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Optimum Settings for Automatic Controllers

By J.G. ZIEGLER and N. B. NICHOL8+« ROCHESTER, N. Y.

In this paper, the three principle control effefaand
in present controllers are examined and practicahas
and units of measurement are proposed for eaclt.effe
Corresponding units are proposed for a classifoatf
industrial processes in terms of the two principhbr-
acteristics affecting their controllability. Forfas are
given which enable the controller settings to beheined
from the experimental or calculated values of #g &nd
unit reaction rate of the process to be controll@these
units form the basis of a quick method for adjustim
controller on the job. The effect of varying eacimtroller
setting is shown in a series of chart recordss ltelieved
that the conceptions of control presented in thisep will
be of assistance in the adjustment of existing rotiat
applications and in the design of new installations

matic control is certainly the most desirable ceursm

a standpoint of accuracy and brevity. Unfortunately
however, the mathematics of control involves sudfewildering
assortment of exponential and trigonometric fumdidhat the
average engineer cannot afford the time necessaniptv through
them to a solution of his current problem.

It is the purpose of this paper to examine theoaotif the three
principal control effects found in present-day instents, assign
practical values to each effect, see what adjustmerach does
to the final control, and give a method for arriyiquickly at the
optimum settings of each control effect. The papi#irthus first
endeavor to answer the question: "How can the prape-
troller adjustments be quickly determined on angte® applic-
ation?" After that a new method will be presentddclv makes
possible a reasonably accurate answer, to the ignestHow
can the setting of a controller be determined leefors installed
on an existing application?"

Except for a single illustrative example, no attempli be
made to present laboratory and field data, to d@gvelathemati-
cal relations, or to make acknowledgment of maltdram pub-
lished literature. A paper covering the mathensdtideriva-
tions would be quite lengthy as would also a pap®rering
laboratory and field-test results. Work on thetmages of the
subject is still under way, and it is expected tthet results will
be published at a later time when convenient. baBeved ad-
visable to publish the present paper without defayorder to
make the information available for use by the masysons in-
terested in the application of automatic-controktioments.
To these persons the present subject matter isuchngreater
interest than the other phrases of the study wiigh being
omitted.

To simplify terminology wewill take the mostommon type of
control circuit in which a controller interpretsethmovement
of its recording pen into a need for catikec action, and, by
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varying its output air pressure, repositions a kiiagm-operated
valve. The controller may be measuring temperatpressure,
level, or any other variable, but we will complgtelivorce the
measurement portion of the control circuit and Epmaly of the

pen movement in inches; 1 in. of pen movement migpitesent
1 or 1000 deg F, or a flow of 1 or 1000 gpm. Tbeial gradua-
tion will be of no moment in a study of control.

Our controller will translate pen behavior into behavas a
valve; the relation between the two behavior paties deter-
mined by the setting of each control effect. Tkamt valve
covers any similar device, i.e., a damper or rteashich must
be operated by the controller in order to maintairrect process
conditions.

PROPORTIONALRESPONSE

In spite of the multitude of air, liquid, and elecally operated
controllers on the market, all are similar in tkiay incorporate
one, two, or, at most three quite simple contrééa$. These
three can be called “proportional,” “"automatic t&send
"pre-act.”

Proportional Response By far the most common effect is
“proportional response," found in practically atintrollers. It
gives a valve movement proportional to the pen murd, that
is, a 2-degree pen movement gives twice as muale vabve-
ment as a 1-degree pen movement. Simple sprimgtba
pressure-reducing valves are really proportionspoese con-
trollers in that, over a short range of pressure valve is moved
proportionally from one extreme to the other.

Sensitivity The measure of proportional response is called
“sensitivity" or "throttling range;" the former be valve
movement per pemovement, the latter its reciprocal or the pen
movement necessary to give full valve movementhegisensi-
tivity or throttling range describes the magnitudie propor-
tional response, though in this paper each respwiliebe
measured in units which increase as the relatileevaction
per pen action increases. In the case of propatiesponse,
the unit will accordingly be called "sensitivity."

Proportional-response sensitivity in some contrslles not
adjustable; in most, however, it may be adjustetieeicon-
tinuously or in steps over a considerable rangewdf define
sensitivity as the output pressure change per afigien travel,
it is apparent that thiemits would be from zero (manual control)
to infinitely high (on-off control). Perhaps thadest range of
adjustment is found in one controller with sengiyicontinu-
ously variable from 1000 to 1 psi per in. A seniit of 1000
gives 1 psi output change for each 0.001 in. oftpevel.

Sensitivity adjustment is necessary if optimum oansta-
bility is to be attained. It is common knowleddett control
with infinitely high proportional response is alvgayinstable,
oscillating continuously. True, on certain apgiicas the os-
cillation may be of such small magnitude that ihdg objection-
able and, if the surges in supply are not serinubeir effect on
other portions of the process the control obtaimey be en-
tirely acceptable.

Industry generally demands control of the "throgli type
rather than "on-off" since, a proportional-resporsatroller,
set in any sensitivity below some maximum, will guce a
damped oscillation and eventually straight-linetoain

Amplitude Ratio Sensitivity adjustment affects primarily the
stability of control. On any application thei®a definite and
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easily determined point called the "ultimate seéwisit' (Sy),
above which any oscillation will increase to someximum
amplitude, and below which an oscillation of angesiill di-
minish to straight-line control. Stability may Imeeasured in
terms of "amplitude ratio," the relative amplitudé any wave
to that of the wave which preceded it. A controbet at the
ultimate sensitivity gives an oscillation wiah amplitude ratio

Fic.1 AmPLITUDE RATIO VERSUSSENSITIVITY
(Effect of disturbance)

of 1; above the ultimate sensitivity, an amplitud¢io greater
than 1; and below the ultimate, an amplitudgo less than 1.

AmplitudeRatio Versus SensitivityFig. 1 shows the effect
of sensitivity adjustment on a typical applicatiofhe oscilla-
tion was started by a momentary change in valvéiposCurves
(b) and (c) were produced at the ultimate sensgjtiwivhich in
this case was 10 psi per in. Curve (a) was pratlatea sensi-
tivity of 11 psi per in. (110 per cent of)S Curves (d) to (h)
show the successively smaller amplitude ratios yced as the
sensitivity was lowered to 90, 80, 50, 20, and &6-qent of the
ultimate (9, 8, 5, 2, and | psi per in.).

In Fig. 1 and succeeding charts, each divisionlsr and each
time interval represents 0.625 min.

Regardless of the ultimate sensitivity of any conapplica-
tion, the relationship between amplitude ratio aswhsitivity,
given as percent of ultimate sensitivity, remaibswt as shown
in Fig. 2. The ultimate sensitivity thus appearsb® a good
common point for consideration of sensitivity adiment on
most control applications.

Offset and Load Changen considering the curves of Fig. 1,
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the most desirable setting from a stability stamaipavould be
(h), produced at quite it low sensitivity (10 pent of ultimate).
It should be noted in passing, however, that asiseity is re-
duced the period of oscillation increases slightipich in itself
is undesirable. The drawback of using sensitidgttings a
great deal lower thin the ultimate value stems fitbi limitation
of proportional response e.g., that only one vaglesition can
be maintained when the pen is at the desired dat.p@ "load
change," any disturbance in the process requiringustained
alteration of valve position, will cause the perstoft away from
the set point far enough to give the required vaivavement.
The magnitude of this, shift or "offset" varies énsely with the
sensitivity setting used and directly with tequired change in

Fic. 2 AMPLITUDE RATIO VERSUSSENSITIVITY

Fic. 3 OFFSETVERSUSSENSITIVITY
(Effect of load change)
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valve position. Fig. 3, curves (a) to (e), illedes this point.
Curve (a) shows the offset caused by a load cheegering a
2.8 psi change in output pressure with sensitigitylO psi per
in. Since this is the ultimate setting, an Amplegudhtio of 1
results and a lower setting is indicated. As thesgivity is de-
creased to 9, 8, 5, and then 2 psi per in., threebffom this load
change increases and the amplitude ratio decreases.

Amplitude Ratio Versus OffsetThe rational adjustment of
proportional-response sensitivity is then simply natter of
balancing the two evils of offset and amplitudeaatFor most
applications a good compromise is, the sensitiwitych gives an
amplitude ratio of 25 per cent. This sensitivityll vbe very
nearly one half that of the ultimate sensitivitg, shown in Fig.
2. An excellent and rapid method of sensitivityustinent is to
find the ultimate sensitivity and then simply cutin half.
Fig. 1, curve (f), shows that an amplitude ratic26fper cent is
achieved by this setting on the application undst.t Fig. 3,
curve (d), shows the result of a load change reguia 2.8 psi
change in controller output pressure. The seiitsitsetting of 5
psi per in. allows an offset of 2.8/5 or 0.56 irithna 25 per cent
amplitude ratio.

On many air-operated controllers, the sensitivifjuatment
is calibrated either in terms of sensitivity or dtiling range.
On such instruments the trick of halving the sévigitto obtain
a good setting is quite simple; on those calibratedhrottling
range the setting should be doubled, since thi$ isnthe re-
ciprocal of sensitivity. The sensitivity of olderstruments with
arbitrary adjustment scales may be easily foundnoying the
pen a definite distance. and noting the resultintpat-pressure
change. This test run at a few points will enahke user to plot
a sensitivity-conversion scale.

The statement that a sensitivity setting of ond tred ulti-
mate with attendant 25 per cent amplitude ratiegjioptimum
control must be modified in some cases. At timésager sensi-
tivity is preferable. For example, the actual lewgaintained
by a liquid-level controller might not be nearly imsportant as
the effect of sudden valve movements on furthetiquus of the
process. In this case the sensitivity should meted to reduce
the amplitude ratio even though the offset is iasesl by so do-
ing. On the other hand, a pressure-control apjicagiving
oscillations with very short period could be setgtee an 80 or
90 per cent amplitude ratio. Due to the short pkria dis-
turbance would die out in a reasonable time, ebendh there
were quite a few oscillations. The offset wouldreduced some-
what though it should be kept in mind that it caver be re-
duced to less than one half of the amount giverouat pre-
viously defined optimum sensitivity of one half thitimate.

On processes involving wide changes in load, omalition
is often encountered which must be considered h&reontroller
perfectly adjusted for one load condition may ststillating
under another load. |If the ultimate sensitivity dsecked at
the new more difficult load, it will be found low¢han at the
original easy load condition. Consequently, thesg#ity must
always be adjusted so that the correct stabiligcisieved under
the most difficult load condition. Obviously thempglitude
ratio will then be lower at the easy load.

AUTOMATIC-RESETRESPONSE

The second most common response found in modera con

trollers is "automatic reset,” Its only purpose tes eliminate
offset. In action it detects any disparity betwgem and set
point and gives a slow continuous valve movemerithenproper
direction to correct the offset. Furthermore, tia¢e of valve
movement is proportional to the distance betweem ged set
point. Automatic reset then may be defined asspaese giving
valve velocity proportional to pen displacementrirset point.

Some controllers give a constant valve velocityhvifie direc-
tion depending upon whether the pen is above aovbéhe set
point. This is a special case and will not be @wsred further.
Neither will those controllers having automateset alone
(floating response) be considered in this paperappears that
the floating response controller is most useful paatially "self-
controlling" processes.

Reset Rate.As sensitivity was the measure of proportional
response, "reset rate" becomes the correspondirgsure of
automatic-reset response. The units of reset asteminuted
or the number of times per minute that automateteuplicates
the proportional-response correction caused by disparity
between pen and set point.

FiG. 4 RESETRATE
(Reset rate= 1 per min.)

Fig. 4(a) and (b) shows the course of output presgith time
for a reset rate of 1 per min. The dotted lineswslthe corre-
sponding proportional response pressure. In &{g), the pen was
moved and held far enough from the set point tee givl psi
change in proportional response. The reset precaedhe rate
of 1 psi per min per 1 psi original change. Figcdrve (b), shows
a reset rate of 2 psi per min per 2 psi originange. In both
cases the reset rate is 1 per min.

In most controllers using automatic reset, somesidjent of
the reset rate is provided, though continuous &diieist appears
in only a few. In one, the reset rate is adjugtdldm zero to 20
per min. In order to determine reset rates onnatrument with-
out a calibrated dial, it is only necessary to mive pen away
from the set pointer far enough to cause a 1 pwiutichange and
note the additional output-pressure change per tainuThe
same value can be put on the reset adjustmentitnodiers other
than those of the air-operated type, by making stasued pen
change from the set point, noting the altered vabsition which
results from proportional response and the additibravel at the
end of 1 min from automatic reset. The reset imtthe travel
from reset divided by the travel from proportional.

Optimum Reset Ratd=ig. 5(a) to (e) shows the effect of reset-
rate adjustment on control. Fig. 5, curve (a)ultes from a
load change equivalent to 2.8 psi output pressute & reset
rate of zero, in other words, only proportionalp@sse. This
curve is the same as Fig. 2(d) except that theitsétysis re-
duced from 50 per cent of ultimate to 45 per cdnilomate. A
reset rate of 0.5 per min gives the slow returnatowthe set
point shown in Fig. 5(b). As the reset rate isréased to 1, to
1.5, and to 2, in Fig5(c), (d),and (e), the return becomes more
and more rapid. At the same time, instability gmetiod of
oscillation increase. In general, curve (d) of Fgwould be con-
sidered the optimum in that it gives reasonablyidagturn
without excessive loss of stability or excessivaéase in period.

Optimum Reset-Rate AdjustmefMhe actual reset rate which
gives a recovery curve similar to Fig. 5(d) vanesely on dif-
ferent control applications. As will be pointedt dater, the reset
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rate appears to vary inversely as the time lathefapplication.
At present, however, we are more interested inirfigéh simple
method for determining the correct setting.

It has been found that the period of oscillatiop) (froduced
at the ultimate sensitivity (Su) is a good indexeduired reset-
rate adjustment. This period should be smead when the

Fic. 5 RESETRATE VERSUSRECOVERY
(Load change)

amplitude of oscillation is quite small, suchas curve (c) of
Fig. 1, where the period is about 0.8 min. Thatinoum setting

of reset rate, that which produces a regovamve similar to
Fig. 5(d), is usually about 1.2/Pu. On the prodesiag tested, the

reset rate of 1.2/0.8 or 1.5 was used for curve5{id).

In adjusting a controller with proportional andt@uatic-
reset responses, the sensitivity which just givemall sustained
oscillation should be determined (S u), and théogeof oscilla-
tion (Pu) in minutes noted. Optimum controllertiset will then
be approximately

Sensitivity = 0.45,
Reset rate = 1.7

Note that the recommended sensitivity has beercestifrom
0.5Su to 0.45Su, Were this not done, the additioautomatic
reset would have increased markedly the amplitd® rThis
tendency of automatic reset to decrease stabdligne of its bad
features; the other is its tendency to increasep#réd of os-
cillation.

While a reset rate of 1.2R, is generally recommended, re-

covery curves with the same amplitude ratio maybtained at
a higher reset rate and lower sensitivity.general. however,
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this procedure results in recovery curves with &ngeriod and
greater initial deviation, both of wlich are detental.

PRE-ACT RESPONSE

The latest control effect made its appearance utigetrade
name “Pre-Act.” On some control applications, #uglition of
pre-act response made such a remarkable improvethantit
appeared to be in embodiment of mythical "anti@pat con-
trollers. On other applications it appeared tonmese than use-
less. Only the difficulty of predicting the usefebs and adjust-
ment of this response has kept it from being madehy used.

This pre-act effect is as distinct a response aggutional and
automatic reset. Pre-act simply gives an additioatve move-
ment proportional to the rate of pen movemednts used only
in conjunction with proportional response.

Pre-Act Time Since pre-act response is an additional output
pressure change per rate of pen movemenunitds the “pre-
act time" in minutes

(psi) per (psi per min) = min

MINUTES MINUTES

Fic.6 Pre-AcT TIME

(Pre-act time = 1 min.)

Fic. 7 CoNTROLWITH PrRE-ACT
(Load change)
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To visualize this unit, assume a controller pen impaway
from the set point at such a rate that a propaatioesponse
output change of 1 psi per min results (dotted bhé&ig, 6(d)).
Addition of 1 min pre-act time will cause the tafler output
to follow the solid line 1 psi higher, i.e., theepact response 1
psi additional for 1 psi per min proportional-respe change.
Without altering the pre-act setting, a penoweity twice as
great would give 2 psi additional pressure as shéig.6(b).
The time by. which the solid line of Fig. 6(a) afiy) leads the
dotted line is the pre-act time, in this case 1.min

Recently, several industrial instrument compani@gehmade
this control effect available in a more or lesfustable form.
In one, the dial is calibrated in terms of pre@Tie over a range
of 0.2 to 10 min.

Use of Pre-Act Respons®re-act response has been, success-
fully used on applications which give a period afcidation
greater than about 0.4 min. It is not generallgfuison pressure-
or flow-control applications and rarely on contodlfiquid level.
though this is not a hard and fast rule. Teeddtbeen used
most widely on temperature control applications.

The effect of pre-act on control is shown in Fig. Fig. 7
curve (a) repeats curve (d) of Fig. 5, which repnésd, about the
optimum control obtainable with proportional andsee re-
sponses only. Without altering these settingse tddition of
0.1 min pre-act time changes the recovery curvéhfersame 2.8
psi load change to that shown at (b). The ine@asability is
an indication that a higher sensitivity nay be usedit is ac-
cordingly, increased to 9 psi per in. The resglnrve (c) shows
a much smaller initial deviation without excessiamplitude
ratio, but an excessively, slow, return toward $kee point, indi-
cating that a faster reset rate is needed. (@oenpith Fig.
5(b).) Increasing the reset rate to 2.6 per miadpced the curve
Fig. 7(d) representing approximately optimum cantrsing the
three responses.

A comparison of curves, Fig. 7(a) and (d), disciod®at the
pre-act response has improved control in severapeds.
Maximum deviation from the set point has been cup@r cent,
period of oscillation has been reduced 43 per camd, the time
required for the oscillation to die out his beetvid.

Pre-act response does not replace automatic respbrse
since it ceases to act when the pen becomes statiorHow-
ever, while reset increases period of oscillatior alecreases
stability, the effect of pre-act is just the oppesi On the debit
side for pre-act lies only the increased difficultf adjusting
three responses instead of two, but the use ef lhsic unit,
pre-act time, allows the setting to be determirmedhfthe period
of oscillation.

Optimum Pre-Act Time Adjustmentt his been found that,
for a wide range of control applications, the optim pre-act
time depends directly upon the, period of oscitlatused to de-
termine the adjustment of the reset rate. Int fétee pre-act
time should be abodts of the period of a small amplitude oscilla-
tion at the ultimate sensitivity.

To adjust a controller with proportional, automaéset, and
pre-act responses, determine the ultimate sertgiti8i) and note
the period (B) of a small-amplitude oscillation at this sensijiv
The optimum settings will then be approximately

Sensitivity = 0.6 §
Reset rate =2 jyPer min
Pre-act time =P/ 8 min

On some applications, the sensitivity with pre-aeh be
greater 0.6 § This is illustrated by the test application
which allowed sensitivity of 0.9 SFig. 7(d)). We have found
that the setting is generally between Q&8 1§ In many
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applications, a sensitivity of 0.6, Swill be sufficiently near the
optimum setting.

If, at these settings, the amplitude ratio is taghheach ad-
justment should be reduced slightly. When using gisstem of
units proposed in this paper a decrease in thengett any re-
sponse increases stability. (Actually pre-actréases stability
up to its optimum setting and, above that, agairegjiless sta-
bility.) In general, oscillations with a period @pximately the
same as those occurring at the ultimate sensitarigéydue to too
high a sensitivity; automatic reset gives glenperiods and
pre-act shorter periods.

ProcessReacTiON CURVES

A control circuit consists of a controller and aoqess, the
valve being considered a portion of theelattPen movement

Fic. 8 ReacTioN CUuRVE

gives an output-pressure change, which affectptbeess, which
in turn affects the pen. So far, we have consii@entrol ef-
fects, the portion of the control circuit tying pemovement to
output-pressure-behavior pattern. We have alssidered the
effect of altering this pattern on the entire cohtircuit, taking
as evidence the pen recovery from disturbancesoaadchanges.

We will now eliminate the controller from the ciitumake
certain output-pressure changes, and show howethéting pen
behavior can be used to evaluate controllabdftyhe process
and predict optimum controller settings.

Process-Reaction Curve In any control circuit, there are
several time lags. The lag of inflating the vaiseresent in all.
Some time lag occurs in the measuring portion betwee change
at the thermometer bulb or pressure connection thadndica-
tion of that change at the pen. Added todhe® may be
series of lags in the apparatus under control.

The difficulty of dealing mathematically with prazes involv-
ing a series of lags or even of applying valueth®various lags
and adding them is very great indeed. Howeverirly a
process, a pen, and a means of controlling theegs (a valve),
it becomes possible to get the summation of &ll&gs by simply
altering the valve position and analyzing the Wt@sy curve
traced by the pen.

To be more explicit, suppose that we have an agjic with
a controller installed and cut the air line coctivey the con-
troller to the diaphragm valve. Then, if we cortnet air-
reducing valve to the diaphragm-operated coniadte, it will
be possible to apply the air pressure necessahpltbthe control
valve in any. position. We will thus be able tokma change in
the pressure applied to the control valve indame manner as
the controller would do it (this . can still, belled the output
pressure because its effect will be the same @sgthit came
from the controller) :and note the resulting pehaor.

With the control circuit so arranged, we may, bplging the
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correct pressure to the control valve, first brihg recording pen
to the desired point on the chart. If then a sanddestained

change in pressure on the control valve Bfpsi is made, the pen
will trace an S-shaped curve which we will callredction curve."

Fig. 8 shows a reaction curve for the process whiethave been
considering.

While Fig. 8 represents a typical reaction curve,iminite
number of variations are possible. On some apjics, notably
liquid-level control, the curve may come to a maxm slope
and continue indefinitely ( or until the tankneuover). This
type of process. is not "self-controlling." Orhets a definite
dead period or velocity-distance lag exists. aredréaction curve
shows no pen movement, for a finite time after thange in
valve position; it then either starts at the mmaxn rate or
builds up to the maximum.

In discussing optimum controller settings, whemgspre-act
response, we noted that a sensitivity between 0888 1 S
could be used. The best value appears to depesrdthp shape
of the. reaction curve prior to the maximum slopelag pre-
dominantly of the dead-period type calls for sevisiés toward
06S.

OpPTIMUM SETTTNGSFROM REACTION CURVE

Two characteristics of the reaction curve are usefix the
proportional-response  sensitivity. The ‘'reattiate” R),
i.e., the maximum rate at which the pen moves ecatithe point
of inflection in the reaction curve. A line drakangent to this
point intersects the initial pen position a certingth of time
after the change in valve position. This time wi# call the
"lag" (L) of our control circuit, The optimum setting ofnsé
tivity for a controller is inversely related the product ofR
and L, determined from the reaction curve. If thegent line
is projected until it intersects the vertieals, the producRL
is graphically determined, as shown in Fig. 8. Geodtrol is
generally obtained when proportional-response Beitgiis so
adjusted that a pen movementRif in. gives a pressure change
of F psi.

On the reaction curve of Fig. 8, a 1.7 psi valvargde was
made so the optimum sensitivity setting is apprataty

SenSmVIy—— psiperin.
Where
R = 1.7 in. per min
L = 0.2min
RL = 0.34in.
F = 1.7 psi

The predicted sensitivity of 1. 7/0-34 or 5 psi pergave curves
Fig. 1(f) and Fig. 3(d). These curves were presfipselected as
giving good stability, that is, an amplitude catf approxi-
mately 0.25.

Unit Reaction Rate No justification has been given for calling
the distance L on the reaction curve the lag ofglezess, but
there appears to be a good reason. On most pescassiction
curves, caused by different valve-pressure chan§esre simi-
lar in shape, differing only in the value Bf that is, the reaction
rate caused by a 1 psi change is about twiceesg gs that from
a 0.5 psi change, but the intersected distdnoemains constant
regardless of F.

When taking a reaction curve, it is sometimes s&mg to
make F quite small, in order to prevent undue disturleate
the process being tested. The resulting reactéda is then
converted to a "unit reaction rate" (R1), that whiwould be
caused by 1 psi pressure change on the controk.valhis is
done by dividing the reaction rate found by
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R in.permin
DF psi

Ri=

The formula for a good sensitivity setting may thenwritten
Sensitiviy = 1 psiperin.
RiL
The ultimate sensitivity will be about twice asafre

S = RL psiperin.

At the ultimate sensitivity, the period of oscilat is about 4L
min, increasing to about 4.6L as the sensitivityoigered to one
half the ultimate.

An approximate description of the characteristita process
is given by values,-of the two quantities uniaagon rate and
lag. True, these two are only a rough measurdefentire re-
action curve, telling nothing about its shéyeéore and after
the point of inflection, but they give enoughtloé story to allow
a prediction not only, of optimum sensitivity anéripd of os-
cillation but of optimum reset rate and pre-actetisettings as
well.

It should be kept clearly in mind that the corleéokettings
are determined from the reaction curve caused bywput-
pressure change (control-valve-position change) rotdby the
reaction curve which is caused by a load change.

Reset-Rate Determination From Reaction Curv8ince the
period of oscillation at the ultimate sensitivipyoves to be 4
times the lag. A substitution of 14 for P, in previous equations
for optimum reset rate gives an equation expressiisgreset rate
in terms of lag. For a controller with proportad and auto-
matic-reset responses, the optimum settings become

Sensitiviy = == p5| perin.

ResetRate= % permin

At these settings the period will be about 5.7Llvihg been in-
creased, by both the lowering of sensitivity and #ddition of
automatic reset.

Pre-Act Time Determination From Reaction Curising again
the relationship betweerh. and P, we find that the optimum
pre-act time depends directly upon the lag anabisnally equal
to L/2. This tells us that pre-act will not nortyabe used on
applications in which the reaction curve showsga. lamaller than
0.2 min. since the minimum pre-act time availabteindustrial
controllers is about 0.1 min. It will be useful aft applications
with lags greater than 0;2 min.

The optimum settings determined previously for tilee
control effects, when expressed in terms of urdttien rate and
lag, appear as follows

e 12
Sensitiviy = RiL to p5|per|n
ResetRate= == 05 permin

Pre- actTime = 05L min

CoNTROLVALVE CHARACTERISTICS

In general, any change of a control circuit whidbves a higher
controller sensitivity and faster reset rate toreed used will
improve the control results obtained. We have sémt the
addition of pre-act response gives both eféhimprovements.

The ASME graciously granted permission for me to reproduce “Optimum Settings for Automatic Controllers”, © 1942, on my
website,at www.driedger.ca. | thank the ASME for allowing this important work to be so freely available. (W. Driedger P. Eng.)



ZIEGLER, NICHOLS-OPTIMUM SETTINGS FOR AUTOMATIC CONTBLLERS 765

At times certain changes in the process can be nvhih allow,
a higher sensitivity and reset rate.

Any decrease in the lag of a process permits arase in reset
rate and attendant reduction in period of oscdlatisince the
reset rate is inversely related to lag and theogedirectly re-
lated. Any decrease in the lag of a processisf fitot attended by
an increase in reaction rate permits an increassensitivity
since the sensitivity is inversely, related to g Any decrease
in the unit reaction rite of a process, if not atted by an in-
crease in lag, allows higher sensitivities, sineasgivity is in-
versely related to reaction rate.

Stated more concisely, any decrease in the valuBlofin-
creases the optimum sensitivity, and any decreaseincreases
tile optimum reset rite. Also any decreaselindecreases the
period of oscillation,

Some applications, as we have already noted, orlivfdely
different sensitivity settings at different tbaonditions. In
these cases, we have said the sensitivity museblew enough
to give stability at the most difficult load evemotigh the control
is penalized, at easy load conditions. Tpiienomenon is due
to the fact that the unit reaction rate gemerethanges with
load. The lag normally remains about constant.nt@b valves
with special flow-lift characteristics have beesed in an at-
tempt to correct for this change in unit reactiaterwith load.
The optimum characteristics vary with the applicatiunder
control and are not always "logarithmic" or "afjpercentage”
as is commonly thought.

PROCESSCLASSIFICATION

Since either the ultimate sensitivity and attenda@tiod or
the unit reaction rate and the lag may be used eteraiine
optimum controller settings, it follows that tredter values may
be determined from the former, This suggests thathout
running a reaction curve on a process, valug®; @ndL may be
determined during adjustment of the controller.

Knowing the ultimate sensitivity (Su) and the pdriat this
sensitivity (Pu), a rearrangement of preceding ggus shows
how these values may be converted intendR;

L =Ps/4min
_ g in.permin
Ri= =
! PS psi

Classification of processes are terms of their tgdction rates
and lags would appear to be a decided improvemestt present
arbitrary methods.

CONCLUSIONS

We have proposed a system of units for measuriagctimtrol
effects, which are now in common use. When usivgge units,
the values of the sensitivity, reset rate, andgaotetime all in-
crease as the relative valve action per pen agtmeases.

The lag and unit reaction rate have been introdased quan-
titative measure of the controllability of processand we be-
lieve they form a good basis for a classificatibpmmcesses.

Formulas have been presented which enable the oflentr
settings to be obtained from an analysis of thegss-reaction
curves (that is, unit reaction rate and lag).

We have presented a simple method for adjustiegctin-
troller when it is installed on an application, rimak use of the
ultimate sensitivity and period. Having shotimat the con-
troller settings can be obtained from the, reactiorve, it will be
possible for the equipment designer to calculatepproximate
reaction curve for certain applications and thusemaine the
controller settings even before the equipment ik.bu

The usefulness of each particular control effect bheen shown
by examining its effect on the quality of control.

It been, pointed out that valve characteristicough be
matched to each process so that a constant ucticeaate pre-
vails at all loads. This incidentally gives aioatl explanation
for the use of valves with special flow-lift chategstics.

Examination of pre-act response has shown that fromes
control by increasing stability, reducing periochdaallowing
larger settings for the other responses. The ogldbetween the
pre-act setting and lag (or ultimate period) hawmpsfied its
adjustment. A summary of control effects is giweable 1.

TABLE 1 SUMMARY OF CONTROL EFFECTS

RESPONSE ACTION MEASURE UNIT
Proportional Valve movement Sensitivity Psi pein.
Pen movement
Automatic reset Valve velocity Reset rate Penin
Pen movement
Pre-act Valve movement Pre-act time Min
Pen velocity

Note that the proportional response action may laésexpressed
as a valve velocity per pen velocity.

SUMMARY OF CONTROLLERADJUSTMENTS

Determine the ultimate sensitivityy) and period R,), or
the unit reaction rat€R; and lagL. For the three types of
controllers the optimum settings are as follows:

Proportional
Sensitivity = 05S. = 1.
RiL
Proportional plus reset
Sensitiviy = 0.45S = 0.9
RiL
Resetrate = 12 = 03
Pu L
Proportional plus reset plus pre-act
Sensitiviy = 0.6S = 12
RiL
Resetrate = 20 _05
Pu L

Pre- acttime = % =05L
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