems to changes
in desired value are given in the literature (9), (68), (69).*

18.7 AVERAGING CONTROL

It is frequently necessary to ‘smooth out’ disturbances in supply
rates: For example, the distillation colu™~ -7 rig. 2.1 is intended
to produce pure bottom product. The top product will probably
become the feed to a second column for further purification. If the
level controller on the distillate accumulator maintains the level
constant, the flow of distillate to the next still will only be constant
if the feed rate, composition and all other conditions in the fi=st still
are constant. To smooth out the inevitable fluctuations in fiow, an
averaging level control system can be used, as shown in Fig. 18.11.
(The bottom product goes to a storage vessel, and therefore fluctua-
tions in its rate of fiow are unimportant. The level in the boiler is
therefore held constant.)

The averaging system consists essentially of a wide band pro-
portional or proportional - integral controiler, which calls for a
comparatively small change in flow rate when the level changes in
the accumulator (or in general the ‘surge’ or ‘buffer’ vessel).

If considerable changes are expected in the pressure upsiream of
the control valve it is usually worth while to arrange for the level
controller to adjust the desired value setting of a flow controller,
which will hold the flow at the desired value demanded.

The inherent regulationt of a surge vessel and outlet valve tends
to smooth out fluctuations due to changes in inflow and by making
the vessel sufficiently large these fluctuations can be made as siow
as tequired, without using a controller. The purpose of using the
averaging level controlier is to reduce the size of the vessel required
to permit a specified rate of change of outfiow to be achieved. This
design problem has been treated in detail by Mason and Philbrick
(70) who discuss specific examples.

* The majority of single loop process control systems are designed to maintain
the controlled condition at a constant desired value: in the servo-mechanism field
it is more frequently necessary to design systems which will maintain the con-
trolled condition as ciose as possible to a constantly varying desited value.

T Defined in Section 5.2.2.
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The dimensions of the surge vessel and the controller settings are
determined by the magnitude, form and frequency of occurrence of
the disturbances in infiow, and by the fluctuations which are permis-
sible in outfow. The pattern of the disturbances to be expected must
therefore be carefully considered. In general it may contain every
type of disturbance superposed, but in a specific plant one type often
predominates. For example, the main change in flow of _d1st111ate' to
the accuraulator in Fig. 18.11, when the column is running steadily,

WIDE P.8.
_____ — — — — — — — —| AVERAGING
I CONTROLLER

i CONDENSER
i

st

P e AVERAGING |
P ~ SYSTEM |
it b—a [===1 + § i
' ot B .
i S I
i - L5
FEE?,—.'* '———3' - FLOW i TOP PRODUCT
RATIO SYSTEM

—
= =" (FEED: REFLUX) TO NEXT STILL
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SYSTEM
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%

L BOTTOM
sTEaM_ D —F & PRODUCT

—
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FiG. 18.11. BExamples of the use of complex systems.
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could be exvected to be a slow increase or decrease with a superin-
posed small cyclic change due to the operation of the control system
of the column. )

Each case must be considered individually, but there are several
general points to consider in all applications:

(1) In general it is an advantage to use integral action in the
averaging level controller, so that the level in the surge vessel is
slowly brought back to a definite position.

(2) The syster must be adjusied so that the surge vessel does not
becrme completely full or empty. A high and low level limit
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device is often fitted in the controller, so that t}
opened or shut to prevent further rise or fall of
either limit is reached.

(3) When pressure changes occur in the system it is advisable to
install a subsidiary flow controller, to ensure that the
is as demanded by the averaging controller.

level when

flow rate

18.7.1 Dimensions of Vessel and Controller Adjustments

Since this is the only example given in the text of the quantitative
design of a complete control sysiem (i.e. plant and control equip-
ment), it is worth while to indicate the basis of the design method.
The plant part of the loop is the simplest conceivable: hence it serves
well as an illustrative example because its characteristics can be

§ calculated at once from its dimen-
AL
L -

Y sioms. Also, thedesign of averaging
Rer, # prm—=——ori-L g, systems is important in practice
Levelk * and permits economic design of
— &/ surge vessels, which may be very
] expensive, e.g. in high pressure
AVERAGING | systems or when special materials
CONTROLLER | of construction are necessary.
wios )
i

The problem consists of finding
the proportional action factor
(K and the integral action time
(8) of the averaging controller,
which will give the specified
‘smoothness’ of outfiow, in terms
of the dimensions of the vessel,
le. its capacity (C) per unit depth and the toiz, depth (2h) over
which the level can be permitted to change.

Consider the simple system of Fig. 18.1
averaging controiler.

Let the inflow and outflow rates and the depth of liquid be 6,
0; and 0, respectively at time ¢;0,, 0, and 0, are measured from initial
equilibrium values when the level is at the desired value (i.e. at

=0,6,=0,06, =0,).

Fic. 18.12. Simple averaging contro!l
system.

2 which employs a (P -+ 1)

. do, . 5 %
The rate of change of depth ( d7“> at time 7 is given by:

do

.1
a=c@—%. . . us

The output signal (V) from the controller at time 7 is given by:

rooo1
V=K, | 0, + SJONﬂ

S

o
i
|
|
|
|
[

ne valve is

COMPLEX CONTROL SYSTEMS 325

and the outflow (6;) from the vessel is thus

! . . (182
By = KV =p [ez + gjez.dt]
i . it change in V#).
where K is fiow rate change due to unit chang »
(wf;;rfﬁffelrenﬁating equations (18.1) and (18.2) we obtain:
2y _d%  do, . (183)
CH=a @
N diy , 1 6) ; ; . (18.4)
Eliminating %6?3 from equations (18.3) and (18.4), we have:
SCb M g S8 gy
wdr TG TR= 0w
which relates 8, and 0;. -
Differentiate equation (18.4), to obtain:
(@ 18 e
@ M\ae TS

>, do, . i uations (18.1)
Substituting for - 5" and 7; in equation (18.6) from eq
and (18.3) we have: o
SCd%, o s g 52119 . (187
woae TSy ThES g T

i i i ion which relates 9, and
Integration of equation (18.7; gives an expressio T
0,. To find the variations (0;) which will occur in t T ot
changes in inflow, in terms of p, S and G, eqt;atl.on ( el T
solved for the given conditions. Two cases are of primary 1mp
namely: :

(i) s in inflow, and
(i) step changes ] 10w, )
(i) a sustained sinusoidal change given by
%T.t = 07.sin w?
: 1 +ra
In the case of step changes the important conmdera;m&s ag: %2-{{2;
form of recovery after an individual step change gnd ( f) fhe qreéent
of occurrence of the changes. It will be suﬁic@nt, or Sg oot
purpose, to discuss the recovery (i.e. the transient respon
a single step change.

9, =03.sin

i { the valve

* K is assumed copstant in sp{te of c%angesirlln 1g)irgesslv.gre; ;gsgggﬁ% ::;t I e ve

3 in level. The valvé is shown . 18. istance
g‘cxfovtvo tﬁ?carz/gci.sscllnto make negligible the effect of level changes on\ D

upstrea- »f the valve.
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In the case of a cyclic change in inflow the steady state conditions
are the important consideration 2nd particular attention must be

Frc. 18.13. Change in outflow (0g) and of level (02
following step change in inflow (0;=1
averaging level control system.

equations can be presented

given to the conditions
which lead toTesonance
and consequent magni-
fication of the inflow
disturbance in the out-
flow.

Thesolution of equa-
tions (18.5) and (18.7)
is given in the standard
mathematical texts and
is discussed in detail
in books on process
control by E. S. Smith
(72) and by Farrington
(9).* If these works are
consulted, it will be
found that the charac-
teristics of the system
represented DY these

most conveniently in terms of the

natural frequency (wny and the damping ratio (§) of the system.
In terms of the parameters of the system of Fig. 18.12.

. (18.8)

P oand =%
S.Can Q __S.(:)n

The operating period (¥) of the system is given by:
T= 2‘7‘6.(&)“'\/1 =gt

Step Disturbance—In Fig. 18.13 values of 0; and wa.C.0, following a
step disturbance (6, = 1) in inflow are plotted against (w=.f) for a
range of values of C. 3

From these curves values of ¢ and wa can be chosen so tat:

(a) peak disturbances in outflow will not be in excess ol a specifed

naximum for the step changes expected in inflow.

(b) the oscillations die away before another disturbance occurs, 0T
sufficiently rapidly to meet the needs of the process.

(x)n:/“

; , N o .
The selected values of ¢ and wq determine S and o (in expressions

(18.8) above). )
The next step is t0 consider the oscillations Ot the level in the same

. . I R e . s
way and to determin® the vaiue oI C which will permit the use O

* See + mendix V.
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Tegt e Ve i 1 £
tk}etfm?AxesL_ surge vessel, in terms of C and 2A. Values of w.C0, are
plotted against wa? in the lower set of cur i
¢ ir 1 ves of Fig. 18.13 f
¢ =0-250-51and 2. ® .
T

he proportional idth o i i
he proportional band width of the controller, to operate with this

vessel, is then found from the values of % and C.

05
T
{ Log 83
\/O'IS
=1 =05 o ‘\ = 05
1
fLog ,C.63
-0 N
-l H
=1
-5 1
—_—
.‘.OG%’J

—_—
L0G,

Fic. 18.14.1. Amplitude (63) of oscil-
lation in _outﬂow corresponding to
unit amplitude sinusoidal change in

inflow, in averaging level control
system.

FiG. 18.14.2. Curves for the selection
of the damping ratio to keep level
variations within prescribed limits,
for sinusoidal inflow variation, in

averaging level control system.

Sznuisozdal Disturbance—In Fig. 18.14.1 log 05 is plotted against log
. ara B — o Ity 3 1 Iat1 1

<o>n )3 where 02 = amplitude of sinusoidal variationin outflow corre-

sponding to an inflow disturbance of unit amplitude and frequency .

o e ® o . .
It will be seen that when log & < 0-15, 63 > 1,1i.e. the disturbance

is amplified. The greatest amplification occurs when log (—(3) =0
Wn,

W
or — = 1, and C is smallest.

Wn
S @ad = b z
’ If only or‘le cyclic d'lsturbance is expected, { can be selected to give
the required attenuation of inflow disturbances. The lower the value
- o . W
of { is, the smaller the ratio o can be made for the same attenuation
n T
£ & - 33 -
If there are disturbances of a number of frequencies, care must be

tolren ¢ -~ +% o
taken to ensure that none of them make — Iess than 0-15, so that
Wn
they are not amplified. If this i i i
k} "ykabe : ft a:r}[;-;ﬁe;i. If this is not possible, then a high value of ¢
ust be used, in order to minimise the amplification. Fig. 18.14.2
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