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INfRODUCTION • 

PID Comes in Many Forms 
But Remains the Best Control 

PROPORTIONAL-INTEGRAL-DERIVATIVE 
is a term with great significance to a 
relatively small society of engineers, 

technicians, and other practicioners 
engaged, in one way or another, in 
automatic control. PID means nothing to, 
say, the medical profession, journalists, or 
the financial world. 

Many people in the automatic control 
field understand PID's principles. They may 
or may not have hands-on experience with 
the controllers that perform the PID action, 
and they may or may not be engaged in 
the technologies that produce the PID 
action, but they all know what it should do 
in a given process or control loop and are 
a little disappointed when they learn that 
not all processes and loops are entirely 
predictable or cannot be mastered by 
manipulating the PID parameters. 

An attempt is made in this volume to 
give a broad idea of the PID principles, 
starting with the first paper given on the 
subject fifty years ago, to analysis of the 
various responses using a PC. 

PID was born long before the terms that 
describe it today were coined. Early 
mechanical controls were straight 
proportional where large bellows for 
pressure, floats for level, or large filled 
systems for temperature were linked by 
levers, cams, or even bailing wire to simple 
plug or butterfly valves. Other early 
controllers were hydraulic or pneumatic 
that performed proportional-speed floating 
(or straight integral) control. 

When pneumatics were tamed and 
brought down to a reasonable size, they 
performed proportional-only control. When 
the operators found there was "drift" or 
"offset" to the process, they had to 
"reset" the setpoint. This led to the 
invention of "automatic reset" devices to 
perform the integral function. A little later, 
"preact" or "anticipatory" devices yielded 
the derivative fj.mction. 

When all of these were put together, the 
stage was set for automatic control much 
as we know it today with PID controllers 

and algorithms. The papers and articles 
presented in this overview are somewhat 
chronological. The Ziegler-Nichols paper 
that started it all is reprinted here, just as it 
was delivered to the ASME in 1941. One of 
the authors, John Ziegler, gives some 
insight into how it got started-and how 
this was almost rejected as being radical 
and unworkable. 

All PIDs are not created equal. Even 
when the manufacturers of pneumatic 
controllers created their devices, they 
arranged the parameters differently, and 
further arrangements were proposed. An 
article almost 25 years after Ziegler
Nichols' paper compares some of these 
techniques and shows why some are 
better than Ziegler-Nichols in some loops. 

This is followed by an article comparing 
PC techniques and naming names of 
suppliers. Another article discusses a 
simplified version of Ziegler-Nichols and a 
practical method of applying it. 

Robustness, and what it means and 
where to look for it, is discussed in the 
next article on using a PC to find out how 
good the tuning is. Then comes another 
look at the mathematics of the current 
structures, and a comparison of them. 

An article on how pneumatics gave birth 
to control is followed by an article that 
proposes more esoteric structures, and 
these are only a few of the standard forms 
that could be designed in the 
computerized control systems of today. 

Whether the preferred method of the 
control practicioner is Ziegler-Nichols, 
ITAE, or the less-used Butterworth, the 
reader will be enlightened by the contents 
of this volume. 

George J. Blickley 



Optimum Settings for Automatic Controllers 
BY J. G. ZIEGLER1 AND N. B. NICHOLS,1 ROCHESTER, N. Y. 

In this paper, the three principal control effects found 
in present controllers 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 in a series of chart records. It is believed 
that the conceptions of control presented in this paper will 
be of assistance in the adjustment of existing controller 
applications and in the design of new installations. 

A PURELY mathematical approach to the study of auto
matic 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 exponential and trigonometric functions that the 
average eng,ineer cannot afford the time necessary to plow through 
them to a solution of his current problem. 

It is the purpose of this paper to examine the action of the three 
principal control effects found in present-day instruments, assign 
practical values to each effect, see what adjustment of each does 
to the final control, and give a method for arriving quickly at the 
optimum settings of each control effect. The paper will thus first 
endeavor to anRwer the question: "How can the proper con
troller adjustments be quickly determined on any control applica
tion?" After that a new method will be presented which makes 
possible a reasonably accurate answer to the question: "How 
can the setting of a controller be determined before it is installed 
on an existing application?" 

Except for a single illustrative example, no attempt will be 
made to preRent laboratory and field data, to develop mathemati
cal relations, or to make acknowledgment of material from pub
lished literature. A paper covering the mathematical deriva
tions would be quite lengthy as would also a paper covering 
laboratory and field-test results. Work on these phases of the 
subjeet is still under way, and it is expected that the results will 
be published at 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 automatic-control instruments. 
To these persons the present subject matter is of much greater 
interest than the other phases of the study which are being 
omitted. 

To simplify tt>rminology we will take the most common type of 
control circuit in which a controller interprets the movement 
of its recording pen into a need for corrective action, and, by 
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varying its output. air pressure, repositions a diaphragm-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 flow 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 rht>ostat which must 
be operated by the controller in order to maintain correct process 
conditions. 

PROPORTIONAL RESPONSE 

In spite of the multitude of air, liquid, and electrically operated 
controllers on the market, all are similar in that they incorporate 
one, two, or at most three quite simple control effects. These 
three can be called "proportional," "automatic reset," and 
"pre-act." 

Proportiorwl Response. By far the most common effect is 
"proportional response," found in practically all ·controllers. It 
gives a valve movement proportional to the pen movement, that 
is, a 2-degree pen movement gives twice as much valve move
ment as a 1-degree pen movement. Simple spring-loaded 
pressure-reducing valves are really proportional-response con
trollers in that, over a short range of pressure, the valve is moved 
proportionally from one extreme to the other. 

Sensitivity. The measure of proportional response is called 
"sensitivity" 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 magnitude of propor
tional response, though in this paper each response will be 
measured in units which increase as the relative valve action 
per pen action increases. In the case of proportional 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 as the output pressure change per inch of pen travel, 
it is apparent that the limits would be from zero (manual control) 
to infinitely high (on-off control). Perhaps the widest range of 
adjustment is found in one controller with sensitivity continu
ously variable from 1000 to 1 psi per in. A sensitivity of 1000 
gives 1 psi output change for each 0.001 in. of pen travel. 

Sensitivity adjustment is necessary if optimum control sta
bility is to be attained. It is common knowledge that control 
with infinitely high proportional response is always unstable, 
oscillating continuously. True, on certain applications the os
cillation may be of such small magnitude that it is not objection
able and. if the surges .in supply are not serious in their effect on 
other portions of the proceBll, the control obtained may be en
tirely acceptable. 

Industry generally demand~ control of the "throttling" type 
rather than "on-off" since a proportional-response controller, 
set in any sensitivity below some maximum, will produce a 
damped oscillation anti eventually straight-line control. 

Amplitude Ratio. Sensitivity adjustment affects primarily the 
stability of control. On any application there is a definite and 
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easily dett>rmined point called the "ultimate sensitivity" (S.), 
above which any oscillation will increase to some maximum 
amplitude, and below which an oscillation of any size will di
minish to straight-line control. Stability may be measured in 
terms of "amplitude ratio," the relative amplitude of any wave 
to that of the wave which preceded it. A controller set at the 
ultimate sensitivity gives an oscillation with an amplitude ratio 
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of 1; above the ultimate sensitivity, an amplitude ratio greater 
than 1; and below the ultimate, an amplitude ratio less than 1. 

Amplitude Ratio Versus Sensitivity. Fig. 1 shows the effect 
of sPnsitivity adjustment on a typical application. The oscilla
tion wa11 started by a momentary change in valve position. Curves 
(b) and (c) were produced at the ultimate sensitivity, which in 
this case was 10 psi per in. Curve (a) was produced at a sensi
tivity of 11 psi per in. (llO per cent of S .. ). Curves (d) to (h) 
show the successively smaller amplitude ratios produced as the 
sensitivity was lowered to 90, 80, 50, 20, and 10 per cent of the 
ultimate (9, 8, 5, 2, and I psi per in.). 

In Fig. I and succeeding charts, each division is 0.1 in. and each 
time interval represents 0.625 min. 

Regardless of the ultimate sensitivity of any control applica
tion, the relationship between amplitude ratio and sensitivity, 
given as per Cl'nt of ultimate sensitivity, remains about as shown 
in Fig. 2. The ultimate sensitivity thus appears to be a good 
common point for consideration of sPnsitivity adjustment on 
most l'ontrol applications. 

OffseJ. and Load Chanve. In considering the curves of Fig. 1, 

the most desirable setting from a stability standpoint would be 
(h), produced at quite a low sensitivity (IO per cent of ultimate). 
It should be noted in passing, however, that as sensitivity is re
duced the period of oscillation increases slightly, which in itself 
is 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 ran 
be maintained when the pen is at the desired set point. A "load 
change," any disturbance in the process requiring a sustained 
alteration of valve position, will cause the pen to shift away from 
the set point far enough to give the required valve movement. 
The magnitude of this shift or "offset" varies inversely with the 
sensitivity setting used and directly with the required change in 
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valve position. Fig. 3, curves (a) to (e), illustrates this point. 
Curve (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 amplitude ratio of 1 
results and a lower setting is indicated. As the sensitivity is de
creased to 9, 8, 5, and then 2 psi per in., the offset from this load 
change increases and the amplitude ratio decreases. 

Amplitude Ratio Versus Offset. The rational adjustment of 
proportional-response sensitivity is then simply a matter of 
balancing the two evils of offset and amplitude ratio. For most 
applications a good compromise is the sensitivity which gives an 
amplitude ratio 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 is to 
find the ultimate sensitivity and then simply cut it in half. 
Fig. 1, curve (f), shows that an amplitude ratio of 25 per cent is 
achieved by this setting on the application under test. Fig. 3, 
curve (d), shows the result of a load change requiring a 2.8 psi 
change in controller output pressure. The sensitivity setting of 5 
psi per in. allows an offset of 2.8/5 or 0.56 in. with a 25 per cent 
amplitude ratio. 

On most air-operated controllers, the sensitivity adjustment is 
calibrated either in terms of sensitivity or throttling range. 
On such instruments the trick of halving the sensitivity to obtain 
a good setting is quite simple; on those calibrated in throttling 
range the setting should be doubled, since this unit is the re
ciprocal of sensitivity. The sensitivity of older instruments with 
arbitrary adjustment scales may be easily found by moving the 
pen a definite distance and noting the resulting output-pressure 
change. This test run at a few points will enable the user to plot 
a sensitivity-conversion scale. 

The statement that a sensitivity setting of one half the ulti
mate with attendant 25 per cent amplitude ratio gives optimum 
control must be modified in some cases. At times a lower sensi
tivity is preferable. For example, the actual level maintained 
by a liquid-level controller might not be nearly as important as 
the effect of sudden valve movements on further portions of the 
process. In this case the sensitivity should be lowered to reduce 
the amplitude ratio even though the offset is increased by so do
ing. On the other hand, a pressure-control application giving 
oscillations with very short period could be set to give an 80 or 
90 per cent amplitude ratio. Due to the short period, a 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 can never be re
duced to less than one half of the amount given at our pre
viously defined optimum sensitivity of one half the ultimate. 

On processes involving 'Yide changes in load, one condition is 
often encountered which must be considered here. A controller 
perfectly adjusted for one load condition may start oscillating 
under another load. If the ultimate sensitivity is checked at 
the new more difficult load, it will be found lower than at the 
original easy load condition. Consequently, the sensitivity must 
always be adjusted so that the correct stability is achieved under 
the most difficult 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 eliminate 
offset. In action it detects any disparity between pen and set 
point and gives a slow continuous valve movement in the proper 
direction to correct the offset. Furthermore, the rate of valve 
movement is proportional to the distance between pen and set 
point. Automatic reset then may be defined as a response giving 
valve velocity proportional to pen displacement from set point. 

Some controllers give a constllnt valve velocity with the direc
tion depending upon whether the pen is 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 
(floating response) be considered in this paper. It appears that 
the floating response controller is most useful on partially "self
controlling" processes. 

Reset Rate. As sensitivity was the measure of proportional 
response, "reset rate" becomes the corresponding measure of 
automatic-reset response. The units of reset rate are minutes-1 
or the number of times per minute that automatic reset duplicates 
the proportional-response correction caused by the disparity 
between pen and set point. 
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Fig. 4(a) and (b) shows the course of output pressure with time 
for a reset rate of 1 per min. The dotted lines show the corre
sponding proportional response pressure. In Fig. 4(a), the pen 
was moved and held far enough from the set point to give a 1 psi 
change in proportional response. The reset proceeds 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. 

In most controllers using automatic reset, some adjustment of 
the reset rate is provided, though continuous adjustment appears 
in only a few. In one, the reset rate is adjustable from zero to 20 
per min. In order to determine reset rates on an instrument with
out a calibrated dial, it is only necessary to move the pen away 
from the set pointer far enough to cause a 1 psi output change and 
note the additional output-pressure change per minute. The 
same value can be put on the reset adjustment in controllers other 
than those of the air-operated type, by making a sustained pen 
change from the set point, noting the altered valve position which 
results from proportional response and the additional travel at the 
end of 1 min from automatic reset. The reset rate is the travel 
from reset divided by the travel from proportional. 

Optimum Reset Rate. Fig. 5(a) to (e) shows the effect of reset
rate adjustment on control. Fig. 5, curve (a), resulted from a 
load change equivalent to 2.8 psi output pressure with a reset 
rate of zero, in other words, o'"lly proportional response. This 
curve is the same as 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 reset 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
sidered the optimum in that it gives reasonably rapid return 
without excessive loss of stability or excessive increase in period. 

Optimum Reset-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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rate appears to vary invel"llf'ly as the time lag of the application. 
At present, however, we are more interested in finding a simple 
method for determining the correct setting. 

It has been found that the period of o!!rillation (P ,.) produced 
at the ultimate sensitivity (8.) is a good index of required reset
rate adjustment. This period should be measured when the 
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amplitude of oscillation is quite small, such as on curve (c) of 
Fi.g. 1, where the period is about 0.8 min. The optimum setting 
Qf reset rate, that which produces a recovery curve similar to 
Fig. 5(d), is usually about 1.2/P,.. On the process being tested, 
the reset rate of 1.2/0.8 or 1.5 was used for curve Fig. 5(d). 

In adjusting a controller with proportional and automatic
reset responses, the sensitivity which just gives a small sustained 
oscillation should be determined (8,.), and the period of oscilla
tion (P ,.) in minutes noted. Optimum controller settings will 
then be approximately 

Sensitivity = 0.458,. 

Reset rate = 1.2/P. 

Note that the recommended sensitivity has been reduced from 
0.58. to 0.458.. Were this not done, the addition of automatic 
reset would have increltsed markedly the amplitude ratio. This 
tendency of automatic reset to decrease stability is one of its bad 
features; the other is its tendency to increase the period of os
cillation. · 

While a reset rate of 1.2/P. is generally recommended, re
covery curves with the same amplitude ratio may be obtained at 
a higher reset rate and lower sensitivity. In general, however, 

this procedure rl.'sults in recovery curves with longer period and 
greater initial deviation, both of which are detrimental. 

PRE·ACT RESPONSE 

The latest control effect made its appearance under the trade 
name "Pre-Act." On some control applications the addition of 
pre-act response made such a remarkable improvement that it 
appeared to be an embodiment of mythical "anticipatory" con
trollers. On other applications it appeared to be worse than use
less. Only the difficulty of predicting the usefulness and adjust
ment of this response has kept it from being more widely used. 

This pre-act effect is as distinct a response as proportional and 
automatic reset. Pre-act simply gives an additional valve move
mrnt proportional to the rate of pen movement. It is used only 
in conjunction with proportional response. 

Pre-Act Time. Since pre-act response is an additional output 
pressure change per rate of pen movement, its unit is the "pre
act time" in minutes 
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To visualize this unit, assume a controller pen moving away 
from 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-act response is 1 
psi additional for 1 psi per min proportional-response change. 
Without altering the pre-act setting, 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 is the pre-act time, in this case 1 min. 

Recently, several industrial instrument companies have made 
this control effect available in a more or less adjustable form. 
In one, the dial is calibrated 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 about 0.4 min. It is not generally useful on pressure
or flow-control applications and rarely on control of liquid level, 
though this is not a hard and fast rule. To date, it has been used 
most widely on temperature-control applications. 

The effect of pre-act on control is shown in Fig. 7. Fig. 7 
curve (a) repeats curve (d) of Fig. 5, which represented about the 
optimum control obtainable with proportional and reset re
sponses only. Without altering these settings, the addition of 
0.1 min pre-act time changes the recovery curve for the same 2.8 
psi load change to that shown at (b). The increased stability is 
an indication that a higher sensitivity may be used, so it is ac
cordingly increased to 9 psi per in. The resulting curve (c) shows 
a much smaller initial deviation without excessive amplitude 
ratio, but an excessively slow return toward the set point, indi
cating that a faster reset rate is needed. (Compare with Fig. 
5(b).) Increasing the reset rate to 2.6 per min produced the curve 
Fig. 7(d), representing approximately optimum control using the 
three responses. 

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

Pre-act response does not replace automatic-reset response 
since it ceases to act when the pen becomes stationary. How
ever, while reset increases period of oscillation and decreases 
stability, the effect of pre-act is just the opposite. On the debit 
side for pre-act lies only the increased difficulty of adjusting 
three responses instead of two, but the use of the basic unit, 
pre-act time, allows the setting to be determined from the period 
of oscillation. 

Optimum Pre-Act Time Adjustment. It has been found that, 
for a wide range of control applications, the optimum pre-act 
time depends directly upon the period of oscillation used to de
termine the adjustment of the reset rate. In fact the pre-act 
time should be about 1/ 8 of the period of a small-amplitude oscilla
tion at the ultimate sensitivity. 

To adjust a controller with proportional, automatic reset, and 
pre-act responses, determine the ultimate sensitivity (Su) and note 
the period (P u) of a small-amplitude oscillation at this sensitivity. 
The optimum settings will then be approximately 

Sensitivity = 0.6S,. 

Reset rate = 2/P. per min 

Pre-act time = P .18 min 

On some applications, the sensitivity with pre-act can be 
greater than 0.6Su. This is illustrated by the test application 
which allowed a sensitivity of 0.9Su (Fig. 7(d)). We have found 
that the setting is generally between 0.6Su and lSu; in many 

applications, a sensitivity of 0.6S,. will be sufficiently near the 
optimum setting. 

If, at these settings, the amplitude ratio is too high, each ad
justment should be reduced slightly. When using the system of 
units proposed in this paper, a decrease in the setting of any re
sponse increases stability. (Actually pre-act increases stability 
up to its 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 sensitivity are due to too 
high a sensitivity; automatic reset gives longer periods and 
pre-act shorter periods. 

PRocEss-REACTION CuRVES 

A control circuit consists of a controller and a process, the 
valve being considered a portion of the latter. Pen movement 
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gives an output-pressure change, which 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 eliminate the controller from the circuit, make 
certain output-pressure changes, and show how the resulting 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 lag of inflating the valve is present in all. 
Some time lag occurs in the measuring portion between a change 
at the thermometer bulb or pressure conn!lction and the indica
tion of that change at the pen. Added to these two may be 
series of lags in the apparatus under control. 

The difficulty of dealing mathematically with processes involv
ing a series of lags or even of applying values to the various lag$ 
and adding them is very great indeed. However, having a 
process, a pen, and a means of controlling the process (a valve), 
it becomes possible to get the summation of all the lags 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 connect 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 called an output 
pressure because its effect will be the same as though it came 
from the controller) and note the resulting pen behavior. 

With a control circuit so arranged, we may, by applying the 
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rate appears to vary invel"llf'ly as the time lag of the application. 
At present, however, we are more interested in finding a simple 
method for determining the correct setting. 

It has been found that the period of o!!rillation (P ,.) produced 
at the ultimate sensitivity (8.) is a good index of required reset
rate adjustment. This period should be measured when the 

lnolUYH7- 4.15 PSI/IIICI tor all Cllrwoo 
(4~ of ultlaato) 

0 JI'D MIIUD 

0. 5 JI'D Mllll'l'l 

1.0 J'll MIIID'll 

1. 6 na Milro'l'l 
Opu.,.. SetUDC 
1.15 •l.i • .,£ Per Mlllute 

1\1 I. 

2 JI'D MIIIUTJI 

Fro. 5 RESET RATE VERSUS RECOVERY 

(Load change.) 

amplitude of oscillation is quite small, such as on curve (c) of 
Fi.g. 1, where the period is about 0.8 min. The optimum setting 
Qf reset rate, that which produces a recovery curve similar to 
Fig. 5(d), is usually about 1.2/P,.. On the process being tested, 
the reset rate of 1.2/0.8 or 1.5 was used for curve Fig. 5(d). 

In adjusting a controller with proportional and automatic
reset responses, the sensitivity which just gives a small sustained 
oscillation should be determined (8,.), and the period of oscilla
tion (P ,.) in minutes noted. Optimum controller settings will 
then be approximately 

Sensitivity = 0.458,. 

Reset rate = 1.2/P. 

Note that the recommended sensitivity has been reduced from 
0.58. to 0.458.. Were this not done, the addition of automatic 
reset would have increltsed markedly the amplitude ratio. This 
tendency of automatic reset to decrease stability is one of its bad 
features; the other is its tendency to increase the period of os
cillation. · 

While a reset rate of 1.2/P. is generally recommended, re
covery curves with the same amplitude ratio may be obtained at 
a higher reset rate and lower sensitivity. In general, however, 

this procedure rl.'sults in recovery curves with longer period and 
greater initial deviation, both of which are detrimental. 

PRE·ACT RESPONSE 

The latest control effect made its appearance under the trade 
name "Pre-Act." On some control applications the addition of 
pre-act response made such a remarkable improvement that it 
appeared to be an embodiment of mythical "anticipatory" con
trollers. On other applications it appeared to be worse than use
less. Only the difficulty of predicting the usefulness and adjust
ment of this response has kept it from being more widely used. 

This pre-act effect is as distinct a response as proportional and 
automatic reset. Pre-act simply gives an additional valve move
mrnt proportional to the rate of pen movement. It is used only 
in conjunction with proportional response. 

Pre-Act Time. Since pre-act response is an additional output 
pressure change per rate of pen movement, its unit is the "pre
act time" in minutes 

1& 
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To visualize this unit, assume a controller pen moving away 
from 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-act response is 1 
psi additional for 1 psi per min proportional-response change. 
Without altering the pre-act setting, 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 is the pre-act time, in this case 1 min. 

Recently, several industrial instrument companies have made 
this control effect available in a more or less adjustable form. 
In one, the dial is calibrated 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 about 0.4 min. It is not generally useful on pressure
or flow-control applications and rarely on control of liquid level, 
though this is not a hard and fast rule. To date, it has been used 
most widely on temperature-control applications. 

The effect of pre-act on control is shown in Fig. 7. Fig. 7 
curve (a) repeats curve (d) of Fig. 5, which represented about the 
optimum control obtainable with proportional and reset re
sponses only. Without altering these settings, the addition of 
0.1 min pre-act time changes the recovery curve for the same 2.8 
psi load change to that shown at (b). The increased stability is 
an indication that a higher sensitivity may be used, so it is ac
cordingly increased to 9 psi per in. The resulting curve (c) shows 
a much smaller initial deviation without excessive amplitude 
ratio, but an excessively slow return toward the set point, indi
cating that a faster reset rate is needed. (Compare with Fig. 
5(b).) Increasing the reset rate to 2.6 per min produced the curve 
Fig. 7(d), representing approximately optimum control using the 
three responses. 

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

Pre-act response does not replace automatic-reset response 
since it ceases to act when the pen becomes stationary. How
ever, while reset increases period of oscillation and decreases 
stability, the effect of pre-act is just the opposite. On the debit 
side for pre-act lies only the increased difficulty of adjusting 
three responses instead of two, but the use of the basic unit, 
pre-act time, allows the setting to be determined from the period 
of oscillation. 

Optimum Pre-Act Time Adjustment. It has been found that, 
for a wide range of control applications, the optimum pre-act 
time depends directly upon the period of oscillation used to de
termine the adjustment of the reset rate. In fact the pre-act 
time should be about 1/ 8 of the period of a small-amplitude oscilla
tion at the ultimate sensitivity. 

To adjust a controller with proportional, automatic reset, and 
pre-act responses, determine the ultimate sensitivity (Su) and note 
the period (P u) of a small-amplitude oscillation at this sensitivity. 
The optimum settings will then be approximately 

Sensitivity = 0.6S,. 

Reset rate = 2/P. per min 

Pre-act time = P .18 min 

On some applications, the sensitivity with pre-act can be 
greater than 0.6Su. This is illustrated by the test application 
which allowed a sensitivity of 0.9Su (Fig. 7(d)). We have found 
that the setting is generally between 0.6Su and lSu; in many 

applications, a sensitivity of 0.6S,. will be sufficiently near the 
optimum setting. 

If, at these settings, the amplitude ratio is too high, each ad
justment should be reduced slightly. When using the system of 
units proposed in this paper, a decrease in the setting of any re
sponse increases stability. (Actually pre-act increases stability 
up to its 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 sensitivity are due to too 
high a sensitivity; automatic reset gives longer periods and 
pre-act shorter periods. 

PRocEss-REACTION CuRVES 

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

-1 ~------~------~-------' 
o.o 0. 5 1.0 1.5 

MIIAJTES 

Fw. 8 REACTION CuRVE 

gives an output-pressure change, which 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 eliminate the controller from the circuit, make 
certain output-pressure changes, and show how the resulting 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 lag of inflating the valve is present in all. 
Some time lag occurs in the measuring portion between a change 
at the thermometer bulb or pressure conn!lction and the indica
tion of that change at the pen. Added to these two may be 
series of lags in the apparatus under control. 

The difficulty of dealing mathematically with processes involv
ing a series of lags or even of applying values to the various lag$ 
and adding them is very great indeed. However, having a 
process, a pen, and a means of controlling the process (a valve), 
it becomes possible to get the summation of all the lags 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 connect 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 called an output 
pressure because its effect will be the same as though it came 
from the controller) and note the resulting pen behavior. 

With a control circuit so arranged, we may, by applying the 
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correct pressure to the control valve, first bring the recording 
pen to the desired point on the chart. If then a sudden sustained 
change in pressure on the control valve of !!.F psi is made, the 
pen will trace an S-shaped curve which we will call a "reaction 
curve." Fig. 8 shows a reaction curve for the process which we 
have been considering. 

While Fig. 8 represents a typical reaction curve, an infinite 
number of variations are possible. On some applications, notably 
liquid-leYel control, the curve may come to a maximum slope 
and continue indefinitely (or until the tank runs over). This 
type of process is not "self-controlling." On others a definite 
dead period or velocity-distance lag exists. and the reaction curve 
shows no pen movement for a finite time after the change in 
valve position; it then either starts at the maximum rate or 
build< up to the maximum. 

In discussing optimum controller settings, when using pre-act 
response, we noted that a sensitivity between 0.6S. and IS. 
could be used. The best value appears to depend upon the shape 
of the reaction curve prior to the maximum slope; a lag pre
dominantly of the dead-period type calls for sensitivities toward 
0.6 s •. 

OPTIMUM SErrrNos FROM REACTION CuRVE 

Two characteristics of the reaction curve are used to fix the 
proportional-response sensitivity. The "reaction rate" (R), 
i.e., the maximum rate at which the pen moves occurs at the point 
of inflection in the reaction curve. A line drawn tangent to this 
point intersects the initial pen position a certain length of time 
after the change in valve position. This time we will call the 
"lag" (L) of our control circuit. The optimum setting of sensi
tivity fol' a controller is inversely related to the product of R 
and L, determined from the reaction curve. If the tangent line 
is projected until it intersects the vertical axis, the product RL 
is graphically determined, as shown in Fig. 8. Good control is 
generally obtained when proportional-response sensitivity is so 
adjusted that a pen movement of RL in. gives a pressure change 
of !!.F psi. 

On the reaction curve of Fig. 8, a 1.7 psi valve change was 
made so the optimum sensitivity setting is approximately 

where 

Se 't· "t !!.F . . 
ns1 lVI y = RL ps1 per m. 

R = 1 . 7 in. per min 
L=0.2min 

RL = 0.34 in. 
!!.F = 1. 7 psi 

The predicted sensitivity of 1. 7/0.34 or 5 psi per in. gave curves 
Fig. l(j) and Fig. 3(d). These curves were previously selected as 
giving good stability, that is, an amplitude ratio of approxi
mately 0.25. 

Unit Readion Rate. No justification has been given for calling 
the distance L on the reaction curve the lag of the process, but 
there appears to be a good reason. On most processes, reaction 
curves, caused by different valve-pressure changes !!.F, are simi
lar in shape, differing only in the value of R, that is, the reaction 
rate caused by a 1 psi change is about twice as great as that from 
a 0.5 psi change, but the intersected distance L remains constant 
regardless of !!.F. 

When taking a reaction curve, it is sometimes necessary to 
make !!.F quite small, in order to prevent undue disturbance to 
the process being tested. The resulting reaction rate is then 
converted to a "unit reaction rate" (R,), that which would be 
caused by 1 psi pressure change on the control valve. This is 
done by dividing the reaction rate found by t:.F 

R in. per min 
R, = 

t>.F psi 

The formula for a good sensitivity setting may then be written 

1 
Sensitivity = R,L psi per in. 

The ultimate sensitivity will be about twice as great 

s 2 . . 
" = R,L ps1 per m. 

At the ultimate sensitivity, the period of oscillation is about 4£ 
min, increasing to about 4.6£ as the sensitivity is lowered to one 
half the ultimate. 

An approximate description of the characteristics of a process 
is given by values of the two quantities, unit reaction rate and 
lag. True, these two are only a rough measure or the entire re
action curve, telling nothing about its shape before and after 
the point of inflection, but they give enough of the story to allow 
a prediction not only of optimum sensitivity and period of os
cillation but of optimum reset rate and pre-act time settings as 
well. 

It should be kept clearly in mind that the controller settings 
are determined from the reaction curve caus<'d by an output
pressure change (control-valve-position change) and not by the 
reaction curve which is caused by a load change. 

Reset-Rate Determination From Reaction Curve. Since the 
period of oscillation at the ultimate sensitivity proves to he 4 
times the lag, a substitution of 4£ for PM in previous equations 
for optimum reset rate gives an equation expressing this reset rate 
in terms of lag. For a controller with proportional and auto
matic-reset responses, the optimum settings become 

S 
. . . 0.9 . . 

ensitivity = R,L ps1 per m. 

R 
0.3 . 

eset rate = L per rom 

At these settings the period will be about 5.7£, having been in
creased by both the lowering of sensitivity and the addition of 
automatic reset. 

Pre-Act Time Determination From Reaction Curve. Using again 
the relationship between L and PM, we find that the optimum 
pre-act time depends directly upon the lag and is normally equal 
to L/2. This tells us that pre-act will not normally be used on 
applications in which the reaction curve shows a lag smaller than 
0.2 min, since the minimum pre-act time available on industrial 
controllers is about 0.1 min. It will be useful on all applications 
with lags greater than 0.2 min. 

The optimum settings determined previously for all three 
control effects, when expressed in terms of unit reaction rate and 
lag, appear as follows 

Sensitivity 
1. 2 2 
R,L to R,L psi per in. 

0.5 
Reset rate = L per min 

Pre-act time = 0. 5L min 

CONTROL-VALVE CHARACTERISTICS 

In general, any change of a control circuit which allows a 
higher controller sensitivity and faster reset rate to be used will 
impro·•e the control results obtained. We have seen that the 
addition of pre-act response gives both of these improvements. 
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At times certain changes in the process can be made which allow 
a higher sensitivity and reset rate. 

Any decrease in the lag of a process permits an increase in reset 
rate and attendant reduction in period of oscillation, since the 
reset rate is inversely related to lag and the period directly re
lated. Any decrease in the lag of a process if it is not attended by 
an increase in reaction rate permits an increase in sensitivity 
since the sensitivity is inversely related to the lag. Any decrease 
in the unit reaction rate of a process, if not attended by an in
crease in lag, allows higher sensitivities, since sensitivity is in
versely related to reaction rate. 

Stated more concisely, any decrease in the value of R 1L in
creases the optimum sensitivity, and any decrease in L increases 
the optimum reset rate. Also any decrease in L decreases the 
period of osrillat ion. 

Some applications, as we have already noted, call for widely 
different sensitivity settings at different load conditions. In 
these cases, we have said the sensitivity must be set low enough 
to give stability at the most difficult load even though the control 
is penalized at easy load conditions. This phenomenon is due 
to the fact that the unit reaction rate generally changes with 
load. The lag normally remains about constant. Control valves 
with special flow-lift characteristics have been used in an at
tempt to correct for this change in unit reaction rate with load. 
The optimum characteristics vary with the application under 
control and are not always "logarithmic" or "equal percentage" 
as is commonly thought. 

PROCESS CLASSIFICATION 

Since either the ultimate sensitivity and attendant period or 
the unit reaction rate and the lag may be used to determine 
optimum controller settings, it follows that the latter values may 
be determined from the former. This suggests that, without 
running a reaction curve on a process, values of R1 and L may be 
determined during adjustment of the controller. 

Knowing the ultimate sen~itivity (S.) and the period at this 
sensitivity (P.), a rearrangement of preceding equations shows 
how these values may be converted into L and R1 

Classification of processes in terms of their unit reaction rates 
and lags would appear to be a decided improvement over present 
arbitrary methods. 

CONCLUSIONS 

We have proposed a system of units for measuring the control 
effects which are now in common use. When using these units, 
the values of the sensitivity, reset rate, and pre-act time all in
crease as the relative valve action per pen action increases. 

The lag and unit reaction rate have been introduced as a quan
titative measure of the controllability of processes, and we be
lieve they form a good basis for a classification of processes. 

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

We have presented a simple method for adjusting the con
troller when it is installed on an application, making use of the 
ultimate sensitivity and period. Having shown that the con
troller settings can be obtained from the reaction curve, it will be 
possible for the equipment designer to calculate an approximate 
reaction curve for certain applications and thus determine the 
controller settings even before the equipment is built. 

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

It has been pointed out that valve characteri~tics should be 
matched to each process so that a constant unit reaction rate pre
vails at all loads. This incidentally gives a rational explanation 
for the use of valves with special flow-lift characteristics. 

Examination of pre-act response has shown that it improves 
control by increasing stability, reducing period, and allowing 
larger settings for the other responses. The relation between the 
pre-act setting and lag (or ultimate period) has simplified its 
adjustment. A summary of control effects is given in Table 1. 

TABLE 1 SUMMARY OF CONTROL EFFECTS 
RESPONSE ACTION JliEASURJJ: UNIT 

Proportional Valve movement 
Pen movement Scn~itivity Psi per in. 

Automatic reset \' n.l\~e velority 
Reset rnte Per min Pen movement 

Pre-aC't Vnlvr moYcmcnt 
Pen velocity Pre-net time Min 

Note that proportional response action may also be expressed 
as a valve velocity per pen velocity. 

SuMMARY OF CoNTROLLER ADJUSTMENTS 

Determine the ultimate sensitivity (S.) and pE-riod (P_), 
or the unit reaction rate R1 and lag L. For the three types of 
controllers the optimum settings are as follows: 
Proportional 

Sensitivity = 0. 5S,. 

Proportional plus reset 

Sensitivity 0.458,. 

1.2 
Reset rate = -

P,. 

Proportional plus reset plus pre-act 

1. 2 
Sensitivity = 0.6S. = R

1

L 

2.0 0.5 
Reset rate -

P,. L 

Pre-act time = P,. 
8 

= 0.5L 

Discussion 
E. S. BRISTOL.' The authors have presented a procedure for 

analyzing control and process characteristics which is logical, 
comparatively simple, and avoids the use of involved mathe
matics. The paper thus constitutes a worth-while contribution 
to the literature sponsored by the Committee on Industrial In
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 modified to advantage, in order to make the treatment more 
general in scope. From this point of view, it is believed prefera
ble to express control action in terms of valve travel rather than 
in terms of actuating pressure on a diaphragm-operated valve. 
The latter procedure affords a basis for direct comparison of re. 

• In charge, Combustion Control Division, Engineering Depart
m<'nt, Leeds & Northrup Company, Philadelphia, Pa. Mem. 
A.S.M.E. 
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suits only for fluid-operated control valves having the same work
ing pressure range. On the other hand, measurement of control 
action in percentage of full valve travel would apply to electri
cally operated, as well as fluid-operated power elements, regardless 
of the range or modt' of application of the actuating media, and 
should not result in complicating the terminology. As a corol
lary of such a change the authors' "unit reaction rate," or rate of 
change resulting from 1 psi at the valve diaphragm, would be ex
pressed as rate of change corresponding to full valve travel or 
to a stated fraction of full valve travel. 

While it may be desirable in studying a controller mechanism to 
consider merely the action resulting from a pen movement meas
ured in inches, this simplification presents difficulties when ap
plied to any specific installation. Thus, on a temperature-con
trol application, the significant characteristic is actual tempera
ture variation and not the resultant pen motion of the particular 
recorder employed, which motion would vary with the individual 
scale range without reference to the inherent characteristics of the 
process. Possibly it is the authors' intention that the actual 
scale interval equivalent to 1 in. of pen travel be substituted in 
their relations, when dealing with any specific application. 

It is noted that the authors' relation "reaction rate" multi
plied by "lag" or RL is actually equivalent to the pen deviation 
that would occur in time L, with the pen moving at rate R. In 
other words, control sensitivity is found to be inherently related 
to the reciprocal of a hypothetical pen deviation. Attention is 
called to the fact that a simple manual simulation of two-position 
control can be imposed upon a process to investigate its reaction 
rate and lag characteristics. This can be done by watching a 
recorder measuring the variable to be controlled and manually 
opening or closing the valve whenever the pen crosses an arbi
trarily selected control point. The slope of the resultant oscillat
ing record where it crosses the control point constitutes a signifi
cant reaction rate. Also, the period of the resultant oscillation is 
related to the time required for valve change to affect the con
trolled variable. The product of the rate of change and the 
period as thus obtained constitutes another hypothetical pen de
viation which can be used for a basis of correlation with the op
timum throttling range or control sensitivity. The width of the 
pen band, obtained on a two-position test of this nature, is re
lated to the rate of pen motion at the control point, and the 
period of oscillation, so that the pen band in itself is also a signifi
cant term for correlation with the optimum throttling range. 
The two-position test method for field checks is believed to be a 
particularly simple means for obtaining an indication of the re
sponse characteristics of a process. 

G. A. PHILBRICK. • The a~thors exhibit the response given by 
the proportional-control action, on the one hand, when aug
mented by a differentiation, "pre-act," and on the other, when 
augmented by an integration, "reset." While such responses 
serve graphically to define these characteristics, it is striking that 
different generating functions are used in the two cases. Cannot 
these various classical control actions be better compared on the 
basis of some common impressed condition? To dispel the illu
sion of subterfuge, it is suggested that the authors exhibit in their 
closure the response of both sets of control actions when both 
varieties of change are imposed; or more simply, perhaps, the 
composite response of the three-term characteristic itself, for 
typical values of the three adjustables, when a sudden deviation 
occurs. 

P. W. KEPPLER. • The authors have made a much-needed and 

' Research and Development, The Foxboro Company, Foxboro, 
Mass. Jun. A.S.M.E. 

• Engineer, Sanderson & Porter, New York, N.Y. Mem. A.S.M.E. 

highly useful contribution to the problem of setting regulators. 
However, in connection with the type of optimum transient 
curve recommended, it should be kept in mind that requirements 
vary over a wide range regarding uniformity of controlled flow, 
maximum deviation, average deviation, and stability. For ex
ample, any oscillation though damped may be hazardous if reso
nance can be set up by some other regulator connected to the 
same process. 

The authors have also made a valuable comparison of control 
functions. To complete this comparison we should consider 
control based on measurement of the independent energy flow 
that causes the disturbance. This control function is widely 
used, generally by proportioning the controlled flow in some ex
act manner with the independent disturbing flow, and has there
fore been called "exact correction." 

While of course countless modifications are possible for this 
control function, in this exact form it requires no adjustment 
whatever and cannot possibly support any oscillation. It makes 
the admittedly undesirable "automatic reset" function unneces
sary. 

To illustrate "exact correction," a specific example is necessary, 
although it is universally applicable. For this purpose the writer 
has chosen a single-capacity process with dead time (velocity
distance) lag. In Fig. 9 of this discussion regulator E controls 
temperature T, of tank G, which is kept uniform by mixer H. 
Regulator E varies temperature T3 entering pump F by moving 
gates C and D. Tanks A and Bare assumed kept full with fluid 
at temperatures T, and T 2• Pump F maintains constant mass 
flow through the long pipe line M that introduces dead time lag. 
The manually operated gate K produces the independent energy 
flow that causes the disturbance. Float-controlled gate I keeps 
tank G full, but the constant temperature T, is below T,. Tern-

FIG. 9 
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SINGLE-CAPACITY PROCESS WITH VELOCITY-DISTANCE LAG 

TO DEMONSTRATE "ExACT CoRRECTION" 
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perature T, is transmitted to regulator E by bulb N for propor
tional and other control functions, and "exact correction" is ob
tained by suitably connecting E with the orifice L. This control 
function keeps the heat flow at E equal to the difference between 
that at K (neglecting variations in outlet temperature) and that 
at I. It is also assumed that T, must be measured so closely that 
the effect of self-regulation of T 4 is negligible. 

The nondimensional curves, shown in Fig. 10 of this discussion, 
obtained by graphical step-by-step integration, demonstrate the 
advantage of "exact correction" for any single-capacity process 
having dead time lag and lacking self-regulation. The unit of 
time is the dead time of the process, and the unit of error is the 
error at time 1. The disturbance is the indicated drop iri outflow, 
and the ideal accuracy obtainable is the broken line A-B-C-D. 

The curves shown give very nearly the minimum average error 
obtainable from the control function of each curve. The regula
tors containing exact correction are not only shown to give much 
better accuracy, but they are also much easier to adjust since they 
contain fewer adjustments. 

The added cost of orifice, etc., is of course a disadvantage, but 
there are ways of overcoming this, so that in many cases a marked 
reduction in first cost results from exact correction. 

J. J. GREBE. 8 This paper gives the simple rules for adjusting 
the control constants of commercial instruments to have the 
proper characteristics for any one plant. These rules have been 
checked in actual plant operations on many types of instruments 
made by different manufacturers and one homemade unit that 
the writer described in 1933. The much disputed assertion that 
a good automatic control system using deviation, rate of change, 
and second-derivative responses, which are also called reset, 
proportional, and third response or pre-act, should be able to 
bring about a new balance in the system, within less than twice 
the elapsed time of the velocity distance lag or the dead time, 
has been proved by the work of the present authors. 

The third response, which in general is a damped second-de
rivative function so as to fade out at the time when the second 
derivative works against good control, serves to counteract the 
effect of the dead time or the velocity-distance lag called L in 
Fig. 8 of the paper. Contrary to the opinions of some indi
viduals, such lags are quite common, especially in the chemical 
industry where long dead times up to several minutes are en
countered in processes where considerable time is required to 
make a change felt through chemically resistant but poor ther
mal conductors, or where it takes considerable time for solid 
reagents such as lime slurry to come to equilibrium with the 
solution. 

For this reason, the importance of the third response cannot 
be overemphasized. In fact, if one were to build a universal 
instrument suitable for any application, it would be better to 
have a wide range of adjustment on the third response and 
reduce the flexibility of adjustment of the second, the propor
tional-position response. In other words, with a good third
response element, the throttling range can be quite narrow for 
almost any condition. 

Let us hope that the authors may continue to develop the art 
and improve the maintenance and operation of control installa
tions by following up this good work. 

AUTHORS' CLOSURE 

Mr. Bristol's suggestion that valve travel replace pressure on 
a diaphragm-operated valve is sound and should be further 
considered. In the opinion of the authors, it stems from a uni-

• Director, Physical Research Laboratory, The Dow Chemical Com
pany, Midland, Mich. Mem. A.S.M.E. 

versa! desire to express sensitivity in terms of a dimensionless 
unit or at least in terms of a unit applicable to all types of con
trollers. For this paper "psi per inch" was chosen rather than 
"per cent valve travel per per cent pen travel" principally 
because the latter did not appear to be a very euphonious com
bination. In addition, the "per cent per per cent" unit gives 
the false impression of being dimensionless. One disadvantage 
of using percentage of full valve travel is that limiting the stroke 
of a control valve would alter the sensitivity given in that unit 
but would not change the sensitivity given as psi per inch. 

Inches of pen movement was used rather than per cent of scale 
range or degrees Fahrenheit since the former was thought to be 
a more general unit. Degrees Fahrenheit would be a good basis 
for comparing temperature-control applications, but there would 
be no analogy between that and the feet of water change in liquid 
level on another application. 

The search for a dimensionless sensitivity ratio is not new. 
IvanofF had one in his "Over-All Sensitivity," the ratio of un
controlled or potential deviation to controlled deviation. In 
the language of this paper, that would be the final deviation in 
inches of a reaction curve for a one psi pressure change divided 
by the reciprocal of controller sensitivity or the inches of pen 
movement necessary to give a one psi change in output. Ivanoff, 
however, was dealing with "self-controlling" processes which 
had a definite potential deviation for each valve opening. On 
some processes, valve movement determines only the reaction 
rate and the reaction curve never levels out. The potential 
deviation on these processes is infinite and Ivanoff's over-all 
sensitivity is infinite regardless of the controller sensitivity 
setting and hence meaningless. Even on this type of process, 
however, the authors' value of R1L is finite and their ultimate 
sensitivity a definite value. It appears that controller sensitivity 
settings can be more universally referred to either ultimate 
sensitivity or R1L than to potential deviations. In fact, a con
troller setting given as "per cent of ultimate sensitivity or as 
sensitivity X R1L is dimensionless and is possibly the answer to 
the problem. 

Another clue in the search for a sensitivity yardstick comes 
from a scrutiny of control quality. The area under curves such 
as Fig. 5(d) might be taken as a measure of poorness of control 
on either a temperature or liquid-level control application. This 
area in inch-minutes, easily convertible to either "feet-of-water 
minutes" or "degrees-Fahrenheit minutes" will be directly re
lated to the product of R1L, L, and !1F, where !1F is the differ
ence in output pressure before and after the largest sudden load 
change to which the process will be subjected. On any process, 
a load change will give an area under the recovery curve of (K) 
(!1F) (R1) (L2), where K is a constant determined by the point in 
the process at which the load change occurs and by the dimension
less quantities of controller settings, namely, sensitivity X R1L; 
reset rate X L; and pre-act time/ L. It can be seen that any 
valve-motion unit may be selected for use in R1, !1F, and sensi
tivity as long as it is used consistently in all three. 

A method of interpreting the oscillating record obtained by 
impressed two-position control would certainly be a worth
while contribution to the study of automatic control. It is 
hoped that Mr. Bristol will soon publish a detailed method of 
quantitatively determining application data by such a test. 
It would be extremely useful if small valve movements giving 
a record like Fig. 1, curve (c) could be accurately interpreted. 
Generally industrial processes cannot be disturbed by making 
large valve movements. 

The old concept of pre-act response as a "kicker" may have 

' Theoretical Foundations of the Automatic Regulation of Tem
perature," by A. Ivanoff, Journal of the Institute of F!Ul, Vol. 7, no. 
33, Feb., 1934. 



TRANSACTIONS OF THE A.S.M.E. 

prompted Mr. Philbrick's request for showing its response to a 
sudden pen movement. In the interest of clarity the authors 
used a sustained pen deviation to show reset rate and a constant 
rate of pen movement to illustrate pre-act time. The course 
of output pressure from a controller with proportional plus auto
matic reset responses for a constant rate of pen movement would 
be as shown in Fig. II. The proportional response is 2 psi per 
minute as in Fig. 6(1,) and the reset rate one per minute. At 
any instant the output pressure from automatic reset is rising 
at a rate equal to the proportional-response output change 
times the reset rate. The addition of pre-act response will give 
an additional output pressure equal to the rate of output pressure 
change due to the proportional response times the pre-act time. 

Analysis of pre-act response from an impressed sudden pen 
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movement is purely hypothetical because instantaneous pen 
movements are not met with in practice. 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 lower than atmospheric nor higher than their supply 
pressure. A controller with proportional and pre-act responses 
would give an output pressure change a~ shown in Fig. 12 if a 
sudden pen motion were impressed equivalent to I psi propor
tional-response change. The pre-act time in Fig. 12 is 5 min. 

As Mr. Keppler points out, control requirements on certain 
applications may be so strict that the improvement given by 
pre-act response may still not hold a pen within the tolerance 
required. In these cases it is necessary to cast about for another 
variable 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 called this "metered control." 

The type of multiple controller system shown by Mr. Keppler 
makes use of a separate flow measurement as an indication 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 elimination of automatic 
reset in the temperature controller, however, would allow an 
offset if any other load change came into the system, for ex
ample, a change in temperature of one of the three incoming 
flows. Also, it would be rather difficult mechanically to convert 
the reading of flow into an exact mixed liquid temperature unless 
gates C and D reproduced flows exactly. 

The more common multiple controller system is one in which 
one controller calls, not for a valve opening, but for a set point 
change on another controller capable of correcting for the major 
load change from a measurement at a point of favorable lag. Ex
plaining this from Fig. 9, if the major load change in the system 
were not the position of gate K but temperature T 1, the control 
system would consist of two temperature controllers. One 
temperature controller would measure T 3 and operate gates C 
and D to maintain Ta. The second controller measuring T 4 would 
call for the required T 3 necessary to maintain T4• The first 
controller would quickly correct for changes in T 1 and T 2 or 
partial clogging of gates C and D. The second controller would 
raise or lower Ta to correct for the minor load changes such as 
temperature T, or flow through/. 

8 "Elements of Automatic Control," by John J. Grehe, Industrial 
and Engineering Chemistry, vol. 29, Nov., 1937, p. 1225. 



Modern Control Started with 
Ziegler-Nichols Tuning 
GEORGE J. BUCKLEY, CONTROL ENGINEERING 

When two engineers at Taylor Instrument Co. 
decided to document the work they had done in 
finding ways to tune process controllers, they 
changed the whole control industry. 

Up unti/1940, most tuning of pro
cess controllers was an art con
ducted by seat-of-the-pants 

methods on controllers that were a 
hodge-podge of techniques or add-on 
components that defied any rigid rules 
that could be universally applied. 

One of the engineers at Taylor was 
John G. Ziegler, the practical one of the 
pair with a lot of experience in process 
applications, and who performed all 
the simulator tests that led to the meth
ods they were seeking. The other was 
Nathaniel B. Nichols who was the 
mathematician and who reduced all of 
the math to a few simple relationships 
that could be understood by techni
cians and operators. 

The result was the now famous 
"Ziegler-Nichols" method of tuning 
controllers-a method that survived 
the slings and arrows of its early de-

tractors, withstood the test of time, and 
works just as well as many of the later, 
more sophisticated optimizing forms 
on a great majority of process applica
tions. Most of the work was done in 
1940, a paper entitled "Optimum Set
tings for Automatic Controllers" was 
formulated and presented in December 
1941 at the annual meeting of the 
American Society of Mechanical 
Engineers. 

It must be remembered that all of this 
was done before the theory of servo
mechanisms was developed, and the 
paper presented some new terms to 
the industry, as well as the first-but 
eminently practical-rules for tuning. 

John Ziegler worked for 36 years for 
Taylor-now known as ABB Kent-Tay
lor, and still headquartered in Roches
ter, N.Y., and retired in 1972. We 
tracked him down to his little piece of 

real estate on the side of a hill in Walnut 
Creek, Calif., with a great view of 
Mount Diablo. His shop and lab, as well 
as his considerable vegetable garden, 
makes one wonder what the word "re
tired" means. We asked Mr. Ziegler a 
few questions, the answers to which 
may give us some feel for how the roots 
of present-day automatic control were 
formed. 

What were the predecessors to 
the integrated three-term PID 
controller? What were some of 
the principles used? 

The earliest Taylor controller was the 
Model 1 OR which was a non indicating, 
or blind, proportional controller. It 
used either a pressure capsule for 
pressure control or a vapor tempera
ture bulb for temperature control. The 
set point was changed mechanically 
by a cam which operated a poppet 
valve air relay. 

This evolved into a recorder, but 
some people insisted that you could 
not use the same thermal tube system 

John G. Ziegler, at his home in Walnut Creek, Cal .. talked with Control Engineering about his experiences with early pneumatiC controllers. 



for recording and controlling. The 
thinking was that, with two separate 
thermal systems, if the controller sys
tem broke, you could operate manual
ly from the recorder, and vice versa. 
One of our competitors put both in 
one case, and we followed suit. 

There were several developments 
using air valves, linkages, etc. that re
sulted in very high sensitivity propor
tional controllers that were essentially 
on-off controllers. The first truly ad-

"All of these things were 
developed In the 'golden 

years of control' from 1935 
to 1940. It was an 

interesting time and I'm 
glad I was in on it." 

justable proportional controller by 
Taylor was the Model 56R which was 
made in 1933. It was called the Fuls
cope and was the first proportional 
controller with any range to speak of. 
Sensitivity (or proportional band) was 
adjustable by a knob from 1 ,000 
psi/in. (on-off) to about 2 psifin. 

About that time, Leeds & Northrup 
had the mechanically balanced poten
tiometer called the Micromax, and 
Taylor made a Fulscope unit to go in
side to provide pneumatic proportion
al control. It was called the Fulscope 
Micromax. L&N subsequently came 
out with the Speedomax which was 
the first chopper-balanced potentiom
eter. They used a carbon microphone 
as the chopper. In about 1939, Brown 
Instrument (Honeywell) came out with 
the electronic chopper. 

Foxboro came out with their Model 
40 about 1934-1935. It was probably 
the first proportional plus reset re
corder/controller. It was used princi
pally in flow control in the petroleum 
industry. The trick here was to damp
en the mercury manometer so that the 
sensitivity or gain could be set high. 
This was one of the things that had to 
be explained to get the Ziegler-Nich
ols approximation. The reset action 
was caused by spools of capillary 
which had to be changed for different 
reset rates. Some of the problems 
with this was slow response, over
shoot on startup, and offset. 

It was not too long after this, in 
1935, that Taylor designed the "dou
ble response unit" which was a gad
get that mounted on top of the dia
phragm valve and provided automatic 
reset on top of the proportional con
trol from the Fulscope. It had feedback 
from the valve stem and later became 
the first valve positioner in the indus-

try, in 1936. The double response unit 
was very complicated, had poor in
structions, and was difficult to adjust 
causing it to be nicknamed the "dubi
ous response unit." I have to say that I 
am the last living man who could walk 
up to a double response unit and align 
it perfectly the first time. When prop
erly set, it would compensate for load 
changes, and it could be set to under
compensate or overcompensate. It 
provided stable control with no offset. 

Taylor around this time was working 
the viscose rayon industry, trying to 
control the rayon shredder which was 
one of the god-awfulest pieces of 
chemical engineering equipment ever 
devised. The proportional Fulscope 
with the double response unit would 
not work. Someone in the research 
department was tinkering with Fuls
copes and somehow had got a restric
tion in the feedback line to the capsule 
that made the follow-up in the bel
lows. He noted that this gave a 
strange "kicking" action to the output. 
They tried this on the rayon shredders 
and it gave perfect control on the tem
perature. The action was dubbed 
"Pre-Act" and was found to help the 
control in other difficult applications, 
like refinery tube stills. 

All of these things were developed 
in the "golden years of control" from 
1935 to 1940. It was an interesting 
time and I'm glad I was in on it. The 
Pre-Act was the first derivative control 
and was incorporated into the Model 
56R and worked great on juice units in 
the sugar industry, but not so great in 
other applications. We bravely set out 
to design the Model 1 00 Fulscope in 
1939, in order to incorporate the auto
matic reset action provided by the 
double response unit. The Pre-Act 
was not too popular, but I persisted in 

"I have to say that I am the 
last living man who could 

walk up to a double 
response unit and align it 
perfectly the first time." 

getting a more stable version of it in
corporated into the Fulscope 100. 

Ken Tate was the head of the Taylor 
engineering department when the 100 
series was being designed, and he 
was the genius responsible for the in
genious parallelogram linkage chang
ing the mechanical feedback to make 
a continuous adjustment of propor
tional response sensitivity. And Bill 
Vogt, Tate's second in command, de
signed the reproducible needle valves 
for setting reset rate and pre-act time. 

This was then the very first propor
tional-plus-reset-plus derivative con
trol integrated in one unit. 

What led to the ASME paper on 
optimum settings, and what de
termined the parameters of the 
Ziegler-Nichols method? 

We did not know how to set this new 
controller and I realized that we had to 
get some way of determining the con
troller settings rather than cut-and-try. 
I was out on a still in a chemical plant 
and it was almost a life's work getting 
the settings. I finally got it stable, but I 
wasn't sure I had the right settings. 
We had a unit in our factory demon
stration room which consisted of a se
ries of tanks and capillaries to simu
late a multicapacity system for a fairly 
typical process to control pressure. 

I was a very poor mathematician, so 
any sinusoidal oscillation was way be
yond me mathematically. One of the 
few people at that time who were 
working on trying to understand con
trol were Rufus Olden berger of Wood
ruff Governer who used entirely differ
ent language from us, and as a result, 
we never got the two schemes togeth
er. The ASME had a "sewing circle," a 
bunch of old timers in the Instrument 
and Regulator Division who met twice 
a year to discuss automatic control. 
Their theory of automatic control was 
that it was equivalent to a sprung 
mass with a dash pots-that is, mass, 
spring, and damping-because if you 

"I was a very poor 
mathematician, so any 

sinusoidal oscillation was 
way beyond me 

mathematically.'' 

yanked the spring you would get an S
shaped curve. In control, they figured, 
if you made a change you would get 
an S-shaped curve and they likened 
all control to this. It was a fool's game, 
of course, because it is not represen
tative of very many processes. 

Rufus Oldenberger was not too far 
off from this because it was just what 
he faced in his turbine governers. But 
the ASME decided that this was typi
cal of all processes. Now, such a pro
cess does not have an ultimate sensi
tivity. You could keep raising the gain 
of the controller and there is a setting 
that would give you a damped oscilla
tion. If you raise the gain, it oscillates 
more. If you raise it still more, the peri
od gets shorter and shorter and finally 



you come to a zero period and an am
plitude ratio of one. Any two capacity 
system will do that. That's why Nick, 
(Nathaniel B. Nichols, co-author of the 
paper) and I made such a to-do in our 
setting paper about using the ultimate 
sensitivity for determining a period of 
oscillation which gave you a setting of 
the reset rate and the pre-act time. We 
emphasized that you raised the pro
portional response until you got a sus
tained oscillation. That was called the 
ultimate sensitivity. 

When we gave that paper, there 
was a great hue and cry. The preprints 
came out late, when the old timers got 
it and read it, they said it was heresy 
and we were damned to the deepest 
hell because we did not know what we 
were talking about. They almost re
jected the paper and were not going 

"We did not know how to 
set this new controller and I 
realized that we had to get 
some way of determining 

the controller settings 
rather than cut-and-try." 

to let us go on the program with this 
sacrilege of ultimate sensitivity. They 
decided to let us give the paper any
how, and Nick, being the sensitive, 
opted to let me deliver the paper. 

The questions at the end were pret
ty bitter because they could not stom
ach this ultimate sensitivity. The ques
tions got worse and worse and I was 
answering them. Finally, a little guy in 
the back of the room got up. He was 
from Goodyear, since he was on the 
committee he had received an ad
vance copy of the paper. He stuttered 
some, and he stammered out for all to 
hear, "We had one process in our 
plant, a very bad one, and so I tried 
this method and it just worked per
fectly." That broke up the meeting. 

Where did the concept of the re
action curve come from? 

One of the old timers in the sewing 
circle (J. C. Peters) had written an 
ASME paper "Experiments in Process 
Control" on tests on a tank within a 
tank and the settings he listed came 
close to the best settings just by cut
and-try. He showed an uncontrolled 
curve which we called the reaction 
curve. We called the slowness at 
which the curve goes up the capacity, 
and the curve also showed what was 
a lag of some kind. 

The Ziegler-Nichols approximation 

was simply to say that a process 
which follows this curve is very little 
different from one which has a dead 
period lag and a constant rate of 
change in response to an input. From 
these curves we used to Z-N approxi
mation to determine settings and sent 
them to J. C. Peters, and they turned 
out to be better than the ones he had. 

How did you and Mr. Nichols de
cide on 25 percent decay ratio? 

Nick came to Taylor in the research 
department about the time the Model 
1 OOR was developed. I was playing on 
this analog simulator trying to figure 
what determined the sensitivity, the 
reset rate, and the pre-act time. Nick 
was put with me about the time I de
termined that the reset rate was de
pendent on the period of oscillation, 
as was the pre-act time. It turned out 
that when you set the proportional to 
about half of what caused the ultimate 
sensitivity, you would have about a 
25% amplitude ratio. It's not perfect, 
but very close. So that's what we 
said-get an ultimate sensitivity and 
note the period. Any moron can do 
that. Then set the reset rate at one 
over the period and set the pre-act 
time to 1/6 to 1/8 of the period. 

"When we gave that paper, 
there was a great hue and 
cry. The preprints came out 

late, when the old timers 
got II and read It, they said 
It was heresy and we were 
damned to the deepest hell 
because we did not know 

what we were talking 
about." 

had determined by a very crude 
method of what determined the sensi
tivity-I guess they call it gain now
of a process, and Nick leaped on this 
and from that we came to what deter
mined the reset and pre-act. Nick 
wanted to use a 37% decay for some 
mathematical reason, but I insisted on 
the 25% because it was very easy for 
someone to see that the second wave 
is half as big as the first wave, and the 
third wave is half as big as the second 
wave. This gives about the least area 
under the curve. 

Nick was cranking out these curves 
for me for a lot of different processes. 
We were checking areas under curves 
for different amplitude ratios and try
ing to find the best settings for differ-

tent process reaction curves. To 
speed it up, Nick rented out the differ
ential analyzer at MIT and got into dis
cussion with people at MIT on fire 
control servos. They were having 
trouble keeping the systems stable, 
and Nick believed that even though 
their math was correct, there was an
other little time constant they were 
missing in the loop somewhere. He 
guessed it was the compressibility of 
the hydraulic fluid, which they denied. 
He convinced them to use Taylor's 
pre-act, or derivative action, and when 
they put it in, the guns were stable. 

As a result of all this, they asked him 
to come to the Radiation Lab at MIT to 
help win World War II. Taylor would 
not give him a leave of absence, so he 
left. I said that he would be back, and 
sure enough, after the war he returned 
to Taylor. He designed a nice electron
ic recording potentiometer which Tay
lor management rejected because 
they did not believe it was in their line. 
Because of this, Nick left Taylor again 
and went to Raytheon. 

What was the market response 
when you introduced the Fuls
cope 100? 

Enthusiastic as hell! We knocked our 
prime competitor right out of major 
chemical plants, such as Dow and 
Monsanto. They thought it was such a 
wonderful mechanism with responses 
labeled with calibrated dials. 

It was a brand new instrument and 
was ahead of anything on the market. 
This is because it had the following 
features: 
• It had the three responses of sensi

tivity, automatic reset, and pre-act 
(PID). No other controller had this; 

• It had any combination of the three 
responses (P, PI, PID, or PD), includ
ing fixed high sensitivity for on-off 
control; 

• All responses had adjustments with 
calibrated dials; 

• All responses had continuous wide 
ranges. 

Some process control manufac
turers claim to have had PID con
trollers before the Fulscope 100. 
Is this true? 

I think that is a crock of manure. They 
may have had other gadgets. Some of 
the instrument companies did make 
various new types of controllers for 
special applications. Some of them 
had PI controllers before the Fulscope 
1 00, but it was the first three-response 
controller. D 


