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6 Claims.

'This invention relates to process and controller
analysis and more particularly to apparatus com-
. prising electrical analogues of ‘various process
and controller elements capable of being inter-
connected to simulate different types of processes
and controllers to permit the effect of a prede-
termined disturbance pattern on a process or a
controller or a combination of process and ¢on-
troller to be conveniently predicted and studied.
Processes simulated by the apparatus of the pres-
ent invention may be industrial processes where-
in control is effected by regulating a manipulated
variable such as heat or the flow of a fluid, or
they may be purely mechanical processes such as,
for example, aiming g gun. The controllers sim-
ulated by the present apparatus may be the
usual types of industrial process controllers for
controlling temperature, pressure, flow, liquid
level and the like, or they may be servormecha-
nisms of the type used in ordnance fire control.
The term process is used herein to comprehend
any operation that is automatically controllable
by regulating some condition governable by me-
chanical or electrical means and the term con-
troller covers any mechanical or electrical means
for automatically controlling such a process.

The analysis of a moderately complex process,
or controller, or combination of process and con-
troller, to determine the type of controller best
suited to a particular process and the manner in
which the controller should be adjusted to achieve
optimum contro! presents many difficult prob-
lems and numerous effors have been made to pro-
vide analytical techniques and tools for simpli-
fying or otherwise facilitating solution. of the
problems encountered. In theory the desired
information may be obtained by a purely em-
pirical approach or by a semi-empirical approach
or by a purely theoretical approach, but in prac-
tice the utility of these approaches is frequently
seriously circumscribed by a variety of limita-
tions, particularly in the case of complex proc-
esses that are difficult to control. ‘

The approach that has been perhaps most
widely used is the purely empirical approach
wherein a controller is selected, installed and ad-
justed in situ by a trial-and-error method to ob-
tain the adjustment that produces most effective
control of the variable process condition to be
controlled. In the case of some processes, this
purely empirical approach is reasonably satis-
factory since the nature of the process is such
that the type of controller and the manner in
which the controller should be adjusted can be
predicted within relatively narrow limits on the

basis of a general knowledge of automatic con~
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trol and controllers. In the case of certain more
complicated processes, on the other hand, the
predictability of the prerequisites for achievement
of optimum control is much less. Also if a com~
plicated process is to be effectively controlled it is
in general necessary to use a more complicated
type of instrument having a greater variety of
adjustable components and thus there are more
adjustments for which the optimum value must
be determined. It is evident that as the num-
ber of adjustable instrument components is in-
creased, the difficulty of determining the proper
combination of values of the diffierent adjustable
factors increases very rapidly. Moreover, com-
plicated processes in, for example, the chemical

- and petroleum industries, frequently take a long
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period of time to balance out after a predeter-
mined disturbance has been impressed upon the
process and thus it is often necessary to wait quite
a while after making each adjustment of the con-
troller in order to determine what the effect of
that adjustment will be on the interactions of the
process and controller. Hence a considerable
overall period of time may be required to ar-
rive at optimum adjustment of the controller for
a complex process. .

Even where the nature of the process is such
that it balances out rapidly the empirical ap-
proach is open to a number of objections. As
pointed out above this approach involves a trial-
and-error procedure and hence necessarily inter-
feres to some extent with the normal and desired
operation of the process. In some cases materials
in process may be damaged or lost during the
period when tentative control adjustments are
being made. Furthermore an empirical approach
can be used only after the process has been placed
in operation. In some cases the controllability of
a process can be materially improved by proper
engineering design. One of the defects of the
empirical approach is that it is incapable of pro-
viding information that can be used as a basis
for design of a process that is more easily con-
trollable because of the fact that the approach
can be used only after the process has been placed
in operation.

In order to overcome the foregoing difficulties
various theoretical approaches to the solution of.
automatic control problems have been suggested.
It will be helpful in understanding the nature of
the present invention to describe briefly one quasi-.

 theoretical approach that has been found useful

55

in obtaining information concerning the prereq-
uisites for achieving. optimum control of com-.
plex processes and this approach will be described
with reference to Fig. 1 of the drawings which
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illustrates diagrammatically a process with a
known type of automatic controller applied there-
to. The controller shown in Fig. 1 is generally
similar to the controller described in detail in
my prior Patent 2,360,889.

Most processes may be approximately resolved
into a relatively small number of basic elements
or factors, namely, resistance, capacity and in-
ertia. For example, most industrial processes
may be considered as made up of combinations
of interconnected resistances and capacities. The
degree of difficulty of an industrial process from
the standpoint of automatic control is partly a
function of the number of capacities and re-
sistances that are disposed in series between the
input and output of the process.

Another characteristic of a process that should
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be taken into account-in automatic confrol is

in the inherent speed of the process in respond-
ing to impressed disturbances of either a con-
trolled or uncontrolled character, e. g., the time
it takes for the controlled variable to come to
a state of approximate balance following a
change in either the manipulated variable or the
demand. ‘This inherent speed of the process s
largely independent of the previously described
degree of difficulty that the process offers to au-
tomatic control, but does place a limitation on
the rapidity with which the controller may op-
erate to cause the controlled variable to balance
out at the desired value or contro! point follow-
ing a deviation therefrom. -

As a first step in process analysis it is useful
to formulate a3 hydraulic analogue of the proc-
ess to be considered both because such an ana-

logue ‘lends itself particularly well to mathe-’

matical treatment and also because it provides
a2 means whereby the interactions of the differ-
ent components of the process may be more
readily perceived and understood. Such a hy-
draulic analogue of a typical multiple-capacity
process is shown in the upper portion of Fig. 1.
Referring to Fig. 1 the process analogue there
shown comprises a series of four tanks con-
nected in series through three resistances in the
form of .restricted passages. The tank 10 is con-
nected to tank 2 through restriction 18; tank
12 to tank (& through restriction 20; and tank
14 to tank 16 through restriction 22. The tanks
10, 12, 14 and 16 are filled with water to the
levels i9a, 12a, 18a and 16a, respectively. A
pair of three-way valves 21 and 23 are provided
which may be operated to alter the manner in
which the tanks are interconnected and thus
permit the hydraulic analogue to simulate a va-
riety of different processes. However in the fol-
lowing discussion it will be assumed that the
tanks are connected in series as shown in Fig. 1.

Water is added to tank 16 of the hydraulic
system from a pipe 26 wherein the flow of water
is maintained at a desired value by a flow con-
trolier 28 and to tank {0 of the system through
a pipe 30 wherein the flow of water is controlled
by a flow controller 32. Water flows out of the
hydraulic system continuously through the re-
striction 34, It may be noted that water added
to tank 10 flows successively through tanks 12,
14 and 16 and out through restriction 34 and
that the rate of discharge from any tank de-
pends upon the resistance of the restriction con-
nected to the tank discharge and upon the
amount by which the height of the water level
in that tank exceeds the height of the water
level in the next succeeding tank of the series.
It will be assumed that it is desired to maintain

20

25

40

b5

60

85

7%

the level 16a of tank 16 at the point p and it
is evident that this level can be maintained con-
stant only when the inflow through pipes 26 and
30 equals the outflow through restriction 34.
The flow of water from pipe 26 into the tank
16 represents the “demand” on the process, that
is, it .represents a flow which .in an actual proc-
ess would be essentially. uncontrolled and:uncon-
trollable but which in the present analogue is

:made adjustable to predetermined values so that

the effect on the process of predetermined
changes in .demand may be studied. The flow

through the pipe 30.into tank {0 is the regulated

flow, i. e.,-the manipulated variable of the proc-
ess that is used to bring the controlled variable,

-e. g.,'the liquid -level -16a of tank 16, back to its

desired value p when a change in demand, e. g.,
a change in flow through pipe 26, occurs. Thus
by adjusting the flow controller 28 to adjust the
flow ‘through pipe ‘26 ‘the effect on the process
of predetermined changes in demand may be
studied and by adjusting flow controller 32 to
adjust -the flow through pipe 30 the effect on
the process of -predetermined correctional flows
may be studied.

The speed of the process is a function of the
cross-sectional areas of ‘tanks 10, 12, {4 and 6.
For example, if the tanks 10, 12, 14 and 16 are
made very narrow so that they have small ca-
pacities, the controlled variable may be made to
return to and remain at its control point within
a relatively short period.of time. Such a proc-
ess is a fast process and the controller for the
process is so adjusted as to bring the process

5 to its new equilibrium rapidly. 1If, on the other

hand, the tanks (0, 12, 14 and (6 have large
cross-sectiongl areas, then with the same change
in the manipulated varigble the process would
come to an approximately balanced condition
only after a much longer period of time. Such
a, process is a slow process and a controller ap-
plied thereto must be so adjusted as to bring
the process to balance slowly.

The operation of the hydraulic analogue of

5 Fig. 1 is as follows: Assume first that the hy-

draulic system is in equilibrium with the level
16a at its desired value » and that the controller
28 is then manually set to reduce the flow from
pipe 26. It is evident that the level 16a will fall
and that the level can be returned to and main-
tained at the point p only by an increase in flow
of water from tank I4 into tank 16 equal to the
decrease in. flow from pipe 26. In order to in-
crease the flow of water from tank 14 through
resistance 22 into tank .16 to the extent neces-
sary to maintain level {6a at point p with a re-
duced flow through pipe 26 it is .necessary that
the water level I4a in tank 14 rise to provide the
additional driving force required. "But such an
increase 'in level in the tank (4 can be .effected
only by additional flow from tank 12 to tank {4
which in turn requires additional flow from tank
10. Thus in order to return the level I6a to its
original value p it'is necessary that the levels (0q,
[2a and 14a in each of tanks 10, 12 and (4, re-
spectively, rise and that the flow through pipe
30 be increased to cause these levels to rise. It
is further evident that if the manipulated flow
30 is changed to.meet the new demand the levels
10a, 2a and (4a will reach their new equilibrium
positions at different times and hence the rate
at which a.change in the controlled flow returns
the level .16a to its_desired.value will vary with
time and will be substantidlly less than its maxi-
mum vdlue at the instant that a change in the
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tontrolied fiow 30 is made. If upon a change in
flow in the pipe 26 the flow through pipe 30 were
altered to that value which would, without fur-
ther change, bring the level 16¢ back to the de-
sired point p the level {6a would drop appreci-
ably before returning to the value p, and an ex-
cessive amount of time would be required to es~
tablish the new equilibrium. Therefore it is de-
sirable that an initial excess correction be made
in the controlled flow which is subsequently re-
moved. This excess correction acts to increase
the rate of flow of water into the several tanks
and thus reduces the time required for establish-
ment of a new equilibrium, but it is also impor-
tant that the excess correction be removed at the
proper time in order to prevent the building up
within the tank system of an inordinately large
level-restoring influence which would eventually
cause the level {6¢ to rise above the desired con-
trol point p. In other words, the nature of the
process is such that a carefully controlled excess
correction is necessary for optimum control.

'The behavior of easy and difficult processes
and slow and fast processes is described in greater

detail in my Patent No. 2,360,889 and is ﬂlub- 4

trated by a series of curves therein.

In the lower portion of Fig. 1 there is diagram-
matically illustrated an automatic controller that
is capable of applying correctly proportioned ex~
cess corrections to the process and is also capable
of taking into account the inherent speed of the
process in retaining the level 16z to and balanc-
ing it out at the value p. The controller is re-
sponsive, through a pipe 36, to the level 16a in
tank 16 and produces a pneumatic pressure that
is transmitted through a pipe 37 to the flow con-
troller 32 to cause the controller 32 to vary the
flow through pipe 30 in accordance with prede-
termined functions of the behavior of the level
i6a. Pipe 36 leads to a responsive element 38
whieh positions a link 40 in accordance with the
level in the tank 16. Link 40 is connected to one
end of a differential link 42, the other end of
which is connected by a link 44 to the control
point adjusting mechanism 46 by means of which
the value p at which the controller maintains the
level 16a may be varied. The element 38 is shown
as operating a pen arm 43 to indicate on a chart
39 the value of the level {6a. The curve 41 on

chart 39 indicates an illustrative recovery tran- st

sient of the level {6a.

The differential link 42 is connected by a link
48 with the end 50 of an arc lever 52, the other
end of the arc lever 52 being mounted in a mov-

able pivot 84 that is moved by a bellows assembly '5;

generally designated as 56 and described in more
detail hereafter. Thus the end 50 of the are lever
52 is positioned in accordance with the position
of the level 16z in tank 16, and with the setting
of the mechanism 46.

Afr to operate the controller is supplied through
a pipe 58 to a pneumatic relay 60 of the supply
and waste type and through a restriction 62 to-a
control couple comprising a-nozzle 64 and co-
operating pivoted baffle §6. Air flows through
the restriction 62 to and through the nozzle 63
and the flow of air through the nozzle is regu-
lated by movement of the baffle with respect
therefo. The pressure back of nozzle 64 commu-
nicates with the interior of a bellows 68 which
operates the valve member 10 of the relay 60.
Movement of baffle 66 with respect to nozzle 64
varies the pressure back of the nozzie and also
the pressure in bellows 68 to cause the .bellows
to operate: valve meinber 10 and thereby vary
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6 .
the output pressure of relay 60. When the bafie
66 is against the nozzle 64 the pressure in bel-
lows 68 builds up to move valve member T0 to
increase the output pressure of relay 60 and when
baflle 86 moves more than a certain small dis-

‘tance away from the nozzle 64 the pressure with-

in bellows 68 falls to move valve member T0 to
decrease the output pressure of relay 60. The
operative range of movement of bafile 66 requirad
to produee a maximum change of relay output
pressure is very small, i. e., of the order of 0.001
inch. For convenience the baffle will be charac~
terized as “tangent” to the nozzle when it is with-
in this small operative range.

The output pressure of relay 60 is conducted
through pipe 37 to the controller 32 to set the
control point thereof and thereby maintain the
flow through pipe 30 into tank (8 at a value cor-
responding with the pressure in. pipe 31. The
output pressure of the relay is also conducted to
the bellows assembly 8§ which positions the end
54 of the arc lever 52, and the arc lever 52 in
turn positions bafle €6 through a connecting
link 72. The link 72 is adjustable along the are
lever to vary the relative effect on baffle 66 of
movements of the ends 50 and 54 of the arc lever
52. The bellows assembly 56 operates to main-
tain the baffle 66 “tangent” to the nozzle 64 at all
times, that is to say, when the end 50 of arc
lever 52 moves in response to changes in the
level in the tank {8, pressures are established in
bellows assembly 56 of such magnitude that the
end of arc lever 52 is immediately moved by
the bellows assembly in a corresponding man-=
ner but in opposite sense to maintain the baifle 66
‘“tangent” to the nozzle.

The bellows assembly 56 comprises an upper
‘inner (proportioning) bellows 74 that is directly
connected to the relay output pressure, an upper
outer (derivative) bellows 76 that is connected to
the relay out pressure through a restriction 78
and a lower (reset) bellows 80 responsive to the
relay output pressure through restriction 18 and

‘through a second but relatively larger restriction

82. Capacity tanks 84 and 86 are provided which
may be selectively connected to or disconnected
from the bellows 76 and 80 respectively by the
valves 88 and 90 respectively. A bypass valve
92 is provided for bypassing the restriction 718
when desired and a shutoff valve 94 is provided
for disconnecting bellows 80 from the pneumatic
system when desired,

‘To provide for manual control of the water sup-
plied to the hydraulic system through pipe 30
there is connected to the air supply pipe 58 a
three-way valve 86 that may be positioned to
connect pipe 31 with the air supply through a
pressure reducing valve 98 that may be manu-
ally adjusted to maintain a predetermined con-
stant pressure in pipe 37. '

In response to movements of the end 50 of arc
lever 52 as the level i6g varies, the control couple
64—66, the relay 60 and the bellows assembly
56 cooperate to impose upon the pressure in pipe
31 three independent but contemporaneous con-
trol effects: ‘The nature of these three control
effects is such that the output pressure of the re-
lay 80 (1> changes immediately, continuously
and proportionally with changes of the position
of the end §8; (2) changes quantitatively in pro-
portion to the rate at which the end 58 moves,
i. e., in proportion to the rate of change of the
level 16a; and (3) changes at a rate proportional
to the deviation of the end 50 from its neutral

position and hence proportional.to the deviation
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of the level 16a froin the point 1. These three
effects are commonly characterized, respectively,
as a proportioning effect, a derivative effect and
a reset effect. The manner in which the control
couple 64—66, relay 60 and bellows.assembly 86
cooperate to produce this result is fully described
in my Patent No. 2,360,889.

From the foregoing description it is apparent
that when the controller is connected as indi-
cated in Figure 1 the output pressure of the re-
lay 60 adjusts the fiow controller 32 in accord-
ance with a composite control effect comprising a
proportioning effect, a derivative eflect and a
reset effect. By opening valve 82 the derivative
effect may be eliminated and by closing valve
84 the reset effect may be eliminated. Thus by
suitable adjustment of the valves the coniroller
may operate as a proportioning controller, a
proportioning-plus-reset controller, a proportion-
ing-plus-derivative controiler, or -a proportion-
ing-plus-reset-plus-derivative controller.

As previously indicated a theoretical approach
has been proposed in recent years which in many
cases yields useful information concerning the
characteristics of processes and the manner in
which particular types of controllers and particu-
lar adjustments of control effects may be expected
to affect the controlled variable of the process.
In general this method comprises formulating
the differential equations representing the opera-
tion of the process and the operation of the con-
troller, combining the process and controller
equations, inserting in the combined equation
suitably selected values for the various constants
of the process and controller and solving the
equations to determine the behavior of the con-
trolled variable, e. g., the level {6a, for a prede-
termined change in demand on the process, e. g.,
a change in fiow through pipe 26. In many cases
valuable information can he obtained from such
o purely mathematical analysis. In other cases,
however, particularly where the process is a rela-
tively complicated one, the solving of the mathe-
matical equations hecomes extremely time con-
suming and in certain cases wholly impracti-
cable. In other cases it may be desirable to study
the effect of a number of different adjustments of
the controller and in such .cases the complicated
process and controller equation must be solved
for a number of different values, a procedure
which requires a considerable period of time.
Thus both the purely empirical and purely theo-
retical methods of analyzing complicated proc-
esses and controllers are in many .cases -exces-
sively time consuming and there is a need for a
more effective method of analyzing these prob-
lems. Such a method should be thoroughly flex-
jble so that it can represent a wide variety -of
different systems. For exampie it .should be
capable of representing processes.of different de-
grees of difficulty and instruments of different-de-
grees of complexity and should permit desired
adjustment of the primary process.and controller
characteristics. It .should -also be capable .of
representing the behavior of the system in some
perceptible form, and the time required to ma-
nipulate the adjustments of the whole unit to
cause it to simulate a given system, as well as
the time elapsing before the results ‘become per-
ceptible, should be quite small. Moreover, the
accuracy of the method and apparatus should:he
within the limits of observation, and the in-
herent consistency of operation of the apparatus
should be unimpeachable.

Accordingly it is.an object of the present in-
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vention to provide an improved method and ap-
paratus for analyzing a process or a controller
or a combination of process and controller. If
is another object of the invention to provide ap-
paratus of this character that is sufficiently flex-
ible to permit simulation of a wide vaxriety of
processes and controllers. It is a further object
of the invention to provide a process and con-
troller analyzer wherein the values of the dif-
ferent components of the process and controller
may be conveniently and rapidly adjusted. It
is still another object of the invention to provide
3 process and controller simulator having very
rapid reactions, that is, reactions sufficiently rap-
id so.that when a rapidly recurring disturbance is
impressed -on the simulator the resulting indi-
vidual recovery transients may he successively
portrayed on a screen at such a speed that they
cannot be separately distinguished by the eye and
the separate transients merge into what appears
to be & single transient. It is stiil another ob-
ject of the invention to provide a process and con-
troller simulater that responds in a consistent
manner to disturbances of a predetermined pat-
tern and rapidly and accurately portrays the ef-
fect of such disturbances upon the process and/or
controller. It is a still further object of the in-
vention to provide an improved method of de-
termining what type of controller and what con-
troller adjustments should be used to achieve
optimum control of a given process. Other ob-
jects of the invention will be in part obvious and
in part pointed out hereinafter.

I have found that the foregoing and other ob-
jects may be achieved in general by utilizing a
process and controller analyzer comprising a
plurality of electrical analogues of process and
controller elements so- arranged that they may
be electrically interconnected to simulate a par-
ticular desired process and controller. The proc-
ess simulator and/or controller simulator is con-
nected to indicating means responsive to the
wvalue of .a controllable variable of the process
and an. electrical disturbance of predetermined
pattern is impressed upon the process or con-
troller or a combination of process and con-
troller in such manner that the indicating means
is caused to depict the effect of the impressed
disturbance. 'The many objects and advantages
of the present method and apparatus may be
best appreciated by reference to-the accompany-
ing drawings which dllustrate a preferred em-
hodiment of the apparatus of the invention and
wherein—

Figure 1, as previously described, is a diagram-
matic representation of .a process with a con-
troller applied thereto;

Figure 2 is a -diagram indicating the egquiva-
lence -of hydraulic capacity and electrical ca-
pacity;

Figure 3 is.a diagram illustrating the equiva-
lence -of mechanical resistance -and electrical re-
sistance;

Figure 4 is a block diagram of a process and
controller analyzer comprising the approximate
electrical eguivalent of the process and con-
trolier of Figure 1;

Figure 5 depicts the recovery transient of the
conirolled variable of the process as it appears
on the oscilloscope screen of the present appa-
ratus ‘when a particular electrical disturbance
is impressed upon the controlled process;

Figure .6 depicts a recovery transient that is
obtained under somewhat different conditions
than thosemsed in the case of Figure 5;
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“PFigure 7 indicates the mannet: in which the
proportioning band of the controller simulator
may be varied;

Pigure 8 is a phantom wview of the hydraulic
process and controller of Figure 1 with the anal-
ogous electrical elements of the present process
and controller simulator approximately super-
posed on corresponding elements of the process
and controller of Figure 1;

Figure 9 is a circuit diagram of disturber
means including a movable contact for generat-
ing a predetermined electrical disturbance to be
impressed on the process simulator of Figure 8;

Figure 10 is a modification of a portion of the
electrical circuit of Figure 8, which modification
permits simulation of the step adjustment of the
derivative and reset effects as disclosed in my
prior Patent 2,360,889.

It has been previously pointed out that the
essential elements of a typical process are ca-
pacity and resistance.. As indicated in Figs. 2
and 3, the electrical capacity 97 is equivalent to
hydraulic capacity 98 which is similar to the
tanks 10, 12, 14 and {§ of Fig. 1.
ner the electrical resistor 180 is equivalent to
the restriction t02 which is in turn similar to
the hydraulic restrictions 18, 20, 22, and 34 of
Fig. 1. Thus by substitution of electrical ana-
logues for the process elements of the hydraulic
process shown in Fig. 1 an electrical process may
be obtained which is fully analogous to the hy-
draulic process, but may be made to respond
miuch more rapidly to impressed disturbances.
In a similar manner, the controller of Fig. 1 may
be simulated by an electrical circuit, although
in this case it is desirable that an electronic cir-
cuit be used in order that the various functions

of the different parts of the controller may be ac-
curately simulated.

Fig. 4 represents in a general way. the princi-
pal elements of an electrical process and con-
troller analyzer. Referring to Fig. 4, the ana-
lyzer there shown comprises a process simulator
and a controller simulator, the output of the
process simulator being connected to the input of
the controller simulator and the output of the
controller simulator being connected with the
input of the process simulator to form a closed
loop. The controlied process simulator 184 has
an output voltage which represents the process
variable that is to be controlled and is analogous
to the level i8¢ in tank 16 of Fig. 1. This con-
trolled variable voltage is applied to the input
end of a controller simulator {08. The ocutput
of the controller simulator is a voltage that is
transmitted to an electronic current controller

108 which supplies to the inpul end of the proc-

ess simulator 104 a controlled current that is
proportional to the output voltage of the con-
troller simulator 106. The current confroller 188
is analogous to the flow controller 32 of Fig. 1,

the output voltage of the controller simulator

86 is analogous to the pressure in pipe 37, and
the current supplied to the process simulator {64
by the current controller 108 is analogous to the
flow of water through pipe 39. ‘

Connected to the controller simulator ms there
is a reference voltage adjustor ({9 that is anal-

ogous to the control point adjusting mechanism -
70

45 of Fig. 1. The reference voltage adjustor {8
operates effectively to subtract from the con-

trolled variable voltage a predetermined but-ad- |
justable reference voltage to produce a controlled-
voltage deviation. In cases where the controller -
being simulated is a reset controller, this reference :

In like man-
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voltage becomes the control point voltage of the
simulator whereas in cases where the simulated
controller is, for example, a proportioning con--
troller and has no control point, the reference

. voltage becomes the center of the proportioning

band of the simulated controller.  Changes in the
controlled. voltage deviation are .analogous to
movements of end 50 of arc lever 52 in response
to changes in the level (6a of tank 16.

In order to study the interaction of the process :
simulator and controller simulator means are
provided for impressing an electrical disturbance
of predetermined character on the process and
controller loop and means are also provided for
rendering perceptible the effect upon the process:
or controller or both of application of this prede-~ *
termined disturbance. A periodic source of en-
ergy 114 is connected to an oscilloscope 118 and
more particularly the circuit {16 which regulates
the horizontal component of the sweep of the
oscilloscope, The voltage at a particular point .
in the process and controller loop is amplified in
an amplifier 120 and applied to the cireuit which
regulates the vertical component of the sweep of
118, Connected to the same
periodic source { 14 there is an electrical disturber :
122 adapted to apply to a predetermined point in::
the process and controller loop a recurring elec-
trical disturbance of predetermined pattern, for -

-example, a voltage that is periodically shifted

back and forth between two predetermined values.:
to produce a square wave. By synchronizing the::
period of recurrence of the disturbance pattern:
produced by the disturber 122 and the horizontal
sweep period of the oscilloscope 118, the recovery
transient 123 of the controlled variable voltage
may be depicted on the oscilloscope screen just as
in Fig. 1 the recovery transient 41 is depmted on
chart 39.

Referring to Fig, 5 of the drawmgs, in a case
where the disturbance pattern is of the character
indicated, i. e., where the disturbing voltage alter- -
nates between two different values a double tran- -
sient will appear on the oscilloscope screen.
Since typically only one-half of the double tran-:
sient is necessary for study of the process and -
conitroller it is usually desirable that one-~half of
the double transient be suppressed and this can
be done by appropriately adjusting the sweep cir-
cuit of the oscilloscope, €. g., increasing the am--
plitude of the horizontal sweep of the oscilloscope
in such manner that the portion of the transient
between the dotted vertical lines in Fig. 5 is
stretched out and, as shown in Fig. 6, a single
recovery transient is depicted on the oscilloscope
screen.

In order that the nature of the present inven-
tion may be more fully understood the details of
the electrical connections of an illustrative proc-
ess and controller analyzer embodying the pres-
ent inventiton will now be described with par-
ticular reference to Fig. 8 of the drawings wherein
the process and controller of Fig. 1 is shown in
vphantom view and analogous electrical ele~
ments of the present analyzer are either super-
posed on or located close to corresponding ele-
ments of the apparatus of Fig. 1. Referring to
Fig. 8 there is shown a process simulator compris-
ing a plurality of interconnected capacitors and
The process simulator comprises the
variable capacitors-126, 128, 130 -and {32 which,
as indicated in Fig. 8, correspond to the tanks {0,
12, 14 and 186, respectively of Fig. 1. The capaci-
tors are made variable so that they can be ad-
justed to match ‘the:capacities of an actual or:
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hypothetical process:that it is desired to study.
One side of each capacitor is grounded and the
other side is effectively connected through resist-
ance to another capacitor. Thus the capacitor
126 is connected to the capacitor 128 through a
resistor 134; capacitor 128 is connected to the ca-
pacitor 130 through a resistor 136 and the capaci-
tor 139 is connected to the capacitor 132 through
a resistor 138. As-indicated in Fig. 8 the elec-
trical resistors i34, 136 and 138 are made variable
so that they may be matched to the resistances
of an actual process and they correspond to the
restrictions 18, 28 and 22 respectively of the hy-
draulic process analogue. A further variable re-
sistor 140, analogous to the resistor 34 of Fig. 1,
is connected between the capacitor (32 and
ground.

The electrical analogues of the three-way
valves 21 and 23 of Fig. 1 are, in Fig. 8, the
switches 142 and 144 which permit the intercon~
nections between the capacitors and resistors to
be varied to represent various systems.

The manipulated variable in the electrical
analogue is g controlled electrical current sup-
plied to the process simulator and more particu-
larly to the capacitor 126 through a conductor {46
from an electronic tube {48 which may be a con-
ventional pentode tube and which operates as a
current controller in a manner described in detail
hereafter. The output of the process simulator
is a controlled variable voltage which is anal-
ogous to the level i6g in tank 16 of Fig. 1 and
which forms the input of the controller simulator
presently to be described.

In Fig. 1 a disturbance of predetermined char-
acter is impressed on the hydraulic process by
causing a stream of water controlled by the flow
controller 28 to flow through pipe 26 into tank 16.
In PFig. 8 an electrical disturbance of predeter-
mined character is impressed. on the electrical
process simulator in a somewhat similar manner.
The capacitor 132 is connected into the plate cir-
cuit of a tube {5¢ through conductor (51, bat-
tery 152, and conductor 153 and the tube oper-

ates to supply a controlled and predeterminable:

current to the process simulator.

The characteristic of the current supplied to
the process simulator by the tube 150 is deter-
mined by a disturber 154 connected to the con-
trol grid 155 of the tube. The disturber 154 may.
be constructed in such manner as to apply any of
various disturbance patterns to the process. For
example, it may comprise a simple circuit such
as that shown in Fig. 9 which operates to apply a
substantially square wave disturbance to the
process. Referring to Fig. 9, the disturber 154
may comprise a vibrator #56 including an elec-
tromagnet 151 and an armature {58 having a coil
{59 connected to a source of alternating cur-
rent 160, all arranged as shown to cause the ar-
mature 158 to vibrate in synchronism with the
frequency of the alternating current supply 160.

The armature {58 is mechanically connected
to a pivoted arm 16f having mounted thereon a
contact 162 which cooperates with a fixed con-
tact 163 to alternately make and break the dis-
turber circuit 164. Energy for the disturber cir-
cuit is supplied from = pair of batteries 165 and
166 connected in series to a potentiometer (87.
A second potentiometer {68 is connected by a
conductor 169 to a point between batteries 165
and 166 and by a conductor {10 to the adjustahle
contact 171 of potentiometer 167. Movable con-
tact 162 is connected to conductor 110 by a con-
ductor {72, and fixed contact (63 is connected
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to the adjustable contact 1713 of potentiometer
168. The conductor 169 is grounded through con-
ductor 1714 and the adjustable contact {713 is con-
nected by conductor 175 to the control grid 155
of the tube 150.

As the confacts 162 and 163 are made and
broken, a predetermined portion of the potenti-
ometer (68 is cut out of and into the circuit re-
spectively to cause the control grid 55 to be
maintained alternately at a relatively higher
voltage and at a relatively lower voltage. The
magnitude of the voltage difference between the
high and low voltage values may be varied by
moving contact 113 of potentiometer 168 and the
value of both voltages with respect to ground
may be varied by adjusting contact {71 of poten-
tiometer 167.-

Referring again to Fig. 8, the tube 150, like
most of the other tubes shown in Fig. 8, is con-
nected as a cathode-follower, i. e., a resistor is
connected to the cathode, usually between cath-
ode and ground, which resistor is common to the
grid-cathode and cathode-anode circuits so that
there is established through the resistor a cur-
rent of such magnitude that the cathode voltage
always follows the grid voltage, both such volt-
ages being described with respeet to “ground.”
Moreover the cathode voltage is always linearly
related to the grid voltage and may be substan-
tially equal to the grid voltage., Thus the cath-
ode 176 of tube 150 is connected to ground
through. a resistor {77 and the cathode voltage
is approximately equal to the voltage on con-
trol grid 155. Since the plate current is pro-
portional to the cathode voltage, it is also linearly
related to the grid voltage. Hence the current
supplied to the capacitor 132 is so regulated that
the desired square wave disturbance is impressed
as a cutrent on the process simulator.

The output of the process simulator is a con-
trolled voltage analogous to the level I16a of tank
(6. This controlled voltage is transmitted by
means of a conductor 178, from one side of the
capacitor 132 to the inpuf of the controller sim-
ulator and more particularly to the control grid
179 of a tube (80 which, like the tubes (48 and
{50, may be of a conventional pentode type.
The tube 1880, like the tube §50, is connected as
a cathode-follower having a cathode resistance
{81 through which the cathode 182 is connected
to ground. The cathode circuit is specially en-
ergized by a battery (83 which connects it
through a resistor 184 to the plate circuit of the
tube. The plate circuit includes a battery 185,
the positive terminal of which is connected to
the plate 188 by a conductor (86 and the nega-
tive terminal of which is connected to ground
through a conductor 190, resistor 192 (which has
the same resistance as resistor 18{) and conduc-
tor 194. Effectively connected in series to the
terminals of battery 185 are a resistor 196 and
the resistor of a potentiometer 198 having an ad-
justable contact 200 which is connected to the
conductor 202. The potentiometer 198 is a ref-
erence voltage adjustor, like the adjustor 110 of
Fig. 4. ‘ .

The tube 189 and its associated circuit operates
in. a manner analogous to the operation of sen-
sitive element 38 and control point setting device
46 of Fig. 1. The contactor 200 is so adjusted that
the voltage drop between the contactor and the
conductor 190 has a value equal to the desired
reference voltage. This reference voltage is effec~
tively subtracted from the controlled variable’
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voltage, as described below, to give a controlled
voltage deviation which, in the case of reset con-
trollers, represents the departure of the con-
trolled variable voltage from the desired control
point.

As previously stated tube 180 is connected as
a cathode-follower and thus a current is estab-
lished in the cathode-anode circuit of the tube
such that the cathode voltage is substantially
equal or linearly related to the voltage on con-
trol grid 1719. From this it follows that the volt-
age across the resistor 181 is equal to or linearly
related to the controlled variable voltage im-
pressed on control grid 179. Resistors 18! and
192 have substantially equal currents since all
other paths to ground from the circuit of tube 188
are relatively of much higher resistance. Thus
since resistors 181 and 192 have squal resistances
and equal currents, the voltage drop across re-
sistor 192 will be equal and opposite to the volt-
age drop arcoss the resistor 181, This voltage
drop across resistor 192 is algebraically added to
the drop through that portion of resistor 188 that
is between contactor 208 and conductor 80, and
hence the voltage with respect to ground that
is established at the contactor 200 represents the
difference between the controlled variable volt-
age and the reference voltage. This net voltage
is referred to herein as the controlled voltage
deviation,

As described in connection with Fig. 4 of the
drawings, the effect of a predetermined disturb-
ance is rendered perceptable by applying to the
vertical sweep circuit of oscilloscope {18 the volt-
age at a desired point in the process and con-
troller loop. In Fig. 8 the cathode £82 of tube
180 is connected by a conductor 201 to the ampli-
fier 120 which is in turn connected to the verti-
cal sweep circuit of oscilloscope 118. In this way
the controlled variable voltage of the process sim-
ulator is effectively applied to the oscilloscope to
depict the recovery fransient of the controlled
process when it is disturbed.

The controlled voltage deviation is transmitted
through conductor 202 to one end of a poten-

tiometer 204 having an adjustable contact 208. .

The other end of potentiometer 204 is connected
to an electrical follow-up circuit generally desig-

nated as 206 and described in detail hereafter, :

The follow-up circuit 206 operates to establish
at the right-hand end of potentiometer 204 (as
shown in Fig. 8) a voltage that is so related to the
controlled voltage deviation applied to the left-

hand end of potentiometer 204 as to tend to cause -

the voltage at contactor 208 to be at ground po-
tential. Thus the follow-up circuit 206 is analo-
gous to the bellows assembly 56 of Fig. 1 and the
resistor of potentiometer 204 is the electrical
equivalent of the arc lever 52 of Fig. 1.

The voltage of adjustable contact 208 of po-
tentiometer 204 is permitted to actuate the con-
trol grid 210 of a pentode tube 212. The con-
tactor 208 is made adjustable so that the “propor-
tioning band” of the controller simulator may be
adjusted. If the contactor 208 is moved to the
left end of potentiometer 204, a given change in
the contreolled voltage deviation will cause the
follow-up circuit 206 to.produce a large change in

voltage at the right end of potentiometer 204 to y

maintain the grid-actuating voltage of contactor
208 at ground potential.. If, on the other hand,
contactor 208 is moved to the right end of poten-
tiometer 204, the same change in controlled
voltage deviation will cause the follow-up eircuit
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206 to produce a relatively small change in the
voltage at the right end of potentiometer 204.
For intermediate positions of contactor 208, volt-
ages at the right end of potentiometer 204 of in-
termediate values will be produced by the given
change in the controlled voltage deviation.

The tube 212 is connected with a tube 214 in
such manner as to simulate the operation of the
baffle-nozzle couple 64--66 and pneumatic relay
60 of Fig. 1. Tube 212 is a conventional ampli-~
fier and comprises a cathode-plate circuit includ-
ing the cathode 216; battery 218, resistor 224, bat- .
tery 222 and plate 220. The negative terminal of
battery 222 is effectively connected through a
resistor 226 and conductor 228 with the control
grid 230 of tube 214. The tube 212 operates to
impress upon control grid 230 a voltage propor-
tional to the voltage at contactor 208 of poten-
tiometer 204, but greatly amplified.

Referring back to the pneumatically operated
controller of Fig. 1, it has been pointed out that
the pneumatic relay 60 is supplied with air un-
der pressure through pipe 58. The input pres-
sure to the relay 68 usually has a definite pre-
determined value and hence the output pressure
of the relay may vary only within fixed limits,
1. e., atmospheric pressure and say 15 pounds per
square inch above atmospheric pressure. These
limits are, in effect, the limits of the proportion-
ing band of the instrument. In order to pro-
duce a corresponding electrical analogue of these
limits, the conductor 228 is connected to a cir-
cuit comprising rectifiers 232 and 234 and resis-
tors 236 and 238. The rectifier 234 is interposed

‘between conductor 228 and ground. This circuit

is energized from battery 218 through conductors
240 and 242 in such manner that current flows
from conductor 242 through resistors 238 and 236
in series to ground. The rectifier 232 is inter-
posed between conductor 228 and the intercon=
nection of resistors 236 and 238. Thus one side
of rectifier 234 is maintained at ground potential
and one side of rectifier 232 is maintained at a
predetermined potential above ground.

The rectifiers 232 and 234 operate to maintain
the voltage in conductor 228 and hence the volt-
age on control grid 230 between predetermined
limits. If this voltage starts to rise above a pre-
determined maximum value equal to the voltage
drop across resistor 236, current flows through
rectifier 232 o ground to maintain the grid volt-
age no higher than this maximum value, If, on
the other hand, the grid voltage drops below a
predetermined minimum value, current flows
through rectifier 234 from ground to prevent the
grid voltage from dropping below the desired
minimum value. The characteristic thus ob-
tained is illustrated in Fig. 7 of the drawings
which represents a plot of input voltage, 1. e., the
voltage in conductor 202 against output voltage,
i. e., the voltage on control grid 230. The oper-
ation of the rectifiers 232 and 234 is such that the
output voltage cannot exceed or fall below defi-
nite upper and lower limits. Within these limits
the outpui voltage is maintained proportional to
the input volfage by the action of follow-up ecir-
cuit 206 as previously described, and the propor-
tionality between input and output voltage may
be varied by adjustment of contact 2088 of poten-
tiometer 204. 'The resistor 226 operates to limit
flow of current into the grid circuit of tube 214
so that the rectifiers 232 and 234 can operate ef-
fectively to maintain the grid voltage between the
desired predetermined limits. -

Tube 214, like tubes 150 and 180, is connected
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as.a cathode=follower -and:its:cathode-voltage is.

equal to:or linearly:related:to: the voltage:on grid
230; i..e.,. the voltage: across: resistor. 23{.
cathode voltage of tube:214.constitutes the -effec-
tive output-of the: tube:

The output voltage of:tubs-2i4-like.the output
pressure: of: relay: valve: 60:performs.several dif-
ferent: functions. Thus: the output of: tube 214
is. applied: through: conductors 244 and 246, a
switeh 248 and. conductor 250 to the control grid
252:of tube 148: The tube 148 isiconnected as
a- cattode - follower and: operates like tube .15
as@.current controller: The plate circuit of tube
{48 incitdes: o battery 254; the negative ter-
minal of. which is. connected: by the conductor
{86 to.cne side of.capacitor.-126.: The tube op-
erates to cause a-current: flow: in conductor "148
thai-is: proportional: to-the voltage: impressed.on
control grid 252-and:this current: is the manipu-
lated variable of the process simulator.

. Under certain circumstances: it is desirable to:

place the process:simulator under manual: con-
trol and:for this purpose conductor 250 may be
connected, by adjustment of switch .248, to a
meanual control circuit comprising & fixed resistor

256 connected: through conductors 242 and 240

to-the battery 218'and:a potentiometer 288 hav-
ihgvan adjustablée contact 260 which may be con-
nected ‘to the conductor 259 through switch 248.

One-end of potentiometer 258 is grounded so that

by manual-adjustment. of the adjustable contact
260:the voltage impressed upon.control grid 252
may be varied to-cause the tube 148 to' supply
a desired- current to-the process.

When' switch 248" is: so' adjusted as to inter-
conneet conductors-246 and 259 the process and
controller simulator is “on-automatic control” and
the simulator-may-be-adjusted to simulate various
types-of automatic-controllers adjusted in various
ways: Referring to the lower right-hand portion
of Fig.: 8 there is shown an:electrical analogue
of the bellows assembly 56 of Fig. 1. Conductor
244 is -connected by a- conductor 262 to one end
of a potentiometer:264° which:is provided with
an -adjustable- contact 266 connected by 2 con-
ductor 2671 to- the control grid 268 of a tube 270.
The cther -end of potentiometer 254 is connected
to capacitor 272 which is-grounded and to a con-
ductor 274: which through a variable- resistor
276 and conductor 278'is connected to conductor
244; he capacitor 272, potentiometer 264 and
resistor 2716 are-so-connected: to conductor 244
as to-sinulate the operation of the inner bellows
14, cuter beliows .16, and restriction 18 of-bellows
assembly 86 :

Ad:iustment of the contact 266’ of potentiometer
264-is-analogous to varying the relative areas of
the bellows 74 and 16. If, for example, contact
285-isroved-to the left end of potentiometer 264
(as shown-in' Fig. 8), the output voitage of tube

2{& is impressed directly on the control grid 268

of tube 278 and hence -the operation-is: similar
to- that: which would result- if the inner- bellows
T8 were made substantially as large as outer
pellows 75-so that the entire upper hellows area
is directly and immediately- responsive to the re-
lay outnut pressure. If, on the other hand, the
contact’ 268 is: moved to the right-hand end of

This~

(41

10

20

30

40

50

60

potentiometer 264, changes- in voltage on grid

268 caused by ‘changes in outpuf ‘'of tube 214 must
pass through the resistor of potentiometer 264
and the resistor: 276- and- hence the- effect is
amalogous:to. thiat of reducing the :diameter of in-
ner bellows 14 to zero:sothat the force available
for moving end 54 of lever b2 can-be varied only

70

75

16

by flow: of air through restriction:18 fo:the- bel=-
lows 16. By suitable .adjustment of contact: 266
to an intermediate point on potentiometer 264:
different relative bellows areas may be simulated.
The voltage on the control grid 268 is a composite
of the voltage applied through conductor 262 and
the voltage applied through that portion of the
circuit comprising resistor 276 and capacitor 272;
just as the force exerted on the end 54 of lever
E2 is a . composite result of the forces exerted
by the inner and outer bellows 74 and 16: - Thus.
the electrical circuit shown in Fig. 8 permits simu-
lation of the derivative efiect of a derivative con-
troller with or without the inner bellows 14. The
derivative effect may be removed by closing: a
shunt 280 around resistor 21§ in the same manner
that valve 92 of Fig. 1 may. be opened to bypass
the restriction 78.

In order to supplement the. capacity of. the

capacitor 272 there is connected. to conductor

274 by a conductor 282 a second capacitor 284
which. is grounded and can be selectively con-
nected to the conductor by a switch 286. The.ca-
pacitor 284 is analogous to the capacity tank.
84 of Pig. 1 and the switch 288 analogous to the.
valve 83 of Fig. 1.

To provide for simulation of the reset effect
produced by bellows 80. of Fig. 1.the oufput of
tube 214 is conducted to a second circuit compris-
ing a tube 288 and a capacitor 290. The output
of tube 214 is conducted through conductors 244
and 278; through either resistor 276 or shunt
switch 280'and through switch 368, which is closed
to produce the reset effect; to a conductor 292,
thence through a variable resistor 294.and con-
ductor 296 to- capacitor 290, the other side. of
which is grounded. Conductor 296 is also con-
nected by a conductor 298 with the.control grid.
380 of tube 288. The variable resistor 294 and
capacitor 2806 are analogous to the restriction
82 and bellows 80 of Fig. 1, and operate.in an
analogous manner to cause.a voltage to.be im-
pressed upon control grid 308 that.is the same
as the voltage of capacitor 299 and.corresponds
with. the pressure in reset beliows. 80.

An auxiliary .capacitor 302 is connected by a.
conductor 304 through a switch 366.to conductor.
236 and capacitor 280. The auxiliary capacitor
382 is analogous to capacity. tank 86 of Fig. 1
and switch 306 is analogous to the valve 90 of.
Fig. 1. By means of the auxiliary capacitor 302
the capacity of the reset portion of the circuit
may be varied to change its time constant and
so the reset rate.

In order to prevent shifting of. the neutral
position of the recovery transient as.it appears:
on the screen of oscilloscope 118, the switch 308
in conductor 292 is provided with a high resist-
ance shunt .210. . The switch 308 is opened when
it is desired to eliminate the reset effect, and
when this switch is opened, the resistance 310
causes the charge on capacitors 280 and 302 to
leak off relatively slowly and thereby prevents
a. noticeable  shift in. position. of the recovery
transient as it appears on the oscilloscope screen.

The tubes 288 and 270 are so interconnected
that their outputs are subtracted from one an-
other  and the net output applied to the right-
hand end of potentiometer 204 in the same way
that the pressure difference between bellows T4—
16 -and bellows 80 positions the right end of lever -
52. This result is accomplished as follows: The
tube- 270" is-connectedas a cathode follower and
operates in such manner that the voltage of its-
cathiode 312; i; e;, the voltage across cathode re-
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Sistor 316, is miaihtained substantially equal to or
in linear relation to the potential on its con-
trol grid 268. Tube 288 is provided with a cath-
ode 314 and operates in such manner that the po-
tential of its cathode 314 is maintained substan-
tially equal to or in linear relation to the voltage
impressed upon its control grid 390. Cathode 312
of tube 278 is connected to ground through cath-
ode resistor 316 and to the cathode 314 of tube
288 through a resistor 318. Cathode 314 of tube
288 is also connected to its plate through battery
319, resistor 320 and battery 321. ‘The right-~
hand end of potentiometer 204 is connected to the
plate of tube 288 through battery 32f and also to
ground through a resistor 322. Since the cath-
odes 312 and 314 are interconnected through
resistor 318, the difference in potential between
the two cathodes is the voltage drop across re-
sistor 318, and hence the current flow through
resistor 318 is proportional to the voltage differ-
ence between the two cathodes. This current flow
through resistor 318 is substantially equal to the
current flow through resistor 322 (potensiometer
204 has a relatively high resistance and hence
current flow therethrough may be neglected).
Resistors 3{8 and 822 are made of equal resistance
and since the currents flowing through the two
resistors are equal the voltage drops across the
two resistors are equal. Therefore the potential

of the right-hand end of potentiometer 204 above :

ground is equal to the voltage drop across re-
sistor 318 which is in turn equal to the voltage
difference between the two cathodes 312 and
314. Thus the tubes 270 and 288 with their as-

sociated elements and electrical connections op- :

erate to impress a voltage on the right-hand
end of potentiometer 204 which is a function of
the algebraic sum of the. proportioning, reset
and derivative effects and hence they operate in
a manner analogous to bellows assembly 56 of
Fig. 1.

‘The operation of the simulator of Fig. 8 is
largely apparent from the foregoing description.
The switches 142 and 144 of the process simulator
are adjusted to so interconnect the capacitors
and resistors as to simulate a specific type of sys-
tem as desired. The capacitors 126, 128, {30
and 132 and the resistors 134, 136, 138 and 140
are then adjusted to provide the proper amount
of capacity and resistance to simulate as closely
as possible a process that is to be controlled.
The disturber 154 is adjusted to impress the de-
sired disturbance pattern on the vrocess and the
resulting behavior of the controlled variable
voltage at the output end of the process simulator
is continuously depicted on the screen of oscillo-
scope 118.

The variable elements of the controller simu-
lator may then be adjusted to observe the effect
of the different adjustments upon the behavior
of the controlled variable voltage. For example,
the proportioning band of the controller simu-
lator may be varied by moving contact 208 along
potentiometer 204; the derivative effect may be
varied by adjusting resistor 276, and contact 266
of potentiometer 264; and the reset effect may
be varied by adjusbing resistor 294. By adjust-
ing these variable elements of the controller sim-
ulator and observing the effect of the adjust-
ments on the behavior of the controlled variable
voltage it is easily possible to determine within,
say a few minutes, what type of controller may be
most advantageously used to control the selected
process and which adjustments produce an opti-
mum recovery transient of the controlled variable
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voltage, 1. e., which adjustments bring the output
voltage of the process back to its control point
rapidly and without undue cycling across the
control point. The electrical values of the vari-
able elements of the controller simulator bear
a predetermined relationship to the values of cor-
responding elements of the pneumatic controller
of Fig. 1, and hence when the controller simulator
has been adjusted to produce an optimum re-
ccovery transient of the controlled variable volt-
age, the corresponding values for the pneumatic
controller may be easily determined.

It is apparent that the simulator of the present
invention may be used in an unusually effective
manner to determine the adjustments of a pneu-
matic controller which will produce optimum
control of a particular process. The response of
the electrical process to an impressed disturbance
is for all practical purposes instantaneous and
hence there is no visually perceptible delay be-
tween the time when a given adjustment is made
and the time when the effect of such an adjust-
ment is depicted on the oscilloscope screen. As
pointed out above, this condition does not or-
dinarily obtain when a pneumatic controller is
applied to a multiple capacity industrial process.
If an attempt is made to adjust the pneumatic
controller directly, a considerable period of time
may elapse between the time when a variable
component of the controller is adjusted and the
time when the effect of the adjustment becomes
perceptible. This delay becomes extremely
troublesome where the process is both slow and
complicated. By using the present simulator
the prerequisites for optimum control may bhe
determined, in most cases, in a matier of a few
minutes as compared with previous methods
wherein hours or even days were required to ar-
rive at optimum adjustments of the controller.

Moreover the reactions of the simulator are
sufficiently rapid to permit them to be effec-
tively represented on an oscilloscope screen.
When a rapidly recurring disturbance is im-
pressed on the process and controller loop, the
resulting process recovery transients may be
depicted on the oscilloscope screen at such a speed
that the successive transients appear to be a
single transient. As the analogues of the various
controller components are adjusted the shape of
the transient represented on the sereen changes
and the effect of each adjustment becomes imme-
diately perceptible.

The present simulator may also be used in de-
termining the proper type of controller and proper
type of controller adjustments to be used in con-
trolling a process having unknown character-
istics. The method of using the simulator to
achieve this result comprises, as a first step,
applying a known disturbance to the manipulated
variable of an uncontrolled process having un-
known characteristics and recording the effect of
the known disturbance on the process variable
that is to be confrolled. The curve representing
the behavior of the conitrolled variable of the
unknown process when disturbed in a prede-
termined manner is then taken to the point at
which the simulator is located. The equivalent
disturbance is applied to the electrical process of
the simulator and the resistances and capacities
of the process simulator (without controlling the
process) are adjusted to produce on the osecillo-
scope screen a curve that matches the curve
produced by the unknown process. It has been
found as a result of numerous tests that when
the empirically determined curve matches the



2,508,218

19

ceurve. produced on the -oscilloscope -screen the
controllability characteristics of the electrical
process are, within close limits, the same as the
controllability characteristics of the unknown
process. The variable components of the con-
troller simulator may then be adjusted to pro-
duce an optimum recovery of the process variable
and the adjustments of the controller simulator
which produce this optimum recovery of the
process variable noted. The automatic controller
on the unknown process is then adjusted in a
manner that corresponds with the settings of the
controller simulator and optimum control of the
uiknown process is thereby achieved.

It will ke apparent to those skilled in the art
that the simulator of Fig. 8 may, by relatively
minor modifications, be caused to simulate a wide
variety of control effects. In order to illustrate
the manner in which the simulator of Fig, 8
may be modified there is shown in Fig. 10 of the
drawings a circuit that may be substituted for
the derivative and reset portions of the simulator
of Fig. 8 to cause the simulator to simulate the
stepwise adjustment of derivative and reset affect
that is disclosed in my prior Patent No. 2,360,889.
Ag pointed out in my patent, the number of inde-
pendent adjustments of a pneumatic controller
may be reduced by establishing a predetermined
relationship between the reset and derivative
adjustments of the conftroller as disclosed in my
patent and coadjusting these two effects in a

step-wise fashion. This stepwise adjustment of -

derivative and reset effect may be simulated by
using the circuit shown in Fig. 10.

Referring to Fig. 10 a plurality of capacitors
320, 322, 324, 326 and 328 are individually con-
nected in series with resistors 330, 332, 334, 336
and 338, respectively and the individual capaci-
tors and their associated resistors are connected
in parallel with one another, as shown in Fig. 10,
with resistor 340 interposed between the resistors
330 and 332; resistor 342 between the resistors
332 and 334; resistor 344 between the resistors
334 and 336; and resistor 346 between the resistors
836 and 338. A resistor 348 is connected at one
end to a point between resistors 338 and 346 and
at its other end through a conductor 356 with
the capacitor 852. One side of each of the capaci-
tors 320, 322, 324, 326, 328 and 352 is connected
to ground. The other sides of capacitors 322, 324,
326 and 328 are connected respectively to switches
354, 356, 353 and 360, respectively which are
interconnected by a conductor 382. A variable
resistor 364 and a potentiometer 366 having an
adjustable contact 368 are connected at one end
to the conductor 2362 and at their other ends to
each other.

The circuit of Fig, 10 is provided with three
leads (connections A, B and C) by means of which
it may be connected to the controller simulator
circuit of Fig. 8. These leads are a conductor
370 (connection A) connected to a point between
the resistor 364 and potentiometer 386, a con-
ductor 312 (connection B) connected to the ad-
justable contact 368, and a conductor 374 (con-
nection C) connected to conductor 359 at a point
intermediate the resistor 348 and the capacitor
352,

Referring again to Mig. 8, when it is desired to
simulate the step adjusiment of derivative and
reset effect disclosed in my prior patent, the
variable reset and derivative analogues of the
controller simulator are removed from the circuit
by breaking conductor 2718 at point A; conductor
267 at point B; and conductor 298 at point C.
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The: circuit of Fig. 10 is then connected in such
manner that conductor 378 is connected to the
cathode of tube 214; conductor 312 to the control
grid of tube 270; and conductor 374 to the con-
trol grid of tube 288. The desired simulation of
the stepwise adjustment of derivative and reset
effect may ke achieved by successively closing the
switches 3584, 356, 358 and 360. As successive
switches are closed, the magnitudes of the deriva-
tive and reset effects are varied in predetermined
steps. Thus by adjustment of the switches
354-—-360, the effect of such a stepwise adjustment
of derivative and reset upon the behavior of the
controlled variable for various different types of
brocesses may be depicted on the screen of the
oscilloscope and effectively analyzed and studied.

It is apparent that the simulator ecircuit of
Fig. 8 may be modified in many ways other than
that indicated in Fig. 10. Thus, for example,
the predetermined disturbance need not neces-
sarily be applied to the capacitor 132 but may
be applied to any point in the process and con-
troller loop and it may have a pattern other
than the square wave pattern illustratively dis-
closed. Similarly, the variable depicted on the
oscilloscope screen need not be the voltage at ca-
pacitor 132 of the process simulator but may be
any other voltage or current in the process and
controller loop. For example, the controlled var-
iable voltage represented on the oscilloscope
screen may be the voltage at the capacitor 128
or the capacitor 139 and the controller simulator
may be made responsive to these voltages. As
indicated above the process to be simulated may
be a mechanical process instead of a hydraulic or
thermal process. If inertia is present in the
process it may ordinarily be simulated by a suit-
able electrical capacitance. The process simu-
lated may be a “dead end” system or a
“pranched” system such as results when the
switches 142 and 144 of Fig. 8 are shifted to con-
nect capacitors 126 and 132 through resistor 136.
Other modifications within the scope of the in-
ve?tion will be apparent to those skilled in the
art.

I claim:

1. A process and controller analyzer compris-
ing, in combination, a process simulator includ-
ing a plurality of electrical analogues of process
elements, a controller simulator including a plu-
rality of electrical analogues of controller ele-
ments, said process simulator and controller
simulator being interconnected to form a closed
loop and said controller simulator including
first electronic current controlling means for
supplying a controlled current to said process
simulator, second electronic current controliing
means for supplying a controlled current to said
loop, disturbing means for governing said second
current controlling means to cause said control-
ling means to supply to said loop an electrical
current having a predetermined disturbance pat-
tern, and electrical indicating means responsive
to the voltage at a predetermined point in said
loop for indicating the effect of said disturbance
on a predetermined portion of said loop.

2. A process and controller analyzer compris-
ing, in combination, a process simulator includ-
ing a plurality of interconnected electrical ca-
pacities and resistances and having an input cur-
rent and an output comprising a controlled var-
iable voltage, a controller simulator connected
to the input and output of said process simulator
to form a closed loop, said controller simulator
including - first electronic means responsive to
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said confrolied variable voltage for establishing
a controlled voltage deviation and second elec-
tronic means responsive to said controlled volt-
age deviation for regulating said input current
to cause said current to assume g value in pre-
determined relationship with said controlled
voltage deviation, disturbing means connected to
said loop and adapted to impress on said loop an
electrical disturbance having a predetermined
pattern, and electrical indicating means connect-
ed to said loop to indicate visually the effect of
said disturbance upon a predetermined portion of
said loop.

3. A process and controller analyzer compris-
ing, in combination, a process simulator includ-
ing & plurality of interconnected electrical ca-
pacities and resistances and having an input cur-
rent and an output comprising a controlled vari-
able voltage, a controller simulator connected to
the input and output of said process simulator
to form a closed loop, said controller simulator
including first electronic means responsive to
said controlled variable voltage for establishing
a controlled voltage deviation, second electronic
means responsive to said controlled voltage devi-
ation for establishing an amplified voltage pro-
portional to said voltage deviation and third elec-
tronic means responsive to said amplified voltage
for maintaining said input current proportional
to sald voltage deviation, disturbing means con-
nected to said loop and adapted to impress on
said loop an electrical disturbance having a pre-
determined pattern, and electrical indicating
means connected to said loop to indicate visual-
ly the effect of said disturbance upon a prede-
termined portion of said loop.

4. A process and controller analyzer compris-~
ing, in eombination, a process simulator includ-
ing a plurality of interconnected electrical ca-
pacitors and resisfors and having an input cur-
rent and an output comprising a controlled var-
iable voltage, a controller simulator including a
plurality of electrical analogues of controller ele-
ments, said controller simulator being connected
to the input and output of said process simula-
tor to form a closed loop and said controller
simulator including first electronic means re-
sponsive to said coatrolled variable voltage for
establishing a controlled voltage deviation, sec-
ond electronic means responsive to said con-
trolled voltage deviation for establishing an am-
plified voltage proportional to said voltage devi-
ation, third electronic means responsive through
resistance and capacity to said amplified voltage
for causing said amplified voltage to assume a
rate of change proportional to said controlled
voltage deviation and fourth electronic means
responsive to said amplified voltage for regulat-
ing the input current to said process simulator,
disturbing means connected to said loop and
adapted to impress on said loop an electrical
disturbance having a predetermined pattern, and
electrical indicating means connected to said
loop to indicate visually the effect of said dis-
turbance upon a predetermined portion of said
Ioop.

5. A process and controller analyzer compris-
ing, in combination, a process simulator includ-
ing a plurality of electrical capacities and re-
sistances and having an input current and an
output comprising a controlled variable voltage,
a controller simulator connected to the output
and input of said process simulator to form a
closed loop, said controller simulator including
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first electronic means responsive to said con-
trolled variable voltage for establishing a con-
trolled voltage deviation, second electronic means
responsive to said controlled voltage deviation
for establishing an amplified voltage proportion-
al to said deviation, third electronic means re-
sponsive through resistance and capacity to said
amplified voltage for changing the value of said
amplified voltage by an amount proportional to
the rate of change of said controlled voltage de-
viation and fourth electronic means responsive
to said amplified voltage for regulating said input
current to said simulator, disturbing means con-
nected to said loop and adapted to impress on
said loop an electrical disturbance having a pre-
determined pattern, and electrical indicating
means connected to said loop to indicate visual-
1y the effect of said disturbance upon a predeter-
mined portion of said loop.

6. A process and controller analyzer compris-
ing, in combination, a process simulator includ-
ing a plurality of interconnected electrical ca-
pacities and resistances and having an input cur-
rent and an output comprising a controlled var-
iable voltage, a controller simulator connected to
the input and output of said process simulator
to form a closed loop, said controller simulator
including first electronic means responsive to said
controlled variable voltage for establishing a con-
trolled voltage deviation, second electronic means
responsive to said controlled voltage deviation
for establishing an amplified voltage proportion-
al to said voltage deviation, third electronic
means responsive through resistance and capac-
ity to said amplified voltage for causing said am-
plified voltage to assume a rate of change pro-
portional to said voltage deviation, fourth elec-
tronic means responsive through resistance and
capacity to said amplified voltage to cause said
amplified voltage to change by an amount pro-
portional to the rate of change of said voltage
deviation, and fifth electronic means responsive
to said amplified voltage for regulating the in-
put current to said process simulator, disturb-
ing means connected to said loop and adapted
to impress on said loop an electrical disturbance
having a predetermined pattern, and electrical
indicating means connected to said loop to indi-
cate visually the effect of said disturbance upon
& predetermined portion of said loop.

G. A. PHILBRICK.
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