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Abstract: The history of pneumatic PID controllers covering the invention of the
flapper-nozzle amplifier, the addition of negative feed back to the amplifier and the
incorporation of rest (integral) and pre-act (derivative) actions is described. The
transition of the controller from a special purpose unit to a robust, reliable, widely
used unit; the change to electronic implementation and then the development of the
digital controller is examined. It is concluded that a systems approach to control
was important in the development of PID controllers as was a close relationship
between instrument companies, plant designers and plant operators.
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1.  INTRODUCTION

In 1939 the Taylor Instrument Companies introduced
a completely redesigned version of its 'Fulscope'
pneumatic controller: in addition to proportional and
reset (integral) control actions, this new instrument
provided an action which they called 'pre-act. In the
same year the Foxboro Instrument Company added
‘hyper-reset’ to the proportional and reset control
actions provided by their Stabilog pneumatic
controller. Pre-act and Hyper-reset both provided
control action based on the derivative of the error
signal, and hence both controllers offered PID
control. The two instruments had a past and given
this workshop—The Past, Present and Future of PID
Control—at least the control concepts underlying the
instruments, if not the instruments themselves,
obviously also had a future.

During the later 1930s, both Taylor and Foxboro had
installed ‘turn key’ control systems which included
derivative action. However, the appearance of PID
controllers in their catalogues marks a watershed:
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what had been special was now being offered as
standard. In historical terms this marks a change
from a time of invention to one of innovation. The
earlier period—invention—had seen the emergence
of new concepts, the deliberate combination of
control actions and the use of local negative
feedback round a high gain amplifier, as well as new
devices such as the flapper-nozzle pneumatic
amplifier. The latter period—innovation—was to
see the inventions integrated into routine use.
Invention and innovation are not mutually exclusive
and often closely entwined: innovation may require
subsidiary or complimentary inventions for it to
succeed and inventions without innovation become
mere curiosities.

The invention—innovation themes are reflected in
the structure of this paper. The first part covers the .
period 1900 to 1940, concentrating on invention: the
way in which the concept of PID was formulated, the
pneumatic feedback amplifier and the design of a
practical PID controller. In the second part I
examine the ways in which, post 1940, the PID
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controller became a robust, reliable instrument
suitable for everyday industrial use, and how it was
changed in response to new technologies—reliable
electronics, and the digital computer.

2. PART 1 1900 — 1940

2.1 Systems and Management

During the first three decades of the twentieth
century, all forms of human endeavour, including
industry and commerce, became increasingly driven
by the idea of ‘systematisation’. Evidence for this
can be found in the scientific management
movement, in the time and motion studies of the
Gilbreths, in the founding of journals such as
‘Systems’, in Henry Ford’s production methods, in
the attempts of Morris Leeds to provide a rational
basis for determining wage rates, and in the
‘modernist’ movements in art, architecture, and
literature. Essential to all forms of ‘systematisation’
was abstraction: the idea that essentials could be
extracted from a mass of detail and that the
abstracted essentials could form the basis for
comparison, extrapolation and re-design. In science
and technology this abstraction process required
measurement: in Sir William Thomson’s frequently
quoted words ‘when you can measure what you are
speaking about and express it in numbers you know
something about it.” (Thomson, 1883)

Measuring instruments could take us further. As the
Taylor Instrument Companies in a series of
advertisements with the theme ‘The Sixth Sense of
Industry’ pointed out in 1924, they could supplement
or replace our five senses for the purpose of
controlling production processes taking ‘the guess
out of manufacturing’. These advertisements
appealed to that strand within scientific management
which aligned itself with Frederick Winslow
Taylor’s distrust of the ordinary worker. Workers
must be continually watched to ‘see that they
followed ‘the one best way’: by building the ‘one
best way’ into an automatic control system the
worker has no choice but to follow it.

2.2  Pneumatic Controllers

‘To control a continuous pasteurizer by hand
was a one man’s job while in operation. This

I In part 1 T draw heavily on (Bennett, 1991; 1992a;
1992b; 1993; 1995; 1998a;. 1998b;. Sydenham, 1979) and
also on the catalogue collection in the National Museum of
American History (History of Technology Division),
Smithsonian Institution, Washington, DC, and on company
records held in Hagley Museum & Library, Wilmington,
Delaware.

was too much—something had to be done

about it. The limits of human endurance
reached.” Taylor Instrument Companies,
1928.

The C. J. Tagliabue Company, who adopted

Frederick Winslow Taylor’s phrase ‘The One Best
Way’ for promotional purposes, claimed to have
installed the first pneumatic automatic temperature
controller on a milk pasteurisation plant in New
York city in 1907. This pneumatic controller, as did
the early controllers of the Taylor Instrument
Companies, used the change of pressure in the
measuring element for example, a mercury in steel
thermometer to operate a pilot valve which
controlled the air pressure acting on the main valve
which in turn controlled the flow of steam to the
process. In many of the early systems, the
connection between the measuring element and the
pilot valve was a bellows or diaphragm. Although in
principle capable of proportional action, the practical
systems provided on-off action in that the pilot
valves were so designed that a small amount of
movement of the bellows caused them to move from
fully open to fully closed. Controllers based on
direct operation of the pilot valve were simple to
build, but attaining precise control was difficult: the
force required to operate the pilot valve both loaded
the transducer significantly and also varied
nonlinearly with the valve movement.

The desire for accurate recording devices had
directed attention .to the problem of connecting a
mechanism for moving a pen across paper to the
sensor without loading the sensor to such an extent
that the measured value was distorted. The pressure
operated recorders of William H. Bristol which were
based on using a modified form of the Bourdon tube
set the standard for mechanically operated devices
(Bristol, 1890, Bristol, 1900). Edgar H Bristol, who
had devised a helical wound tube for the 1900
recorder, left the Bristol Company in 1908 and with
his brother Bennet B Bristol formed a company
which in 1914 became the Foxboro Instrument
Company and it was he who in 1914 took the crucial
next step in the development of pneumatic control
systems when he filed for a patent (granted 1922) on
a flapper nozzle amplifier (Bristol, 1922).

The successful line of pneumatic controllers was
based on the flapper-nozzle amplifier. Movement of
the flapper arm towards or away from the nozzle
causes a change of back pressure in the pneumatic
circuit and this change in pressure results in a
movement of a diaphragm bellows. This movement
can be applied to a pilot valve which in turn controls
the opening and closing of the main control valve.
Bristol designed the pneumatic circuit to work under
vacuum, but ingress of dirt and dust into the narrow
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tubes led the Foxboro Company to switch to
pressurised operation (hence the pressure range 0 to
15 psi for pneumatic controllers). The basic flapper-
nozzle mechanism is highly non-linear. In the early
versions of the Foxboro controllers, infroduced in
1919, the gain of the flapper-nozzle was such that a
change in the measured quantity equal to 1% of full
scale of the measurement caused 100% change in the
back pressure. The introduction of the flapper-
nozzle amplifier between the transducer and the pilot
valve removed the loading problem but its high gain
and non-linear behaviour increased the sensitivity of
the system to such an extent that limit cycling could
easily occur.

In practice, because of the problems caused by the
high gain of the controllers many of the instrument
manufacturers recommended using by-pass control
schemes. In such schemes the controlled medium for
example, steam used for heating was split into two
parts, one controlled by the automatic device and the
other (the by-pass) controlled by a manually set
valve. Large changes in loads or in set points were
accommodated by adjusting the by-pass valve by
hand. Also schemes involving ‘two step’ control
were introduced: the final control valve was set to
move between predetermined fixed positions in
response to the on-off action of the flapper nozzle
amplifier rather than moving to fully closed and fuily
opened positions.  There were other practical
problems with the flapper-nozzle amplifier: the small
movements of the flapper arm, of the order of 0.02
mm required to move from the on to the off state
meant that vibration in the mechanism could result in
switching of the output, friction and wear in the
mechanical linkages between the helical tube sensing
units and the flapper arm could cause problems, and
the system was sensitive to fluctuations in the air
supply pressure.

At the same time there was competition from
companies supplying electro-mechanical control
systems. For example, the Leeds & Northrup
Company offered electro-mechanical controllers
with what they called "proportional step’ action—this
was in fact ‘floating’, that is, integral action. This
controller gave a zero steady state error but for stable
operation the motor speed had to be low and hence it
responded slowly to load or set point changes.
Morris E Leeds, the founder of the Leeds &
Northrup Company, had obtained a patent in 1920
for an automatic controller whose rate of change of
corrective action was specified as being a function of
the rate of change of error, or of the error, or of a
combination of the two. The term function was used
to make. the application broader than just
proportional. The company initially had difficulty in

combining the two actions but by 1929 had done so
and were able to offer a PI controller.

The response was that every company manufacturing
pneumatic controllers attempted to increase the range
of linear operation of all the components in the
system. For example, in 1927 Foxboro introduced a
controller with a proportional band of between 5%
and 7% of the full scale measurement. This was
achieved by modifying the flapper-nozzle
arrangement such that the flapper and nozzle
approached each other at a small angle and thus
closed off the air at a more gradual rate. The
growing interest and demand for 'throttling' control,
that is proportional control, led the Foxboro
Company, in 1929, to argue defensively in a
brochure, ‘that the limits of control must be
sacrificed, if throttling action is desired when the
process is out of balance’ and thus that narrow band
proportional control was preferable. They were,
however, working hard to find a way of getting wide
band proportional action.

2.3  The Stabilised Pneumatic Amplifier

In a Brown Instrument Company internal report of
12 December 1929, Richard W Saunders, noted that
‘[Although Foxboro has not openly put the result of
their development on the market, they are working
on it and applying for patents’. He recommends that
the company should make °...every effort to get
something started in the line of stabalized (sic)
control’. Earlier in 1929 he had examined a design
for an air operated controller by a Mr. Eremmeeff
which incorporated a feedback of pressure from the
control valve to the input needle valve. The patent
activity to which Saunders seems to have been
referring was the filing on August 14, 1928 of two
patents for pneumatic process controllers by Clesson
E. Mason and by William .W. Frymoyer (Mason,
1934 filed Aug. 14 1928; Frymoyer, 1931, filed Aug.
14 1928). Both devices used diaphragm units
interconnected by capillary tubes to modify the back
pressure in the flapper-nozzle unit. Frymoyer's
device was the simpler of the two: the relationship
between the change in output pressure p of the
flapper-nozzle system and the change input position
x of the flapper is

p=Kx/(1+ Ts)

For the mechanism proposed by Mason the
relationship is '

p=Kx(1 +aTs)/(1 + Ts)

45
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where « is a constant. A system based on Mason's
invention was built and installed in an oil refinery; it
is claimed that it gave good control; however, the
diaphragm units kept fracturing owing the repeated
flexing and the system had to be removed.

In September 1930 Mason filed another patent
application for a pneumatic control mechanism in
which there is feedback from the outlet of the pilot
valve, that is the actuating signal for the control
valve, to the flapper nozzle (Mason, 1933). The
feedback signal is modified by a pneumatic network
such that the overall effect is to make the
manipulated variable proportional to the sum of error
and the integral of error (Stock, 1984). There are
strong parallels between Mason’s invention and
Harold Stephen Black’s invention of the electronic
negative feedback amplifier (Black, 1934, Black,
1937, Black, 1977) in that both Mason and Black
realised that the closed loop behaviour could be
shaped by the components inserted in the feedback
path.

This mechanism was incorporated in the Foxboro
Model 10 Stabilog controller announced in
September 1931. Initially the Stabilog did not sell in
large numbers: the users needed educating and it was
re-launched in 1934 with a brochure which explained
in detail how it operated and the benefits to be
gained from its use. A key element in the success of
this controller was the use of the recently developed
'Hydron' welded steel bellows, able to withstand
repeated flexing, for the differential pressure motor.

As well as providing proportional action and
incorporating reset, the provision of feedback round
the flapper-nozzle amplifier reduced the effects of
disturbances on the amplifier itself. The particularly
troubling disturbances of changes in air pressure and
vibration were not a problem, as H Barnett of the
Brown Company reported in 1936, if the controller
was ‘used on applications...with negligible time
lags, the process itself becomes the balancing system
for compensating for supply pressure changes and
vibration.” However, in the system he examined
following complaints from a customer, the position
and type of the thermometer bulb was such that time
lags of the order or several minutes were present.
The solution found in this case was to change the
type of thermometer used and also to reduce the
‘play’ in the controller linkages.

Rival companies were quick to see the benefits of the
new control method: the Taylor Instrument
Companies brought out its so called Dubl-Response
unit which offered PI control in 1933 and the
Tagliabue Company responded in 1934 with its
Damplifier controller. Taylor Instrument’s challenge
was the most significant as the Dub! Response unit

incorporated a feedback link from the position of the
main control valve hence including all of the
controller components within the feedback loop.
However, there was a penalty for this arrangement in
that pneumatic connection between the control valve
and the controller increased the time lag in the
controller. Some comparative performance data for
various controllers is shown in table 1.

The report comments that the Foxboro Model 10 has
the largest flapper movement which gives it an
advantage in that it makes less sensitive the lost
motion, friction, vibration and other mechanical
disturbances. The disadvantage of the Model 10 is
that the throttling range (proportional) band can only
be adjusted in fixed steps whereas the Brown
controller has a wide range of continuous
adjustment.

Table 1 Controller Test Data (from report number
4112-77 The Brown Instrument Company, 5 August

1935).

Instrument  Flapper motion Throttling Range
for 1% of full
scale
Foxboro 0.009” 8% to 75% in 12 steps
Model 10
Tagliabue  0.00065” 1% to 40% continuous
Mason from 0.0016 to 1% to 35% continuous
Neilan 0.008
Taylor 0.0012” 1% to 9% continuous
or 6% to 250%
continuous
Bristol 0.0009 3.4% no adjustment
Brown 0.007 1% to 150% continuous

2.4  Derivative Action

During the 1920s there was much discussion of the
need for a controller to anticipate an increase in the
error and there were a variety of proposals to make
controllers respond to a rate of change in the
measured variable. Most schemes, however, did not
provide derivative control action since the actuating
mechanism introduced an integral term. The so-
called anticipating control resulted in the controlled
variable being made proportional to the error. This
did give a faster response since it replaced controllers
in which the controlled variable was proportional to
the integral of the error.

True derivative control action resulted from work
being carried out by the Taylor Instrument
Companies on the control of part of the rayon-
making process.  Mechanical working of the
cellulose 'crumb’ results in both the generation of
heat and a change in the cellulose from solid lumps
to a fluffy consistency. The process requires that the
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temperature be maintained constant. Cellulose in its
fluffy form is a good insulator and this resulted in
increasing the effective time constant of the
temperature transducer. With PI control the system
oscillated. When given this problem Ralph Clarridge
of the Taylor Instrument Companies remembered
that when he had experimented with introducing a
restriction in the feedback line of the proportional
response controller, he had observed a large 'kick’ in
the response when the set point was suddenly
changed. The controller was ‘anticipating’ the
change in the error signal. He decided to try this
restriction on the cellulose plant controller; the
system was tested 1935 and found to work. The
Taylor engineers named the effect 'pre-act' (Ziegler,
1951). Until the fully re-designed Fulscope
controller was introduced in 1939, the Taylor
Instrument Companies installed pre-act as a special
order when their engineers thought it appropriate to
do so.

The Foxboro Company initially dealt with the
problem of transfer lag by the addition of a device
which they called an ‘Impulsator’. This device
applied an impulse to the control valve which was

proportional to rate of change of error. The
Impulsator was only available with the
potentiometric Stabilog, that is the pneumatic

controller which operated with a thermocouple input.

The addition of derivative action to the standard
Stabilog, called ‘hyper-reset’ by Foxboro, was the
work of George A. Philbrick, was developed during
1937-38. During this period Philbrick also
developed an electronic simulator. This was a hard-
wired analogue computer which could be used to
simulate particular process loops—both the process
and the controller. The process could contain up to
four time lags and the controller could configured as
P, PI or PID?.

2.5 Development of Theoretical

Understanding

Prior to the 1930s academics and the major
professional institutions paid little attention to the
development of process controllers: it was, perhaps,
this lack of attention which led A. Ivanoff to write
that ‘the science of the automatic regulation of
temperature is at present in the anomalous position
of having erected a vast practical edifice on
negligible theoretical foundations’ (Ivanoff, 1934).
Ivanoff's statement is correct if we interpret
‘theoretical foundations’ as mathematically based

2 The simulator is in the National Museum of American
History, Smithsonian Institution, Washington DC (Mayr,
1971).

analysis, but we should not be led into thinking that
the ‘practical edifice’ had no foundations: it was
constructed on what we now might call ‘intelligent
control’ that is on heuristic control based on
observation of the human operator (Passino, 1993).
Inventors such as Morris E Leeds and Elmer Sperry
(and many others) had an intuitive understanding
that on-off and proportional control actions would
not generally provide adequate control. In 1912,
Leeds opposed coupling the Leeds & Northrup
recorder to on-off controllers as he did not think that
it would give satisfactory control: he argued that a
controller needed to act as did a good operator in
both anticipating the build up and reduction of error
and also compensating for a persistent error (Stein,
1958).* Similarly Sperry built into his auto-pilots for
ships and aircraft functions which mimic the
behaviour of the human operator. The complex
mechanical arrangements used to generate the
functions were difficult to analyse and hence it was
not clear what was the exact control action
(Minorsky, 1937; Hughes, 1971).

The first drawing together of important ideas from
several sources came in 1934 with Harold Hazen's
paper on servomechanisms in which he included an
examination of the control actions used in industrial
instruments (Hazen, 1934). Hazen’s survey cited the
work of Nicolas Minorsky who, in 1922, translated
the actions taken by the helmsman in steering a ship
in to mathematical form, concluding that an
appropriate automatic controller would need to
include actions equivalent to a PID controller
(Bennett, 1984; Minorsky, 1922).

By this time, however, many engineers working in
the instrument companies and process industries had
discovered for themselves the benefits that feedback
could bring. They were also trying to build up a
body of theoretical knowledge that would help with
future design problems. John J. Grebe and his
colleagues at the Dow Chemical Company in the
USA and lvanoff in the UK led the way with papers
published in 1933 and 1934 (Grebe et al., 1933).
The major work, however, began in 1936 with the
push, led by Ed S. Smith to form an Industrial
Instruments and Regulators Committee of ASME
(Bennett, 1976). Prior to this initiative most
information relating to industrial instruments and
their use appeared in the journal Instruments, whose

3 In the Experimental Committee Minutes of the Leeds &
Northrup Company, 4 December 1916 (Hagley Museum &
Library, Leeds & Northrup papers Ac. No. 1110 Reel #5)
there is a reference to a paper written by Leeds in 1909
outlining a solution to the problem of hunting in control
systems, unfortunately 1 have not located a copy of the
paper and hence cannot confirm Leeds advocating such
views so early.
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editor, Major E. Behar was an enthusiastic and
tireless proponent of the use of automatic control.
Smith actively sought contributions for publication
in the Transactions of ASME (papers published
included (Bristol and Peters, 1938; Haigler, 1938;
Mason, 1938; Mason and Philbrick, 1940; Smith,
1936, Smith and Fairchild, 1937; Spitzglass, 1938).
In England the Chemical Engineering Group of the
Society of Chemical Industry organised a one day
conference on automatic control in 1936, and in co-
operation with Imperial Chemical Industries,
Douglas Hartree and colleagues investigated the
behaviour of a process system using the differential
analyser at Manchester University (Hartree et al.,
1937; Callender et al., 1936). Full recognition of the
importance of instruments in science and industry
came in 1942 when the American Association for the
Advancement of Science chose the subject of
instrumentation for one of its Gibson Island
conferences: attendance at these conferences was by
invitation only and no proceedings were published-—
everything said was supposedly ‘off the record.’

3. PARTII 1940 TO 1980

3.1 Consolidation 1940-1955

‘A tubular heater for raising milk to the
pasteurizing temperature may be designed
with ample heating surface, and the steam
supply may be adequate, but the maintenance
of a constant milk outlet temperature by
steam-valve manipulation is very difficult if
the milk flow or incoming temperature vary
suddenly. A good controller will be able to
bring the temperature back to the correct
value following one of these disturbances but
only at the expense of some deviation for a
certain length of time. During the recovery
period a loss results, since any increase in
milk pasteurization temperature spoils the
“cream line” of the product and any drop in

temperature requires reprocessing.” J. G.
Ziegler and N. B. Nichols, 1943
The value of the PID controller had been

demonstrated in several difficult applications and by
1940 two of the leading instrument companies were
offering pneumatic controllers for sale; but much
needed still to be done before it could become widely
used in industry. There were three main issues: The
first was how to find the appropriate settings for the
controller, providing a simple means for adjustment
in the field was useless if there no was no easier way
of finding the best settings. In the ‘turn key’
installations the controller parameters were set by the
manufacturers. The second was to persuade

designers to produce plants which were controllable.
And the third was to make the operation of the
controller less dependent on complex and fragile
mechanical linkages.

The first issue was quickly addressed. In 1942, in
the well known paper ‘Optimum settings for
automatic controllers’ J G Ziegler of the Sales
Engineering Department and N B Nichols of the
Engineering Research Department of the Taylor
Instrument Companies set out two procedures for
finding the appropriate controller parameters (Ziegler
and Nichols, 1942). A second, less well known,
paper by Ziegler and Nichols appeared a year later in
which they commented that too often in process
plants when the plant is run it does not work as
expected. The engineers realise that some factor has
been neglected but cannot identify what is missing.
‘This missing characteristic’ they argue ‘can be
called ‘controllability’ the ability of the process to
achieve and maintain the desired equilibrium value.’
Their argument was that instrument and process lags
can make a plant difficult to control and close
attention must be given to minimising such lags
(Ziegler and Nichols, 1943).

The third problem was more difficult to deal with,
particularly as engineering effort and resources were
diverted to the war effort. After the end of the war
the leading companies, Foxboro and Taylor made
minor changes to the existing designs, improving the
mechanics and the methods for adjusting the
controller parameters. The Foxboro Model 40
Stabilog, which appeared in 1948, was a result of
more substantial design changes. With its
rectangular case and smaller size it looked much
different to its predecessors, and it also incorporated
a mechanism to support ‘bumpless transfer’,
however, it was still dependent on a delicate
mechanical movement to operate the flapper. The
Foxboro Model 58 Consotrol range which appeared
in the early 1950s was the result of a major re-design
in that incorporated a clever force balance
arrangement (Young, 1954). This was not the first
force-balance type controller for example, the Leeds
& Northrup Company’s pneumatic Micromax of
1944 used a force-balance arrangement but this was
the first such instrument from the leading pneumatic
controller company. ‘

During the same period the Taylor Instrument
Companies introduced their replacement for the
Fulscope range, Transet Tri-act controller: the
principle of which had been described by Ralph E
Clarridge in 1950 (Clarridge, 1950). The Tri-act
contained two flapper-nozzle amplifiers: the first
amplifier had a fixed proportional gain and a variable
pre-act setting, the output of this was then fed to a
second stage with variable proportional gain and
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variable reset action. Clarridge argued that
‘conventional’ controllers gave a large overrun
during start up; by introducing the two stage process,
it became possible to adjust the reset (integral) gain
without affecting the derivative action. This enables
the controller to be tuned to give good performance
in respect of both load disturbances and set-point
disturbances, whereas with the majority of previous
controller implementations the controller had to be
tuned for either load disturbances or set-point
disturbances. The Clarridge form, shown in figure 1
became the standard form adopted by instrument
makers and has been retained in many single loop
digital controllers.

[Tl ]
ei +;)+—3FP +$u

Figure 1 The series PID controller arrangement

Although the tuning rules of Ziegler and Nichols are
simple in concept, in practice they were not easy to
apply. In the majority of controllers there was
interaction between the derivative and integral
actions and it was not always clear what the
markings on the setting dials meant: did the numbers
represent the physical time constants of the integral
or derivative units or the effective time constants
when the interaction was taken into account? And if
they were the physical time constants, what the was
the relationship with the effective time constants? A.
R. Aikman and C. [. Rutherford of the Imperial
Chemical Company presented a detailed analysis of
some commonly used controllers at the conference
on Automatic and Manual Control held at Cranfield
(UK) in 1951 in which they identified five principle
types of interaction (Aikman and Rutherford, 1951).
(Young (1954) described one pneumatic controller
manufactured by Negretti and Zambra in which
interaction had been eliminated.)

The growing awareness of the power of the
frequency response approach led in the early 1950s
to investigations of its use in process control
applications (Cohen and Coon, 1953). The Imperial
Chemical Company built a frequency response
analyser to obtain plant data and to examine how
frequency response ideas could be used to find
controller parameters (Aikman, 1951). The
academic work was summarised and explicated in
two papers by Geraldine A Coon published in
Control Engineer in 1956 (Coon, 1956a, b). An
interesting feature of Coon’s work was that it was
based on simulations run on an analogue computer

and that she investigated controller behaviour for a
variety of process characteristics: single capacity
(single time constant), two capacity, single capacity
plus transfer lag (time delay).

Given the detailed analysis of controllers done in the
late 1940s and early 1950s, and the growing number
of installations using PI and PID control it is perhaps
surprising that there is no mention of reset (integral)
wind up. Karl Astrom and Tore Higglund
concluded that the manufacturers were fully aware of
the problem but that they kept the methods used to
combat it as a trade secret (Astrdm and Higglund,
1995). One company, the George Kent Company
did reveal how they dealt with the problem: ‘The
integral chamber of the air-operated control unit is
fitted with an automatic bleed unit to reduce the risk
of severe overshoot of steam pressure following a
prolonged diversion from the control pressure, or
desired value’ (Clifton, 1954), and in a later paper
‘the controller...incorporates a special “integral-
bleed” relay’ (Cunningham, 1956).

3.2  Electronics

By the mid-1950s automatic controllers were firmly
established in a wide variety of industries: a
Department of Scientific and Industrial Research
(UK) report observed: ‘Modern controlling units
may be operated mechanically, hydraulically,
pneumatically or electrically. The pneumatic type is
technically the most advanced and many reliable
designs are available. It is thought that more than 90
per cent of the existing units are pneumatic.’ (DSIR,
1956), p. 27. The same report noted a growing
interest in electrical and electronic controllers and a
lack of knowledge about process dynamics.

Several companies had produced controllers
incorporating electronic amplifiers since the late
1930s, and A. J. Young, writing in 1955, described
six electronic PID controllers produced by Evershed
& Vignolles (UK), Hartman & Braun and Schoppe &
Faeser (German), and in the USA Leeds & Northrup,
Manning, Maxwell & Moore, and The Swartwout
Company (Young, 1954). Reporting in 1957, G. P.
L. Williams of George Kent commented that the
electronic instruments were capable of performing
all the functions previously only available with
pneumatic instruments and that these included, in
addition to PID, the ability to carry out ‘addition,
multiplication, squaring and other mathematical
operations.” (Williams, 1957) He also noted that the
instrument manufacturers were fully aware of the
possibilities of transistors, and new products using
transistors were being developed.
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In 1995, C. E. Mathewson, using frequency response
analysis of pneumatic and electronic components,
sought to demonstrate that the elimination of time
lags possible with electronic control gave improved
performance at both low and high frequencies and
also that electronic controllers could be much more
easily connected to digital read-out and logging
systems (Mathewson, 1955). There was, however,
deep suspicion among process engineers about the
reliability of electron tubes and it was not until solid
state electronic controllers, from the leading
manufacturers began to appear for example, the
Foxboro all solid state Consotrol range in 1959 that
electronic PID controllers became acceptable. By
this time the digital computer was just beginning to
be used in process control.

3.3  Digital Computers

The first digital computers designed specifically for
on-line control, intended for use in airborne control
systems, had begun to appear by 1953. In 1955 the
Jjournal /nstruments introduced a regular section on
Digital Automation and process logging systems
based either on a digital computer or on technologies
associated with digital computing, for example, the
Taylor Instrument Companies Trans Scan Log
system, were available. Between 1955 and 1959
discussions on how digital computers might be used
for industrial process control and then descriptions of
their use there began to appear in the literature. E.
M. Grabbe, in an annotated bibliography produced
for the first IFAC World Congress in 1960 listed
over 80 such publications (Grabbe, 1960).

The first industrial plant on which closed loop
control by digital computer was achieved was the
catalytic polymerisation unit at Texaco’s Port Arthur
(Texas) plant on 15 March 1959. The first major
direct digital control project was that for ICI’s soda
ash plant at Fleetwood (UK) based on a Ferranti
Argus 200 which went live in November 1962 and
ran for three years. The public mention of this
project in 1961 prompted engineers at the Monsanto
Company to quickly investigate direct digital and in
collaboration with TRW Computers they installed a
trial DDC system on an ethylene unit at Monsanto’s
Texas City plant which went live in March 1962 but
which was run on a trial basis for only three months
(Stout and Williams, 1995).

Many of the major control instrument companies
responded rapidly. By 1960 Bailey, Foxboro (with
RCA), Leeds & Northrup (with Philco) and
Minneapolis-Honeywell were offering computer
based systems. However, they all lagged in the
market behind Thompson-Ramo-Wooldridge.
Growth in the use of computers was rapid. In 1960,

Grabbe had forecast that there would 100
installations by the end of 1961: he was almost
correct. By 1965 there were over 1000 in use on
process plants world-wide (Snow and Hutchinson,
1966).  What proportion of these installations
included DDC is difficult to ascertain: however,
judging by the number of papers which began to
appear in the late 1960s the inclusion of DDC in
computer control schemes must have been
increasing. Many of the early DDC schemes
included back-up analogue controllers for critical
loops and electronic PID controllers were quickly
modified to provide automatic change-over to
analogue back-up should the digital computer fail to
update the controller output within a specified time
interval.

At a panel discussion held in  February 1970,
Anthony Turner of Motorola said ‘by 1975, when
LSI circuits will probably be the basis of digital
computers, manufacturers will act more like system
houses assembling the required functional packages.
Simultaneously, analog controllers should gradually
evolve into digital devices, providing accuracy at
low cost. These controllers will be relatively simple
to combine into mutlipoint configurations, which can
be applied to optimize unit processes on a local
basis.” (Turner, 1970) In 1975, Honeywell Process
Control Division announced their Total Distributed
Control Architecture (TDC) and in the same year D.
M. Auslander, Y Takahashi and M. Tomizuka
suggested that the single loop controller should be
brought up to date. They asked the question ‘Are
microprocessors the answer’ arguing that calculator
technology which, although slower, could handle
calculations directly in engineering units should
perhaps be preferred (Auslander et al., 1975).
Although single loop digital PID controllers have not
followed the binary coded decimal calculator path
they have come into existence and into widespread
use.

The change to digital implementation raised
questions about algorithm implementation and tuning
of the digital system and many practical features
built into pneumatic and electronic controllers had to
be re-discovered (Astrém and Hagglund, 1995). The
flexibility of software implementation meant that the
non-interacting form of the PID algorithm could be
used but issues of bumpless transfer, set point
changes, and integral action wind-up had to be faced,
as did tuning to take into account the effects of
sampling. There were also additional complications
arising from limited precision arithmetic.
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4. CONCLUSION

This story of the history of the PID controller is
largely American and I have discussed elsewhere my
views about the reasons for the rapid growth in the
use of industrial instruments in the USA and why
similar growth did not occur in Europe (Bennett,
1991). It is also largely the story of the pneumatic
PID controller as this was, until about 1960 the
dominant technology. The transition from the early
devices to the reliable, robust controllers of the
1950s is much more complex than I have been able
to show: much of the detailed engineering that
contributed to controllers working on real plants is
hidden in company archives, or lost because it was
tacit knowledge heid by individuai empioyees.
Many instrument companies other the those
mentioned contributed to the detailed development
and of course not all designs were successful.

It is currently fashionable to stress the importance of
the systems approach to engineering: the companies
who contributed most to the development of the PID
controller were systems engineering companies.
They made and sold instruments but they also sold
solutions to problems ‘Put your problems up to us’
was the invitation in a Taylor Instrument Companies
catalogue of 1926, ‘take us into your
confidence...since many applications call for special
treatment of existing conditions and we must know
these conditions to handle your requirements
intelligently.” Field engineers worked closely with
customer and became aware of, and expert in, a wide
range of measurement and control problems. They
communicated information about problems, often
with suggestions for solutions or details of
improvisations which they had made, to the head
office of the company. They also carried out field
trials of ideas produced by engineers working in the
research departments. They were to use a modern
term ‘system integrators’ and as such were keenly
aware that all elements in the system, process,
measuring system, controller and actuator had to
match.

The companies through their technical brochures,
through the contributions of their staff to trade and
professional journals did much to educate users
about PID control. A topic which as Astrém and
Hégglund, have remarked received little coverage in
the standard text books and until very recently has
received little academic attention. However, In
recent years, as figure 2 and shows, and this
workshop demonstrates, interest in the subject has
grow rapidly.

Table 2 Publications listed in EICompendex

(keyword search)

Year PID PI+ Three Total
Control Term
1970 5 8 8 21
1972 6 8 4 18
1975 5 26 15 46
1976 20 14 13 47
1978 17 39 10 66
1980 27 20 12 59
1981 22 23 16 61
1982 42 28 9 79
1983 66 30 20 116
1984 83 52 36 171
1985 119 83 63 265
1987 119 64 80 263
1990 141 106 106 353
1993 197 62 184 443
1995 230 213 324 767
1996 291 239 386 916
1998 267 199 326 792
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