
EP 0263 616 B1 Description This invention relates to process control
systems and methods. Process performance can be improved by utilising
self-tuning control theory. This improvement can be 5  substantial for
processes with unknown or changing dynamics and processes that exhibit
non-linear behaviour. Self-tuning control can also improve the performance
of simple process control loops since periodic tuning of these loops is
often neglected. See Kalman, R.E., "Design of a Self-Optimizing Control
System", AM. Soc. Mech. Engr. Trans., 80,1958; Astrom, K.J. and B.
Wittenmark, "On Self-Tuning Regulators' Automatica, 9, 1973; and Clarke,
D.W. and P. Gawthrop, "Self-Tuning Controller", Proc. IEE, 10  122,1975. In
spite of potential advantages of self-tuning control, this theory has had
little impact in practice. Many practical difficulties are associated with
self-tuning controls: the difficulties are comprehensively discussed in the
first two articles listed above. Problem areas include start-up, long term
operation, unknown or varying process time delays and high order of rapidly
changing process dynamics. See Wittenmark, B. and 15 K. Astrom, "Practical
Issues in the Implementation of Self-Tuning Control", Automatica, 20, 1984.
Also, the number of parameters required to specify current self-tuning
control generally exceeds the two or three parameters necessary for
conventional PID (proportional plus Integral plus derivative) control.
While a significant amount of research addressing these problems has been
carried out during the past decade, many problem areas still exist. Until
now, self-tuning control theory was not suitable for general 20 application
to industrial control problems. Initially, self-tuning control theory
focused on implicit algorithms. These algorithms allow the direct
estimation of controller parameters, but relied heavily on a model of the
process to be controlled. See Astrom, K.J. introduction to Stochastic
Control Theory, Academic Press, 1970. Recent work, however, has focussed on
explicit algorithms. These algorithms estimate parameters by a discrete
process model and 25 subsequently calculate controller parameters. See
Fortesque, T.R., L. Kershenbaum and B. Ydstie, "Implementation of
Self-Tuning Regulators with Variable Forgetting Factors", Automatica, 17,
1981; Ydstie, B.E., "Extended Horizon Adaptive Control", IFAC World
Congress, Budapest, 1984; and Leal, R.L. and G. Goodwin, "A Globally
Convergent Adaptive Pole Placement Algorithm Without a Persistency of
Excitation Requirement', Proc. CDC, 1984. While explicit algorithms require
more calculations than implicit algorithms, 30 they are less dependent on
model structure and are, therefore, more suitable for general purpose
application. A self-tuning control system which relies on a variable
forgetting factor is known from Fortesque, T.R., "Work on Astrom's
Self-Tuning Regulator", Dept. of Chem. Engr. Report, Imperial College,
London, 1977. This article addresses several of the practical difficulties
associated with self-tuning control. 35    Self-tuning control systems also
utilise a feed forward index or control. Feed forward control is of two
types: steady state and dynamic. parameters transferring the feed forward
index to a specific control action or function f(x, t) are shown in Figure
4 herein. Classical gain scheduling is shown in Figure 2 of the
accompanying drawings. This is a form of adaptive control that uses a
priori process information to enchance control system performance. Through
this mechanism, a control engineer can incorporate 40 process design data
and operating experience into the control system. inclusion of this
knowledge diminishes the impact of process changes and disturbances on
controller performance. Gain scheduling uses a fixed equation or gain
schedule to relate a measured index variable to desirable tuning
parameters. The gain scheduling updates controller tuning parameters. US
Patent No. US-A-4 563 735 (Huroi et al) discloses an adaptive feed forward
control system for 45  adapting feed forward coefficients to a variable
disturbance in a steady state. The feed forward coefficient method is
adapted, however, only at individual operating points. There is no teaching
that the data should be collected over the entire operating range of the
disturbance and fitted into a correction polynomial to be added to the feed
forward signal. US Patent No. US-A-4 349 869 (Prett et al) discloses a feed
forward optimisation system for 50 continuously recalculating feed forward
responses using a least-squares regression algorithm. This patent also
teaches the use of a limiting mechanism for allowing the feed forward
correction only in a steady state and providing an upper limit on the feed
forward correction for stability purposes. This reference also relies on a
minimisation technique which is based on an internal model of the process.
No provision for updating the feed forward model is provided. 55     An
article by one of the co-inventors of the present invention, which was
published after the filing date of the US patent application from which the
present application claims priority, but which reproduces an oral
description given at the American Control Conference held at Seattle,
Washington, USA, on 18 to 20 June 1986, is Lane, J.D.,"Description of a
Modular Self-Tuning Control System", Proc. ACC, 1986. This article 2  



EP 0263 616 B1 discloses how heuristics can be included in a parameter
estimation function. (Specifically, the Lane article discloses a system and
a method according to the first (precharacterising) parts of claims 1 and
2, respectively, of this specification.) Also see Parish, J.R., "The Use of
Model Uncertainty in Control System Design with Application to a Laboratory
Heat Exchange Process", M.S. Thesis, Case Western Reserve 5  University,
Cleveland, 1982, which describes a parameter estimation algorithm with a
first order internal model controller. According to one aspect of the
invention there is provided a self-tuning system for controlling a process
having at least one measured parameter, the system comprising: a modular
parameter estimator for receiving the measured parameter and for
calculating an estimated 10  parameter using an estimation algorithm; a
modular PID (proportional plus integral plus derivative) parameter
converter connected to the estimator for applying a PID algorithm to the
estimated parameter to produce a PID control signal; a PID controller
connected to the PID parameter converter for controlling the process; a
modular IMC (internal model controller) parameter converter containing an
internal model algorithm 15  and connected to the estimator for applying
the Internal model algorithm to the estimated parameter to generate an
internal model control signal; an IMC controller for controlling the
process; a modular user defined parameter converter connected to the
estimator for receiving the estimated parameter and for generating a user
defined control signal; and 20     a user defined controller connected to
the user defined parameter converter for receiving the user defined control
signal to control the process; the system being characterised by gain
scheduling means connected to the modular IMC parameter converter for
receiving a feed forward index and the internal model control signal to
generate a gain scheduled control signal for application to the IMC
controller, the gain scheduling means comprising a 25  constant gain
scheduler for applying a constant gain schedule algorithm to the feed
forward index to generate a constant gain schedule signal, a feed forward
signal estimator for estimating a feed forward signal, a first summing unit
for taking the difference between the constant gain schedule signal and the
estimated feed forward signal to produce a difference signal, a regression
unit connected to the first summing unit for applying regressive analysis
according to a regression algorithm to the difference signal, a 30
polynomial equation unit connected to the regression unit for receiving a
regression signal from the regression unit and applying it to a polynomial
equation, the feed forward index being connected to the polynomial equation
unit for including the index as a factor of the polynomial equation, and a
second summing unit connected to the constant gain scheduler and the
polynomial equation unit for adding the -    outputs thereof to produce the
gain scheduled control signal for application to the 1MG controller. 35
According to another aspect of the invention there is provided a method of
controlling a process having at least one parameter, the method comprising
subjecting the measured parameter to a parameter estimation function to
produce an estimated parameter, applying the estimated parameter to a PID
(proportional plus digital plus derivative) conversion to produce a PID
control signal for controlling the process, applying the estimated
parameter to an internal model parameter conversion which models the 40
process, and applying the estimated parameter to a user defined parameter
conversion to generate a user defined control signal for controlling the
process, the method being characterised by applying a feed forward index
which represents one characteristic of the process to a gain schedule
algorithm to form a constant gain schedule signal, estimating a feed
forward signal, taking the difference between the constant gain schedule
signal and the estimated feed forward signal to produce a difference
signal, applying 45  regressive analysis according to a regression
algorithm to the difference signal to produce a regression signal, applying
the regression signal to a polynomial equation with the feed forward index
being included as a factor of the polynomial equation to produce a
correction signal, and adding the constant gain schedule signal and the
correction signal to produce a combined control signal for controlling the
process. A preferred self-tuning control system (and method) embodying the
invention and described herein- 50  below can be used to solve a wide range
of industrial control problems. The preferred self-control system adopts a
modular implementation. This provides flexibility in controller design. Use
can be made of a parameter estimation module that implements a recursive
least squares algorithm with a variable forgetting factor. Additional
modules provide conversion from estimated parameters into controller tuning
parameters. Individual modules provide conversion for various control
algorithms. Implementation of these modules as 55  standard function code
blocks allows the user to tailor the self-tuning control system to specific
needs. The self-tuning control system also employs a significant amount of
heuristics to overcome the many practical difficulties of adaptive control
theory. Further, a separate module provides self-tuning gain scheduling.
All of 



the modules are individually known in the art. Their combination, however,
provides a unique and flexible 3    EP 0 263 616131 solution to the problem
of process control. Each of the modules can be implemented in a NETWORK 90
control device. "NETWORK 90" is a trade mark of the Bailey Controls Company
Division of The Babcock and Wilcox Company, a McDermott company.
Characteristics of a preferred self-tuning control system embodying the
invention and described 5 hereinbelow make it suitable for general purpose
application. The preferred system utilises parameter estimation, different
types of parameter conversion and gain scheduling to produce a self-tuning
control for a process. According to the preferred system, the estimation
fucntion is separated from the control function to enhance modular design.
This separation allows for the use of a single parameter estimation
algorithm In 10  conjunction with multiple control algorithms Parameter
conversion modules provide the necessary intercon- nection between the
parameter estimator and the various control functions. Each parameter
conversion module calculates tuning parameters for a specific type of
controller from an estimated process model. In addition, a smart gain
scheduling module increases the flexibility and performance of the
self-tuning control system. The modular structure employed takes advantage
of many features available from microprocessor- 15 based distributed
control systems. These features include several classical control
algorithms, ease of configuration and flexibility. Four classes of
algorithms are used in the preferred self-tuning control system. These
components are parameter estimation functions, parameter conversion
functions, process control functions, and a smart gain scheduler. 20    In
summary, the preferred self-tuning system, for controlling a process based
on a measured parameter from the process, comprises a modular parameter
estimator for receiving the measured parameter and for calculating an
estimated parameter using an estimation algorithm, a modular PID parameter
converter connected to the parameter estimator for converting the estimated
parameter into a proportional plus integral plus derivative control signal,
a modular IMG parameter converter connected to the parameter 25 estimator
for converting the estimated parameter into an internal model control
signal based on an internal model algorithm for the process, a modular user
defined parameter converter connected to the parameter estimator for
converting the estimated parameter into a user defined control signal, a
modular PID controller connected to the PID converter, for controlling the
process, an IMC controller for controlling the process according to an
internal model control signal, a user defined controller connected to the
user defined 30 parameter converter for controlling the process, and a gain
scheduler connected between the IMC parameter converter and the IMC
controller for modifying the output of the IMC parameter converter
according to an algorithm mimicing the dynamic characteristics of the
process. A feed forward index Is employed in the gain scheduler, which
utilises a polynomial equation and a regression algorithm coefficient for
the polynomial equation for modifying the IMC signal. 35     The embodiment
of the invention described hereinbelow provides a self-tuning system for
controlling a process which is simple in design, rugged in construction and
economical to manufacture. The invention will now be further described, by
way of illustrative and non-limiting example, with reference to the
accompanying drawings, in which: Figure 1 is a block diagram of a
self-tuning system according to a embodiment of the present invention;
Figure 2 is a block diagram of a previously proposed arrangement for
modifying a control signal of a controller based on an index for gain
scheduling; Figure 3 is a block diagram showing how adaptive gain
scheduling can be employed in the system embodying the invention; Figure 4
is a graph plotting a control action against pH and illustrating a
titration curve; 45    Figure 5 is a graph plotting pH against a process
gain for controlling the pH and following a plurality of linear segments;
Figure 6 is a graph showing the addition of a linear correction equation to
a fixed gain schedule, and how this generates a smart gain schedule; Figure
7 is a block diagram showing a simple process which was controlled in
accordance with a system 50   (method) embodying the present invention to
confirm the usefulness of the system (method); Figure 8 is a graph showing
time plotted against temperature and illustrating the control action as
well as the response for constant gain scheduling; Figure 9 is a graph
similar to Figure 10, but showing a linear gain schedule; Figure 10 is a
graph similar to Figure 11, but showing self-tuning control; 



65    Figure 11 is a graph plotting the number of heaters against the
process gain for the system of Figure 9 as controlled in accordance with
the system (method) embodying the invention; and Figure 12 is a graph
similar to Figure 13 comparing the actual gain profile and initial and
final gain schedule. 4    EP 0263 616B1 Figure 1 shows a self-tuning system
for controlling a process 10. The system includes a modular parameter
estimator 12 which receives signals corresponding to one or more parameters
measured from the process 10 and which utilises estimator algorithms to
convert that measured or those measured parameters into estimated parameter
values. The estimated parameter values are applied to each of three s
parameter converters 14, 20 and 30, each of which is also modular in
design. The converter 14 is a PID (proportional plus integral plus
derivative) parameter converter 14 and is connected to the parameter
estimator 12; it produces a PID control signal on a line 16 which is
applied to a conventional PID controller 18 for controlling the process 10.
The converter 20 is an (internal model controller) parameter converter 20;
it also is connected to the parameter estimator 12 and produces a 10
control signal on a line 22 which follows an internal model algorithm that
is modelled after the process 10. This control signal is modified in a
smart gain scheduler 24 before it is applied as an ultimate control signal
via a line 26 to an IMC controller 28. The converter 30 Is a user defined
parameter converter 30; it also is connected to the parameter estimator 12
and receives an input that is applied by a user to change the process in a
desired way. This generates a user defined control signal on a line 32
which is applied to a 15  user defined controller 34 for controlling the
process 10. The modular design shown in Figure 1 does not require any
special hardward or firmware. Individual modular components of this system
take the form of standard function code blocks which are all available in a
NETWORK 90 system. The firmward library resident on individual
microprocessor-based control modules allows access to these function codes.
Specification of a self-tuning control configuration requires the 20
selection and interconnection of an appropriate estimation and conversion
block in addition to the base control configuration. An estimation
algorithm in the modular parameter estimator 12 utilises a set of rules
which govern its operation. The parameter estimator 12 continually monitors
its output. This function code prevents use of its estimates when they are
inaccurate and resets the algorithm when unfavourable conditions persist.
26     A complete description of the estimation algorithm can be found in
the above-identified 1981 article by Fortesque, Kershenbaum and Ydstie and
the above-identified 1984 article by Ydstie. The initial parameter
estimation function code calculates parameter estimates for a discrete
first order plus dead time dynamic model. Inherent in this formulation is
the assumption that the process can be adequately modelled by the form: 30
[err] where y(t)      = current process measurement; 35    y(t-1)     =
previous process measurement; u(t-k)    = control output at sample t-k; al
,bOc    = estimated model parameters; and k         = process dead time.
The following equations define the estimation algorithm: 40 e(t) = y(t) -
[err]( t-1) [err](t)  (2) w(t) = [err](t) P(t-1) 0 (t)  (3) [err](t)  [err]
(t-1) + [P(t-1) 0(t) e(t)] / [1 + w(t)]  (4) [err](t)   n [1 + w(t)]/ [n [1
+ w(t)) + e2(t)]  (5) 45 P(t) = P(t-1) /[err](t) [err]  (6) where [err](t)
= [a1, b0, c]; 0(t)   = [-y(t-1), u(t-k), 1]; 60    n      = time horizon
for forgetting factor; [err](t)    = variable exponential weighting factor;
e(t)    = process model mismatch; and P(t)   = gain vector. 



A more detailed description of the heuristics included in the parameter
estimation function code appears 55  in the above-identified 1986 article
by Lane. Parameter conversion in the PID converter 14 and the user defined
converter 30, which are of known design, is effected in known manner. 5
EP 0 263 616 B1 The IMC (internal model controller) parameter converter 20
utilises a parameter estimation algorithm with a first order internal model
controller. Such a controller is described in the above-identified 1982
article by Parish. Three factors suggested the use of the IMC converter 20.
Firstly, the algorithm used in this converter 5  provides for dead time
compensation, a feature not readily available in the PID controller.
Secondly, this algorithm uses estimates of the process gain and time-
constant as its primary tuning parameters. These parameters allow easy
interpretation of accuracy. Thirdly, the controller is currently available
in production firmware. To use the internal model controller algorithm, the
user must specify the estimated process dead time, 10  time constant and
gain and select a tuning time constant. The self-tuning controller
estimates discrete model parameters, converts these to an estimate of
process gain and time constant and updates controller parameters with these
values. The user must specify the observed process dead time and a tuning
time constant. This tuning time constant dictates the desired speed process
response. The parameter conversion function code transforms discrete
parameter estimates into tuning param- 15  eters for the internal model
controller. The parameter estimator 12 generates estimates for the
following process model. [err] Development of the internal model controller
assumed a discrete process model In the form: 25 [err] where 35    k =
process gain; and [err] =    process time constant. Therefore, the
conversion algorithm must convert the parameters a1, b0 and c into the
parameters k and [err] Figure 2 shows a classical gain scheduling
arrangement. A process variable 40 which is measured from 40 the process is
applied as an input to a controller 42 which produces a control function or
effort 44. In addition, an index 46 is fed forward through a gain schedule
algorithm in a unit 48 as a second input to the controller 42 to modify the
effect of the process variable 40. This is a form of adaptive control that
uses a priori process information to enhance control system performance.
Gain scheduling, however, uses a fixed equation or gain schedule to relate
a measured index 45  variable to desired tuning parameters. The gain
schedule updates controller tuning parameters as a function of the index
variable. While scheduling continuously modified controller parameters to
reflect current process conditions, conventional control systems rely on
periodic, manual tuning. As a result, gain scheduling provides tighter
control tuning, especially in response to short duration changes or
disturbances. Gain scheduling is also 50  superior to self-tuning control
for processes affected by sudden changes in their dynamic characteristics.
A process which is well suited to the application of gain scheduling
exhibits significant dynamic changes as a function of measurable variables.
Conventional control systems, not benefiting from the application of gain
scheduling, require detuning to maintain adequate performance over their
entire range of operating conditions. Detuning results in sluggish process
performance during certain modes of operation. 55  Gain scheduling, on the
other hand, provides a mechanism for maintaining tighter control tuning
over wide operating ranges. The control of pH exemplifies the type of
problem that warrants the application of gain scheduling. A titration curve
shown in Figure 4 represents the typical relationship that exists between
control action and 6    EP 0 263 616 B1 pH. This type of process exhibits
highly non-linear dynamic characteristics as a function of pH. Commonly, 



these processes exhibit more than an order of magnitude change in process
gain over their operating range. Gain scheduling for pH processes uses a
piecewise linear function, illustrated in Figure 5, to map the 5  measured
pH into a required controller gain. This mapping provides a mechanism for
adjusting the gain of a conventional functional feedback controller as a
function of pH. Thus, gain scheduling compensates for the non-linear
characteristics of pH, enhancing process performance. Rarely in practice
are the full benefits of gain scheduling realised. These mechanisms
typically suffer from poor design and tuning. Also, plant personnel often
lack the knowledge, experience or time to retune 10 these mechanisms in
response to changing process conditions. As a result, the performance
improvements available from this advanced control technique are diminished.
A smart gain scheduler for use in a system in accordance with the
invention, illustrated In Figure 3, increases the level of process
performance above that realised from conventional mechanisms. This system
utilises the same structure and equations as the standard gain scheduler
shown in Figure 2. In addition, the 15 smart gain scheduler updates its
gain scheduling equation based on a measurement of control system
performance or process conditions. Conventional gain scheduling maps a
single variable, namely the index 46, into an appropriate controller
parameter or parameters, the output or control effect 44. As noted above,
gain schedules are typically piecewise linear functions or simple algebraic
expressions. The output from the gain scheduler adapts a 20 controller
parameter or parameters. While gain scheduling usually adjusts controller
gain, scheduling of other parameters is not uncommon and often desirable.
The smart gain scheduler of Figure 3 enhances conventional gain scheduling
through the inclusion of a self-tuning feature shown at 52. In this
self-tuning feature 52, the fixed gain schedule from the gain schedule
algorithm in the unit 48 is added in an adder 60 to a linear correction
equation produced In a unit 58. The 25  smart gain schedule accounts for
poor design and tuning of the fixed gain schedule and for process changes.
Figure 6 is a graph which shows how a conventional gain schedule (dashed
line) differs from a smart gain schedule (solid line) and the correction
therebetween (chain-dotted or "phantom" line). The use of the correction
equation shown at 58 in Figure 3 distinguishes the present smart scheduling
from conventional gain scheduling. This equation expresses the observed
error in the fixed gain schedule as 30   a function of the index variable.
Initially, the correction equation has a slop and intercept of zero,
forcing the smart gain schedule to coincide with the fixed gain schedule.
As estimates from an estimator 50, of a correct value for the scheduled
parameter, become available, the smart gain scheduler updates the
correction equation by obtaining a difference in an adder 54 between the
conventional gain schedule from the unit 48 and the estimated gain schedule
for the estimator 50. This difference is applied to a regression 35
function in a unit 56 which generates part of the linear equation in the
unit 58. It is noted that all of the function blocks in the self-tuning
feature 52, as well as the other function blocks shown in Figures 1 and 3,
are of modular design and can be implemented by the NETWORK 90 system. The
regression function in the unit 56 applies a least-squares regression
analysis technique to generate the correction equation from data relating
the error in the fixed gain schedule to an index value which is 40
supplied directly from the index 46 to the linear correction equation in
the unit 58. The difference between the output of the fixed gain schedule
in the unit 48 and the estimate of the correct parameter from the estimator
value 50 then forms the error term used for regression in the unit 56. The
data generated by the linear correction equation in the unit 58, as noted
above, is added to the conventional gain schedule from the unit 48. 45
A special bin structure stores the historical data required for regression
analysis. This data storage method guarantees universal application of the
correction equation. It divides the expressed range of index values into
ten intervals or bins of equal length. Each bin contains an error value and
its corresponding index value. Initially, the index value in each bin
points to the middle of the bin and the error value contains zero.
Regression on this set of data generates the initial correction equation in
the unit 58. Changes in the 50 estimated parameter input value from the
estimator 50 trigger the updating of the correction. For the updating
process the smart gain scheduler associates a bin number with the correct
value of the index variable. Current values for the error and index replace
the existing values in the indicated bin. Regression on data contained in
the ten bins generates a new correction equation. A description of how the
NETWORK 90 system can be utilised to establish these bins can be found in
55 APPLICATION GUIDE AG-0000-911 entitled 'BAILEY NETWORK 90 LINEAR
REGRESSION OF SAMPLE DATA". To confirm the usefulness of a system (and
method) embodying the present invention, a test was conducted utilising a
simple process which is schematically illustrated in Figure 7. 7   



EP 0 263 616 B1 In this process, a set of three heaters 90 received cold
water via an inlet 92 and supplied heated water via a line 94 to a mixing
tank 96 whose contents were continually mixed by a mixer 98. A drain 100
released water from the mixing tank 96 to maintain a constant level of
water in the tank. Some of the water was fed back via a return line 102 to
a controller 104 and then returned via a line 106 to the heaters 90. A 5
temperature transducer 108 measured the temperature in the return line 102
and provided a measured parameter to be used for the controller 104. Either
one, two or three of the heaters 90 were activated to heat the water in the
line 94. The length of the line 94 provided a sufficient amount of dead
time for the process between the heaters 90 and the mixing tank 96. The
mixer 98 was provided to mix the constant volume of water in the tank 96 to
attenuate 10 fluctuations in the outlet water temperature as sensed by the
temperature sensor 108. Control of the temperature of the mixing vessel 96
was the primary objective of the control system. The control system varied
the power supplied to the individual heaters 90 to control this
temperature. Since the actual number of heaters in service at any time
could be changed between one and three, the gain of the process would also
change drastically. Switching from one to two heaters in service doubles
the amount of 15 heat added to the process, assuming a constant controller
output. Process conditions used for testing were a water flow rate of 1.89
litres (0.5 US gallons) per minute, a mixing tank volume of 9.46 litres
(2.5 US gallons) and one to three heaters in service. Analysis of step
response data at these operating conditions revealed second motor dynamic
behavious for the process. Approximating step response data by a first
order model suggested a time constant of five minutes, and a 20 gain of 0.2
times the number of heaters in service. Figures 8, 9 and 10 show the
results of different parts of the test including time against temperature
as sensed by the temperature sensor 108. Each graph also indicates the
point at which one, two and three heaters were activated. All testing
started with a single heater in service and with a temperature set point of
70 . An automatic test sequencing program increased the set point to 80
and then returned it to [err] to complete one cycle. 25 This program held
each temperature set point for 15 minutes and placed an additional heater
in service at the end of each set point sequence. It is noted in general
that the results from these three separate tests show the flexibility of
the self- tuning control system. The self-tuning controller used in
conjunction with the smart gain schedule scheduler, all of which were 30
incorporated into the controller 104 in Figure 7, assumed first order
process behaviour. Initial values for this controller were a gain of 0.5, a
time constant of 5 minutes and a dead time of 2.5 minutes. A measurement of
the number of heaters in service forms the index used by the smart gain
scheduler. Figure 8 shows the temperature profile (curved line) obtained
during smart gain scheduling with a poor initial gain schedule. Use was
made of a constant gain schedule of: 35     0.25 + 0.00 x (number of
heaters in service). This constant gain schedule showed the ability of the
smart gain scheduler to update its scheduling equation. Figure 11 shows a
comparison between the actual process gain profile against the initial
fixed gain schedule and the smart gain schedule. While poor control
resulted from the initial gain schedule, performance improved as the smart
gain 40 scheduler identified process characteristics. Correction of data in
only five of the total of ten bins during this test prevented further
updating of the gain schedule. Figure 9 shows the temperature profile
obtained during smart gain scheduling with a good initial gain schedule.
The gain schedule was given by: 46     0.00 + 0.18 x (number of heaters in
service). This illustrates the type of performance available through the
application of gain scheduling. After sufficient data collection, the smart
gain scheduler identifies a gain schedule close to that given above,
independently of its starting point. Figure 12 shows a comparison between
actual gain profile and initial and final gain schedule for this test. 50
Figure 10 represents the temperature profile obtained using selftuning
control without the gain scheduling feature. For this series of tests, the
advantages of gain scheduling are not clearly evident. Nevertheless, for
processes that experience large gain changes over short periods of time,
advantages are significant. This is due to the self-tuning controller's
ability to update immediately in response to process changes. 56 8   



EP 0 263 616 B1 Claims 1. A self-tuning system for controlling a process
(10) having at least one measured parameter, the system comprising: 6
a modular parameter estimator (12) for receiving the measured parameter and
for calculating an estimated parameter using an estimation algorithm; a
modular PID (proportional plus integral plus derivative) parameter
converter (14) connected to the estimator (12) for applying a PID algorithm
to the estimated parameter to produce a PID control signal; a PID
controller (18) connected to the PID parameter converter (14) for
controlling the process (10); 10        a modular 1MC (internal model
controller) parameter converter (20) containing an internal model algorithm
and connected to the estimator (12) for applying the internal model
algorithm to the estimated parameter to generate an internal model control
signal; an IMG controller (28; 42) for controlling the process (10); a
modular user defined parameter converter (30) connected to the estimator
(12) for receiving the 15     estimated parameter and for generating a user
defined control signal; and a user defined controller (34) connected to the
modular user defined parameter converter (30) for receiving the user
defined control signal to control the process (10); the system being
characterised by gain scheduling means (24) connected to the modular IMC
parameter converter (20) for receiving a feed forward index and the
internal model control signal to 20     generate a gain scheduled control
signal for application to the IMC controller (28;42), the gain scheduling
means (24) comprising a constant gain scheduler (48) for applying a
constant gain schedule algorithm to the feed forward index (46) to generate
a constant gain schedule signal, a feed forward signal estimator (50) for
estimating a feed forward signal, a first summing unit (54) for taking the
difference between the constant gain schedule signal and the estimated feed
forward signal to produce 25     a difference signal, a regression unit
(56) connected to the first summing unit (54) for applying regressive
analysis according to a regression algorithm to the difference signal, a
polynomial equation unit (58) connected to the regression unit (56) for
receiving a regression signal from the regression unit and applying it to a
polynomial equation, the feed forward index (46) being connected to the
polynomial equation unit (58) for including the index (46) as a factor of
the polynomial equation, and a second 30     summing unit (60) connected to
the constant gain scheduler (48) and the polynomial equation unit (58) for
adding the outputs thereof to produce the gain scheduled control signal for
application to the [MC controller (42). 2. A method of controlling a
process (10) having at least one measured parameter, the method comprising
35     subjecting the measured parameter to a parameter estimation function
(12) to produce an estimated parameter, applying the estimated parameter to
a PID (proportional plus digital plus derivative) conversion (14) to
produce a PID control signal for controlling the process (10), applying the
estimated parameter to an internal model parameter conversion (20) which
models the process (10), and applying the estimated parameter to a user
defined parameter conversion (30) to generate a user defined control 40
signal for controlling the process (10), the method being characterised by
applying a feed forward index which represents one characteristic of the
process (10) to a gain schedule algorithm (48) to form a constant gain
schedule signal, estimating (50) a feed forward signal, taking the
difference (54) between the constant gain schedule signal and the estimated
feed forward signal to produce a difference signal, applying (56)
regressive analysis according to a regression algorithm to the difference
signal to 45     produce a regression signal, applying the regression
signal to a polynomial equation (58) with the feed forward index (46) being
included as a factor of the polynomial equation to produce a correction
signal, and adding the constant gain schedule signal and the correction
signal to produce a combined control signal for controlling the process
(10). 50 PatentansprUche 1. Selbstabgleichsystem zum Steuern eines
Prozesses (10), der zumindest elnen gemessenen Parameter hat, wobel das
System aufweist: einen modularen Parameterabschitzer (12) far die Aufnahme
des gemessenen Parameters und zum 66     Berechnen eines abgeschdtzten
Parameters unter Verwendung eines Abschdtzungsalogithmus, elnen modularen
PID-(Proportionalflntegral/Differential)-Parameterwandler (14), der mit dem
Abschatzer (12) verbunden ist, um einen PID-Algorithmus auf den
abgeschdtzten Parameter anzuwenden, urn ein PID-Steuersignal zu erzeugen, 9
IN toa    line Hill IIII  IN    



EP 0 263 616B1 einen PID-Regler (18), der mit dem PID-Parameterwandler (14)
verbunden ist, urn den Prozel (10) zu steuem, elnen modularen IMC-(lnternen
Modellregel-)Parameterwandler (20), der einen intemen Modellalgorith- mus
enthalt und mit dem Abschatzer (12) verbunden ist, urn den intemen
Modellalgorithmus auf den - :5    abgesch~tzten Parameter anzuwenden und
urn ein internes Modellsteuersignal zu erzeugen, einen IMC-Regler (28; 42),
um den ProzeB (10) zu steuem, einen modularen, vom Anwender definierten
Parameterkonverter (30), der mit dem Abschatzer (12) verbunden Ist, um den
abgeschatzten Parameter aufzunehmen und urn sin vom Anwender definiertes
Stsuersignal zu erzeugen, und 10     elnen anwenderdefinierten Regler (34),
der mit dem modularen, vom Anwender definierten Parameter- wandler (30)
verbunden ist, urn das durch den Anwender definierte Steuersignal
aufzunehmen, urn den ProzeS (10) zu steuern, wobei das System
gekennzeichnet ist durch sine Verstarkungsplaneinrichtung (24), die mit dem
modularen IMC-Parameterwandler (20) verbunden ist, um einen
Optimierungsindex und das intemne 15     Modellsteuersignal aufzunehmen,
urn ein verstarkungsgeplantes Steuersignal zu erzeugen for die Anwendung
auf den (bzw. in dem) IMC Regler (28; 42), wobel die
Verstarkungsplaneinrichtung (24) einen Scheduler (48) bzw. sin
Steuerprogramm f~r eine konstante Verstarkung aufweist, um einen
Planalgorithmus far konstants Verstarkung auf den Optimierungsindex (46)
anzuwenden, um ein Plansignal fUr sine konstante Verstarkung zu erzeugen,
einen Modellsignalabschatzer (50), um sin o(    Modellsignal abzuschatzen,
eine erste Summierungseinheit (54), urn die Differenz zwischen dem
Plansignal far konstante Verstarkung und dem abgeschatzten Modellsignal
aufzunehmen, urn ein Difierenzsignal zu erzeugen, eine Regressionseinheit
(56), die mit der ersten Summierungseinheit (54) verbunden ist, um eine
Regressionsanalyse entsprechend einemn Regressionsalgorithmus auf das
-Differenzslgnal anzuwenden, sine Polynominalgleichungseinheit (58)
aufweist, die mit der Regressions- 25     einheit (56) verbunden ist, urn
ein Regressionssignal aus der Regressionseinheit aufzunehmen und es auf
eine Polynominalgilechung anzuwenden, wobei der Optimierungsindex (4ff) mit
der Polynominalglei- chungseinheit (58) verbunden ist, um den Index (46)
als einen Faktor der Polynominalgleichung einzuschlieBen bzw. aufzunehmen,
sowle sine zweite Summierungseinheit (60), die mit dem Scheduler (48) bzw.
Steuerprogramm filr konstante Verstgrkung und der
Polynominalgelechungseinheit (58) 30     verbunden Ist, urn deren
Ausgangswerte zu addieren, um das planmEBig versdirkte Steuersignal fUr die
Anwendung auf den IMC-Regler (42) zu erzeugen. - 2. Verfahren zumn Steuemn
sines Prozesses (1 0), 'der zumindest einen Parameter hat, wobei das
Verfahren den Schritt aufweist, daB der gemessene Parameter einer
Parameterabschatzungsfunktion (12) ausge- 35     setzt bzw. in diese
eingesetzt wird, um einen abgeschitzten Parameter zu erzeugen, daB der
abgesch~tze Parameter auf eine PlD-Wandlung (14) angewendet wird, urn sin
PlD-Steuersignal zumn Steuem des Prozesses (10) zu erzeugen, daB der
abgeschatzte Parameter auf eine interne Modellpara- meterwandlung (20)
angewendet wird, welche sin Modell flr den ProzeO (10) erstellt, und das
der ;     ~~abgeschtitz-f Parameter auf Wine vom Verwender definierte
Parameternandlung (30) angewendet wird, urn ein vom Verwender definlertes
Steuersignal zum Steuern des Prozesses (10) zu erzeugen, wobei das
Verfahren gekennzeichnet ist durch Anwenden sines Optimierungsindex,
welcher sine charakteristi- sche Eigenschaft des Prozesses (10) wiedergibt,
auf einen Verstdrkungsplanalgorithmus (48), urn sin Plansignal fUr sine
konstante Verst~rkung zu bilden, Abschltzen (50) sines Modell- bzw.
Optimierungs- signals, Aufnehmen der Differenz (54) zwischen dem Plansignal
far konstante Verst~rkung und dem 45     abgesch~tzten Opfimierungssignal,
um sin Differezslignal zu erzeugen, Anwenden (56) einer Regres-
sionsanalyse entsprechend einem Regressionsalgorithmus auf das
Differenzsignal, um ein Regressions- signal zu erzeugen, Anwenden bzw.
Verwenden des Regressionssignals In einer Polynominalglelchung (58), wobei
der Optimierungsindex (48) als ein Faktor in der Polynominalgleichung
verwendet wird, urn ein Korrektursignal zu erzeugen, und Addieren des
Plansignals fUr konstante Verstarkung und des 50     Korrektursignals, um
sin kombiniertes Steuersignai zu erzeugen ftr die Steuerung des Prozesses
(10). Revendicaffons 1. Systbme auto-adaptatif pour commander un processus
(10) ayant au moins un paramrtre mesur6, ls 66     systbme comprenant: un
estimateur modulaire de parambtre (12) pour recevoir le parambtre mesurd at
pour calculer un parambtre estim6 en utilisant un algorithms d'estination;
un convertisseur modulaire de parambtre PID (proportionnel plus integral
plus druivd) (14) connect 10    



EP 0 263 616 B1 a l'estimateur (12) pour appliquer un algorithme PID au
parametre estim6 pour produire un signal de commande PID; une unit6 de
commands PID (18) reli6e au convertisseur de paramatre PID (14) pour
commander le processus (10); 5         un convertisseur modulaire de
parambtre IMC (a unit4 de commande de modble Interne) (20), contenant un
algorithme de modble inteme et relle a l'estimateur (12) pour appliquer
I'algorithme de modble interne au parambtre estim4 pour produire un signal
de commands de modble Interne; une unit4 de commande IMC (28; 42) pour
commander le processus (10); un convertisseur modulaire de parambtre d6fini
par l'utilisateur (30), relie & I'estimateur (12) pour 10    recevoir le
parametre estim6 et pour produire un signal de commande defini par
l'utilisateur ; et, une unite de commando ddfinie par l'utilisateur (34)
reliee au convertisseur de parambtre ddfini par l'utilisateur (30) pour
recevoir le signal de commando ddfini par l'utilisateur pour commander le
processus (10); le systbme 4tant caract~risd par un moyen de programmation
de gain' (24) reli6 au convertisseur 16     modulaire de parambtre IMC
(20), pour recevoir un index de precompensation et le signal de commando de
modele interne pour produire un signal de commando de gain programm4 pour
application A I'unite de commando IMC (28 ; 42), le moyen de programmatlon
de gain (24) comprenant un programmeur & gain constant (48) pour appliquer
un algorithms de programmation & gain constant a lindex de precompensation
(46) pour produire un signal de programme & gain constant, un 20
estimateur de signal de pr6compensation (50) pour estimer un signal de
precompensation, une prernibre unit6 de sommation (54) pour prendre la
diff6rence entre le signal de programme a gain constant et le signal de
pr~compensation estim6 pour produire un signal difference, une unit6 de
regression (56) reli6e a la premlire unit6 de sommation (54) pour appliquer
une analyse regressive selon un algorithms de regression au signal
difference, une unit6 d'equation polynomialo (58) relie a 26     l'unMt% de
regression (56) pour recevoir un signal de regression de l'unit4 de
regression et pour Pappliquer & une 6quation polynomials, I'index de
pr~compensation (46) dtant appliqu4 & I'unit6 d'equation polynomials (58)
pour Inclure I'index (46) comme facteur de !Nquation polynomiale, et une
seconds unit6 de sommation (60) connect~e au programmour a gain constant
(48) et a l'unit% d'6quation polynomials (58) pour additionner leurs
sorties pour produire le signal de commando a gain 30     programme pour
application & I'unit6 de commando IMC (42). 2. Proc~d6 pour commander un
processus (10) ayant au moins un parambtre, le proc~d6 comprenant la
soumission du parametre mesure a une fonction d'estimation de parambtre
(12) pour produire un parambtre estim6 ; I'application du parambtre estim4
& une conversion PID (proportionnelle plus 36    intdgrale plus ddrivde)
(14) pour produlre un signal de commands PID pour commander le processus
(10); I'application du parambtre estimd a une conversion de parambtre de
modble interne (20) qui moddlise le processus (10) ; et l'application du
paramrtre estim6 a une conversion de parambtre d6fini par l'utilisateur
(30) pour produire un signal de commands dcflni par l'utilisateur pour
commander le processus (10), le procedd dtant caractdrisd par l'application
d'un index de prdcompensation, qui 40     reprdsente une caractdristique du
processus (10), a un algorithms de programme de gain (48) pour former un
signal de programme a gain constant, I'estimation (50) d'un signal de
prdcompensation, le calcul (54) de la difference entre le signal de
programme & gain constant et le signal de precompensa- tion estime pour
produire un signal difference, I'application (56) d'une analyse rdgressive
selon un algorithms de regression au signal dlff6rence pour produire un
signal de regression ; I'application du 45     signal de regression a une
6quation polynomials (58), I'index de pr~compensation (46) 6tant inclus
comme facteur de l'4quation polynomials pour produire un signal de
correction; et l'addtion du signal de programme a gain constant et du
signal de correction pour produire un signal de commands combin6 pour
commander le processus (10). s0 65    


