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[57] ABSTRACT

A plastic extruder system having a barrel and a shell
with heat exchange elements surrounding the barrel is
disclosed. Two thermocouples are provided, one for
sensing the temperature of the inner surface of the bar-
rel and the other for sensing the temperature of the
shell. A system controller, into which a desired barrel
setpoint temperature can be set and stored, receives and
stores the independent temperature signais from the
thermocouples and controls the heat exchange elements
to automatically maintain the temperature of the ex-
truder barrel close to the desired barrel setpoint temper-
ature.
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1

EXTRUDER TEMPERATURE CONTROLLER

Matter enclosed in heavy brackets [ J appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

This application is a reissue of Ser. No. 048,974, filed
June 15, 1979, now US. Pat. No. 4,262,137

This invention relates to extrusion apparatus for plas-
tic materials and the like.

In particular, the invention relates to the control of
the operating temperature of an extruder barrel in a
system which includes a shell surrounding the barrel
and providing heat exchange elements for exchanging
heat with the extruder barrel. The invention is particu-
larly suited to a system employing water as a liquid
coolant, although it 1s also applicable to a system em-
ploying only heater elements, to a system employing
coolants other than water, or to an air cooled system.

Extruder systems employing one or more pairs of
temperature probes (thermocouples), located one at the
inner surface of the extruder barrel, and one within the
shell surrounding the barrel, are described for example
in U.S. Pat. No. 3,866,669 to Gardiner, and U.S. Pat.
No. 3,751,014 to Waterloo. In both of these systems, the
electrical signals from the two thermocouples of the
pair are electrically combined (as shown particularly in
FI1G. 4 of U.S. Pat. No. 3,751,014) to provide an aver-
age value, which may be weighted appropriately. The
average value is input to the controller of the system
which employs it together with a setpoint value to de-
rive output control signais. The control signals are ap-
plied to the controls of the heat exchange elements to
control the barrel temperatures.

Although the systems of these patents have been
widely used, they are deficient in a number of respects.

For example, in the systems of the prior art, after the
system has stabilized, there usually exists a difference
between the actual operating temperature and the refer-
ence temperature (set point) set into the system by the
operator. This difference is known as “droop”. Opera-
tors of the system have been obliged to input a2 new
reference temperature, empirically selected on the basis
of experience and judgment, and to wait further until
the system restabilizes to find out whether a major por-
tion of droop has been eliminated and the operating
temperature is now satisfactorily close to the desired set
temperature. Sometimes several steps have been re-
quired, requiring considerable time before use of the
system could commence.

Furthermore, in previously known systems, the tem-
perature of the heat exchange element has either not
been individually sensed or has not been independently
input and stored and hence has been unavailable for use
by the controller. As a result, it was impossible in the
prior art systems to utilize evaporative cooling, when
operating at temperatures close to the flash point of the

10

13
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30
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45

50

55

coolant (generally water), in order to take advantage of 60

the heat of vaporization of the coolant, to increase the
cooling capacity of a given volume of coolant and
thereby to increase the efficiency of operation.

Accordingly, it 1s a major object of the present inven-
tion to provide a novel system which automatically
resets 1tself to substantially reduce the droop problem,
providing an actual temperature much more nearly
equal to the setpoint temperature.

63

2

It 15 another object of the invention to provide a
novel system which makes it possible to take advantage
of evaporative cooling.

It 15 a further object of the invention to provide auto-
matic heater protection, disabling any heater whose
temperature exceeds a safe limit of operation.

These and other objects have been accomplished by
the present invention, by providing, in a plastic extruder
system having a barrel and a shell surrounding the bar-
rel, and having a heat exchange element which may
include both heating and cooling elements, at least one
pair of temperature sensitive elements, one of the pair
being placed 1o sense the temperature at the inner sur-
face of the barrel, the other of the pair being placed to
sense the temperature of the shell.

More specifically, the improvement of the present
invention comprises a controller having temperature
signal input means for receiving an independent temper-
ature signal from each of the pair of temperature sensi-
tive elements, setpoint signal input means for inputting
a setpoint signal representative of a desired barrel tem-
perature, and storage means for independently storing
each of the input independent temperature signals and
the input setpoint signal. Control means responsive to
the stored setpoint signal and each of the stored temper-
ature signals controls the heat exchange element to
maintain the temperature of the barrel close to the set-
point temperature.

In preferred embodiments, the storage means further
provides at least one gain signal, and a set of signals
representative of a plurality of heater and cooler duty
cycle times and heater and cooler on-times. The con-
troller further may have means responsive to the stored
input setpoint signal; the stored gain signal, and each of
the stored input independent temperature signals to
derive indexing signals, indexing means for applying the
indexing signals to the storage means to select certain of
the stored duty cycle time signals and heater and cooler
on-time signals, and output means for outputting the
selected signals to control the heat exchange element
power control means. The temperature of the extruder
barrel 1s thereby maintained close to the input setpoint
temperature.

Several advantages are provided by the invention.
The system is highly responsive to changes in operating
conditions, and in effect anticipates changes of tempera-
ture in the barrel before they occur. As a result, the
system is highly energy-eificient.

Because the shell temperature 1s sensed separately
from that of the barrel and the resultant signal is inde-
pendently stored, the system can provide automatic
flash point compensation and improved cooling re-
sponse, as well as automatic heater protection.

F1G. 1 shows an external view of an extruder system
including the controlier of the invention;

F1G. 2 shows a cross section of a single zone of the
extruder barrel and heat exchange element shell, with
the placement of a temperature sensing thermocouple
pair and their connection to the controller of the inven-
tion;

F1G. 3 shows schematically the controller, the con-
trol panel, and the outputs to the heater and cooler
controls:

FIG. 4 shows the contents of the controller signal
storage;

FIG. 5§ shows the elements of the controller con-
cerned with the reading and storing of the thermo-
couple signals;
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FI1GS. 6. 7, 8, 9 and 10 show elements of the control-
ler assoclated with generating certain internal controi
signals:

FIGS. 11, 12, 13. 14 and 15 show e¢lements of the
controller more particularly assoclated with generating
control signals to be output to the heater and cooler
controls: and

FI1G. 16 shows the steady-state temperature fluctua-
tions typical of a system employing the controller of the
invention;

FIGS. 17a and b show certain control parameters
used in the controller in relation to zero error condi-
tions;

FIGS. 18a and b show the relationship between time
and temperatures measured by each of the thermo-
couple pair, together with certain parameters, during
approach to operating temperature stability, for a heat-
ing load condition; and

FIG. 19 1s similar to FIG. 18b, for a cooling load
condition.

DESCRIPTION OF THE INVENTION

In the following description of the invention, a num-
ber of terms of art are employed. The following list of
definitions of such terms may be helpful in understand-
ing the description.

DEFINITIONS

Alarm band, actual is an arbitranly selected reference
value for each barrel zone, typically +5°, with which
actual error A is compared to determine whether or not
to derive the reset signal; it may be set through the
keyboard (alarm set points); its signals are stored in
Stack 80.

Alarm band, control i1s an arbitrarily selected refer-
ence value for each barrel zone, typically +°, with
which control sum error is compared to determine
whether the temperature is stable enough to derive a
reset signal; it is hardwired in the system; its signals are
stored in Stack 112.

Barrel heat limit is a physical parameter, dependent
on the design of heater and system wiring; it is hard-

wired in the system,; its signal is stored in Register 177.
- Dead band, cooling is a range of temperature slightly
above (typically | degree) the no-error condition (at
which control sum error=0); its signal is stored in Reg-
1ster 167.

Dead band, heating is a range of temperature slightly
below (typically 1 degree) the no-error condition (at
which control sum error =0); its signal is stored in Reg-
ister 154,

Duty cycle 1s a time period during a portion of which
the heater or cooler may be turned on and off once; it is
a function of the thermal time constants of the system:
its length varies as a function of the error; heating duty
cycle typically varies from 15 seconds maximum to 10
seconds minimum; cooling duty cycle typically varies
from 10 seconds maximum to 3 seconds minimum.

Error, actual (A or B) is the difference between ‘‘ac-
tual setpoint” and *“‘actual temperature (A or B)” for
each barrel zone; its signal is stored in Stack 54.

Error, conirol (A or B) is the difference between
“control setpoint” and “actual temperature (A or B)”
for each barrel zone; its signal is stored in Stack 70.

Error, control sum is the weighted average of control
errors A and B for each barrel zone; its signal is stored
i Stack 78; control sum error=(K1 A+K2
B)/(K1+ K2), where K1 and K2 are weighting factors.
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Flag, actual error (or flag, actual alarm)=1 when
actual error A s greater than or equal to the actual
alarm band width; 1t=0 where actual error A 15 less
than actual alarm band width, for a given barrel zone: 1
1s represented by bit {| of Information Stack 82 at the
location corresponding to that barrel zone.

Flag, control (or flag, control alarm)=1 when con-
trol sum error 18 greater than or equal to the control
alarm band width; it=0 when control sum error is less
than the control alarm band width, for a given barrel
zone; it is represented by bit 6 of Information Stack 82
at the location corresponding to that barrel zone.

Flag, control sum stability =1 when control error has
been less than control alarm band width for a selected
time period (typically two minutes), for a given barrel
zone; 1t 15 represented by bit 7 of Information Stack 82
at the location corresponding to that barrel zone.

Flash point is the temperature at which water evapo-
rates into steam (at sea level, 212 degrees Fahrenheit.
100 degrees Celsius).

Gain, barrel cool is an empirically determined physi-
cal parameter related to the cooling load in the system
in a given barrel zone; iis signals are stored in Stacks 132
or 133; it 1s hardwired into the system.

Gain, barrel heat is an empirically determined physi-
cal parameter related to the heating load in the system
In a given barrel zone; its signals are stored in Stack 130:
it is hardwired in the system.

Gain, reset is a physical parameter of the extruder
system, for each barrel zone, empirically determined
when the system and its controller are designed, and is
representative of the load at that zone; its signals are
stored 1n Stack 56; it is hardwired in the system.

K1, K2 are constant weighting factors applied to
control errors A and B to derive control sum error.

On-time 1s the portion of the duty cycle during which
the heater or cooler is energized; heater on-time typi-
cally varies from 2 seconds minimum to 10 seconds
maximum; cooler on-time typically varies from 0.1 sec-
onds minimum to 1.0 seconds maximum.

Proportional band, barrel cool is the temperature
range (typically 20 degrees) above the no-error condi-
tion (at which the control sum error=0 within which
cooling on-times will be proportional); its signal is
stored in Register 169.

Proportional band, barrel heat is the temperature
range (typically 10 degrees) below the no-error condi-
tion (at which the control sum error=0 within which
heating on-times will be proportional); its signal is
stored in Register 1358.

Reset, reset correction=(actual error A X reset gain)-
+ old reset value, for a given barrel zone; its signals are
stored in Stack 58.

Setpoint, actual is the desired value of the barrel
operating temperature, for a given barrel zone, which s
entered through the keyboard; its signals are stored in
Stack 52; 1t 1s equal to Control Setpoint at power-on and
when reset 1s disabled.

Setpoint, alarm—see alarm band.

Setpoint, control=sum of actual setpoint +reset, for
a given barrel zone; it is a derived temperature setpoint
used by the controller; at power-on or when reset is
disabled, control setpoint is equal to actual setpoint; its
signals are stored in Stack 66.

Temperature, actual (A or B) is temperature as mea-
sured by the A or B thermocouple (respectively at the
barrel tnner surface and in the heater/cooler shell) for a
given barrel zone; its signals are stored in Stack 48. Note
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that when temperatures are given in degrees n the
foliowing description, degrees Fahrenheit are generally
meant; but since the numbers of degrees are given only
by way of example, nothing tn the description should be
taken as limited to operation in degrees Fahrenheit.

Referring now to the drawings, FIG. 1 shows an
extruder system 10 with a controller 12 according to the
invention connected thereto. Controller 12 includes a
panel 14 having a keyboard 36 for the input of control
signals, and a display 38.

A typical extruder system of the kind to which the
controller of the invention is applicable includes an
extruder barrel, surrounded by a shell including heater
elements and cooling structure, which may be, for ex-
ample, tubes carrying a coolant, such as water. Alterna-
tively, the cooling structure may comprise a finned shell
with a blower to circulate air past the fins. The control-
ler of the invention is applicable to an extruder system
having either type of cooling structure. The barrel and
shell are divided into a number of zones, and the con-

troller 1s designed to operate on the selected number of

zones. The number is typically eight, but is not critical.
A controller according to the present invention can be
designed to operate on any selected number of zones.
FI1G. 2 shows a cross section of a single zone of a
water-cooled extruder. The extruder barrel 16 is sur-
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rounded by a heater/cooler shell 18, in which are pro-

vided heater elements 20 (typically a resistive heating
element, such as that sold under the tradename Cal-rod)
and tubes 22 for the circulation of cooling water. The
heating elements are operated by a conventional power
control device, not shown, and the cooling elements are
operated by conventional pumps and solenoid valves,
also not shown. Two thermocouples per barrel zone are
provided, electrically isolated from one another. The
thermocouple 24, called the A thermocouple of the
pair, is placed at the inner surface of the barrel 16. The
thermocouple 26, called the B thermocouple of the pair,
1s placed in the interior of the heater/cooler shell 18.
Each zone of the extruder is similarly provided with a
pair of thermocouples, A and B, similarly placed. In an
air-cooled extruder system, the B thermocouple is also
placed in the interior of the shell.

Before the structure and operation of the controller

30

35

of the invention is explained in detail, it will be helpful 45

to have a qualitative understanding of the operation of
the controller, which will be described with reference
particularly to FIGS. 17, 18 and 19.

In general terms, referring first to FIG. 182, in the
case of a heating load, when the extruder system is
started up (at power-on), the temperatures measured by
each of ,hermocouples A and B in any particular barrel
zone begin to rise as heat is input to the system. The
difference between the barrel temperature (measured by
thermocouple A) and the actual set point is continually
measured by the controller, as is the difference between
the heater temperature (measured by thermocouple B)
and the actual set point. The difference between actual
setpoint and the temperature measured by thermo-
couple A 1s called the *“actual error A”, which is com-
pared by the controller with a reference value called the
“*actual alarm band” (FIG. 17a). When the barrel tem-
perature is equal to the actual set point temperature, the
actual error 1s zero. Unless the actual error exceeds the
actual alarm bandwidth, the automatic reset correction
will not be made, as will be explained.

A signal called the *“‘control sum error” is derived by
the controller from the two measured temperatures.
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Referring to the left hand portion of FIG. 17b. so long

as the “control sum error™ signal 1s greater (in absolute
magnitude) than the reference signal called the "barrel
heat proportional bandwith’, which is six degrees in the
embodiment described herein, it is desirable to input as
much heat as possible into the system. In this condition
the heater control cycles as frequently as possible (mini-
mum duty cycle) and the heater is energized for 100%
of the duty cycle. As a result, the heater is on continu-
ously.

Only when the control sum error is found by the
controller to be within the barrel heat proportional
band will more sensitive control of the heating process
be undertaken. As seen in FIG. 17b, when the control
sum error i1s within the barrel heat proportional band,
the percentage of the duty cycle during which the
heater 1s energized decreases from 100%, when the
control sum error is six degrees, to 0% when the control
sum error reaches zero.

In cooling load conditions (FIG. 19 and the right
hand portion of FIG. 17b), which might occur, for
example, when the rotating screw of the extruder gen-
erates frictional heat which raises the barrel tempera-
ture above the actual setpoint, the control sum error is
compared with the barre] cool proportional bandwidth.
So long as the control sum error is greater than the
bandwidth, the coolant control cycles as frequently as
posstble (minimum duty cycle) and the pumps and
valves that cause coolant to flow are energized during
100% of the duty cycle. As a result, the cooling appara-
tus 15 on continuously.

As seen in FIG. 17b, when the control error is found
to be within the barrel cool proportional bandwidth, the
percentage of the duty cycle during which the coolant
valves and pumps are energized decreases from 1009,
when the control sum error is twenty degrees, to 0%
when the control sum error is zero. As is seen in FIG.
17b, the relationship between control sum error and
on-time for the barrel heat proportional band is quite
different from that for the barrel cool proportional
band.

Two further reference signals are employed by the
controlier; as seen in FIG. 17b, the region slightly
below the zero-error condition is called the “heating
dead band”, while that slightly above is called the
“cooling dead band.” These bandwidths are typically of
the order of one degree; while the control sum error is
within one degree of the zero-error condition, no cor-
rection will be undertaken. A slightly larger region
called the “control alarm band”, typically +two de-
grees, surrounds the zero-error condition. The control
sum error is compared with the control alarm band-
width to determine when the reset correction should be
undertaken, as will be explained.

Referring to FIG. 18a, as the system is heated from
power-on, the temperature of the heater/cooler shell, as
measured by thermocouple B, overshoots the actual set
point, while the temperature of the barrel, as measured
by thermocouple A, does not reach the actual set point.
As seen in detail in FIG. 18b, the system approaches
temperature stability (in a heating load condition), but
the barrel temperature remains below the actual set
point. The system settles down into a stable condition in
which the actual error A is greater than five degrees
(the actual alarm band width). The controller by com-
paring the control sum error with the control alarm
band detects the condition in which the control sum
error remains within the control alarm band for a time
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mterval called “control stabtlity time”. The controller
then undertakes corrective ‘‘reset” action. A “control
set point’ signal is derived, representing a temperature
above the actual set point, and responsive to the control
set point. control signals are output to the heater con-
trols to cause the zone to be heated further. As 1s seen in
FIG. 18b, the temperature of the heater/cooler shell
(thermocouple B) rises and then decreases slightly to a
new level; the temperature of the barrel (thermocouple
A} rises to a new level, which i1s within five degrees of
the actual set point (within the actual alarm band). The
system is thereafter stable 1n this new condition, unless
operating conditions change.

Referring to FI1G. 19, showing the cooling load con-
dition, after start up the temperature of the heater/-
cooler shell (thermocouple B) decreases as heat is re-
moved from the system, while that of the barrel (ther-
mocouple A) increases to a level more than five degrees
above the actual set point. After the control stability
time has elapsed, reset correction is undertaken auto-
matically. The controller derives a “control set point”
signal, below the actual set point, and responsive to the
control set point, control signals are output to the
cooler controls to cause the system to be cooled further.
The temperature of the heater/cooler shell (thermo-
couple B) decreases more sharply and then levels off,
while the temperature of the barrel (thermocouple A)
decreases to a level within five degrees of the actual
setpoint (actual error within the actual alarm band).

Referring now to FIG. 3, the controller 12 of the
invention 1s shown diagrammatically (with details omit-
ted for simplicity in this Figure) as including the panel
14, having an on/off switch 13, together with control
circuitry to be described in more detail in what follows,
but generally comprising a keyboard input decoder 86,
display control 40, a clock 28, a sequencer circuit 30, an
address generator and read/write control circuit 34,
signal storage means 32, and various arithmetic circuits
(such as adders, comparators, dividers, and multipliers),
all of generally known design.

In brief summary, the readings of the thermocouple
pairs in the barrel zones are input to the control cir-
cuitry, together with input control signals generated by
the keys of keyboard 36 on panel 14. According to the
invention, the input control signals (which are princi-
pally temperature set points and alarm set points, to be
described) and the separately input thermocouple sig-
nals are employed, together with certain signals that are
hardwired into the control circuitry, to generate appro-
priate output control signals, which are output to the
power control device that operates the heater elements
and to the pumps and solenoid valves that operate the
cooling elements, to control the temperature of the
extruder barrel. In the case of an air-cooled system, the
blowers are controlled by the control signals. In addi-
tion, display control circuit 40 controls the display 38 of
panel 14 to display information regarding the state of
the system, as will be explained.

Referring still to FIG. 3, panel 14 comprises key-
board 36 and display 38. Keyboard 36 is based on an
8 X8 switch array; however, not all the availabie
switches are used in the controller. The switches rele-
vant to the present invention are actuated by the follow-
Ing keys.

A 43X 3 pad of key inputs the digits from 0 to 9. Four
control keys to the right of the digit pad are labeled
“clear”, “read”, “set”, and “enter”. “Clear” will clear
an entry. “Read” controls the display of selected infor-

10

i5

20

25

30

35

45

50

33

65

8

matton. "'Set’’ 1s used to change the barrel zone setpoints
and alarm setpoints, which will be described. “Enter™ 15
used, after a group of severai digits has been keved in
and found to be correct by inspection of the displayv. to
enter the digits.

To the left of the digit pad is a "Barrel zone tempera-
ture” key 39. Followed by actuation of a digit key to
select the zone, and of the *Read” key, actuation of key
39 results 1n the display of the setpoint and actual tem-
perature of the selected zone in the sixteen digit displayv
43. Followed by actuation of a digit key and the “Set”
key, actuation of key 39 permits the actual setpoint of a
barrel zone to be changed by the operator. A signal
representative of the input temperature set point is
stored in Actual Setpoint Stack 52 in Storage 32, to be
described 1in connection with FIG. 4, at a location cor-
responding to the barrel zone. The "“Alarm™ key 41.
located below key 39, is used in conjunction with the
digit, “Read” and “Set” keys to read or to set the values
of the actual alarm band, whose use will be described.

Below the digit pad is a row of four control keys.
These are, left to right, “Barrel heat off”, “*Barrel heat
on’’, and “Temperature reset disable” 90 and “*Tempera-
ture reset enable” 88. The barrel heat might be disabled,
for example, while heating the die at startup, or for
other reasons. The use of keys 88 and 89 in connection
with the reset operation will be described in what fol-
lows.

The signals input by actuation of the keys on key-
board 36 are applied to decoder circuit 86, which in turn
applies decoded control signals to display control 40 or
to other parts of the controller, such as storage 32, as
appropriate, as will be described.

The display 38 of panel 14 includes a sixteen-digit
alphanumeric display 43 and an array of status lights.

The status lights display includes particular lights to
indicate **Barrel heat on”, “Temperature reset enable™,
and “System run’, together with further lights (not
indicated 1n detail in the drawing) to indicate that par-
ticular barrel zones and die zones are heating or cool-
ing. In addition, lights are provided (not shown) to
indicate that a thermocouple break has been detected.

Referring now to FIG. 4, signal storage 32 comprises
a plurality of conventional binary storage registers. Any
other convenient signal storage may be employed. Stor-
age J2 1s regarded as divided into a number of particular
poertions that are set aside and referred to as individual
stacks. The address generator and read/write control
circuit 34, as controlled by sequencer ctrcuit 30, gener-
ates a read/write control signal which is applied at 35 to
storage 32 to cause signals representative of data to be
applied to storage 32 at “DATA IN” or retrieved there-
from at “DATA OUT". The address generator and
read/write control circuit 34, as controlled by se-
quencer circuit 30, also generates an appropriate set of
address control signals which are applied to storage 32
at 37, and which select the particular stack and position
therein that 1s addressed. In other Figures, the “DATA
IN“ and “DATA OUT” ports and signals 35 and 37 will
be shown in connection with each individual stack.

Storage 32 contains a first set of stacks that are em-
ployed to store input signals and signals that are em-
ployed in generating the control signals that are ulti-
mately output to control the heater and cooler elements
of the system. These are the Actual Temperature Stack
48, Actual Setpoint Stack 52, Actual Error Stack 54.
Reset Gain Stack 56, Reset Stack 58, Control Setpoint
Stack 66, Control Error Stack 70, Control Sum Error
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Stack 78, Actual Alarm Band Stack 80, Information
Stack 82, and Control Alarm Band Stack 112. Informa-
tion Stack 82 stores eight binary digits (bits) for each
barrel zone. The significance of each of the eight bits
wil] be explained in connection with the following fig-
ures: bits 0, 1 and 2: FIG. 6; bits 3 and 4: FIG. 9; bits 5,
6 and 7: FIG. 10,

Storage 32 further contains a set of four stacks which
contain signais representative of tables of values, ac-
cessed during the control process by means of an index
signal which will be described. These are the Barrel
Heat On-time Index Stack 114, the Barrel Cool On-
Time Index Stack 116, the Barrel Heat Duty Cycle
Index 118, and the Barrel Cool Duty Cycle Index Stack
120. Signals stored in these stacks are selected by means
of the index signal, and are retrieved to be used in con-
trolling the heat/cool operation of the extruder system.

Finally, Storage 32 contains five sets of stacks which
store stgnals more directly related to the output of con-
trol signals to the heater/cooler driver circuits. One of
each set of these stacks contains signals related to heat-
ing operation, and one (or more) contains signals related
to cooling operation. The sets of stacks are the On-Time
(122 and 124), Duty Cycle (126 and 128), Gain (130, 132
and 133), Output On-Time (134 and 136), and Output
Off-Time (138 and 140) stacks. The difference between
stacks 132 and 133 will be explained in connection with
FIG. 18.

The manner in which signals to be stored in all these
stacks are generated, and the connections between the
stacks, will be described in what follows.

Storage 32 also provides a register 96 containing a
Reset Flag, to be described in connection with FIG. 7.
In addition, storage 32 provides registers containing
signals representative of certain constant values, whose
use will be explained. These are register 188, containing
the flash point temperature, which will be discussed in
connection with FIG. 18; register 177, containing the
barrel heat limit, which will be discussed in connection
with FIG. 14; and registers 74 and 76, containing
weighting factors, which will be discussed in connec-
tion with FIG. 10.

Referring now to FIG. §, the signals from the A and
B thermocouple pairs in the extruder barrel 16 and shell
18 are input to a multiplexer 42. If there are eight barrel
zones, there are sixteen independent input thermo-
couple signals, each on a separate channel. The se-
quencer circuit 30 controls the sequential scanning of
the sixteen input channels (as well as other operations of
the controller). A gating signal is generated by the se-
quencer circuit 30, and is applied on line [43] 45 to
multiplexer 42 to select each input channel in turn. The
selected input signal is applied to an analog/digital con-
verter 44, where the analog thermocouple signal is
converted to a digital signal, comprising a number of
binary signals. The digital signal is applied to input

buffer 46. The address generator and read/write control.

circuit 34, as controlled by sequencer circuit 30, gener-
ates a read/write control signal which is applied at 35 1o
storage 32 to cause the digital input signal to be input
from buffer 46 into storage 32. The address generator
and read/write control circuit 34, as controlled by se-
quencer circuit 30, also generates an appropriate set of
address control signals, which are applied at 37 to stor-
age 32. Under the control of the read/write signal at 35
and the address signals at 37, a signal representative of
the input thermocouple reading, in digital form, is ap-
phed to Actual Temperature Stack 48. As is seen in
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FI1G. 5. the contents of Stack 48 are in order by barrel
zone from 1 to N, and each reading from each A or B
thermocouple 1s separately stored. making 2N signals
altogether.

As 1s also shown in FIG. §, the display control circuit
40 receives input control signals from the keyboard 36
of panel 14 (through decoder 86), such as “READ
BARREL ZONE 1" (whose input has been described).
In response, display control circuit 40 causes the signal
representative of the reading from the A thermocouple
in barrel zone 1, in digital form, to be retrieved from the
Actual Temperature Stack 48, and a numerical repre-
sentation thereof to be displayed in digital form in the
alphanumeric display 43 of display 38, together with the
actual setpoint temperature for zone 1, which is repre-
sented by a signal stored 1n Actual Setpoint Stack 52, to
be described (F1G. 6). (The signal from the B thermo-
couple 1s not displayed, because although it is essential
to the operation of the controller of the invention, it is
not of direct interest to the operator of the system.)
Certain status information about the system (such as
“barrel heat on’, *system running’) represented by
signals stored in storage 32, is displayed on display 38
whenever the system is on, without specific request
from the keyboard, as is shown by the direct connection
from on/off switch 13 to display control 40.

Control signals 162 and 168 (from FIG. 13), 148 and
150 (from FIG. 11), and 153 and 157 (from F1G. 12) are
applied to sequencer circuit 30 in response to certain
physical conditions, as will be explained in connection
with those figures; these signals affect the sequencing of
the controller.

The read/write control signal 35 and address control
signals 37 generated by the address generator and
read/write control 34, the sequence control signal 31
from sequencer circuit 30, and control signals from the
display control 40 control the storage, retrieval, modifi-
cation and display of signals in the parts of the control-
ler still to be described, in a manner similar to that de-
scribed in connection with FIG. §. For simplicity, cir-
cuits 30 and 34 will be omitted in FIGS. 6-15 aithough
the control signals generated by them will be shown.

Referring now to FIG. 6, a further portion of storage
32, called the Actual Setpoint Stack 52, stores a set of
signals representative of the setpoint temperature for
each zone of the extruder barrel (N signals). The con-
tents of this portion of storage may be altered by the
operator of the system by the use of the Barrel Zone
Temperature, digit, and Set keys, as has been described.
In addition, a further portion of storage 32 is called the
Actual Error Stack 54, and has the capacity to store
signals representative of the difference between the
actual setpoint and the actual temperature, correspond-
ing to each thermocouple A and B in each of the N
barrel zones, or 2N signals altogether.

When the first pair of thermocouples has been
scanned and their corresponding two signals have been
stored in stack 48 at the location corresponding to the
first barrel zone, sequencer 30 controls the address gen-
erator and read/write control 34 to generate appropri-
ate signals 35 and 37 to retrieve from stack 48 the actual
temperature signal from barrel zone 1, thermocouple A,
and to retrieve from stack 52 the signal representative of
the actual setpoint for barrel zone 1. These signals are
applied to comparator 50. Under the control of se-
quencing signal 31 from sequencer circuit 30, the com-
parator derives a signal representative of the absolute
value of the difference (error) between the two input
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signals, and stores the derived signal into the Actual
Error Stack 34 under the control of read/write and
address signals from control circuit 34. At the same
time, a signal representative of the sign of the difference
1s stored in the Information Stack, in the portion as-
signed to barrel zone 1; the sign 1s stored (by setting bit
0=0 or 1) in the lowest order bit (bit Q) of this portion,
as seen in FIG. 4.

Referring to FIGS. 18b and 19, the “actual error”
signal represents the vertical distance between the line
of the actual set point and the temperature curve of
thermocouple A, at a particular time.

The signal representative of the absolute value of the
difference between the actual temperature and the ac-
tual setpoint is applied to comparator 84, together with
a signal representative of the value of the “actual alarm
band” for that barrel zone from Stack 80. The *““actual
alarm band” is an arbitrarily selected reference value,
typically =five degrees, used to determine what magni-
tude of error A is significant enough to warrant taking
reset control action (FIG. 17a). The actual alarm band
signals are initialized when power is turned on to a
value chosen when the system is designed. However,
the actual alarm band signals can be reset through the
keyboard, as has been described.

The reset correction will not be computed if the ac-
tual error A is within the actual alarm band, that is, less
than five degrees in absolute value (in the present em-
bodiment). If the actual error A is greater than or equal
to five degrees in absolute value, the “actual alarm flag"
Is set in Information Stack 82, in the portion assigned to
barrel zone 1; the flag is represented by bit 1 of this
portion, as seen in FIG. 4. If the actual error is less than
five degrees in absolute value, the “actual alarm flag” is
not set (bit 1=0). Using this flag, a decision will be
made at a later time in the control process to employ or
not employ the reset adjustment, as will be explained in
connection with FIG. 7.

The signals representative of the reading from the
first barrel zone, thermocouple B, and the actual set-
point for the first barrel zone are also compared to
derive the actual error B signal, which is stored in Ac-
tual Error Stack 54. The sign of the error is represented
by bit 2 of the location in the Information Stack 82
corresponding to the first barrel zone.

FIG. 7 shows the elements of the controller associ-
ated with the derivation of the Reset correction signals
which are employed in the control of the heater/cooler
elements to adjust the temperature of the extruder bar-
rel. A portion of storage 32 is set aside and called the
Reset Gain Stack 56. This stack stores a signal represen-
tative of the value of reset gain for each barrel zone,
making N signals altogether. These signals are, in most
cases, hardwired into the storage when the extruder
system and its controller are designed; however, provi-
sion may be made for altering the reset gain values. A
further portion of storage 32 is set aside and called the
Reset Stack 38, which stores a signal representative of
the reset for each barrel zone, or N signals altogether.

Keyboard 36 on panel 14 provides two keys related 60

to the Reset feature, the Temperature Reset Disable key
88 and Temperature Reset Enable key 90. Actuation of
either of these keys closes one of two switches in the
8 X8 switch matrix which input appropriate control
signals to decoder 86. The decoded signal from etther of
keys 88 and 90 is applied to Reset Flag Control 92 and
to Display Control 40. Display Control 40 conditions
the Temperature Reset Enable light 94 on Display 38 in
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accordance with the decoded signal. Reset Flag Con-
trol 92 applies a signal to condition the Reset Flag in
Register 96 (1n Storage 32). When Temperature Reser
Disable key 88 s actuated, the Reset Flag is set to 0 and
light 94 1s turned off. When Temperature Reset Enable
key 90 1s actuated, the Reset Flag is set to | and light 94
1s turned on.

When the actual errors A and B for the first barrel
zone have been stored in Actual Error Stack 54 (as
described in connection with FIG. 6), sequencer 30
generates a control signal 31 which enables Test Circuit
98. This circuit tests the state of Reset Flag 96 and
portions of the contents of Information Stack 82 for
each barrel zone, and conditions other portions of con-
troller 12 in accordance with the results of the tests, as
will be described.

If the Reset Flag is not set (because the Temperature
Reset Disable key 88 has been actuated) Test Circuit 98
generates a “clear reset stack” signal, which is applied
to Reset Stack 38 to clear the entire contents. As a
result, in the control process, when the signals represen-
tative of the reset value are applied to affect the control
of the heater/cooler elements, the signals retrieved
from the Reset Stack 58 are all zero and do not affect
the control process. In this case, the multiplier and
adder circuits 60 and 62 are not enabled.

If the Reset Flag is found to be set (because the Tem-
perature Reset Enable key 90 has been actuated), Test
Circuit 98 next tests certain bits in the Information
Stack 82 for the first barrel zone. Some of these bits
have been set during previous operating cycles of con-
troller 12; the sequencing of controller 12 is such that
these bits will be updated in response to current temper-
ature measurements after the reset signal has been de-
rived.

Test Circuit 98 first tests bit 1 of the signal stored in
Information Stack 82 in the location corresponding to
the first barrel zone. Referring to FIG. 4, it is seen that
this bit represents the Actual Alarm Flag for the first
barrel zone. The manner in which this bit was set was
described in connection with FIG. 6. Unless this bit is 1
(flag set), indicating that the actual error A is greater
than the actual alarm band, the arithmetic circuits 60
and 62 cannot be enabled. If this bit is 1, bit 6 {the Con-
trol Flag) of the signal stored at the location corre-
sponding to the first barrel zone is tested. The manner in
which this bit 1s set will be described in connection with
FIG. 10. Unless this bit 1s 0 (Control Flag not set),
indicating that the control sum error is within the con-
trol alarm band, the arithmetic circuits 60 and 62 cannot
be enabled. This test 1s required because the Reset fea-
ture is useful only when the control error is within
certain limits, as will be explained in connection with
FI1G. 10. Finally bit 7 (Control Sum Stability Flag) for
the first barrel zone is tested. The manner in which this
bit ts set will be described in connection with FIG. 10.
Unless this bit 1s 1, indicating that the control sum error
1s stable within the control alarm band, anthmetic cir-
cuits 60 and 62 cannot be enabled to permit derivation
of a new reset signal for the first barrel zone. This test is
required because the Reset feature is useful only when
the zone is operating in stable conditions.

If the tested bits have the appropriate condition (! or
0), test circuit 98 generates an *‘enable’ signal which is
applied to multiplier circuit 60. (This occurs at the time
indicated by the word "RESET" in FIGS. 18b and 19.)
Sequencer 30 controls address generator and read/-
write controi 34 to generate appropriate control signals
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to retrieve from Actual Error Stack 54 the signal repre-
sentative of the actual error that was derived by com-
parator 30 for the first barrel zone, thermocouple A.

At the same time, control circuit 34 controls the re-
trieval from Reset Gain Stack 56 of the signal represen-
tative of the reset gaimn value for the first barrel zone.
(The reset gain value for each barrel zone modifies the
on-time of the duty cycle according to the load in that
zone, which 1s a function of the system configuration;
the gain 1s empirically determined at the time the system
and the controller are constructed. These values are
hardwired into the controller and cannot be altered by
the system operator.) The signals from stacks 54 and 56
are applied together to multiplier circuit 60, which, as
controlled by the signal 31 from sequencer 30, derives a
signal representative of the product of the actual error
and the reset gain for the first barrel zone, and applies it
to adder 62. Control circuit 34 controls the retrieval
from Reset Stack 58 of the signal representative of the
old reset value (which may be 0) for the first barrel
zone. This signal is applied to adder 62. As controlled
by signal 31 from sequencer 30, the two signals applied
to adder 62 are combined and a signal is derived repre-
sentative of the sum of the two, which is applied to
Reset Stack 58, replacing the signal representing the old
reset value.

Referring now to FIG. 8, a portion of storage 32 is set
apart and called the Control Setpoint Stack 66. When
the value of the reset for the first barrel zone, stored in
Reset Stack 58, has been retrieved and modified, or not
modified if the arithmetic circuits 60 and 62 are not
enabled by test circuit 98, sequencer circuit 30 generates
a sequencing signal 31, which is applied to adder 64. At
the same time, read/write control and address genera-
tor 34, as controlled by sequencer circuit 30, generates
appropriate control signals which are applied to Actual
Setpoint Stack [56] 52 and to Reset Stack 58 to con-
trol the retrieval of the signals stored therein in posi-
tions corresponding to the first barrel zone. These sig-
nals are applied together to adder 64. A signal represen-
tative of the sum of the two signals is derived and is
apphied to Control Setpoint Stack 66. Under the control
of read/write and address signals from circuit 34, the
derived signal is stored in Stack 66 in the position corre-
sponding to the first barrel zone. This signal is always
positive.

If the Reset is disabled, the Control Setpoint for each
barrel zone will be equal to the Actual Setpoint.

Referring now to FIG. 9, a further portion of storage
32 1s set apart and called the Control Error Stack 70.

The control error is the difference between the actual
temperature and the control setpoint. When the control
setpoint for the first barrel zone has been derived and
stored 1n Stack 66, sequencer 30 controls address gener-
ator and read/write control 34 to generate appropriate
signals to retrieve from Actual Temperature Stack 48
the signal representative of the reading of thermocouple
A, for the first barrel zone, and to apply this signal to
comparator 68. At the same time, the signal stored in
Control Setpoint Stack 66 corresponding to the first
barrel zone is retrieved and applied to comparator 68,
which, under the control of sequencer 30, derives a
signal representative of the absolute value of the sum of
the input signals and applies the signal to Control Error
Stack 70. A control error will be derived for each ther-
mocouple reading, A and B, in each barrel zone; 2N
control error signals are stored in stack 70. A signal
representative of the sign of the control error is applied
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to the Information Stack 82 at the location correspond-
ing to the first barrel zone. The sign of the control error
for the thermocouple 1s represented by bit 3; the sign of
the control error for the B thermocouple is represented
by bit 4.

Referring now to FIG. 10, Control Sum Error stack
102 1s capabie of storing a signal corresponding to each
barrel zone, or N signals in all. When the signals repre-
sentative of the control errors A and B for the first
barrel zone have been stored in the Control Error Stack
70, as described in connection with FIG. 9, sequencer
80 controls the retrieval of the control error signal from
stack 70 and its application to arithmetic circuit 72,
which is composed of appropriate multiplier, adder and
divider circuits to derive a signal representative of the
ratio shown in box 72 (FIG. 10). Signals representative
of the constants K1 and K2 are applied to circuit 72
from storage registers 74 and 76. These values are hard-
wired and are not normally adjustable.

‘A signal representative of the absolute value of the
ratio {error) shown in circuit 72 is derived from the first
barrel zone, and is applied to Control Sum Error Stack
78 under the control of address generator and read/-
write control 34, A signal representative of the sign of
the ratio is applied to Information Stack 82 to set bit 5
(“Control Sum Error Sign Flag’) of the signal in the
iocation corresponding to the first barrel zone. The
control sum error is compared with the control alarm
band, proportional band (heating or cooling), and heat-
ing or cooling dead band widths, as shown in FIG. 17b.

The signal representative of the absolute value of the
control sum error is applied to comparator 142 (FIG.
10), together with a signal retrieved from Control
Alarm Band Stack 112, representing the value of the
control alarm band for the first barrel zone, typically
*+two degrees (FIG. 17b). If the control sum error is
greater than two degrees in absolute value, comparator
142 generates a signal 143 that is applied to the Informa-
tion Stack 82 to set=1 bit 6 (“Control Alarm Flag”) of
the signal stored in the location corresponding to the
first barrel zone. This value of bit 6 is employed to
prevent derivation of the Reset signal while the control
sum error is relatively large. If the control sum error is
less than or equal to two degrees, comparator 142 gen-
erates a signal 141 that is applied to Information Stack
82 to set bit 6 =0, indicating that the control error has
become small enough to make the Reset signal of use.
Signal 141 from comparator 142 also starts a timer cir-
cuit 144. (The time when this occurs is indicated on
FIGS. 18b and 19 by the words “CONTROL ALARM
FLAG SET TO 0*.) A particular time period, typically
two minutes, is selected as defining stable conditions.
When this time period has elapsed since the control sum
error has first been within the control alarm band, timer
144 generates a signal that is applied to the Information
Stack 82 to set bit 7 (“Control Stability Flag”) of the
signal stored in the location corresponding to the first
barrel zone.

Referring now to FIG. 11, when the control sum
error signal for the first barrel zone has been stored in
Control Sum Error Stack 102 (FIG. 10), sequencer
circutt 30 controls test circuit 146 to test the state of bit
5 (“Control Sum Error Sign’’) of the signal stored in the
location corresponding to the first barrel zone in Infor-
mation Stack 82. If the sign is found to be positive (bit
§ =1), indicating that it is necessary to cool the ex-
truder barrel zone, test circuit 146 generates a control
signal 148 which is applied to the Barrel Heat On Time
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Stack 122 to set to zero the signal representing the
heater on-time for the first barrel zone. At the same
time, the control signal 148 from test circuit 146 is ap-
plied to Barrel Heat Duty Cycle Stack 126 to set to its
maximum value the signal representative of the heat
duty cycle tor that barrel zone. (The maximum value is
generally hardwired into the system.) Finally, the con-
trol signal 148 from test circuit 146 is applied to se-
quencer circuit 30 (FIG. §), to control it to generate
appropriate sequencing signals to control the operation
of the controller elements described in connection with
FIG. 12.

[f test circuit 146 finds the sign to be negative (bit
5 =0), indicating that it is necessary to heat the extruder
barrel zone, test circuit 146 generates a control signal
130 which 1s applied to the Barrel Cool On-Time Stack
124 to set to zero the signal representative of the cooler
on-time for that barrel zone. At the same time, control
signal 150 from test circuit 146 is applied to Barrel Cool
Duty Cycle Stack 128 to set to its maximum value the
signal representative of the duty cycle for that barrel
zone. Finally, control signal 150 is applied to sequencer
circuit 30 (FIG. 5) to control it to generate appropriate
sequencing signals to control the operation of the con-
troller elements described in connection with FIG. 13.

Referring now to FIG. 12, which shows portions of
controller 12 associated with control action to heat the
barrel zone, the sequencing signal 31, generated by
circuit 30 (FIG. 5) in response to control signal 150
from test circuit 146, enables a comparator 152. A signal
representative of the absolute value of the control sum
error for the first barrel zone is retrieved from stack 78
under the control of read/write and address signals
from circuit 34, as controlled by sequencer circuit 30.
This signal is applied to comparator 152 together with a
signal representing the *‘heating dead band width”, or
the value of the temperature range very slightly below
the no error condition (typically | degree; see FIG.
17b). This value is generally hardwired into the system.
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The signal representative of the heating dead band 40

width 18 stored in a register 154.

If the control sum error is within this heating dead
band no heat will be input to the system, even though
the sign of the error indicates that the temperature of
the barrel is slightly below the no-error condition. In
this case, comparator 152 generates a signal 153, which
is applied to Barrel Heat On Time Stack 122 to set to
zero the signal representative of the heat on-time for the
first barrel zone. Signal 153 is also applied to Barrel
Heat Duty Cycle Stack 126 to set to the maximum vaiue
the signal representative of the duty cycle for the first
barrel zone. At this point, neither the heater nor the
cooler elements for the first barrel zone are powered.
Signal 1353 is applied to sequencer circuit 30 (FIG. §) to
cause circuit 30 to control the operation of the controi-
ler elements shown in FIGS. 14 and 15.

However, if the absolute value of the control sum
error 1s greater than the heating dead band width (the
sign being still negative), comparator 152 generates a
control signal 155 which enables comparator 156. The
signal representative of the absolute value of the control
sum error for the first barrel zone is applied to compara-
tor 156, together with a signal representative of the
width of the “‘barrel heat proportional band’, stored in
register 158. (This value is hardwired into the system.)

The *“*barrel heat proportional band” is a temperature
range below the no-error condition, typically from five
to twenty-five degrees. In the system described herein

45

50

25

60

65

16

the barrel heat proportional band is six degrees. If the
error 1s greater than this value. no artempt will be made
to proportion the heat on-time and heat duty cyvcle:
rather, the maximum on-time and minimum duty cvcie
will be employed until the zone warms to the point at
which the error is found to be within the barrel heat
proportional band (left hand portion of FIG. 17b). If the
error 18 less than or equal to this value, the heat on-time
and heat duty cycle will be proportioned. as will be
described.

If the absolute value of the control sum error for the
barrel zone 1s greater than six degrees, comparator 156
generates a control signal 157 which is applied to Barrel
Heat On Time Stack 122 to set to the maximum value
the signal representative of the heat on-time for that
barrel zone. Control signal 1587 is also applied to Barrel
Heat Duty Cycle stack 126 to set to the minimum value
the signal representative of the heat duty cycle for the
barrel zone. Finally, control signal 157 is applied to
sequencer circuit 30 (FIG. §) to cause it to control the
operation of the controiler elements shown in FIGS. 14
and 18.

If the absolute value of the control sum error for the
barrel zone is less than or equal to six degrees, compara-
tor 156 generates control signal 159, which is applied as
an index signal to Barrel Heat On Time Index Stack 144
and to Barrel Heat Duty Cycle Index Stack 118. The
index signal selects signals representative of the appro-
priate heat on-time and heat duty cycle values, and
causes such signals to be applied to stacks 122 and 126
respectively, to be stored at the location in each stack
corresponding to the first barrel zone. Control signal
159 1s also applied to sequencer circuit 30 (FIG. 5).

Referring now to FIG. 13, if test circuit 146 (FIG. 11)
generates control signal 148 in response to the negative
sign of the control sum error (indicating that the zone is
too hot), sequencer circuit 30 (FIG. 5) responds to sig-
nal 148 by enabling comparator 160. A signal represen-
tattve of the absolute value of the control sum error for
the barrel zone is retrieved from stack 78 under the
control of read/write and address signals from circuit
34, as controlled by sequencer circuit 30. This signal is
applied to comparator 160 together with the signai
representing the “cooling dead band width” from regis-
ter 167 (one degree; see FIG. 17b). If the control sum
error s within this “cooling dead band’ the system will
not be cooled; even though the sign of the error indi-
cates that the temperature of the barrel is slightly above
the no-error condition.

In this case, comparator 160 generates a control sig-
nal 162, which is applied to Barrel Cool On Time Stack
124 to set to zero the signal representative of the on-
time for the first barrel zone. Signal 162 is also applied
to Barrel Cool Duty Cycle Stack 128 to set to the maxi-
mum value the signal representative of the duty cvcle
for the first barrel zone. At this point, neither the heater
nor the cooler elements are powered. Signal 162 is ap-
plied to sequencer circuit 30 (FIG. 5) to cause it to
control the operation of the controller elements shown
in FIGS. 14 and 18.

However, if the absolute value of the control sum
error 1s greater than one degree, comparator 160 gener-
ates a control signal 164 which enables comparator 166.
The signal representative of the absolute value of the
control sum error for the barrel zone is applied to com-
parator 166, together with the signal representative of
the width of the “barrel cool proportional band™, stored
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in register 169. In the system described herein, this band
1s twenty degrees wide (FIG. 17b).

If the absolute value of the control sum error for the
first barrel zone s greater than twenty degrees, compar-
ator 166 generates a control signal 168 which is applied
to Barrel Cool On Time Stack 124 to set to the maxi-
mum value the signal representative of the on-time for
that barrel zone. Control signal 168 is applied to Barrel
Cool Duty Cycle Stack 128 to set to the minimum value
the signal representative of the duty cycle for the first
barrel zone. Finally, control signal 168 is applied to
sequencer circuit 30 (FIG. §) to cause 1t to control the
operation of the controller elements shown in FIGS. 14
and 15.

[f the absolute value of the control sum error for the
first barrel zone is less than or equal to twenty degrees,
comparator 156 generates control signal 170, which is
applied an an index signal to Barrel Cool On Time
Index Stack 116 and to Barrel Cool Duty Cycle Index
Stack 120. The index signal selects signals representa-
tive of the appropriate cooling on-time and cooling
duty cycle values, and causes such signals to be applied
to stacks 124 and 128 respectively, to be stored at the
location corresponding to the first barrel zone.

Referring now to FIG. 14, when the locations corre-
sponding to the first barrel zone in stacks 122-128 have
been filled, sequencer circuit 30 generates a sequencing
signal 31 which enables comparator 175. The signal
corresponding to the B thermocouple reading for the
first barrel zone is retnieved from Actual Temperature
Stack 48, under the control of appropriate read/write
and address signals from circuit 34, and applied to com-
parator 175, together with the signal from register 177,
representative of the constant value ‘‘barrel heater
hmit.” This value is a physical parameter dependent on
the design of the heater and of the system wiring, and is
hardwired into the system, although provision may be
made for adjustment.

[f the B thermocouple reading, which represents the
temperature inside the heater of that barrel zone, is
greater than the barre] heater limit, comparator 175
outputs a control signal 171, which is applied to the
heater element power control to disable the heater for
that zone. This protects the heater from damage from
overheating. If the B thermocouple reading is less than
the barrel heater limit, comparator 175 generates a sig-
nal to enable multiplier circuit 172. Sequencer circuit 30
(FIG. §) further controls circuit 34 to generate appro-
priate read/write and address signals to cause to be
retrieved from Barrel Heat On-Time Stack 122 the
signal representative of the heating on-time for the first
barrel zone, and to cause to be retrieved from Barrel
Heat Gain Stack 130 the signal representative of the
barrel heat gain for the first barrel zone. The gain values
are hardwired into the system.

These two retrieved signals are applied to multiplier
172, which derives a control signal 173 representative of
the product of the two values, and applies it to Barrel
Heater Output On-Time Stack 134. Under the control
of appropriate read/write and address signals, the signal
173 1s stored in the location corresponding to the first
barrel zone. At the same time, signal 173 is applied to
comparator 174, together with the signal representative
of the barrel heat duty cycle value, stored in Barrel
Heat Duty Cycle Stack 126 at the location correspond-
ing to the first barrel zone. Comparator 174 derives a
signal representative of the difference between the input
signals, and applies it to Barrel Heater Ouput Off-Time
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Stack 138, where, under the control of appropriate
read/write and address signals from circuit 34. the dif-
ference signal is stored in the location corresponding to
the first barrel zone.

Referring now to FIG. 18§, the barrel cool on-time
signal stored 1n stack 124 at the location corresponding
to the first barrel zone is applied to multiplier circuit
178. However, in order to provide one of the features of
the invention, flash point compensation, the appropriate
gain value must be selected. This is accomplished by
retrieving from Actual Temperature Stack 48 the signal
representative of the B thermocouple (the thermo-
couple located in the heater/cooler shell) for the first
barrel zone, and applying this signal to comparator 182.
A signal representative of the flash point temperature
(1.e. 212 degrees Fahrenheit or 100 degrees Celsius) is
also apphlied to comparator 182. If the heater tempera-
ture ts at or above the flash point temperature, it is
advantageous to control the coolant valves to cause the
water 10 be pulsed through the coolant system in order
to utilize evaporative cooling. (Pulsing involves typical
on-times of the order of a tenth of a second.) The cool-
ing capacity of the water is greatly increased by this
mode of operation. If the heater temperature is below
the flash point temperature, the coolant valves are con-
trolled to cause the water to flow through the coolant
system, using typical on-times of three to four seconds.

These two modes of operation are alternatively se-
lected by selecting alternative gain valves. When the B
thermocouple temperature signal is less than the flash
point signal, the gating signal 184 from comparator 182
gates multiplexer 186 to output a signal selected from
stack 133. When the B thermocouple temperature signal
is greater than the flash point signal, the gating signal
184 gates multiplexer 186 to output a signal selected
from stack 132. The particular signal in either stack is
selected by appropriate read/write and address signals
from circuit 34, to address the location corresponding
to the first barrel zone.

The signal representative of barrel cool on-time from
stack 124 i1s applied to multiplier circuit 178 together
with the signal representative of barrel cool gain, from
multiplexer 186. Multiplier circuit 178 generates a signal
179 representative of the product, which 1s applied to
Barrel Cooler Output On-Time Stack 136 and is stored
in the location corresponding to the first barrel zone, as
controlled by appropriate signals from circuit 34. At the
same time, the signal 179 from multiplier 178 1s applied
to comparator 180, together with a signal retrieved
from Barrel Cool Duty Cycle Stack 128, at the location
corresponding to the first barrel zone. Comparator 180
generates a signal representative of the difference of the
applied signals, which 1s applied to Barrel Cooler Qut-
put Off-Time Stack 140 and stored therein at a location
corresponding to the first barrel zone.

When signals have been stored in each of stacks 134,
138 (F1G. 14) and 136, 140 (FIG. 15) at locations corre-
sponding to the first barrel zone, sequencer circuit 30
(FIG. 8) causes the stored signals to be output to the
heater element power and timing controls and the cool-
ant valves and timing controls. Control signals are up-
dated only at the end of a duty cycle. The design and
operation of these controls are entirely conventional
and will not be described 1n detail here.

The elements of controller 12 that have been particu-
larly described in connection with FIGS. §-15 are com-
posed of standard digital logic elements, which function
at high speeds. The controller therefore operates very
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rapidly. After the A and B thermocouples of the first
barrel zone have been read. the entire process of deriva-
tion and ocutput of the control signals to the coolant
valves, heater element power supply, and timing con-
trol of the first barrel zone 1s typically completed in
about ten milliseconds, well before the multiplexer 42
(F1G. §) is ready to read the A and B thermocouples for
the second barrel zone, typically 120 milliseconds later.
The process is then repeated for the newly input ther-
mocouple readings, and thereafter cycles through all
2N thermocouples. It will be seen that the controller
can respond rapidly and with great sensitivity to chang-
ing conditions in the extruder.

The controller of the invention is adapted to maintain
the operating temperatures (temperature within the
barrel, as measured by thermocouple A) stable after
reset, within a range of about one degree surrounding
the control setpoint, as illustrated in FIG. 16. After
reset, the operating temperature will be maintained
within about five degrees of the actual setpoint.

What is claimed is:

1. An extruder system having a barrel hAaving an axis
and a plurality of zones at different positions along said
axis,

a shell surrounding said barrel and having a plurality
of zones corresponding to said zones of said barrel and
having heat exchange elements for exchanging heat
with said zones of said barrel,

heat exchange element power means,

at least one pair of temperature sensitive elements in
each of said plurality of zones, one of said pair being
placed to sense the temperature adjacent the inner
surface of said barrel, the other of said pair being
placed to sense the temperature of said shell, and

a controller having

temperature signal input means for receiving an inde-
pendent temperature signal from [each] said one
temperature sensitive element and for receiving an
independent temperature signal from said other tem-
perature sensitive element of said pair of temperature
sensitive elements,

setpoint signal input means for inputting a setpoint
signal representative of a desired barrel tempera-

ture setpoint for each one of said plurality of zones of

said barrel,

storage means for independently storing [each of
said input independent temperature signals and}
said independent temperature signal from said one
temperature sensitive element, said independent tem-
perature signal from said other temperature sensitive
element, and said input setpoint signal, and

control means responsive to said stored input setpoint
signal and each of said stored input independent
temperature signals for each of said zones to derive
output signals for each of said zones, said control
means including means responsive to said stored input
setpoint signal for providing a control signal for each
of said zones, and means responsive to the deviation
between said stored input setpoint signal and said
stored input temperature signal from said one temper-
ature sensitive element of said pair, for varying said
control signal for each of said zones, said controf
means further including means responsive to said
control signals, as varied by said means for varying a
control signal, and said stored input temperature
signal from said other temperature sensitive element
of said pair, for providing said output signals for each
of said zones,
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said heat exchange element power means being re-
sponsive to said output signals automatically to
maintain the temperature of each of said cones of
said barre] close to said input setpoint temperature
for each of said zones of said barrel.

2. An extruder system as claimed in claim 1, wherein

said heat exchange elements include both heating and

cooling elements and said output signals selectively
operate said heating and cooling elements.

3. The extruder of claim 1, wherein said controller
further provides

heating limit storage providing a limit temperature

signal,

disable signal means responsive to said stored heating

limit temperature signal and said stored tempera-
ture signal corresponding to said shell temperature
for generating a power disable signal for cutput to
said heat exchange element power means.

4. In an extruder system having a barrel and heat
exchange apparatus for said barrel, said apparatus com-
prising

a shell surrounding said barrel, said shell providing

heat exchange elements, and

heat exchange element power control means,

said system further having at least one pair of temper-

ature sensitive elements, one of said pair being
placed to sense the temperature adjacent the inner
surface of said barrel, the other of said pair being
placed to sense the temperature of said shell,

that improvement comprising a controller having

temperature signal input means for receiving an
independent temperature signal from each of
said pair of temperature sensitive elements,

setpoint signal input means for inputting a setpoint
signal representative of a barrel temperature
setpoint,

storage means for independently storing each of
said input independent temperature signals and
said 1nput setpoint signal,

heat exchange element cycle storage means provid-
Ing a set of signals representative of a plurality of
heat exchange element on and off times,

signal deriving means responsive to said stored
input setpoint signal and each of said stored input
independent temperature signals to derive index-
ing signals,

indexing means responsive to said indexing signals
for applying said indexing signals to said heat
exchange element cycle storage means to select
certain of said stored heat exchange element on
and off time signals, and

output means for outputting said selected signals to
control said heat exchange element power con-
trol means, whereby the temperature of said
extruder barrel 1s maintained close to said input
setpoint temperature.

5. The controller of claim 4, further having gain sig-
nal storage means,

said signal deriving means being further responsive to

said stored gain signal.

6. In an extruder system having a barrel and appara-
tus for heating and cooling said barrel, said apparatus
comprising

a shell surrounding said barrel, said shell providing

heater elements and cooling elements, and

heater element power control means and cooling

glement conirol means,
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said system further having at least one pair of temper-
ature sensitive elements, one of said pair being
placed to sense the temperature adjacent the inner
surface of said barrel, the other of said pair being
placed to sense the temperature of said shell,

that improvement comprising a controller having

temperature signal input means for receiving an
independent temperature signal from each of
said pair of temperature sensitive elements,

setpoint signal input means for inputting a setpoint
signal representative of a barrel temperature
setpoint.

storage means for independently storing each of
said input independent temperature signals and
said input setpoint signal,

heater and cooler cycle storage means providing a
set of signals representative of a plurality of
heater and cooler on and off times.

signal deriving means responsive to said stored
input setpoint signal and each of said stored input
independent temperature signals to derive index-
ing signals,

indexing means responsive to said indexing signals
for applying said indexing signals to said heater
and cooler cycle storage means to select certain
of said stored heater and cooler on and off ume
signals, and

output means for outputting said selected signals to
control said heater element power control means
and said cooling element control means,
whereby the temperature of said extruder barrel
is maintained close to said input setpoint temper-
ature.

7. The improvement of claim 6, wherein said control-
ler further provides

heater element limit temperature storage providing a

limit temperature signal,

disable signal means responsive to said stored heater

element limit temperature signal and said stored
temperature signal corresponding to said shell tem-
perature for generating a disable signal for output
to said heater element control means.

8. In an extruder system having a barrel and heat
exchange apparatus for said barrel, said apparatus com-
prising

a shell surrounding said barrel, said shell providing

heat exchange elements, and

heat exchange element power control means,

said system further having at least one pair of temper-

ature sensitive elements, one of said pair being
placed to sense the temperature adjacent the inner
surface of said barrel, the other of said pair being
placed to sense the temperature of said shell,

that improvement comprising a controller having

temperature signal input means for receiving an
independent temperature signal from each of
said pair of temperature sensitive elements,

setpoint signal input means for inputting a setpoint
signal representative of a barrel temperature
setpoint,

storage means. for independently storing each of
said input independent temperature signals and
said input setpoint signal,

heat exchange element cycle storage means further
providing a set of signals representative of a
plurality of heat exchange element on and off
ttmes and a reset signal,
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a comparator for comparing each of said stored
input independent temperature signals with said
stored input setpoint signal for deriving a pair of
actual error signals each representative of the
difference beween one said input independent
signal and said input setpoint signal,

reset signal means including a multiplier for deriv-
ing a product signal representative of the prod-
uct of a said actual error signal corresponding to
said barrel inner surface temperature, and said
stored reset signal, and an adder for deriving a
replacement reset signal representative of the
sum of said stored reset signal and said product
signal,

control setpoint signal means including an adder
for summing said stored input setpoint signal and
said replacement reset signal to derive a control
setpoint signal,

control error signal means including a comparator
for comparing each of said stored input indepen-
dent temperature signals with said control set-
point signal to derive a pair of control error
signals,

control sum error means for dertving a control sum
error signal representative of a weighted average
of said pair of control error signals,

indexing means for applying said control sum error
signal to select certain of said stored duty cycle
time signals and on-time signals, and

output means for outputting said selected signals
for control of said heat exchange element power
control means, whereby the temperature of said
extruder barrel is maintained close to said input
setpoint temperature.

9. In an extruder system having a barrel and appara-
tus for heating and cooling said barrel, said apparatus
comprising

a shell surrounding said barrel, said shell providing

heater elements and cooling elements, and

heater element power control means and cooling

element control means,

said system further having at least one pair of temper-

ature sensitive elements, one of said pair being

placed to sense the temperature adjacent the mnner
surface of said barrel, the other of saixd pair being
placed to sense the temperature of said shell,

that improvement comprising a controller having

temperature signdl input means for receiving an
independent temperature signal from each of
said pair of temperature sensitive elements,

setpoint signal input means for inputting a setpoint
signal representative of a barrel temperature
setpoint,

storage means for independently storing each of
said input independent temperature signals and
said input setpoint signal,

heater and cooler cycle storage means further pro-
viding a set of signals representative of a plural-
ity of heater and cooler operating cycles on and
off times, a reset signal and a reset gain signal,

a comparator for comparing each of said stored
input independent temperature signals with said
stored input setpoint signal for deriving a pair of
actual error signals each representative of the
difference between one said input independent
signal and said input setpoint signal,

reset signal means including a multiplier for deriv-
ing a product signal representative of the prod-
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uct of a said actuai error signal corresponding to
sald barrel inner surface temperature, and said
stored reset signal, and an adder for denving a
replacement reset signal representative of the
sum of said stored reset signal and said product
signal,

control setpoint signal means including an adder
for summing said stored input setpoint signal and
said replacement reset signal to derive a control
setpoint signal,

control error signal means including a comparator
for comparing each of said stored input indepen-
dent temperature signals with said control set-
point signal to derive a pair of control error
signals,

control sum error means for deriving a control sum
error signal representative of a weighted average
of said pair of control error signals,

indexing means for applying said control sum error
signal to select certain of said stored operating
cycle signals, and

output means for outputting said selected operating
cycle signals for control of said heater element
power control means and said cooling element
control means, whereby the temperature of said

. extruder barrel is maintained close to said input
setpoint temperature.

10. The improvement of claim 9, wherein said cool-
ing elements comprise coolant circulation elements, and
said cooling element control means comprises coolant
circulation control means,

said controller further providing

flash point storage means for storing a signal repre-
sentative of the flash point temperature of said
coolant,

modifying value storage means for storing at least
two modifying value signals,

a comparator for comparing said stored input tem-
perature signal corresponding to said shell tem-
perature with said stored coolant flash point
temperature signal and deriving therefrom a
difference signal, and

cycle modifying means responsive to said differ-
ence signal to select one of said modifying value
signals and responsive to said selected modifying
value signal to modify said selected cooler oper-
ating cycle signal to derive a modified signal for
output to said coolant circulation control means.

11. In an extruder system having a barrel and appara-
tus for cooling said barrel by circulation of a coolant,
said apparatus comprising

a shell surrounding said barrel, said shell providing

coolant circulation elements, and

coolant circulation control means,

said system further having at least one pair of temper-

ature sensitive elements, one of said pair being

placed to sense the temperature adjacent the inner
surface of said barrel, the other of said pair being
placed to sense the temperature of said shell,

that improvement comprising a controller having

temperature signal input means for receiving an
independent temperature signal from each of
said pair of temperature sensitive elements,

setpoint signal input means for inputting a setpoint
signal representative of a barrel temperature
setpotnt,
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storage means for independently storing each of
sald input independent temperature signals and
said input setpoint signal.

coolant cycle storage means further providing a set
of signals representative of a plurality of coolant
circulation control operating cycles.

signals deriving means responsive to said stored
input setpoint signal and each of said stored input
independent temperature signals to derive an
indexing signal,

indexing means responsive to said indexing signal
for applying said indexing signal to said coolant
cycle storage means to select a particular said
stored operating cycle,

output means for outputting said selected signals to
said coolant circulation control means,

flash point storage means for storing a signal repre-
sentative of the flash point temperature of said
coolant,

modifying value storage means for storing at least
two modifying value signals,

a comparator for comparing said stored input tem-
perature signal corresponding to said shell tem-
perature with said stored coolant flash point
temperature signal and deriving therefrom a
difference signal, and

cycle modifying means responsive to said differ-
ence signal to select one of said modifying value
signals and responsive to said selected modifying
value signal to modify said selected operating
cycle signal to dertve a modified signal for out-
put to said coolant circulation control means.

12. In an extruder system having a barrel and appara-
tus for cooling said barrel by circulation of a coolant,

35 said apparatus comprising
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a shell surrounding said barrel, said shell providing

coolant circulation elements, and

coolant circulation control means,
said system further having at least one pair of temper-

ature sensitive elements, one of said pair being
placed to sense the temperature adjacent the inner
surface of said barrel, the other of said pair being
placed to sense the temperature of said shell,

that improvement comprising a controller having

temperature signal input means for receiving an
independent temperature signal from each of
said pair of temperature sensitive elements,

setpoint signal input means for inputting a setpoint
signal representative of a barrel temperature
setpoint.

storage means for independently storing each of
said input independent temperature signals and
said mnput setpoint signal,

coolant cycle storage means providing a set of
signals representative of at least two coolant
circulation control operating cycles,

flash point storage means for storing a signal repre-
sentative of the flash point temperature of said
coolant,

a comparator for comparing said stored input tem-
perature signal corresponding to said shell tem-
perature with said stored coolant flash point
temperature signal and deriving therefrom a
difference signal, and

cycle selecting means responsive to said stored
input setpoint signal. each of said stored indepen-
dent temperature signals, and said difference
signal to select one of said operating cycle sig-
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nals for output to said coolant circulation control
means.

13. An extruder system having

a barrel having an axis and a plurality of zones at differ-
ent positions along said axis,

a shell surrounding said barrel and having a piurality of
zones corresponding to said zones of said barrel, and
heat exchange elements for exchanging heat with said
zones of said barrel,

a hear exchange element power source means,

at least one pair of temperature sensitive elements in
each of said plurality of zones,

a first element of each said pair being placed to sense the
temperature adjacent the inner surface of its said
barrel zone,

the second element of each said pair being placed 1o
sense the temperature of said shell in said zone, and

a controller having

temperature signal circuit elements for receiving a tem-
perature signal from each of said temperature sensi-
tive elements of said pairs,

reference signal circuit elements for providing reference
signals each representative of a desired barrel temper-
ature for one of said plurality of zones, and

control circuit elements responsive to said reference sig-
nals and each of said input temperature signals to
derive a separate outpui signal for each said zone, and
to supply said output signals to said heat exchange
element power source means to automatically main-
tain the temperature of said barrel close to said refer-
ence signal temperature for each said zone,

characterized in that

said temperature signal circuit elements receive indepen-
dently said temperature signals from each of said
temperature sensitive elements,

storage circuit elements are provided for storing indepen-
dently each of said temperature signals and each of
said reference signals, before supplying them to said
controf circuit elements, and
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an algebraic combination of said stored remperature

signals from said pair of elements, and

said second control signa! as varied by said means for

varying.

15. The extruder system of claim 13 further character-
ized in that said control circuit elements are arranged 1o
disable said heat exchange element power source means in
accordance with a comparison of said stored temperature
signal from said second element with a predetermined limit
temperature signal.

16. The extruder system of claim 13 further comprising
means for circulating a coolant in said heat exchange
elements, and further characterized in that said control
circuit elements are arranged to regulate the circulation of
said coolant by said circulating means in accordance with
a comparison of said stored temperature signal from said
second element with a predetermined signal representative
of the flashpoint of said coolant.

17. The extruder system of claim 13 further character-
ized in that said means for varying is arranged to effect a
variation of said second control signal only upon the occur-
rence of predetermined conditions.

18. The extruder system of claim 17 further character-
ized in that said control circuit elements are arranged to
delermine as the occurrence of one said condition when a
predetermined algebraic combination of said stored tem-
perature signals from said pair of elements has remained
within a predetermined band for at least a predetermined
period of time.

19. The extruder system of claim 17 further character-
ized in that said control circuit elements are arranged 1o
determine as the occurrence of one said condition when the
difference between the stored temperature signal from said
first element of said pair and said reference signal as
unvaried by said means for varying, is greater than a prede-
termined amount.

20 The extruder system of claim 19 further character-
ized in that said control circuit elements are arranged to
determine as the occurrence of another said condition when

said control circuit elements are arranged to separately 40 a predetermined algebraic combination of said stored tem-

receive at least three control signals for each of said
zone comprising

a first control signal based on said stored temperature
signal from said first element of said pair in said zone,

perature signals from said pair of elements has remained
within a predetermined band for at least a predetermined
period of time, and said variation of said second control
signal is effected only upon the simultaneous occurrence of

a second control signal based on said stored reference 45 both said conditions.

signal for said zone, and

a third control signal based on said stored temperature
signal from said second element of said pair in said
zone,

said controller being further characterized in that said
control circuit elements include means for varying
said second control signal on the basis of the deviation
of said stored reference signal compared with said
stored temperature signal from said first element of
said pair,

said controller being still further characterized by having
output signal generating means for providing said
output signal at least on the basis of the deviation
between said second control signal, as varied by said
means for varying, and said third control signal

14. The extruder system of claim 13 further character-

ized in that said output signal generating means provides
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21. The extruder system of claim 17 further character-
ized in that said control circuit elements are arranged io
determine as the occurrence of one said condition when the
difference between

a predetermined algebraic combination of said stored

temperature signals from said pair of elements, and
said second contro!l signal as varied by said means for
varying, is not smaller than a predetermined amount.

22. The extruder system of claim 13

wherein said control circuit elements are further ar-

ranged to receive a fourth control signal based on said
stored temperature signal from said first element in
said pair in said zone, and-

wherein said output signal generating means is arranged

for providing said output signal on the further basis of
the deviation between said second control signal, as
varied by said means for varying, and said fourth

said output signal for said zone on the basis of a compari- control signal.

son berween *
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