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and frequency of one or two normal modes of lower frequency. and a closer
examination of the behaviour of the control system with any set of para-
melers can then he made by the solution of the control cquations on the
differential analyser. A large number of such solutions has been carried
out and an optimum set of control parameters is stated.

The modified control law appears to have some advantage over that
previously investigated. from the points of view both of the kind of control
obtainable and of the design and operation of the control gear.

A method of obtaining in practice a control law of the form studied is
hrietly indicated.
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Optimum Settings for Automatic Controllers

By J. (i, ZIEGLER! ano N. B, NICHOLS,* ROCHESTER, N. Y.

In this paper, the three principal control effects found
in present controller® are examined and practical names
and units of measurement are proposed for each effect.
Corresponding units are proposed for a classification of
industrial processes in terms of the two principal char-
acteristics affecting their controllability. Formulas are
given which enable the controller settings to be determined
from the experimental or calculated values of the lag and
unit reaction rate of the process to be controlled. These
units form the basis of a quick method for adjusting a
controller on the job. The effect of varying each controller
setting is shown i a series of chart records. It is believed
that the conceplions of control presented in this paper will
be of assistance in the adjustment of cxisting controller
applications and in the design of new installations.

matie control is certainly the most desirable course from

a standpoint of accuracy and brevity. Unfortunately,
however, the mathematics of control involves such a bewildering
assortment of exponentinl and trigonometric functions that the
average engineer eannot afford the time necessary to plow through
them to n solution of his current problem.

1t is the purpose of this paper to examine the action of the three
principal control effects found in present-day instruments, nssign
practieal values to ench effect, see what adjustment of each does
to the final eontrol, and give 8 method for arriving quickly at the
optimum scttings of each control effect. The paper will thus first
endenvor to answer the question: “llow ean the proper con-
troller adjustments be guickly determined on any control applica-
tion?"  After that a new method will be presented which makes
possible n reasonably accurate answer to the question: ‘‘How
can the setting of a controller be determined before it is installed
on an existing appheation?”

Exerpt for a single lustrative exnmple, no attempt will be
made to present lnboratory and field data, to develop mathemati-
eal refations, or to make acknowledgment of material from pub-
lished literature A paper covering Lhe mathematical deriva-
tions would be quite lengthy ns would also a paper covering
Iabaratory and field-test results.  Work on these phases of the
subject is still under way, und it is expected that the results will
be published nt a later time when convenient It is believed ad-
visable to publish the present paper without delay in order to
make the information available for use by the many persons in-
terested in the application of autematic-control instruments.
To these persons the present subjeet matter is of much greater
interest than the other phases of the study which are being
omitted

To simplify terminalogy we will take the most common type of
control cireuit in which a controller interprets the movement
of ita recording pen into n need for corrective action, and, by

Q- PURELY mathematical approach to the study of auto-
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1 Engineering Research Department, Taylor Instrument Com-
panies.

Contributed by the Committee on Industrial Instruments snd
Regulators of the Process Industries Division and presented aithe
Annunl Moeting, New York, N. ¥., December 1-5, 1041, of Tax
Amuiicas SocteTy oF Mecgavican EnaiNeens.

Notk  Statements and opinions advanced in papers are to be
underatoad ns individunl expreassiona of their authors and not those
ul the Sty

varying its output air pressure, repositions a dinphragm-operated
valve. The controller may be measuring temperature, pressure,
level, or any other variable, but we will completely divorce the
measurement portion of the control circuit and speak only of the
pen movement in inches; 1 in. of pen movement might represent
1 or 1000 deg F, or a fiow of 1 or 1000 gpm. The actual gradua-
tion will be of no moment in a study of control.

Our controller will translate pen behavior into behavior of a
valve; the relation between the two behavior patterns is deter-
mined by the setting of each control effect. The term valve
covers any similar device, i.e, A damper or rheostat which must
be operated by the controller in order to maintain correct process
conditions.

PrororTioNAL IREsPonsE

In apite of the multitude of nir, liquid, and electrically operated
controllers on the market, all are similar in that they incorporate
one, twn, or at most three quite simple control effects. These
three can be ecalled “proportional’ "automatic reset,” and
Ypre-nct.”

Proportional Response. By far the most common effect ia
“proportional response,” found in practically all controllers. §
gives a valve movement proportional to the pen movement, that
is, & 2-degree pen movement gives twice as much valve move-
ment a8 a l-degree pen movement. Simple spring-loaded
pressure-reducing valves nre really proportional-response con-
trollers in that, over a short range of pressure, the valve is moved
proportiondlly from one extreme to the other.

Sensitwity. The measure of proportiona! response is called
“gensitivity” or ‘“‘throttling range;” the former being valve
movement per pen movement, the latter its reciprocal or the pen
movement necessary to give full valve movement. Either sensi-
tivity or throttling range describes the mngnitude of propor-
tionnl response, though in this paper ench response will be
mensured in units which increase as the relative valve action
per pen action increases. In the cnse of proportionnl response,
the unit will accordingly be called “sensitivity.”

Proportional-response sensitivity in some controllers is not
adjustable; in most, however, it may be adjusted either con-
tinuously or in steps over a considerable range. If we define
sensitivity ns the output pressure change per inch of pen travel,
it is npparcnt that the limits would be from zero (mnanual control)
to infinitely high (on-off control). FPerhnps the widest range of
adjustment is found in one controller with sensitivity continu-
ously varinble from 1000 to I psi per in A sensitivity of 1000
gives 1 psi output change for each 0.001 in. of pen travel.

Sensitivity ndjustment is necessary if optimum control sta-
bility is to be attained. It is common knowledge that control
with infinitely high proportional r is alwnys bl
oscillating continuously. True, on certain applications the os-
cillation mny be of such small magnitude that it is not objection-
able and. if the surges in supply are not serious in their effect oo
ather portions of the proress, the controt obhtnined may be en-
tirely acceptable.

Industry gencrally demands control of the “throttling” type
rather than "on-off" since n proportional-response controller,
set in nny scnsitivity below some maximum, will produce a
damped oscillation and eventunily straight-line control.

Amplitude Ratio. Scnsitivity adjustment affects primarily the

pr—

stability of contral. On any application there is a definite and I~
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easily determinid point enlled the “ultimnte sensitivity' (8.),
above which any oscillation will incrense to some maximum
amplitude, and below which an oscillation of any size will di-
minish to straight-line control.  Stability may be mensured in
terms of “amplitude ratin,” the relative amplitude of any wave
to that of the wave which preceded it A controller sct at the
ultimate scnsitivity gives an oscillation with nn amplitude ratio

11 PBI/INCE
(above ultinate sensitivity)

10 PSI/IBCE
(ulticate seneitivity)

10 PS1/1¥CE
(ulticate sensttivity)

3

PS1/15CH

P81/18CH

P51/19CH
{good stubllity)

(9

POI/INCR

1 PS1/1NCE

Fia | Asrntens Ratio VErsvs SexstTivry
(Effect of dmturbanoe }

of 1; above the ultimate aensitivity, an amplitude ratio greater
than 1; and below the ultimate, an amplitude ratio less than 1.

Amphtude Ratio Versus Senmtuaty. Fig. 1 shows the effect
of sensitivity adjustment on a typiral application,  The oscilla-
tion wasstarted by a momentary change in valve position . Curves
(b) and (¢} were produrced at the ultimate sensitivity, which in
this ease was 10 psi per in. Curve {a) was produced at a sensi-
tivity of 11 psi per in. (110 per cent of Su). - Curves (d) to th)
show the sueeeszively smaller amplitnde ratioa praduced ns the
gensitivity was lowered to 90, 80, 50, 20, and 10 per cent of the
ultimate (9. R, 5,2, anel | psi perin))

In Fig 1 and suceecding charts, earh division 19 0.1 in and each
time interval represents 0 625 min

Regardless of the ultimate sensitivity of any eontrol applica-
tion, the relationship betwesn amphtude ratio and sensitivity,
given ns per cont of ultimate sensitivity, remnins about as shown
in Fig. 2. The ultimate sensitivity thus appears to be a gnod
common point for consuleration of sensitivity adjustment on
mo={_eontrol npplications,

Off it unil Load Change. ln considering the curves of Fig. 1,
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the most desirablp retting from a stability standpoint would be
(h), produced at quite a low sensitivily (10 per cent of ultimate)
It should be noted in passing, however, that as sensitivaty is re-
dured the period of oscillation increnses slightly, which in itself
iy undesirable  The real drawback of using sensitivity settings a
great deal lower than the ultimate value stems from the limitation
of proportional response, e.g., that only one valve position cun
be maintained when the pen is at the desired set point. A “load
change,” any disturhance in the process requiring a rustained
alteration of valve position, will cause the pen to slilt awny from
the get point far enough to give the required valve movement
The maguitude of this shift or “offset” varies inverscly with the
sensitivaty ectting used and direetly with the required change in
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valve position. Fig. 3, cu. . (a) to (e), illustrates this point.
Cutve (a) shows the offset caused by a load change requiring a
2.8 psi change in output pressure with sensitivity at 10 psi per
in. Since this is the ultimate setting, an amphtude ratio of 1
results and a Jower seiting is indicated.  As the scnsitivity ia de-
creased to 9, 8. 5, and then 2 psi per in., the offset from this joad
change increases nnd the amphitude ratio decrenses.

Amplitude Rabe Versus Offset. The rational adjustment of
proportional-response sensitivity is then simply a matter of
balaneing the two evils of offset and amplitude ratio. For most
appleations a good compromise is the sensitivity which gives an
amp'itude rtio of 25 per cent. This sensitivity will be very
nearly one half that of the ultimate sensitivity, as shown in Fig.
2. An excellent and rapid method of sensitivity adjustment 13 to
find the ultmate sensitivity and then simply cut it in half.
Fig. 1, curve (f). shows that an amplitude rtio of 25 per cont is
achicved by this setting on the application under test. Fig. 3,
curve (i), shows the result of a lond change requiring & 2.8 psi
change n controller output pressure. The sensitivity retting of §
psi per in allows an offset of 2.8/5 or 0.56 in. with a 25 per cent
amphtude ratio.

On most nir-operated controllers, the sensitivity ndjustment is
calibrated erther in terms of sensitivity or throttling range
On such instruments the trick of halving the sensitivily to obtain
n good setting 18 quite simple; on those calibrated in throtthing
range the sctting should be doubled, since this unit is the re-
ciproeal of sensitivity.  The sensitivity of alder instruments with
arbitrary adjustment seales may be easily found by moving the
pen a definite distance and noting the resulting output-pressure
change, Tlis test run at a few points will enable the user to plot
a sensitivity -ronversion seale.

The statement that a sensitivity sctting of one half the ulti-
mate with attendant 25 per cent amplitude ratio gives optimum
control must be modificd 1in some cases. At times a lower sensi-
tivity is preferable. For example, the actual level maintained
by n liquid-level controller might not be nearly as important as
the off ¢t of rutlden valve movements on further portions of the
process.  kn this case the sensitivity should be lowered to rrduce
the nmphitude ratio even though the offsct is increased by so do-
ing. On the other hand, n pressurc-control application giving
oscillations with very short period could be sct to give an 80 or
90 per cont amplitude ratio.  Due to the short period, & dis-
turbance would die out in a reasonable time, even though there
were quite a few oscillations.  The offset would be reduced some-
what though it should be kept in mind that it ean never be re-
duced to less than one half of the nmount given at our pre-
viously defincd optimum sensitivity of one half the ultimate.

On proceszes involving wide changes in load, one condition is
often encountered which must be considered here A controller
perfeetly adjusted for one load condition may start oscillating
under another load. If the ultimale sensitivity is checked at
the new more difficult load, it will be found lower than at the
original casy lond condition. Consequently, the sensitivity must
always be adjusted so that the correet stabilily is achicved under
the most diffieult load condition. Obviously the amplitude
ratio will then be lower at the easy load.

AutomaTic RESET RESPONSE

The second most common response found in modern con-
trollers is “automatic reset.””  Its only purpose is to climinate
offset. In action 1t deteets any disparity between pen and eet
point and gives a slow continuous valve movement in the proper
direction ta correct the offset.  Furthermore, the rate of valve
movement 15 proportional to the distanre between pen and set
paint  Automatic reset then may be defined as a response giving
valve velocity proportional to pen displacement from setipoint.

Some controllers give a constant valve velority with the direoc-
tion depending upon whether the pen ie above or below the set
point. This is a special case and will not be considered further,
Neither will those controllers having automatic reset alone
(Bonting response) be connidercd in this paper. It appears that
the flonting response controller is most useful on partially “self-
controlling” processes,

Resel Rate. As sensitivity was the measure of proportional
response, “‘resct rate” b the corresy measure of
automatic-reset response. The units of reset rate are minutes™!
or the number of times per minute that automntie reset duplicntes
the proportional-response correction caused by the dieparity
between pen and set point.

(8] (v}

°
-
-

o 1 2
NIFUTES NINUTES
Fio. 4 Reser Rate
(Reset rate = 1 per min.)

Fig. 4(a) and (b) shows the course of output pressure with time
for o teset rate of 1 per min. The dotted lines show the corre-
sponding proportianal response pressure. In Fig. 4(a), the pen
was moved and held far enough from the sct point to give a 1 psi
change in proportional response.  The reset oroceeds at the rate
of 1 psi per min per 1 psi original change. Fig. 4, curve (b),
shows a reset rate of 2 psi per min per 2 psi original change. In
both cases the reset rate is 1 per min.

1In most controllers using automatic reset, some adjustment of
the reset rate is provided, though continuous adjustment appears
inonly n few. In one, the reset rate is ndjustable from sero to 20
per min. In order to determine reset rates on an instrument with-
out n calibrated dial, it is only necessary to move the pen away
from the set pointer far enough to cause a 1 pai output change and
note the additional output-pressure change per minute. The
same value can be put on Lhe reset adjustment in controllers other
than those of the mir-operated type, by making a surtained pen
change from the set point, noting the nltered valve position which
results from proportionul reaponse and the additional travel at the
end of 1 min [rom nutomatic reset. The reset rate is the travel
from reset divided by the travel {rom proportional.

Oplimum Reset Rate. Fig. 5(a) to (¢) shows the effect of reset-
rate adjustment on control. Fig, 5, curve (a), resulted from a
load change equivnlent to 2.8 psi output pressure with a reset
rate of zero, in other words, only proportional response. This
curve is the same ns Fig. 2(d) except that the sensitivity is re-
duced from 50 per cent of ultimate to 45 per cent of ultimate. A
reset rate of 0.5 per min gives the slow return toward the set
point shown in Fig. 5(b). As the resct rate is increased to 1, to
1.5, and to 2, in Fig. 5(c), (d), and (e}, the return becomes more
and more rapid. At the same time, instability and period of
oscillation increase. In general, curve (d) of Fig. 5 would be con-
sidcred the optimum in that it gives reasonably rapid return
without excessive loss of stability or excessive increase in period.

Oplimum Resel-Rate Adjustment. The actual reset rate which
gives a recovery curve similar to Fig 5(d) varies widely on dif-
ferent control applications. As will be pointed out later, the reset
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;'l(n appears ta vary inversely as the time lag of the application
t present, however, we are more interested in finding a simple

mothed for determnme the correet setting,
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thi prnf-rdun\ r(.}xllﬂ in recovery curves with longer period and
greater inttind devintion, both of which are detrimental

I're-AcT RESPONSE

1 hc-“l:l,lml. control effect made its appearanee under the trade
r:;u:n; Pre-Act.” On some eontrol applications the addition of
presnet response made sueh a remarkable impeovement that it

appeared to be an embodiment of mythical “anticipatoes”

trollirs e
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To visualize this unit, assun..-a controller pen moving away
Irom the set point at such a rate that a proportional-response
output change of 1 psi per min results (dotted line of Fig. 6(a)).
Addition of 1 min pre-act time will cause the controller output
to follow the solid line 1 psi higher, i.e., the pre-nct response isl
psi additional for 1 psi per min proportional-response change.
Without altering the pre-act sctting, a pen velocity twice as
great would give 2 psi additional pressure, as shown in Fig. 6(b).
The time by which the solid line of Fig. 6(a) and (b} leads the
dotted line ia the pre-act time, in this ease 1 min.

Reeently, several industrial instrument companies have made
this control effect available in a more or less ndjustable form.
In one, the dial i ealibrated in terms of pre-act time over a range
of 0.2 to 10 min.

Use of Pre-Act Response. Pre-act response has been success-
fully used on applications which give a period of oscillation
greater than ahout 0.4 min. MQMM)oL___MQIMe-
or flow-control applicati rely_on control of liquid level,
v -wmmms used
mast widely on tempg _cantrol applications.

The effeet of pre-act on control is shown in Fig. 7. Fig. 7
curve (a) repeats curve () of Fig. 5, w hich represented about the
optimum control ubtainable with proportional and reset re-
aponses only.  Without altering these seilings, the addition of
0.1 min pre-act time changes the recovery curve for the same 2.8
pei load change to that shown at (b). The incrensed stability is
an indiention that a higher sensitivity may be used, so it is ne-
cordingly increased to 9 psi per in. The resulting curve (c) showa
& much smalier initial deviation without excessive amplitude
ratio, but nn excessively slow return townrd the set point, indi-
cating that n faster resct rate is needed. (Compare with Fig.
5(1)) Increasing theresetrate to 2.6 per min produced the curve
Fig 7(d), representing approximately optimum control using the
three responses.

A comparisan of curves, Fig. 7(a) and (d), discloses that the
pre-act response has improved control in several respeets
Maximum deviation from the set point has been cut 71 per cent,
periad of oscillation has been reduced 43 per cent, and the time
required for the oseillation to die out has been halved.

Pre-nct response does not replace automatic-reset response
since it censea to act when the pen becomes stationary. Ilow-
gver, while reset increases period of oscillation and decreases
stulnlity, the effeet of pre-act is just the opposite.  On the debit
side for pre-act hies only the incrensed difficulty of ndjusting
three responses instend of two, but the use of the basic unit,
pre-act time, allows the setting to be determined from the period
of oseillation.

Optimum Pre-Acet Time Adjustment. 1t has been found that,
for n wide range of control applieations, the optimum pre-act
time depends direetly upon the period of oscillation used to de-
termine the adjustment of the resct rate. In fact the pre-act
time should be about /s of the period of a smanll-amplitude oscilla-
tion at the ultimate sensitivity.

To adjust o controller w ith proportional, automatic reset, and
pre-act responses, determine the ultimate sensitivity (S,) and note
the periad (1)) of 2 amall-amplitude oseillation at this sensitivily.
The optinan setting: will then be approximateh

Sensitivity = 06S,
Resct rate = 2/, per niin
Pre-act time = P, /8 min

Oin some applications, the sensitivity with pre-act can be
greater than 06S, This i= illustrated by the test application
which allmwed a sensitivity of 098, (Fig. 741}, We have found
that the setting i3 genernlly between 0.6S, and 15,; 't many

applications, & sensitivity of 0.6S, will be sufficiently near the
optimum eetting.

1f, at these setlings, the amplitude ratio is too high, each ad-
justment should be reduced slightly. When using the system of
units proposed in this paper, 8 decrease in the setting of any re-
sponse increases stability. (Actually pre-act increases stability
up to ita optimum setting and, above that, again gives less sta-
bility.) In general, oscillations with a period approximately the
same as those occurring at the ultimate gensitivity are due to too
high » sensitivity; automatic resct gives longer periods and
pre-act shorter periods.

Process-REaction CURVES

A control circuit consista of a controller and n process, the
valve being considered a portion of the latter. Pen movement

2.0
A7=1.7 pel /

/

/ L=

0. —_Lm'
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0.5 1
MIWUTES
Fi0.8 Reactton Curve

gives an output-pressure change, hich affects the process, which
in turn affects the pen. So far, we have considered control ef-
fects, the portion of the control circuit tying pen movement to
output-pressure-behavior pattern. We have also considered the
effect of altering this pattern on the entire control circuit, taking
as evidence the pen recovery from disturbances and load changes.

We will now climinate the controller from the circuit, make
certain output-pressure changes, and show how theresulting pen
behavior can be used to evaluate controllability of the process
and predict optimum controller settings.

Process-Reaction Curve. In any control circuit, there are
several time lags. The lng of inflating the valve is present in all,
Some time lng occurs in the mensuring portion between & change
at the thermometer bulb or pressure conncction and the indica-
tion of that change at the pen. Added to these two may be
scrics of lags in the apparatus under control.

The difliculty of dealing mathematically with processes involv-
ing a series of Ings or even of applying values to the various lngs
and adding them is very great indeed. However, having a
process, n pen, and a means of controlling the process (a valve),
it becomes possible to get the tion of all the Ings by simply
altering the valve position and analyzing the resulting curve
traced by the pen.

To be more explicit, suppose that we have an application with
a controller installed and cut the air line connecting the con-
troller to the diaphragm valve. Then, if we conncct an air-
reducing valve to the diaphragm-operated control valve, it will
be possible to apply the air pressure necessary to hold the control
valve in any position.  We will thus be able to make a change in
the pressure applied to the control valve in the same manner as
the controller would do it (this can still be cnalled an output
pressure beeause its effect w ill be the same as though it came
fram the eontroller) and note the resulting pen behavior.

With  contral eirenit so arranged, we mav, by applying the
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*orrect pressure to the control valve, first bring the reeonrdin
en i l!l!‘ destred paint on the chart. 11 then n siwdden sml’uncg
hange in pressure on the control valve of &F psi is made, the
sensaall trace an S-shaped eurve which we will eall a "r(“l(“'i')ll
‘urve”  Fig 8 shows areaction curve for the prucess wlich we
iave been consudering,

Whitle 1

unnber of v

8 represents a tipieal reartion curve, an infinite
ntions are posiible On sonre apphieations. antably
quid-level control, the curve may enme o mavmiam: «lope
nd continue indefinitely (or until the tink runs over). This
pe of process is not Usetl-contiolhng  On others (lcﬁmllc
ead peried o veloeity-distanee Fig exists and the reaction eurve
hows e pen movement for fimte time after the change in.
alve position; st then either starts at the maxunum rate or
uild= wp te the maximum. '

b ehisinssi

« optimum controller settings, when nsing pre-act
raponse, we noted that a sensitivity hetween 0688, il 18,
ould be used  The best vatue appears to depend u|mn‘lh(‘ =h~l]n.:
F the rearnion carve prior to the maxsmum slope; a II).{ |.m:<
.:.m;'u withy of the dend-period ty pe calls for sensitivitios toward
i S,
Ormistust Serrinas Frost Reactiony Creve

Twa charactensties of the reaction curve are used to fix the
roportinnal response sensitivity. The “reaction r~||c"l (¢ls]
e, the muxinmum ' th :
£ Ul he point
oint interserts the
fter the ehange in v,

3 ve positnn. This time we will eall the
|'|.',; (L) of our control eirenit,  The optimum setting of qcnﬂi:
vity for a controller is inversely related to the prm’iuf‘L of
ad L.. determined from the reaction curve,  If the tangent hne
projected uniil at interscets the vertienl axis, the pm:‘lur( RI
graphically determined, as shown in Fig 8. Good control i;
'!m!rnll\' abtained when proportionnl-response sensitivity is so
j‘l;;:l;,l‘:lnl(, a pen movement of RL in. gives a pressure change
On the rc:\rnjm curve of Fig. 8, n 1.7 psi valve change was
ade so the optimum sensitivity setting is approximately

) AF
Bensitivity = ~— psi H
y RL psi per in.

here

it = 1.7 in. per min
L =0 2nin

KL =030

AF = 1.7 psi

e predicted sensitivity of 1 770 34 or 5 psi per in. gave curves
x 1) nnd Fig 3(d). These curves were previously selected as
ving good stalnbity, that is, an amplitude ratio of nppm\:i-
el 425,
U'nat Renction Rale. N justifieation has heen given for callin
e distanee L on the reaction curve the lag of the proeess, l)u‘z
ere apprears 1o be o gaord renson - On maost processe ; ‘liun
rves, enased B diferent Cnbvepressure ehanges AF, are simi-
1 shupe, difening onls in the value of £, that 15, the renction
U‘-('(Iu.k'l'll by a b pui eliange s abont twiee ns great as that from
:".)"};:'l(;'?ll;ll:\’_("‘; Lt the interseeted didtanee L remains conatant
When tabing a reaction curve, il i9 snmelimes neeessary to
ke AF quite small, in order to prevent undue disturbanee to
o process being tested. The resulting reaction rate is then
nveeted to a “unit repetion rate” (/) that wineh would be
nsed by b psi pressure change on the control valve. This is
ne by dividing the reaction rate found by aF

R in. per min

"= —
aF psi

The formula for a good sensitivity setting may then he written

L 1
Sensitivity = RL psi per in.
1L

The ulimate sensitivity will be about twice as great

2
S, =~ psi perin,
= g e
At the ultiniate sensitivity, the periad of oseillation ia about 41
nin, ineressmg to abiout 4 6L as the sensiti i
i Lol ks nsitivity is lowe
half the ultimate ? ored ipiune
. A.“ approximate deseription of the characteristics of a process
;_q “"f'.' by values of the twa quantities, umt reaction rate and
. Thue, these two are only a rough mensure of the emire re-
m'lmnlcur\'r‘, telhmyg notiong alout its shape before and after
the |m|nl_ul mflection, but they give enough of the story to allow
n'|'|m"d"'“"" not onlv of optimum sensitivity and period of os
citlation but of optinum reset rat i .
¢ and pre-act time setti

il i e seltings as

It nlmuldl he kept elearly in mind that the controller settings
are determined frim the reartion curve cansed by an autput-
pressure change (control-valve-position change) and not by the
reaction eurve which is caused by a load change.

Reset-Rute  Determination From  Reaction Curve.  Sinee the
period of oscillation at the ultimate sensitivity proves tn he 4
:lmcs l'lu- lag, & substitution of 4L for ', in previous equations
.ur optimam resel rate gives an enuation expressing (his reset rate
in terms of lag. Vor a eantroller with proportional and auto-
matic-reset responses, the optimum settings become

Sensitivity =

D30,
Rl psi per in.

Resct rate = ()_1‘_3 per min

At the;rc, sclllin'gs I;llc period will be nhout 6.7, having been in-
creased by buth thy ing tivity it
rease] 1 m‘ﬂ.: the lowering of sensitivity and the addition of

Pre-Aet Time Determination From Reaction Curve. Using ngnir;
the rr'|:||.ion.<hin between L and P, we find that the optimum
pre-act time depends directly upon the lag and i normnlly equal
to L/?. . This tells us that pre-aet will not normally be uﬂc:ll on
npplw‘nhn,m in which the reaction curve showa a lag mnller than
02 min, since the minimum pre-net time available on industrial
controllers i= about 0§ min. It will be useful on all applicy Il'
with lags greater than 02 min, A ppiations

The optimum settings determined previously for all three
control efferts, when expressed m terins of unit reartin rate and
Ingg, appear as follows I

12 2

Sensitivity = — t
AN

i per in.

=

A
Reset rate = ,I,W‘rmin

Pre-net time = 0.5L min

Contror-Varve CHARACTERIATICS

.In general, anv change of a control circuit which allows a
!ughor controtler sensitivity and faster reset rate to l’u‘ waed will
imprave the control resulty ubtamed. We have ‘(-er; that the
addition of pre-act reaponse gives both of these improvements
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At times certain changes in the pi. can be made which allow

a higher sensitivity and reset rate.

Any decrease in the lag of n process permits an increase in reset
rate and attendant reduetion in period of escillation, since the
reset rate is inversely related to lag and the period directly re-
lated. Anv decrease in thie layg of n process il 1t is not attended by
an incrense o reaction rate permits an increase in sensitivity
since the sen<itivity s inversely related to the lag.  Any decrease
in the umt reaction rate of a process, it not attended by an in-
w, allows higher sensilivities, since sensitivity is in-

crease in |
versely related to reaction rate,

Stated more concisely, any decrease in the value of R\L in-
creases the optimum sensitivity, and any decrease in L incrensea
the optimum reset rate. Also any decrease in L decreases the
period of oseillation,

Some appheations, as we have already noted, eall for widely
dilferent sensitivaty sellings at different load condifions.  In
these cases, we have said the sensitivity must be sct low enough
Lo give stability at the most difficult Tond even though the control
is penalicoed at ensy load conditions.  This phenomenon is due
Lo the faet that the unit reaction rate generally changes with
foad. The lag normally remains about constant. Contrul valves
with speeial flow-lift eharacteristics have been used in sn at-
tempt to correct for this change in unit reaction rate with lond,
The optimun characteristirs vary with the application under
control anel are nut nlwys “logarithmic” or “'equal percentage”

as is eommonly thonght.
PProcrss CLARSIFICATION

Sinee cither the ultimate sen=itivity and attendant period or
the unit reaction rate aml the lag miay be uscd to determine
optimum eontroller settings, it follows that the fatter values may
be deternuned from the former, This suggests that, without
running a reaclion CUrve on i process, values of & and L may be
determined during adjustment of the controller,

Kneowing the ultimate sensitivity (S, and the perind at this
sensitivity (7.}, a rearrangement of preceding equations shows
how these values may be cony erted into L and Ry

I, = P,/4 min

R o= 8 in per '!i’:
r.S. pst

Classifieation of processes in terms of their unit reaction rates
and lags wou ld appear to be n de sdedl improvement over piesent
arbitrary methuds, X

CoNCLUSIONS

We have proposed n system ol units for measuring the control
(ffeets which are now in common use, When using these units,
the values of the seasitivity, reset rate, and pre-nct time all in-
crease as the relative valve action per pen action increx

The fagg aml unit renction rate have been introduced s a quan-
litative measure of the controllability of processes, and we be-
lieve they fortm o goml bass for a classifiention of processes.

Farmulas have heen presented which enable the controller
settings to be obtained from an a alvsis of the process-reaction
curves (that is, umt reaction rate and fag).

We have presented a simple method for adjusting the econ-
troller when it is installed on an application, making use of the
ultimate sensitivity and period.  Taving shown that the con-
truller settinga ean be obtained from the reaction curve, it will he
postilile for the equipment designer to caleulate an approximate
reaction curve for certain appheations and thus determine the
controller settings even before the equipment is built. i

The usefulness of each particular control effect has been shown
by examining its effect on the quality of contrul

It has been pointed out that valve characte
matched to ench process so that n constunt unit reaction rate pre-
vails at all londs. This incidentally givesa rational explanation
for the use of valves with special fluw-lift charactes istics,

Examination of pre-act response has shown that it improves
control by increasing stability, reducing period, and allowing

Pre-act

lnrger settings for the other responses. The relation between the
pre-act setting and lag {or ultimate petiod) has simphfied its
adjustment. A summary of control cffiects is given in Table 1.

TABLE 1 SUMMARY OF CONTROL EFFECTS

NraroNse AcTion MesuRe Uwtr
Propartional VYalve muvement Senmtivity Pai per in.
Tren muvement
Automatic resct Resel eats Per mio
Valve movement — ppeget timo Min

e velueity

Note that praportional response action may also be expressed

as a valve velocity per pen veloeity.

Susmany oF CONTROLLER ADJUSTMENTS

Determine the ultimate sensitivity (S.) anil period (PJ),

or the unit reaction rate Ry and lag L. For the three types of
controllers the optimum settings are us follows:
P’roportivnal

1
‘neitivity = 0.5, = -
Sensitivity = 0,55, R

Proportionz] plus reset

ol

0
Sensitivity = 0.45S, = 7
|

Reset rate 1.2 0.3
) P, L

o ) I’mportio‘pnl plus reset sL'mlss pre-act

&= _\.T (rhegrabing pmggsitivity -0.65, = L2
. 2

k_. - P\,. k\L

R.L

~
o

0
trate = — = -
Reset ra P. L

Pre-act time = I’_s_ = 0.5L

Disgussion

E. 8. Bustord  The nuthors have presented o procedure for
analyzing control and process charncteristics which is logical,
comparatively simple, and avaids the use of involved mathe-
matics. The paper thus constitutes a worth-while contribution
to the literature sponsored by the Committec on Industrial [n-
struments and Regulators in its endeavors to formulate standard-
ized methods of approaching automatic-control problems.

Some of the terms and relations employed by the authors can
be madified to advantage. in order to make the treatment more
general in scope. From this point of view, it is believed prefera-
ble to express eontrol action in terms of valve travel rather than
in terms of nctuating pressure on & diaphragm-operated valve.
The Iatter procedure affords o basis for direct comparison of re-

s [y charge. Combustion Control Division, Engineering Depart~
ment, Leeds & Northrup Company. Philadelphia, Pa. Memn.
ASME.
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sults only for fuid-operated control valves having the same work-
ng pressure range.  On the other hand, measurement of control
swetion in pereentage of full valve travel would apply to electri-
:llp operated, as well ur Auid-operated power elements, regardless
o the range or mode of application of the actuating medin, and
hould not result in complicating the terminology,  As n euvrol-
ary of such a change the authors’ “unit reaction rate,” or rate of
bange resulting from 1 psi at the valve dinphragm, would be ex-
wwessedl as rate of change corresponding to full valve tiavel or
aa ~tated fraction of fall valve travel,

White it may be desicnble in studying a controller mechanism to
onsider merely the action resulting from a pen movement meas-
el in inches, this simplitication presents difficulties when ap-
lied to any spec ion,  Thus. on a temperature-con-
t charaeteristic is nctual temprra-
ultant pen motion of the particular
ved, whiel motion woukl vary with the individual
ange without reference to the inherent eharneteristios of the
s, Pussibly it iz the nuthors’ intention that the actual
cale interval equivalent to 1in. of pen travel be substituted in
heir relations, when dealing with any specific application.

It i+ noted that the authors' relation “reaction rate” multi-
died by CIag™ or KL s actunlly equivalent to the pen devintion
hat woukl oceur in tine £, with the pen moving at rate /8. In
ther wol control sensitivily is found to be inherently reluted
o the reeiprocal of a hypothetical pen deviation.  Allention is
alled to the faet that a simple manual simalation of two-position
ontrol can be imposed upon a provess to investigate its reaction
e and dag characteristics. ‘This ean be done by watehing a
2eorder measuring the variable to be controlled nnd manually
pening or closing the valve whenever the pen crosses an arbi-
curl leeted control point. The slope of the resultant oscillat-
1g record where it erosses the control point eonstitutes a signifi-
ant reaction rate.  Also, the period of the resultant osei
ted to the time required for valve change to affec
d ovariable, The product of the
erind as thus vhtained constitutes another hypothetieal pen de-
intion which ean be used for a basis of eorrelation b the op-
mum throttling range or control sensitivity.  The width of the
en hand, obtiined on a two-position test of this nature, is re-
ited to the rate of pen motiun at the control point, amd the
eriod of a=cillation, so that the pen band in itsell i< also a signifi-
it term for correlation with the optimum theatthing range.
he two-position test method for field ehecks is believed to be a
articularly simple means for obtaining an indication of the re-
wmse charneteristios of w pro

insta

jon, the signi
ure vy inn and not the r
ecorder cainpl

e

rate of chang

G. A, Puitsmiock.t The authors exhibit the response given by
w proportional-control
wnted by a ditferenti
agmented by an inte

" on the other, when
While such responses
ties, it is striking that
ifferent generating functions are used in the two

ases, Cannot
iese various elassieal eontral aetions be hetter compared on the
wis of gome enmmaon ingressed condition?  To dispel the illu-
am of subterfuge, it is suggested that the anthe
asure the response of hath set< of contr

xhibit in their
| aetions when both
wieties of eliange are imposed; or mote simply, perhaps, the
posite responce of the threeterm chiare teristie ftself, for
pical values of the three adjustables, when o sudden deviation
curs

PoW herrnen®  Fhe aathors have made 2 much-needed and

¢ Recenrel and Development, The Foxhara Company, Foxhora,
wig Jun, A SN .
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hizhly useful contribution to the prouiem of sctting regulators
However, in connection with the type of oplimum transient
rurve recommended, it should he kept in mind that requirements
vary over n wide range regarding uniformity of controlled flow,
mavimum deviation, average deviation, and stability. For ex-
ample, any oscillation though damped may he hazardous if reso-
nanee ean he set up by some other regulator connected to the
~ame process,

The aathors have also made a valuable comparison of control
Mnetions.  To complete this comparison we should consider
control ased on measurement of the independent energy flow
that eauses the disturbance  This control function is widely
used, generally by proportioning the controlled flow in some ex-
art manner with the independent. disturbing flow, and has there-
fore been called “exact correction.”

While of course countless madifications are possible for this
control function, in this exaet form it requires no adjustment
whatever and ennnot possibly support any oscillation. It mnkes
the adnuttedly undesirable “automatic reset’ function unneces-
sary,

Toillustrate “exact correction,” a speeific example is necessary,
although it is universally applicable.  For this purpose the writer
Ias chosen a single-capacity process with dead time (velocity-
distanee) Ing.  In Fig. 9 of this discussion regulator £ controls
temperatare Ty of tank ¢, which is kept uniform by mixer /.
Regulator E varies temperature 7 entering pump F by moving
gates Cand D, Tanks A and B are nssumed kept full with fluid
at temperatures Ty and 7. Pumip F maintains constant mass
flow through the long pipe line M that introduers dead time lag.
The manually operated gate A produces the independent energy
flow that causes the disturbanee. Float-controlled gate 7 keeps
tank ¢ full, but the constant temperature 7 s below 7,

Tem-
A =)
7] -7
C S—T.L W
£ T
=)
7)‘ —
F

Fre 0 SiNGLe-Caracity Procrss Witn Verocrry-Thstanes Lao

1o DesoxsTRaTE “lx ot Correcrion’

¢ e [2)
|
[ ’ EJE] 5 6 7 &
‘o 74 T /me.
Legend': D.T. = Dead Time where
——= P+ AR £ = Prop.
= P+ AR +PA AR.= Aute Rea.
- P+ EC PA = Pre Act

~ = P+ EC. +FA] EC = Exoct Corr

ADVANTAGES OF
“Exier Couneeron”
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i | itivity in terms of o dimensionless
ature T is transmitted to regulato. ¥ bulb N for propor- vm:sul desire mf,\rr;::‘s! :zn:n::::;"ynpp“mblu o yren of cone
Yo I and .nllwr controd functions, and “‘exact correction’ is ob-  unit or at ‘*CML;P c. O o was chasen o
Lurn:tl’: +« suitably connecting E with the orifice L. "Tlis control !.'mllcnl. l-n:' ll'us([::lgsl p[c)r P o e incipally
(u,l'f‘(. ’-k.un ); (I;r‘ heat flow at F equal to the difference hetween per cent valve 1"‘,] e e oo very it wof-
{llllx:(l. :Lml\' (n'rul iin,: varrations in outlet temperature) and that l‘)c('\:ltc l.hc]l:\ll:;:ﬁ(ﬁl"" e “I;" o it o
iloak A o R asured 80 closely that  bination. o - the c ! ] | umt
aLt "‘|"‘(l" “h‘; ';‘.;;‘:::Ll‘i":i;‘.‘l:‘h“"d o the false impression of heing lhmms';“'ﬂ(:g;ﬂ 8:::1‘:1.::-(‘!.:.::::&:
- R - T i 3 ve L \¢ .
”m,('md"‘f‘ ‘t I'('u“-\‘l :"\)lll‘\‘(‘ﬂ ::hm\'n in Fig, 10 of this diseussion, of using pereentage |7f f|‘:1“.T\Eutllc‘:“,-mv'"y ot ke

T l!c nondime hieal step = step integration, demonstrate the of a control valve would a ch .L. i;“‘“ gt ty
"m“m:..d.‘-‘!:( ' :x:'( m‘;rrlrh:)n" for any single-caparity process hut would not rlmng'c the :e:: :1:‘\‘); :i‘u,‘"‘u,";‘ iz o P
‘“l"‘_‘" u“l‘"- ; time lugy and lacking sclf regulation. The unit of Inches of pen ";:“;““cr,,-"_ ;i"c;um Lher L e 1o be
lll.:‘v;"i': ;lllf.'“(lc-ul {imc (‘»f the process, and the unit of error is the  range or (Ivgrulc:xm'i: |rc£;cngm';g O e o basis
o el i indi i 3 more genern . s P cit !

i 3 i ance is the indieated drop inoutflow, — n ¢ ! e odld
B it d":":’:"-i‘:::;;l: i-xwthr broken line A-B-C-D. for comparing lcnlpcrn(urc-conlu:;l {}'):):lt,?:(::r Zl:‘ o cid
sl ¢ ; - . | ’ v R e fe o cha
ﬂl‘f[‘.l“'c “llc.‘sl <l|‘::‘\:xr1n;i{'c very nemly the minimum average error be no nnnlog); hetw rc‘lilul‘llli.:)tnnn( he
¢ Curves s ¢ ; A .
bt ;1\'\‘)'0 from the control function of each curve. The regula-  level on nnol‘ ‘cf(.r':;[ calion, | s sensitivity ralio in not new.
:orsnct;nt-nining exact correction are not only shown to give much . Thc“fo;u:’xmw el o ki of 1
. b i j ince the vanofl? hs ] £ er- nie
better accuracy, but they are also much casier to adjust sine y e atential devintion t0 c(l)m:;.ﬂp;] dlo;::::,:::m" l‘:\‘
: ‘ . . i at w inal
e “dlus;“‘c_';}:o cte., is of vourse a disadvantage, but the language of this pnpcr.rth.n. w (;ul(:i )em::‘:"c e vided
R 108 rifice, cte., f we, t of t , .

The -ldd'"d“»"';'- . :-::uming this, so that in many cases o marked inches of a reaction rurvtl: nl»lr n::l:“i[&ﬁ& e O e
e o e o tiom by the reciprocal of controller st r : -
reduction in first cost results from exact correction, Dy e e essary b ive n one ps e in et vml“.’ ;l

i i - ing” seesses whic
Th ives the simple rules for adjusting however, was dealing l\\:‘th '“:'0“ c.;unl:::lln‘nsul‘l:‘n“pcni““ Y

: ¢ This paper B ' . have the i i tial devintion for eac ve 3
}J. . (;::lmcrz;mtnn:: Inf[cmr'fmcrviul instruments to have the had dcﬁ:;:z-;pr::’:;:réqmovemcnt s oy the reaction
o c”“(‘h'\l"l!‘((“l’iiliCS for any one plant, These rules have been  some P';;"‘ti‘c >r.cnc|.iun e ever lovels out. The potential
P{“Pﬁ:d ir; ';rlllnl plant opcr:'\liuns on many types of instruments '(’lﬂ'-e. IL\“ o hgge procesdes: is o inite and Tvanofl's O verall
cmcl by (llllT(-wnL manufacturers and one homemade unit that EVI':‘"""L‘ it ropardloss of the N trllor senditivity
““-'“ c’ri:.cr described in 1933, The much disputed assertion that 50“5.““” Yd iwnrc e ess, Toven on this type of process,
e ‘(‘ i nu!m;rﬂu: control system using devintion, rate of change, 50“4."‘!{ ““u . rnuumn. et RiL fa finite and Pheir wltimate
. F:;”( e nll-(l;'l'i\':nti\'c rcsimnscs, which nre also called reset, hﬂ“?‘fel:vt ldeﬁnile ;mluc 1% appears that A ir nanaitivity
" Sc'.i?mnl and third response or pre-act, should be able to 58"5.'“‘" yn R, \n;ivcrsnlly el to. either ultimate
g":’l“” hout "I .nc\\' halanee in the system, within less than twice Bcul."git‘?ﬂ“r R‘l, o o potential deviations. Tn fact, a con
t.lr:-“::'l": rsed A‘lime of the veloeity distance lag or the dead time, Wnlsl“«“' {ﬁ‘:l l.wcn e oo cent e imate, sensitivity or 88
h I; lx:c-ll; proved by the waork of the present authors. tro c{ 5‘:’ xgl’;l, T e tontons and is possibly oy er (o
“‘;” ¢ ‘thinl rt'.-qm;m‘ which in general is daumped second-de- ﬁ“‘NS‘ IV;)lym 1 18

. T so : i " em. o )
rivative funetion so as to fade out at the time when the m.:r:.l')d t lj\:::;‘mr e in the seareh for o sensitivity sandstick come:
fvative w Ainat good control, serves to counteract the . B e aren ander curves sue
dcrnuuf\ ctl“(:rltidml;i:‘n': 0: the velocitv-distance lag ealled L in from. a scrutiny ;’2 t;mltlr‘x‘r(lc:u:s |uymcmurc T of contrl
EFOC" "of the p -(‘ t to the opinions of some indi- 8% Fig. 5(d) might be L o mtrol application.  This
i, & o e e quite com inlly in the chemieal  on cither n temperature or liqui -level co -tlm “feet-of-water
viduals, sur;h l:uvis are lmultcuLmM o qnv(‘r'li minutes are en-  Aren in inch-minutes, I‘;{Lﬁllly c;)u.:erhil:‘l:tz:',mw;lclrbe i s
i v whe g denad s sever: n C m ™ ! T it m
I:::?;;z)l-(;\i::‘r;c)rl:cczscs where considerable time is required to mm:tes thﬁf rgf]il::: ; ;‘l.‘ll L 4 AF, where AF s the differ-
:n'nkc a vcll:mge felt, through chemically resistant but poor lhc.r- late: .'-0 : 5'. e bef(’)re.and e acqest sudden lond
m‘ul comluctors, or where it takes considerable time fu.r solid 2:?;:; :: \‘v)hic: the prosess e uiacted.  On any process,
rengents such as lime slurry to come to equilibrium with the e 0 e sill give an orea s the recu::;rg c:’xlrve o.i 2‘2
' i nstant determined by the potn

SOIIl::::’:ilis reason, the importance of the third response cannot (aF) (R0 (L:). :'::r:hfl;; ::nnge e oy the dimension-
be (vcrvlnph:lsim‘(l. In fact, if one were to build a universal  the process o wflcontroller sttinge, namely, vesitivity X RiL:
‘nqt:unu-nt suitable for any application, it would be better to  less quanhtlESLct. C O e time/L, Tt ean be seen that, any
Ih-;\'e a wide range of ndj'uslmcnt on the third response and reset I‘MEL.X “.n.n mn;) e eetod foe use in i AF, and sensi
r;duct; the flexibility of adjustment of the second, the propor- Vfl‘ﬂ&-mollon T o emsistently in all three.
tional-position rcqpf.m%c. In other words, with a good tln;d- tlv:ynf:thzzg :f B emveting.the oscillting e obtained by

- i i w for e d
response clement, the throttling range can be quite narro rvenaed. 0-pasition e wo;‘ld ::rm:!\ly be":l m;:u;’

e i ibuti of automntic control.

nl';"ztux:"l:o;((’:“tl:-\:Lhc authors may continue to develop the art ;Vlllled c'_‘ln:.';,n:;l:“’I;‘ri:;’olnri]]s:‘:,?,: o e detailed ro hod of

1 1mp ) H i ntrol installa-  hoped Lh . i put "
and improve t.h-c maintenance nm'l o‘;:cmlmn of co! D tntively  determining nnpl,cmmn a by sud:‘sn Ite:‘
toms by fllowing up thi Roud work: 1t would be extremely useful if small valve movementa g g
a record like Fig. 1, curve (c) could be nccurately mlcrpre!fd.
Generally industrinl processes cannot be disturbed by making
large valve movements.

Avutnons’ CLOSURE

istol" jon that velve travel replace pressure on

[ ?illlrm:?:l;it:\l-:p!c‘:ﬁf::t valve is sound nnd. should be further B e comeept of pre-act response 1s & lgeker™ sy Kave

considered. In the opinion of the authors, it stems from o uni- T o Peantations of the A R"‘,htzm“, o[( :’r,',‘:.

:-[);rer(nr. Phywical Research Laboratory, The Dow Chemical Com- g;r-}t_:ge‘."l;)sy"A. 1vanoff, Journal of the Inatitule of Fuel, Vol. 7, mo.
pany. Midinnd, Mich, Mem. ASM.E. " N .



san FRANSACTIONS OF THE AS ME,

prompted Mr, Phillrick's request for showing its response fo a
sudden pen movement.  In the interest of clarity the anthors
used a sustained pen deviation to show reset rate and a const ant
rate of pen movement to illustrate pre-act time,  The course
of output pre<cure from a controller with propertional plus auto-
matie reset responses for s constant, rate of pen movement would
be as shown in Fag 11, The propertional response is 2 psi per
mirute as in Fig, 6(h) and the reset rate one per minute, At
any instant the output pressure from automatie resel s rising
at a rate equal 1o the proportional-response eutput change
times the reset vate. The addition of preact response will give
an additional output, pressure equal to the rate of nutput pressure
change due to the proportional re ponse times the pre-net time.,
Analysis of preaaet repone from an impressed sudden pen

15 '
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g g
— he
5 o
1 2 ! 2
WMINUTES MINUTES
Fre. 11 e 12

movement s purcly by pothetieal D inctantancous pen
movements are nol. met with in pr A true derivative
mechanism would give, for such a pen action, an infinite output
change,  Actually air-operated controllers do not. give an out-
put pressure kower than atmospherie nor higher than their supply
pressure. A controller with proportional and pre-act responses
would give an output pressure change as shown in Fig. 12 if a
sudden pen motion were impressed equivalent to 1 psi propor-
tional-response change.  The pre-zct time in Fig. 1215 5 min.
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As Mr. Keppler points o, control requirements on certain
appheations may be =0 strict that the improvement given by
pre-act respanse may still not hold a pen within the tolerance
required.  In these cases it i necessary to cast about for another
variahle upon which a separate or related response may be based.
While the study of these multiple controller systems is beyond
the scope of this paper, it may be said that they are commonly
used and are often very necessary to achieve desired control
results. Grebe® has ealled this “metered control,”

The type of multiple controller system shown by Mr. Keppler
makes use of a separate flow mensurement as an indiention of
demand, to reset the temperature controller.  This removes
the need for an automatic-reset. response working on a basis of
temperature pen deviation.  The  climination of automatic
reset in the temperatare controller, however, would allow pn
offset if any other load change eame into the system, for ex-
ample, a change in temperature of one of the three incoming
flows.  Also, it wonld b vatlher diflicalt mechanically to convert
the reading of flow into an exact mived liquid temperature unless
gaates Cand 1 reproduced flows exactly.

The more common multiple controller system is one in which
one controller ealls, not. for a valve opening, but for a set point
change on another controller eapable of correcting for the major
load change from a messurement at a point of favorable lag,  Ix-
plaining this from Fig 9, if the major lond change in the system
were not the position of gate K hut temperature 7', the conteol
system wonld comsist of two temperature controllers,  One
temperature controller would measure 7'y and operate gates ¢
and Dt maintain 7. The secone controller mensuring 7' would
call for the required 75 necessary to maintain Th. The first
controller would quickly correct for changes i 7'y and 74y or
partial clogging of gates € and 1. The second controller would
raise or lower 7% to correct for the minor load changes such as
temperature Ty or flow through 7.

* “Elements of Automatic Control,” by John J. Grebe, Industrial
and Enginecring Chemiatry, vol. 29, Nov., 1937, p. 1225,
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