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(57) Abstract

An industrial process controller (20, 80°, 110), and
methods of controlling an industrial process, are provided
for controlling a process variable responsive to a set point.
The industrial process controller (20, 80°, 110) has a
differentiator (26, 26’) for determining a difference signal
(28, 28’) between a process variable (24, 24°) and a set
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point (25, 25'). A timing synchronizer is operatively
connected to the differentiator (26, 26’) for generating a
synchronized timing reference signal (22, 22) responsive
to the difference signal (28). A feedforward controller
(23, 23’) is operatively connected to the differentiator
(26, 26’) and the timing synchronizer for generating a
lead/lag feedforward signal responsive to the difference
signal (28, 28’) and the synchronized timing reference
signal (22, 22"). A proportional and derivative controller
(31, 31’) is operatively connected to the differentiator
(26, 26’) and the timing synchronizer for generating an
output signal responsive to the difference signal (28, 28°).
The proportional and derivative controller (31, 31°) has
a generator for generating a proportional signal and a
derivative signal. A summer (33, 33’) combines the output
signal of the proportional and derivative controller with
the feedforward signal to thereby generate a command
signal (34, 34’) for the process variable. A feedforward
characterizer is operatively connected to the proportional
and derivative controller and the summer for providing
thereto a characterized feedforward control signal based
upon the command signal to thereby control an overall
gain between the process variable and the set point of the
industrial process (38, 38’).
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INDUSTRIAL PROCESS CONTROLLER
AND METHOD OF PROCESS CONTROL

Field Of The Invention

This invention relates generally to process
control systems for controlling linear or nonlinear
industrial or :imilar processes and, more particularly,

to an industrial controller for controlling a process
variable.

Background Of The Invention

The process industries, such as chemical,
petroleum, power, food, textile, paper, and
metallurgical, continuously or semi-continuously
process gases, liquids, or solids. Electronic and
mechanical equipment generally measures, indicates, and
controls flow, pressure, temperature, level, and
composition of these various gases, liquids, or solids.
An industrial control system monitors an industrial
process and makes changes or adjustments to maintain
performance within certain acceptable conditions or
limits. Measurement and control of process variables
related to these gases, liquids, or solids range from
indication and/or regulation of a single process
variable to the optimization of the *inetics and
throughput of hundreds of variables in an entire
industrial plant.

A continuing trend of process manufacturing
is to provide maximum profit per unit time of process
operation. This emphasis demands larger combinations

of assembled equipment and system configurations for
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industrial process control in order to monitor more
data simultaneously; make more efficient control of
interactive variables possible; present more
information to an operator; insure a high level of
availability of the process and continuity of process
operation; allow for lower cost expansion, both
vertically (i.e., compatibility with high-level
computing equipment) and horizontally (i.e., system-
size expansion); and facilitate entry of more external
data. "

Although different control strategies for
various industrial process systems have been developed
which emphasize different performance characteristics
of the system, the functions normally required of the
control system include process data acquisition, alarm
for abnormal conditions, display and recording of
process measurement, set point and output values,
single-variable control using standard feedback
algorithms, and multi-variable control including
cascade, ratio, feedforward, and interacting system
configurations. Process-control equipment has
continually developed in response to this variety of
functional requirements. Advances in electronic
component technology and design techniques have
facilitated the development of single processing
subsystems in electronic devices and have also
incorporated distributed information processing in
measurement equipment. These advancements have, in
turn, enhanced control system precision and
flexibility.

An industrial process controller in an
industrial process system conventionally establishes
the acceptable conditions or limits of performance,
often by setting its own reference inputs, and performs
various functions on process variables to thereby
generate control signals to operate actuators in the
control system. These functions may include scaling,
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linearizing, shaping, algebraic computing, dynamic
compensation, signal characterizing (i.e., adjusting
lead and lag transfer functions or curve fitting for
non-linear functions), or time-function generating for
batch operations (i.e., ramp generating or signal
programming) . The plant or the controlled system is
the part of the system that responds to the controller.
The control functions of the controller may operate on
the process variables in a variety of steady-state and
dynamic control modes. The control functions may also
hold process variables at predetermined set points or
values by manipulating associated control elements in
the system.

In an industrial process system in which a
process variable is desirably maintained at a set
point, a controller compares a measured process signal
with the set point and calculates a control signal to
minimize the difference. The control functions for
such controllers can be implemented in many media, such
as pneumatic, mechanical, hydraulic, and electronic
analog and digital.

A proportional ("P") control function is one
of the most widely known and simplest forms of
continuous controls wherein the output control signal
is proportional to the deviation between a measured
process signal and a set point. Proportional control
never brings a process back to the set point. It
conventionally maintains the deviation between the set
point and process variable. A gain in a process system
occurs when the deviation or offset between the process
variable and set point increases. A low gain is
necessary to maintain process stability and allows for
larger offsets from the set point to occur if the
measured process signal changes quickly.

Another known control functions is the
combination of proportional plus integral ("P+I")

functions. This combination provides a wide dynamic
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proportional band to achieve process stability and high
static gain to minimize high offsets at a rate tuned to
the process variable dynamics. The P+I function, for
example, may be used on flow control loops or at
various levels in pressure loops of a control system.

Any control function which includes an
integral ("I") function, however, is subject to windup
or saturation when a deviation between a measured
signal and a set point persists. Although this
situation can be somewhat tolerated in a continuous
process under control, it is often desired to be
prevented on shut down and start up of batch processes.
If saturation is not prevented, no control occurs on
the start up until the measured signal reaches the set
point value. In other words, the process variable may
overshoot the set point by an appreciable amount.

Thus, when the sequence of process operation calls for
automatic start up, all control functions for the new
action are within proportional limits. Overshoot is
eliminated if the integral time exceeds the time
constant of the measured process variable.

Some industrial processes also have several
processing steps in series and can be more successfully
controlled by the addition of a derivative ("D") or a
phase lead function to the P+I function. Temperature
control, for example, often requires a P+I+D or PID
control function to compensate for the time lags of
heaters, vessels, and sensors.

In other control processes, an offset between
a measured signal and a set point must be determined
before control actually occurs. If the major causes or
factors of process variable change can be determined,
it is possible to act directly on the measured signal
to compensate for a change before its effect is
imparted to the control signal and a deviation is
caused between the set point and the process variable.
This action is known as feedforward control. A
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feedforward control function is an approximate model of
the process. Although it is theoretically possible to
use feedforward control only, it is far more realistic
to use a combination of feedforward and feedback
control functions. The feedforward elements thus
reduce the deviation seen by the feedback system, which
then only has to correct for the imperfections in the
feedforward process model. This technique is
particularly applicable to processes having significant
dead time, i.e., slow or no response to a measurement.
In a conventional process feedback system, a
proportional-plus-integral-plus-derivative (PID)
operation reacts to a deviation between a set point and
a measured process variable. The PID contrcl, however,
has two major problems. First, PID control is purely
reactive to process changes; it always trails in time
an upset point, i.e., where the measured error starts.
Second, oscillations or swings in the process are quite
often induced by the PID because of the stored energy
in the integral and/or derivative. Often, the system
is susceptible to the release of the stored energy of
the PID at the wrong time, such as when the process
suddenly changes direction, which results in an

‘oscillation.

The:2 are several techniques available to
assist in resolving these problems, such as gain that
increases with error or integral that increases with
error, or self tuning PID’s. But the basic problems
still exist, the PID is reactive and prone to induced
oscillations or swincs.

Characterization of the process feedback is
common, often necessary, and is done in various ways
using signal characterizing that is fixed; or a data
collection system to make continuouszly updated
graphical plots of signal characterizers.
Characterization of the process demand is also a known
technique that is available in systems such as damper
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linkage variations. Characterization of the process
demand is available in recent control systems in parts
of systems called variable gain adjustments or variable
gain curves that may or may not be automatically
adjusted through data collection.

Feedforward control is an improvement over
PID control because it is proactive. Feedforward
control is common and is done in different ways. The
feedforward sometimes has a gain included to help
balance the demand and process. The feedforward signal
is often run through the PID as a cascade loop, and
enters into the control loop as a set point adjustment.
The feedforward signal may also be introduced into a
control loop after the PID as a sum to the PID output.

The feedforward timing, however, is not
always in phase with the process and therefore can
cause stability and overshoot problems. To counter
balance this tendency, the feedforward conventionally
is de-emphasized or detuned. Reset windup or
saturation occurs because the error signal to the PID
stays offset during feedforward changes, and the reset
integrates excessively. This results in swings at the
end of the ramp or when the feedforward changes
direction because the integral has to unwind.

The conventional feedforward configuration
also induces an error into the system because of timing
and/or gain mismatch to the process. The PID has to
take out or compensate for the error induced by the
improper feedforward. This causes process upsets,
swings, and oscillations during and after feedforward
changes which are highly undesirable in process control
systems.

Summary Of The Invention

The present invention provides control of
linear and nonlinear processes using a combination of
feedforward, feedback, and PID controls. The

feedforward control provides a major portion of the
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system control and the feedback and PID control minor
portions of the system control. Feedforward control
can do more harm than good if it is not properly
characterized and in the right time phase of the
5 process. This invention provides an industrial process
controller, and methods of controlling an industrial
process, by characterizing and maintaining the correct
synchronized timing of a feedforward signal, preventing
unnecessary involvement of PID and feedback controls,
10 and offering simple and effective characterization of
the process demand or command signal by feedforward
characterization.
More particularly, the present invention
provides a first embodiment of an industrial process
15 controller for controlling a process variable
responsive to a set point. The controller has process
variable receiving means for receiving a process
variable signal by the process controller indicating a
desired process condition to be controlled and set
20 point receiving means for receiving a set point signal
by the process controller indicating a set point value
for the desired process condition to be controlled.
Difference means determines a difference signal between
the process variable signal and the set point signal.
25 Timing synchronization means operatively
connected to the difference means generates a
synchronized timing reference signal responsive to the
difference signal. The timing synchronization means
preferably has a timing reference signal generator for
30 generating a timing reference signal and
characterization means for characterizing the timing
reference signal based upon the difference signal
generated by the difference means. The characterizing"
means of the timing synchronization means generates a
35 function signal responsive to the timing reference
signal and the difference signal and changes the

function signal at a predetermined time. Feedforward
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cohtrol means operatively connected to the difference
means and the timing synchronization means generates a
lead/lag feedforward signal responsive to the
difference signal and the synchronized timing reference
signal.

A proportiocnal and derivative control means
operatively connected to the difference means and the
feedforward control means generates an output signal
responsive to the difference signal and the feedforward
signal. The proportional and derivative control means
includes means for generating at least a proportional
and derivative signal responsive to said difference
means, and preferably include means for generating an
integral signal responsive to said difference means so
that a PID control means is provided. The PID control
means preferably includes means for blocking an
integral function thereof responsive to the feedforward
signal.

Combining means combines the output signal of
the PID controller with the feedforward signal to
thereby generate a command signal for the process
variable. Storing means stores the command signal for
control of the process variable. Feedforward
characterization means operatively connected to the
difference means and the PID control means provides
thereto a characterized feedforward signal responsive
to the command signal to thereby control an overall
gain for the industrial process controller. The
feedforward characterization means has means for
generating a function signal responsive to the command
signal and means for changing the function signal
responsive to the output signal of the PID control
means. Feedback characterization means operatively
connected to the command signal and the process
variable receiving means provides characterization of a
feedback signal responsive to the process variable

signal.
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In a second embodiment of the present
invention, an industrial process controller as
described above with reference to the first embodiment
further has tracking means operatively connected to the
combining means for tracking the feedforward signal
responsive to the command signal and balancing means
operatively connected to the combining means for.
balancing the feedforward signal responsive to the
command signal on an input signal external to the
process controller such as from another controller or a
system operator. This embodiment provides the
advantageous capability of upstream and downstream
communication with other controllers of an industrial
process system, especially for complex industrial
process systems.

Methods of controlling an industrial process
are also provided according to the present invention.
These methods include the steps of receiving a process
variable signal for indicating a process condition to
control and receiving a set point signal for indicating
a desired condition to control. A difference signal is
determined between the process variable signal and the
set point signal. A synchronized timing signal is
generated responsive to the difference signal. A
feedforward signal is generated responsive to the
difference signal and the synchronized timing reference
signal. An output signal of preferably a PID
controller is generated responsive to the difference
signal. The generating of the output signal of the PID
controller includes the step of blocking an integral
signal of the PID controller responsive to the
feedforward contrel signal. The output signal of the
PID controller is combined with the feedforward signal
and a command signal for the process variable is
generated therefrom. The command signal for control of
the process variable is stored and the feedforward
signal is characterized for the process variable
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responsive to the command signal and the output signal
of the PID controller. The feedforward signal is
characterized by generating a function signal
responsive to the command signal and changing the
function signal responsive to the output signal of the
PID controller to thereby control an overall gain of
the process variable responsive to the set point.

The methods also include the steps of
generating a feedback control signal responsive to the
command signal and characterizing the feedback signal
responsive to the process variable signal for
controlling the overall gain of the process variable.
The method steps further include tracking and balancing
of the feedforward signal responsive to the command
signal and an input signal external to the industrial
process controller, such as from another controller or
a system operator, as discussed with reference to the
second embodiment of the present invention.

By synchronizing and maintaining the correct
timing of the feedforward signal responsive to the
difference between the process variable and the set
point in the industrial process, and preventing
unnecessary involvement of PID and feedback controls,
the lead/lag feedforward control signal for the process
demand can be more effectively characterized so that
overall gain of the industrial process is more
effectively controlled.

Brief Description of the Drawings

Some of the objects and advantages of the
present invention having been stated, others will
become apparent as the description proceeds when taken
in conjunction with the accompanying drawings, in
which:

Figure 1 is a block diagram of an industrial
process controller of the present invention;

Figure 2 is a block diagram of the
feedforward timing characterization of an industrial
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process controller of the present invention as shown in
Figure 1;

Figure 3 is graphical plot of a feedforward
time lead cutoff;

Figure 4 is a graphical plot of a feedforward
time lag;

Figure 5 1is a block diagram for further
illustrating the timing synchronization of an
industrial process controller according to the present
invention;

Figure 6A is a block diagram of an industrial
process controller according to a first embodiment of
the present invention;

Figure 6B is a block diagram for illustrating
integral blocking of a PID controller according to a
first embodiment of an industrial process controller of
the present invention;

Figure 7 is a block diagram illustrating an
industrial process controller according to a second
embodiment of the present invention with balancing
capabilities and being adapted for several different
processes; and

Figure 8 is a block diagram illustrating an
industrial process controller according to a second
embodiment of the present invention with tracking
capabilities for a second controller upstream or
downstream of a first controller.

Detailed Description of Illustrated Embodiments

The present invention now will be described
more fully hereinafter with reference to the
accompanying drawings in which illustrated embodiments
are shown. This invention may, however, be embodied in
many different forms and should not be construed as
limited to the embodiments set forth herein; rather,
these embodiments are provided so that this disclosure
will be thorough and complete, and will fully convey

the scope of the invention to those skilled in the art.
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Like numbers refer to like elements throughout.

The present invention provides control of
linear and nonlinear processes using a combination of
feedforward, feedback, and PID controls. The
feedforward control provides a major portion of the
system controls and feedback and PID control minor
portions. Feedforward control can do more harm than
good if it is not properly characterized and in the
right time phase of the process. This invention
provides an industrial process controller, and methods
of controlling an industrial process, by maintaining
the correct timing synchronization of the feedforward
signal, preventing unnecessary involvement of PID and
feedback controls, and offering simple and effective
characterization of the process demand or command.

In a conventional industrial control system,
if a feedforward control function for an industrial
process is linear with respect to a process demand or
command signal, an output signal of a PID controller
used in the system will be near zero. Since the
process demand or command signal, however, is most
often nonlinear to the process, a relation or
characterization, i.e., a curve, between the
feedforward control and the process demand needs to be
established. The relationship between the process
demand and the industrial process will change from time
to time through instrument drift, recalibration, system
parameters or the like. As the process drifts away
from the relationship curve established between the
process demand and the process, the PID controller
input and output signals will no longer be near zero
because the PID controller attempts to correct
generated error.

Referring now to the drawings, Figure 1
illustrates a block diagram of the industrial process
controller 20 characterized for feedforward control of

an industrial process according to the present
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invention. A process variable signal 24 and a set
pointsignal 25 are received by the controller into a
difference means, shown as differentiator block 26.
The differentiator 26 outputs a difference signal or
error signal 28 to a proportional and derivative
control means, and preferably a proportional,
derivative, and integral control means shown as PID
controller block 31. A feedforward timing means, shown
as feedforward timing block 23, also receives the
difference or error signal 28 for use in indexing and
calculating a feedforward time curve. The feedforward
timing means 23 additionally receives a feedforward
signal 21 and a timing reference signal 22 for
calculating a feedforward timing curve which will be
further described herein with reference to Figure 2.
The feedforward timing 23 outputs a
feedforward timing signal 29 to combining means, shown
as summer or adder block 33. The summer 33 also
receives an output signal 32 from the PID controller 31
for combining with the feedforward timing signal 289.
In order to generate a feedforward control
characterization curve, preferably a linearization
curve, according to the present invention, the combined
output signal 34 of the summer 33 plus the PID output
signal 32 of the PID controller 31 are indexed to a
process demand curve. A unit reference signal 27
provides an index to update the breakpoint 36 of the
curve. The unit reference signal 27 may be the
feedforward signal as shown by dashed line 15. The
setpoint 25 may also be the feedforward signal, as best
shown in Figure 6A, by dashed line 15’, but preferably
only when feedback characterization is used as further
discussed herein. It will also be understood that the
feedforward signal 21 may also be used as a reference
signal to update the breakpoint. When the PID
controller is not near zero, the indexed part of the

curve will need to be changed by the output signal 32
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of the PID controller 31. Function generators, as well
known to those skilled in the art, can be used for
continuously generating, plotting, and updating the
curves.

As shown in Figure 1, the industrial process
controller 20 according to the present invention has a
function generator 35 that generates a number of X, Y
breakpoints along a curve for providing feedforward
control linearization 30. For updating the curve in
the function generator 35, the "Y" or output 37 of the
curve remains predefined and the "X" breakpoint or
input of the curve moves by the unit reference signal
27. The data for this new breakpoint will be accepted
only if the process error output signal 32 from the PID
controller 31 is near zero, the feedforward control
signal 34 is at a steady state condition, and only the
nearest breakpoint will be updated. Since the curve
between the breakpoint is a straight line, the "X" part
of the curve can be updated by using the unit reference
signal 27 as an index. The updated "X" breakpoint
value and the PID output signal 32 which provides
adequate accuracy becomes the summation of the previous
"X" breakpoint value plus. Only the breakpoints that
are not being used for control are adapted or updated
to the function generator 35 by a breakpoint update
signal 39. The part of the curve that is being used
for control of the process 38 is stored in memory until
it is not used for control. At that time the function
generator 35 can be updated with the stored
information. This procedure allows a continual update
of the process demand signal 37 without upsetting the
control process, as shown in block 38. The greater the
number of breakpoints, the greater the accuracy. It
will also be understood by those skilled in the art
that other characterization or linearization methods
such as regression analysis (i.e., piece-wise

regression) may also be used for linearizing the
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feedforward control signal.

Figure 2 illustrates a block diagram 48 for
calculating and utilizing a feedforward timing curve to
thereby further explain the synchronized timing signal
of block 23 of Figure 1, and as indicated by the
phantom-line box 23’. Like elements with the block
diagram of Figure 1 are designated with prime (')
notation for purpose of clarity. When proper
feedforward control characterization 30 (Figure 1) is
in operation, correct timing synchronization of the
feedforward signal 21 should also be implemented for
good control of an industrial process, as shown in
block 23’. For example, if a feedforward control
signal moves the process demand or command signal too
early, the process variable will be greater than a
predetermined set point. Of course, if the process
demand moves too late the process variable will be
lower than a predetermined set point. A relationship
exists between a process error signal or difference
signal 28’ and a timing reference signal 22’ for
feedforward timing 23’. The timing synchronization is
preferably accomplished by characterizing the timing
reference signal to be used by the lead/lag feedforward
control signal for improved control of the process
demand. Assuming that the feedforward signal 21’ has
been made linear with respect to the process demand
signal 37 (Figure 1), a curve which is indexed by a
timing reference signal 22’ can be established for the
feedforward timing signal 29’. It will be apparent to
those skilled in the art that the timing reference
signal 22’ can be the feedforward signal 21’ or any
signal that is related to the timing of the process.
The feedforward timing synchronization shown as block
23’ performs a feedforward timing curve calculation.
Two timing curves per control loop may be needed. One
timing curve may be needed when the feedforward signal

21’ is increasing and another timing curve may be
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needed when the feedforward signal 21’ is decreasing.
Also, in complex industrial process systems, more than
one timing reference signal (as shown in Figures 5-8)
may be needed for optimum results.

As shown in Figure 2, there is a timing
shifting means, shown as time shift block 41 in the
timing reference signal 22’. Because all processes
have some lag in them, a presently-detected process
error is the result of a feedforward control timing
problem that occurred in the past. It is therefore
necessary to time-shift the new collected data back in
time when the cause of the process error actually
happened. The calculated time shift 41 is proportional
to the rolling average of the derivative of the
feedforward signal. The timing curve is corrected to
the updated index point. 1If the process error is added
to the timing curve when the feedforward control is
increasing, then it will be subtracted from the timing
curve when the feedforward control is decreasing.

The timing reference signal 22’ preferably is
used to index the feedforward timing curve calculation
44 to the lead/lag function 49. The lead/lag function
49 refers to actual time leads and lags with respect to
a predetermined common reference signal of the
industrial process system. If the feedforward timing
curve calculation 44 is not accurate, then there will
be a process error. The timing curve 44 is corrected
with the process error signal 52 (i.e., by changing the
"Y" part of a breakpoint by the gained error). The new
curve will be used when the feedforward control signal
29’ passes through this area of control again in the
future.

The feedforward timing curve calculation 44
is preferably performed by an interactive process. The
time shifted signal 42 and the process error signal 52
are the data signals used for calculating the updated

timing curve 44. The curve is calculated by using a
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similar process as in the feedforward control
linearization 30 as described with reference to Figure
1. When generating the timing curve 44, the "yv
component is calculated using the process error signal
52, and the "X" component is the time shifted reference
signal 42. The "X" or input will be predefined, while
the "Y" or output of the curve will be moved by the
process error signal 52. The updated point is added to
the curve only after the feedforward signal 21’ stops
moving as detected by the rate of change block 43, thus
allowing a transparent transition or update. The X and
Y data is only taken when the feedforward signal 21’ is
moving.

The summer or adder 47, as shown in Figure 2,
receives the present timing signal 46 and the process
error signal 52 and generates an output to the lead/lag
function 49. The process error signal 52 received by
the summer 47 is used to temporarily bridge the
difference between the inadequacies of an existing
timing curve and the needs of the present process
timing. This slows down the process of correcting the
timing curve, but helps the present control stay closer
to a set point 25’. As with the correcting of the
timing curve, the sign ("+" or "-") of the process
error signal 52’ entering the summer 47 (sum of the
present timing curve signal and the process error
signal) will change when the feedforward control
changes directions by using transfer gain (+K) block
51. It will also be apparent to those skilled in the
art that other feedforward timing calculation
techniques such as regression analysis may also be
used. For example, if regression analysis is used
dashed line 53 will be substituted for the process
error signal 52 for providing the "Y" data component.

Figure 3 is a graphical plot of a feedforward
time lead cutoff. The feedforward control timing lead

is stopped when the feedforward signal reaches the end
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of the ramp C of the feedforward signal B. This is
done to prevent the process from overshooting a set
point. The bleed off of the timing lead A is not
needed at the end of the ramp C due to the feedforward
control linearization 30 as previously described with
reference to Figure 1.

Figure 5 illustrates a block diagram 60 for
the feedforward timing curve calculation and the
feedforward time lead/lag calculation of an industrial
controller according to the present invention. Like
elements with the block diagrams of Figures 1 and 2 are
designated with prime (') notation for purpose of
clarity. The feedforward time lead cutoff as
illustrated in Figure 3 is accomplished by using the
NOT moving signal 72, generated as an output of NOT
gate 67, and the AND 73 as shown in Figure 5. This
cutoff only applies when the command or process signal
37 (Figure 1) is a lead signal by using a transfer
(*T") block 74 (i.e., switch).

Figure 4 is a graphical plot of a feedforward
time lag. As shown in Figure 4, if the feedforward
timing signal 48’ (Figure 8) is a lag A’, then normal
decay of the lag A’ will take place at the end of the
ramp C of the feedforward signal B. The controller
configuration as illustrated in Figure 5 will still be
used, but the lead signal 71 will be disabled.

Figure 6A is a block diagram of an indusﬁrial
process controller 80 according to a first embodiment
of the present invention. Like elements with block
diagrams of Figures 1, 2, and 5 are designated with
prime (') notation for purposes of clarity. 1In a
conventional controller, when the feedforward signal is
moving a small process error can be present. If the
error is continuous on a long feedforward control ramp,
the integral part of the PID control can windup. When
the feedforward signal reaches the end of the ramp,

severe overshooting or undershooting of the set point



WO 95/07502 PCT/US94/09950

10

15

20

25

30

35

-19-

will occur and results in temporary oscillations. The
integral windup also negatively affects updating of the
timing curves. To prevent this, the integral part of
the PID controller 31’ is blocked and slowly moved
preferably to near zero concurrently with the movement
of the feedforward signal 21’ as detected by the signal
moving block 84.

Figure 6B is a block diagram of an industrial
controller according to the present invention further
illustrating integral blocking. As shown in Figure 6B,
the integral signal is blocked 88 whenever the
feedforward signal 21’ is moving as detected by the
signal moving block 84’. The integral blocking 88 will
be released when the feedforward signal 21’ is not
moving 84’. The proportional gain 87 is characterized
in such a way that when the process variable signal 24’
is near the set point signal 25’, the gain is small.

As the process variable signal 24’ moves further from
the set point signal 25’, the proportional gain 87
increases. The proportional gain curve 87 is indexed
from the process error signal 28a‘’. The shape of the
proportional gain curve 87 is tunable and can be
changed from oﬁe process to the next.

The controller 80’ includes the combination
of the self-adjusting feedforward control timing 23’ of
Figure 2 and the self-adjusting process demand for
feedforward control linearization 30’ as shown in
Figure 1. The integral 88 is separated from the
proportional 87 and the derivative 89 so that the
integral 88 can be blocked as shown in Figure 6B. The
characterized proportional gain signal 91 is generated
from a function generator 87’. The proportional gain
91, the integral signal 92, and the derivative signal
93 are summed 94 to form the PID controller output
signal 32’. The output signal 32’ of the PID
controller 31’, in turn, is summed 33’ with the
feedforward timing signal 29’ of the self-adjusting
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feedforward timing control 23’. The resulting signal
34’ is fed into the self-adjusting process demand for
feedforward control linearization 30’. The output of
the process demand is the output of the industrial
process controller 80’ to the process 38.

Figure 7 is a block diagram illustrating an
industrial process controller 80’ according to the
present invention being adapted for several different
industrial processes. As illustrated, the feedforward
control linearization 30a’, 30b’, 30c’ can be
configured for several processes (i.e., three processes
38a, 38b, 38c) with a balancing means, such as biasing
integrating calculation, as shown by block 96. The
self-adjusting process demand 37a‘’, 37b’, 37c’ can be
selected or deselected in order to fit the environment
and/or to feed more than one controller. It will also
be understood that feedforward control characterization
as illustrated by blocks 30a, 30b, 30c could be
performed by multivariable analysis.

The self adjusting feedback characterization
as shown in Figure 7 (and Figures 6A and 6B) is used in
the case where the set point 25a is the feedforward
signal. This case is most often when controlling a
flow type of process. The output of the feedback
characterization signal 82 should equal feedforward or
unit reference signal under a static condition without
introducing any correction from the PID controller 31'.
The PID output signal 32’ can be used to update or
correct the feedback characterization curve as
previously described with reference to in Figures 1 and
2 with the feedforward control characterization and the
feedforward timing curve calculation. It will also be
understood that regression analysis or other
characterization techniques may be used.

Figure 8 is a block diagram illustrating an
industrial process controller 110 according to a second

embodiment of the present invention with tracking
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capabilities for a controller such as a second
controller upstream or downstream of a first
controller. In a second embodiment of the industrial
controller 110, the self-adjusting process demand 37’
may be in a second controller upstream or downstream
from this first controller 110. Also, a tracking
reference 1 signal "11 such as from a second downstream
controller may be an input to the first controller 110
for communication. Likewise, a tracking reference 2
signal 113 such as to a third upstream controller that
reflects the feedforward control derived from the
limits of the control range of the first controller 110
may be sent to the third upstream controller to prevent
windup or for other purposes. The controller 110
tracks to the downstream tracking reference 1 signal
111 when the second downstream controller is in a
manual-type operation. The controller 110 also has
balancing tracking means that tracks any manual changes
that an operator 100’ makes. The downstream process
demand limits of the second controller.

The PID controller 31’ of the second
embodiment is modified as illustrated for balanced
tracking purposes. In such circumstances, the
derivative 89 is transferred (T) 114 to zero and the.
integral signal 117 absorbs the difference signal 123
as transferred (T) 116 from differentiator 112. The
difference signal 123 is the difference between the
station output signal 95 and the feedforward timing
signal 29’ plus the proportional signal 91 output 121
from summer 119. This results in summer 122 output
signal 34’ and the station output signal 95 being equal
allowing a bumpless or smooth transfer between manual
and automatic. are also reflected back to the first
controller 110. The controller outputs a signal
indicative of the feedforward control signal thereby
allowing upstream or downstream tracking.

As illustrated with reference to Figures 1-8,
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and more particularly to Figure 6, methods of
controlling an industrial process are also provided
according to the present invention. These methods
include the steps of receiving a process variable
signal for indicating a process condition to control
and receiving a set point signal for indicating a
desired condition to control. A difference signal is
determined between the process variable signal and the
set point signal. A synchronized timing signal is
generated responsive to the difference signal. A
lead/lag feedforward signal is generated responsive to
the difference signal and the synchronized timing
reference signal is generated for the lead/lag
feedforward signal. An output signal of a PID
controller is generated responsive to the difference
signal and the generating of the output signal of the
PID controller includes the step of blocking an
integral signal of the PID controller responsive to the
feedforward control signal. The output signal of the
PID controller is combined with the lead/lag
feedforward signal and a command signal for the process
variable is generated therefrom. The command signal
for control of the process variable is stored and the
feedforward signal is characterized for the process
variable responsive to the command signal and the
output signal of the PID controller. The feedforward
signal is characterized by generating a function signal
responsive to the command signal and changing the
function signal responsive to the output signal of the
PID controller to thereby control an overall gain of

the process variable responsive to the set point.

The methods also include the steps of
generating a feedback control signal responsive to the
command signal and characterizing the feedback signal
responsive to the process variable for controlling the
overall gain of the process variable. The method steps

further include tracking and balancing of the



WO 95/07502 PCT/US94/09950

10

15

20

25

-23-

feedforward signal responsive to an input signal
external to the industrial process controller as
discussed with reference to the second embodiment of
the present invention.

The implementation of the industrial
controller, and the methods of industrial process
control, for industrial processes such as power utility
industries or petroleum industries are preferably
implemented with a combination of hardware and
software. A software based controller using a
predetermined computer program in a computer or central
processing unit may also be used. It will be
understood by those skilled in the art that other
mechanical and/or electrical implementations may also
be used for various industrial process controls.

In the drawings and specification, there have
been disclosed illustrated embodiments of the invention
and, although specific terms are employed, these terms
are used in a generic and descriptive sense only and
not for the purposes of limitation. The invention has
been described in considerable detail with specific
reference to various illustrated embodiments. It will
be apparent, however, that various modifications and
changes can be made within the spirit and scope of the
invention as described in the foregoing specification
and defined in the appended claims.
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That Which Is Claimed Is:

1. An industrial process controller for

controlling a process variable responsive to a set
point, said controller comprising:

difference means for determining a difference
signal between a process variable and a set point;

timing synchronization means operatively
connected to said difference means for generating a
synchronized timing reference signal responsive to said
difference signal;

feedforward control means operatively
connected to said difference means and said timing
synchronization means for generating a lead/lag
feedforward signal responsive to said difference signal
and said synchronized timing reference signal;

proportional and derivative control means
operatively connected to sald difference means and said
timing synchronization means generating a proportional
output signal and a derivative output signal responsive
to said difference signal; and

combining means operatively connected to said
feedforward control means and said proportional and
derivative control means for combining said
proportional and derivative output signals of said
proportional and derivative control means with said
lead/lag feedforward signal to thereby generate a
combined output command signal therefrom to control
gain between the process variable and the set point of

the industrial process.

2. An industrial process controller
according to Claim 1, further comprising feedforward
characterization means operatively connected to said
proportional and derivative control means and said
combining means for characterizing said feedforward
signal and generating a command signal therefrom to
thereby control gain of the industrial process.
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3. An industrial process controller
according to Claim 1, wherein said proportional and
derivative control means further comprises means for
generating an integral signal and means for blocking
said integral signal thereof responsive to said
feedforward signal.

4. An industrial process controller
according to Claim 1, further comprising feedback
characterization means operatively connected to said
difference means and said combining means for providing
thereto a characterized feedback control signal to said

difference means.

5. An industrial process controller
according to Claim 1, wherein said difference means
comprises means for determining a process variable
value and means for subtracting a predetermined set

point value therefrom.

6. An industrial process controller
according to Claim 1, wherein said timing
synchronization means comprises timing reference
generating means for generating a timing reference
signal and characterization means for characterizing
said timing reference signal based upon said difference
signal generated from said difference means to thereby
synchronize said lead/lag feedforward signal.

7. An industrial process controller
according to Claim 6, wherein said characterizing means
comprises means for generating a function signal
responsive to said timing reference signal and said
difference signal and means for changing said function

signal responsive to said feedforward signal.



WO 95/07502 PCT/US94/09950

10

15

20

25

30

-26-

8. An industrial process controller
according to Claim 1, further comprising tracking means
for generating a tracking signal to said feedforward
signal and means for balancing said feedforward signal
responsive to an input signal external to the

industrial process controller.

9. An industrial process controller
according to Claim 2, wherein said feedforward
characterization means comprises means for generating a
function signal responsive to said command signal and
means for changing said function signal responsive to
said proportional and derivative output signals of said

proportional and derivative control means.

10. An industrial process controller
according to Claim 1, further comprising storing means
for storing said command signal for control of the

process variable.

11. An industrial process controller
according to Claim 1, further comprising means for
receiving a process variable signal by the process
controller indicating a process condition to contrel
and means for receiving a set point signal by the
process controller indicating a desired condition to

control.

12. An industrial process controller for
controlling a process variable responsive to a set
point, said controller comprising:

difference means for determining a difference
signal between a process variable and a set point;

timing synchronization means operatively
connected to said difference means for generating a
synchronized timing reference signal responsive to said

difference signal;
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feedforward control means operatively
connected to said difference means and said timing
synchronization means for generating a lead/lag
feedforward signal responsive to said difference signal
and said synchronized timing reference signal;

PID control means operatively connected to
said difference means and said timing synchronization
for generating a proportional signal, an integral
signal, and a derivative signal, and means for blocking
said integral signal thereof responsive to said
feedforward signal;

combining means for combining said output
signal of said PID control means with said lead/lag
feedforward signal to thereby generate a command signal
for the process variable;

feedforward characterization means
operatively connected to said PID control means and
said combining means for providing a characterized
feedforward signal to said command signal, said
feedforward characterization means comprising means for
generating a function signal responsive to said command
signal and means for changing said function signal
responsive to said output signal of said PID control
means; and

feedback characterization means operatively
connected to said difference means and said combining
means for providing thereto a characterized feedback
control signal responsive to said command signal to
thereby control gain between the process variable and

the set point of the industrial process.

13. An industrial process controller
according to Claim 12, wherein said timing
synchronization means comprises timing reference
generating means for generating a timing reference
signal and characterization means for characterizing

said timing reference signal based upon said difference
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signal generated from said difference means to thereby

synchronize said lead/lag feed forward control signal.

14. An industrial process controller
according to Claim 13, wherein said characterizing
means comprises means for generating a function signal
responsive to said timing reference signal and said
difference signal and means for changing said function

signal responsive to said feedforward signal.

15. An industrial process controller
according to Claim 12, further comprising storing means
for storing said command signal for control of the
process variable.

16. An industrial process controller
according to Claim 12, further comprising tracking
means for tracking said feedforward signal and means
for balancing said feedforward signal responsive to an

input signal external to the process controller.

17. An industrial process controller for
controlling a process variable responsive to a set
point, said controller comprising:

difference means for determining a difference
signal between a process variable and a set point;

timing synchronization means operatively
connected to said difference means for generating a
synchronized timing reference signal, said timing
synchronization means comprising a timing reference
signal and characterization means for characterizing
said timing reference signal based upon said difference
signal generated by said difference means, said
characterizing means comprising means for generating a
function signal responsive to said timing reference
signal and said difference signal and means for

iteratively changing said function signal;
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feedforward control means operatively
connected to said difference means and said timing
synchronization means for generating a lead/lag
feedforward signal responsive to said difference signal
and said synchronized timing reference signal;

PID control means operatively connected to
said difference means and said timing synchronization
means for generating an output signal responsive to
said difference signal, said PID control means
comprising means for generating a proportiocnal signal,
an integral signal, and a derivative signal, and means
for blocking said integral signal thereof responsive to
said feedforward signal;

combining means for combining said output
signal of said PID control means with said feedforward
signal to thereby generate a command signal for the
process variable; and

feedforward characterization means
operatively connected to said PID control means and
said combining means for providing a characterized
feedforward signal to said command signal, said
feedforward characterization means comprising means for
generating a function signal responsive to said command
signal and means for iteratively changing said function
signal responsive to said output signal of said PID
control means.

18. An industrial process controller
according to Claim 17, further comprising feedback
characterization means operatively connected to said
difference means and said combining means for providing
thereto a characterized feedback control signal to said

difference means.

19. An industrial process controller for
controlling a process variable responsive to a set
point, said controller comprising:
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difference means for determining a difference
signal between a process variable and a set point;

timing synchrcnization means operatively
connected to said difference means for generating a
synchronized timing reference signal; and

feedforward control means operatively
connected to said difference means and said timing
synchronization means for generating a lead/lag
feedforward signal responsive to said difference signal
and said timing synchronization signal to thereby more
effectively control gain between the process variable

and the set point of the industrial process.

20. An industrial process controller
according to Claim 19, wherein said timing
synchronization means comprises timing reference
generating means for generating a timing reference
signal and characterization means for characterizing
said timing reference signal based upon said difference
signal generated from said difference means to thereby
synchronize said lead/lag feedforward signal.

21. An industrial process controller
according to Claim 20, wherein said characterizing
means comprises means for generating a function signal
responsive to said timing reference signal and said
difference signal and means for changing said function

signal responsive to said feedforward signal.

22. A method of controlling a process
variable responsive to a set point, comprising the
steps of:

generating a difference signal between a set
point and a process variable;

generating a timing reference signal;

synchronizing the timing reference signal

responsive to the timing reference signal and the
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difference signal; and

generating a lead/lag feedforward control
signal responsive to the syﬁchronized timing reference
signal to thereby control the overall gain between a
set point and a process variable.

23. A method according to Claim 22, wherein
the step of synchronizing the timing reference signal
comprises the steps of:

generating a function signal responsive to
the timing reference signal and the difference signal;
and

changing the function signal responsive to a
feedforward signal.

24. A method of controlling a process
variable responsive to a set point, comprising the
steps of:

determining a difference signal between a
process variable and a set point;

| generating a synchronized timing signal
responsive to the difference signal;

generating a lead/lag feedforward signal to
the svnchronized timing reference signal and the
difference signal;

generating proportional and derivative output
signals responsive to the difference signal;

combining the proportional and derivative
output signals with the lead/lag feedforward signal;
and

generating a command signal for the process
variable responsive to the combining of the
proportional and derivative output signals of the
proportional and derivative controller and the lead/lag
feedforward signal to thereby control overall gain
between the process variable and the set point of the

industrial process.
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25. A method according to Claim 24, further
comprising the step of characterizing the feedforward
signal responsive to the command signal and the output

signal of the proportional and derivative controller.

26. A method according to Claim 24, wherein
the step of generating the proportional and derivative
output signals further includes the steps of generating
an integral signal responsive to the difference signal
and blocking the integral signal responsive to the
feedforward signal.

27. A method according to Claim 24, further
comprising the steps of generating a feedback signal
responsive to the command signal and characterizing the
feedback signal responsive to the process variable.

28. A method according to Claim 24, wherein
the step of determining the difference signal includes
the steps of determining a process variable value and
subtracting a predetermined set point value therefrom.

29. A method according to Claim 24, further
comprising the step of generating a timing reference
signal for the lead/lag feedforward signal.

30. A method according to Claim 24, further
comprising the steps of tracking the feedforward signal
and balancing the feedforward signal responsive to an

input signal external to the process controller.

31. A method according to Claim 24, wherein
the step of characterizing the feedforward signal
includes the steps of generating a function signal
responsive to the command signalland changing the
function signal responsive to the output signal of the
proportional and derivative controller.
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32. A method according to Claim 24, further
comprising the step of storing the command signal for
control of the process variable.

33. A method according zo Claim 24, wherein
the step of determining a difference signal is preceded
by the steps of receiving a process variable signal for
indicating a process condition to control and receiving
a set point signal for indicating a desired condition

to control.

34. A method of controlling a process
variable responsive to a set point, comprising the
steps of:

receiving a process variable signal for
indicating a process condition to control;

receiving a set point signal for indicating a
desired condition to control;

determining a difference signal between the
process variable signal and the set point signal;

generating a synchronized timing signal
responsive to the difference signal;

generating a feedforward signal responsive to
the difference signal and the synchronized timing
signal;

blocking an integral signal of a PID
controller responsive to the feedforward signal;

generating an output signal of the PID
controller responsive to the difference signal;

combining the output signal of the PID
controller with the feedforward signal;

generating a command signal for the process
variable;

storing the command signal for control of the
process variable;

generating a feedforward control function

signal responsive to the command signal;
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changing the feedforward control function
signal responsive to the output signal of the PID
controller;

generating a feedback signal responsive to
the command signal; and

characterizing the feedback signal responsive
to the process variable to thereby control gain between
the process variable and the set point of the

industrial process.

35. A method according to Claim 34, wherein
the step of determining the difference signal includes
the steps of determining a process variable value and

subtracting a predetermined set point value therefrom.

36. A method according to Claim 34, further
comprising the steps of tracking the feedforward signal
and balancing the feedforward signal responsive to an
input signal external to the process controller.
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