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[57] ABSTRACT

A pattern-recognizing, self-tuning controller is pro-
vided for controlling a process wherein measured char-
acteristics including at least one peak of an error signal,
derived from the differences occurring over time be-
tween the values of a process controlled variable and a
desired set-point level for that variable, are used for
identifying the behavior pattern of the error signal so
that an operating parameter of the controller can be
changed as required to minimize process recovery time
whenever the process 1s subsequently disturbed or an
abrupt change is made to the set-point level at some
later time. The preferred embodiment of the device is in
the form of a proportional-integral-derivative (PID)
controller in which the PID coefficients are calculated
in accordance with prescribed relationships that are
based on damping, overshoot and time period charac-
teristics of the error signal. Provisions are also made for
including a user-specified noise threshold in order to
reduce substantially the possibility of detecting a noise
peak as a true peak of the error signal. A pre-adapt
mode is also included, in which the controller automati-
cally determines the initial values of the PID coeffici-
ents, the noise threshold, and the approximate time scale
of the process, before on-line adaptive control of the
process is given to the controller.

66 Claims, 20 Drawing Sheets
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PATTERN-RECOGNIZING SELF-TUNING
CONTROLLER

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

BACKGROUND OF THE INVENTION

1. Field

This invention relates generally to adaptive control-
lers for controlling a process and more particularly to a
self-tuning controller of the pattern-recognizing type in
which controller operating parameters are changed
automatically as required in response to differences
occurring between the actual and desired states of the
process so that controller behavior substantially
matches process dynamics.

2. Description of the Prior Art

In a typical control loop, a controller is coupled to a
process and a process controlled variable such as tem-
perature, flow, or level is measured and fed back as a
signal to the controller which compares that signal to a
desired value known as the set point. Various controller
elements respond to the error signal to generate a con-
trol signal for regulating the process so that the process
controlled variable is maintained at the desired value.
As can be understood, it is advantageous to have con-
troller behavior substantially match the dynamics of a
process so that the entire control loop can be main-
tained at its optimum state especially after the process
has been disturbed or an abrupt change has been made
to the set point.

A pattern-recognizing self-tuning controller automat-
ically adjusts controller operating parameters so that
controller behavior is changed as needed to keep the
control loop in its optimum state. It should be under-
stood that pattern recognition is a known technique
used for manually tuning the operating parameters of a
controller. Typically, the control system operating in a
steady-state mode i1s perturbed and the pattern of the
response is observed. A human operator compares that
pattern to a desired pattern and modifies the controller
settings so that two patterns are substantially matched.
Tunming can thus be time consuming and costly if many
trial-and-error attempts occur before the requisite expe-
rience and/or knowledge of the process is gained for
setting the controller operating parameters.

Moreover, since controller settings are for a particua-
lar set and range of operating conditions, manual retun-
ing will be needed to compensate for changes in the
operating conditions which may be the result of occur-
rences such as set point revisions, process load disturb-
ances, or age, wear and corrosion of control system
equipment. Various attempts have been made with lim-
ited success to provide an adaptive controller which
eliminates the need for but duplicates the manual tuning
process used by a skilled human operator.

For many applications, the equations which describe
the dynamic behavior of the control loop are very com-
plex so that it is very difficult to determine analytically
what operating parameters should be used for achieving
the desired ideal pattern. As a result, analvtical solutions
are oftentimes based on simplifying assumptions that
reduce the range of operating conditions or the number
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2

of process applications which can be controlled without
human intervention.

In U.S. Pat. No. 3,798,426 issued to E. H. Bristol and
assigned to the present assignee, a pattern-evaluating
adaptive controller is disclosed which is capable of
being tuned without a human operator. As described in
the patent, when the process being controlled is recov-
ering from an upset such as a local disturbance or a
change in set point, the controller made according to
the Brnstol teaching examines the initial recovery be-
havior of the process controlled variable and calculates
various evaluation time intervals. Deviations of the
process controlled variable from its desired value are
preferably integrated over each of the evaluation inter-
vals and combined to produce an integrated error.
Based on the size of the integrated error, the operating
parameters of the controller are changed as needed for
insuring optimal control action when the process is next
upset.

However, the relationship between the initial recov-
ery behavior and the size of the associated evaluation
intervals does not always remain constant for all operat-
ing situations. Although the controller taught by Bristol
is suitable for controlling a complicated non-linear pro-
cess, there are limits to the number of situations that can
be managed before a human operator is required to
change the criteria used for determining the evaluation
intervals.

Accordingly, there is a need for an improved adapt-
ive controller which is suitable for a wide range of
operating conditions and/or applications. Moreover, it
is desirable to minimize or eliminate the services of a
human operator especially in situations where that op-
erator faces physical dangers.

SUMMARY OF THE INVENTION

The above-mentioned limitations of prior art control
loops and controllers are overcome by the provision of
a new and improved self-tuning controller which in-
cludes a detector for measuring at least two characteris-
tics of the behavior of the process controlled variable
which behavior results when the process is reacting to
an upset in operating condition. Also included is an
adapter connected to an output of the detector for re-
sponding to the two characteristics and for changing an
operating parameter of the controller as required so that
the response of the control loop will match a prescribed
performance criterion when subsequent disturbances or
changes are applied to the process.

In a preferred embodiment of applicant’s invention,
the controller is a proportional-integral-derivative
(PID) type. When the controller is set into control
operation, peaks of the error signal which exceed pre-
scribed levels based on a noise band are detected and
used for calculating overshoot and damping character-
istics of the closed loop response of the control loop.
Changes are made as needed to the PID coefficients in
accordance with differences between the calculated and
desired values for the overshoot and damping charac-
teristics. A provision is also made for a pre-adapt mode
wherein the controller evaluates the open loop response
of the control loop and determines the initial values of
the PID coefficients, a maximum wait time related to
the approximate time period of the process, and a noise
band.

The present invention is suitable for controlling a
wide range of operating conditions and applications
without intervention by the human operator. It also
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does not require a large amount of knowledge to be
accumulated about the particular process to be con-
trolled. Since the present invention evaluates the behav-
ior of the process controlled variable each time the
process is reacting to an upset condition, tuning is auto-
matically made for the adverse effects of local disturb-
ances, or age, wear and corrosion of control system
equipment. Furthermore, applicant’s invention evalu-
ates control loop behavior by measuring actual perfor-
mance characteristics of that behavior for comparisons
with desired values for those characteristics. As a result,
the previously-mentioned problems associated with
prior art controllers which attempt to find analytical
solutions to the complex equations describing the con-
trol loop behavior are avoided.

The above-described and other features of the present
invention will be more fully understood from a reading
of the ensuing description given with reference to the
appended drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a block diagram of a control loop which
includes a controller made in accordance with the pres-
ent invention.

FIG. 1B 1s a block diagram depicting the electronic
components of a preferred embodiment of the control-
ler shown in FIG. 1A.

FIG. 2 is an illustration of the behavior of the error
signal which is produced in the control loop depicted in
FIG. 1A.

FIGS. 3A and 3B through 8A and 8B when com-
bined show a flow chart which describes specific opera-
tions of the preferred embodiment of the present inven-
tion.

FI1G. 915 a plot of amplitude versus time of the behav-
ior of the process controlled variable used in appliant’s
invention.

FI1G. 10 1s a block diagram of the noise band circuit
used in applicant’s invention for determining the noise
level.

FIG. 11 1s a convergence plot of test resuits obtained
when the present invention is coupled to a dominant lag
process and the D coefficient is zero.

FIG. 12 is a convergence plot depicting the test re-
sults obtained when the present invention is coupled to
a dominant lag process and operated with a set of condi-
tions different from that used in FIG. 11.

FIG. 13 is a convergence plot of the resuits obtained
when the present invention i1s coupled to a process
which is dominated by dead time.

FIG. 14 1s a plot showing the results obtained when
the present invention is coupled to a process which 1s
varied.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Depicted in FIG. 1A is a block diagram of a process
control loop 8 which includes a self-tuning controller
system 10 made in accordance with the teachings of the
present invention and a process 12 that is characterized
by a process controlled variable 14, such as but not
limited to temperature, pressure, level or concentration.
Coupled to receive the process controllied variable 14,
sensor 16 operates to produce a measuring signal 18
which represents the value of the process controlled
variable 14. The sensor 16 is connected to a switch 110
which for the present discussion is arranged for connec-

tion to an analog-to-digital (A/D) converter 160. A set
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4

point 22 applied to the D/A converter 160 represents
the desired value for the process controlled variable 14.
The self-tuning controller system 10 generates a control
signal 20 in response to the digitally converted measur-
ing signal 18 and set point 22. Operating to set the value
of a controller manipulated variable 24, a final control
element 23, such as a valve, receives the control signal
20 produced at the output of a conventional digital-to-
analog (D/A) converter 162. The process 12 is respon-
sive to changes in that variable to effect changes in the
process controlled variable 14 so that its value is sub-
stantially equal to the desired value represented by set
point 22.

It should be undersiood that the process 12 is also
responsive to a disturbance 26. If the magnitude of
disturbance 26 is sufficiently large to cause the process
12 to make appreciable changes in the value of the pro-
cess controiled variable 14, the control loop 8 will re-
spond accordingly with corrective action to remove the
effects of the disturbance 26. |

Being ccoupled to receive measuring signal 18 and set
point 22, a comparator 30 operates to produce an error
signal 32 which represents the difference between the
value of the process controlled variable 14 and the de-
sired value. An adapter 34 (to be described in greater
detail hereinafter) is coupled to the comparator 30 for
receiving the error signal 32. The adapter 34 then pro-
duces a processor signal 40 which is subsequently ap-
plied to an input of a conventional proportional-inte-
gral-derivative (PID) controller 42. Being also coupled
to comparator 30 for receiving the error signal 32, the
PID controller 42 operates to produce the controliler
signal 20 (representing corrective action) which is pro-
portional to a three-term sum of the error signal 32 plus
a time iniegral of the error signal plus a time dernivative
of the error signal. The relative contributions of each of
the three terms are determined by constants that are
known respectively as proportional (P}, integral (I) and
derivative (D) coefficients. The controller 42 responds
to the processor signal 40 for setting the values for the
PID coefficients. The adapter 34 includes an input ter-
minal 44 for receiving an initializing signal 46 (to be
described later in more detail) so that proper operation
of the control loop 8 can commence when the self-tun-
ing controller system 10 is first switched into operation.

Depicted in FIG. 1B is a block diagram showing the
electronic components of the adapter 34. The measur-
ing signal 18 and the set point 22 are both applied to the
input leads of the conventional analog-to-digital (A/D)
converter 160 which produces digital signals represent-
ing the measuring signal 18 and the set point 22. These
digital signals are transmitted along a bus 402 which has
connections to an Intel 8051 microprocessor 404, a
Random Access Memory (RAM) 406, an Electrically
Programmable Read Only Memory (EPROM) 408, and
the digital-to-analog (D/A) converter 162. It should be
explained that the adapter 34 is actually embodied as a
computer software program which is stored in EPROM
408 and which emulates the operations of actual hard-
ware circuits. The RAM 406 contains the data memory
and registers required by the microprocessor 404 for
implementing the operations being controlled by the
program in the EPROM 408. After the adapter 34 has
processed the information derived from the measuring
signal 18 and the set point 22, the resulting processor
signal 40 is applied to the PID controller 42.

With reference to FIGS. 1A, 1B and 2, the behavior
of the error signal 32 along a time base line represents
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the closed-loop response of the control loop 8 to an
upset condition which causes a difference between the
values of the measuring signal 18 and the set point 22.
Typically, the upset condition is caused by either a load
disturbance 26 (such as a change in ambient operating
conditions) which suddenly changes the value of the
process controlled variable 14 or a sudden change in the
set point 22. Depicted in FIG. 2 is a plot of the error
signal 32 as represented by a trace 50 for the purposes of
Ulustration. The horizontal axis of the plot is time T and
the vertical axis is M, the magnitude of the error signal
representing the difference between the value of the
process controlled variable 14 and its desired value
represented by the set point 22. As can be seen, the trace
50 18 characterized by three peaks, 52, 54 and 56 (also
known as local extremums) having respective peak
amplitudes E1, E2 and E3 and occurring respectively at
times T1, T2 and T3. Eventually, the control loop 8
responds to the initial upset condition so that the magni-
tude M of the trace 50 becomes substantially equal to
zero, corresponding to the condition where the process
controlled variable 14 has been returned or changed to
its desired value.

As can be understood, the closed-loop response of the
control loop 8 (as represented by the behavior of the
trace 50) can be specified in terms of damping, over-
shoot and time period which are performance measures
that are well known to control engineers for describing
the behavior of a control loop. In particular, damping
DMP, overshoot OVR and the time period Ty can be
defined as follows:

DMP=(E3—E2)/(E1—E2)
OVR=E2/El

To=T3-T1

As a result, the desired performance for the control
loop 8 can be specified in terms of prescribed values for
damping, overshoot and time period which in turn can
be used to describe an ideal pattern for use to tune the
self-tuning controller system 10. In other words, if the
trace S0 matched the ideal pattern, the controller set-
tings that produced the trace would be optimum. In
applicant’s invention, the ideal pattern preferably in-
cludes three peaks arranged so that the second peak
occurs midway in the time interval between the occur-
rences of the first and third peaks.

It should be explained that the particular pattern of
the trace 50 represents the situation where set point 22
was suddenly increased in value so that the positive
error peak 52 is produced. If set point 22 were suddenly
reduced in value, the first peak of error signal 18 would
have a negative amplitude. However, an ideal pattern
can still be specified using the same prescribed values
for damping, overshoot and time period mentioned
above except that the ideal pattern in the latter case
would be the mirror image of the ideal pattern desired
for the trace 50.

Depicted in FIGS. 3A and 3B through 8A and 8B is
a flow chart which describes the logical operations of
the adapter 34. The flow chart is usable by those skilled
in the art for generating the computer software pro-
gram which embodies the present invention. When the
controller system is first switched into operation, as
represented by the START block 60 in FIG. 3A, the
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o 6
adapter 34 impiements the PERFORM INITIALIZA-
TION function described in block 62.

The operation of self-tuning controller system 10 will
now be described in connection with the trace 50 of
FIG. 2 and the flow charts. Before the controller sys-
tem is given control of the process 12, at least five initial
inputs are required to be applied to input terminal 44 (of
FIG. 1A). The five inputs are: three initial settings for
the respective PID coefficients of the PID controller
42, one setting for the maximum wait time Wmax which
is related to the approximate time scale of the process,
and one setting for a nosie band NB. The noise band NB
shown in FIG. 2 is preferably equal to one-half of the
peak-to-peak value of the noise expected in the error
signal 32. The desired values for the DMP and OVR
performance measures can also be entered by the user.
However, if those values are not entered, 0.3 and 0.5
will be used by the controller system for DMP(USER)
and OVR(USER) terms. After completing the PER-
FORM INITIALIZATION function, the adapter 34
transmits the initial values the PID coefficients as part
of the processor signal 40, which causes the PID con-
troller 42 to set those initial values as the PID coeffici-
cnts.

Generally, the operation of self-tuning controller
system 10 can be described in nine states. The first state
is the QUIESCENT MODE of block 63 which is asso-
ciated with the condition where the magnitude M of the
trace 50 1s between upper and lower levels which are
preferably centered about the time baseline. The upper
and lower levels each has a magnitude preferably equal
to four times the noise band NB. It should be recalled
that the noise band NB is one of the initial inputs applied
to the adapter 34 via input terminal 44. When in its first
state, the self-tuming controller system 10 operates with
the PID coefficients set in the PID controller 42 and
performs the functions described in block 64 of FIG.
3A. So long as the value of the error signal 32 remains
between the upper and lower levels (corresponding to
the situation depicted in FIG. 2 where trace 50 is left of
time T,), no decisions are made regarding changes in
the PID coefficients.

When the magnitude M of the trace 50 first exceeds
the upper level (equal to 4NB), the controller system 10
changes into its second state which is the LOCATE
PEAK 1 MODE of block 65 where the adapter 34
subsequently compares the magnitude M to a quantity
designated as PK1 which is stored in a first peak storage
register which is located in the RAM 406 (of FIG. 1B).
With reference to loop 66 of FIG. 3B, if the magnitude
M exceeds the stored quantity PK1, that stored quantity
is changed to be equai to the magnitude M and the
adapter 34 thereafter makes a new measurement of the
error signal 32. As can be understood, when the magni-
tude M increases in value the guantity PK1 (which is
initially equal to zero) will also increase accordingly
until it becomes equal to the peak amplitude E1. When
the magnitude M of trace 50 no longer exceeds the
stored value and begins to decrease, no more updates
are made to the register and the adapter 34 changes into
its third state.

The third state begins at block 67 and is known as the
VERIFY PEAK 1 MODE. In the present illustration,
the trace 50 rises to a peak amplitude E1 which is posi-
tive. Accordingly, the SIGN of PK1 is set equal to + 1.
If the first peak of the error signal 32 was negative, the
value of SIGN would be —1. SIGN is used in a later
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portion of the controller system. When the magnitude
of a trace 30 falls to a level to 95% of E1, a timer (in the
microprocessor 404 shown in FIG. 1B) has a value T
(which is stored in the RAM 406 of FIG. 1B), is initial-

8
The sixth state begins at block 76 of FIG. SA and is
known as the LOCATE PEAK 3 MODE, where the
adapter 34 is searching for a local maximum by compar-
ing the magnitude M of the trace 50 to a quantity PKJ

1zed to zero. The timer is a clock for measuring the time 5 gtored in a third peak storage register (which exists in

occurrence of each measurement of the magnitude M.
Initializing the timer when M preferably equals 95% of
PK1 helps to minimize the corrupting effect that con-
trol loop deadtime and noise have on the actual time
occurrence and shape of the first peak. In other words,
if the first peak does not have a well-defined local extre-
mum value, the adapter is arranged to respond to a
more specific event in which M is 95% of PK1. If trace
50 subsequently falls below 60% of E1 in accordance
with diamond block 200, the time T60 (MEASURED)
of that event is also stored for later use if certain condi-
tions are satisfied.

When the value T of the timer exceeds the quotient of
To/4 (the period Ty divided by 4) or the magnitude of
the trace 50 becomes less than E1/2 (the first peak am- 20

plitude divided by 2), the first peak 52 is marked as
being verified and the controller system changes into its
fourth state which will be discussed. It should be re-
called that the second peak 54 is ideally expected at a

the RAM 406 of FIG. 1B). If that magnitude M exceeds
the stored value, the quantity PK3 is set equal to that
magnitude and the adapter 34 measures the next magni-
tude of the trace 50. This process depicted in loop 77

10" will continue so long as the trace 50 increases in magni-

tude. When the trace 50 reaches its local maximum
value, E3, the quantity PK3 is set equal to E3 and the
time occurrence of the peak 56 as determined by the
value T of the timer is stored in a third peak register
(which exists in the RAM 406 of FIG. 1B) as a quantity
T px(3). Thereafter, the adapter 34 changes into its sev-
enth state. A diamond block 78 included in loop 77 will
be explained later in more detail.

The seventh state begins at block 79 and is designated
as the VERIFY PEAK 3 MODE. With reference to
FIG. 5B, when the time since locating peak 56 exceeds
a time interval equal to To/4 or the magnitude of the
trace 50 becomes less than E1/4, the third peak 56 is

time interval of To/2 after the occurrence of the first 25 marked as verified. Once the third peak has been veri-

peak. Therefore, beginning the search for the second

peak after an elapsed time of To/4 allows detection of

that peak even if the actual period of the transient re-
sponse was different by a factor of 2. Moreover, begin-
ning the search for the second peak at the alternative
condition where the magnitude of trace 30 is equal to
E1/2 still allows detection of the second peak 54 if it
happened to occur earlier than the elapsed time of Tg/4.
This arrangement compensates for the situation where
the frequency of the actual closed loop response is a
much higher frequency than would be expected based
on the initially calculated time period To. The other
diamond blocks 68 and 69 of FIG. 3B will be explained
later.

In the fourth state which begins at block 70 of FIG.
4A and is known as the LOCATE PEAK 2 MODE, the
adapter 34 operates to detect the occurrence of a local
minimum by comparing the magnitude M of the trace
50 to a quantity PK2 stored in the second peak storage

fied, the adapter 34 changes into its eight state which
begins at block 80 of FIG. 5B and is known as the
TIME UPDATE MODE. In the present illustration
and with reference to FIG. 6A, the three peaks 52, 54

30 and 56 are all considered distinct since E1 is greater

than 4NB, E3 is greater than NB and E2 is less than
—NB. As a result, the adapter 34 performs the opera-
tions in block 81 and sets the values of variables Tpr4x

(3, Tre4k(3), and a period Tg using the quantities Tpx (2)

35 and Tpg (3). Thereafter, two intermediate times Tagqy

and T a1 are calculated in accordance with block 82 of
FIG. 6B, where the notation Tarqy=maximum (x, y)
refers to the logical operation in which the quantities x,
y in the parentheses are compared with one another and

40 the quantity having the largest value is then set equal to

Tar4x; and the notation T any=minimum (x, vy, z) refers
to the logical operation in which the minimum quantity
of quantities x, y, z 1s set equal to Tan.

After calculating the two intermediate times, the

register (which exists in the RAM 406 of FIG. 1B). If 45 adapter 34 enters a ninth state known as the ADAPT

that magnitude M is less than the stored value, the quan-
tity PK2 in the storage register is updated (set equal) to
that magnitude M and the adapter 34 measures the next
magnitude of the error signal 32. This process depicted
as loop 71 of FIG. 4A will continue so long as the trace

S0 decreases in magnitude. The locop 71 includes a
diamond block 72 which will be explained in a later

portion of this description. When the magnitude of

trace 50 first reaches its local minimum value E2, the
quantity PK2 is set equal to E2 and the time occurrence
of the peak 54 as determined by the value T of the timer
is stored in a second peak time register (which exists in
the RAM 406 of FIG. 1B) as a quantity T px(2). Thereatf-
ter, when the next measurement of the magnitude M has
been made after the peak 54 has occurred, the adapter
34 changes into its fifth state.

The fifth state begins at block 73 of FIG. 4A and is
known as the VERIFY PEAK 2 MODE. As descnibed
in blocks 74 and 75 of FIG. 4B, when the time since

MODE of block 83 shown in FIG. 7. Based on the
measured peak amplitudes E1, E2 and E3, the adapter
calculates the previously defined damping and over-

shoot performance measures which are identified as
DMP (MEASURED) and OVR (MEASURED) re-
spectively. In general, three steps are taken in the
ADAPT MODE for determining the new PID coeffici-
ents. The steps are:

1. the Ziegler-Nichols ratios (to be defined) are ad-
justed based upon the pattern shape of the error
signal 32;

2. the PID coefficients are changed based upon the
adjusted period and the adjusted Ziegler-Nichols
ratios; and

3. the PID coefficients are also changed based upon

desired constraints for the damping and overshoot
terms. -

As further explanation, the adapter 34 makes a shape

locating the second peak 54 exceeds an interval equal to 65 error SERR calculation in which

To/4 or the magnitude of the trace 50 becomes less than

E1/4, the second peak 54 is marked as verified and the
controller system changes into its sixth state.

SERR =the smallest value between A or B, where
A=DMP (USER)—-DMP (MEASURED)
B=0OVR (USER)-OVR (MEASURED) or
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DMP (USER) and OVR (USER) were set during the
PERFORM INITIALIZATION operation of
block 62.

In applicant’s invention, the values of DMP (USER)
and OVR (USER) are usually manually set by the
human operator (i.e., the user). These values are thus
part of the initializing signal 46. If the human operator
decides not to set the values of DMP (USER) and OVR
(USER), the adapter 34 is arranged so that 0.3 is used
for DMP (USER) and 0.5 is used for OVR (USER). As
shown in FIG. 8A, a shape adjustment factor FAC is
first calculated based on the following relationships:

If SERR<0, FAC=FAC1=1.0+K{(SERR-G)
SERR; and if SERR <0, FAC=-
FAC2=1.0/[1.0XK{SERR —-0.3)SERR].

Returning to FIG. 7, it should be explained that the
value of K;is either 2.0 or a value:

K=(K;_1+6.0)/2.0

where the index i ranges from 1 to the number n of
consecutive cycles of the error signal 32 {(of which the
trace 50 is one cycle) where the performance measures
are described by the following ineqgualities:

DMP (USER)<0.15; (N

DMP (USER)—DMP (MEASURES)>0 (2
and where DMP (MEASURED)) is the damping term
calculated based on the particular response associated
with 1. As further explanation, if the trace 50 was not
described by the two inequalities (1) and (2), then
K;=2.0. However, if the trace 50 was the first trace
described by the two inequalities (1) and (2), then i=1
and K|=(Ko+6.0)/2.0. Since Kg is prescribed to be
equal to 2.0, then

Ki1=(2.046.0)/2.0=4.0.

If the next trace after the trace 50 is also described by
the two inequalities, then i=2 and

K3 =(K+6.0)/2.0=(4.0+ 6.0)/2.0=S5.0.

The notation used in block 84 represents the arrange-
ment described above where

K(EXISTING)=K,_ .

Being either 0.2 or 0.6, the value of the constant G is
based on a relationship to be described in a later section
where the quantities in diamond block 210 are defined.

After determining the value of FAC, the adapter now
calculates a new proportional coefficient P as follows:

P=P(EXISTING) X FAC,

where P(EXISTING) is the present proportional coef-
ficient (that is used in the PID controller 42) which
resulted in the trace 50.

Returning to FIG. 8A, 1t should be recalled that the
three peaks of the trace 50 are all considered to be dis-
tinct peaks so that the adapter 34 leaves block 91 and
next enters diamond block 88. It should be pointed out
that Rati and Ratd are ratios which are known to con-
trol engineers as the Ziegler-Nichols ratios. The ratios
are defined as I/period and D/period. It is also known
in the prior art that controller tuning can be based on
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the Ziegler-Nichols ratios having fixed values such as
0.5 and 0.12 for the respective integral I and derivative
D coefficients of the controller. However, such control
criteria still have limited applications since the time
period of the error signal 32 i1s influenced by the actual
settings for the I and D coefficients. In the present in-
vention the measured time period To of the trace 50 is
adjusted in accordance with changes in the I and D
coefficients and are not constrained to equal fixed val-
ues.

As further explanation of the above and in connection
with FIG. 8A, the adapter 34 includes logic for making
the following determinations:

If DMP(MEASURED)—-OVR(MEASURED)>0.2

and,

I(EXISTING)< 1.1 X Rati(EXISTING) X Tg; then

Rat1=85% X Rati{EXISTING); and,

Ratd =85% X Ratd(EXISTING).

However, with reference to FIG. 8B, if the following
OCCUurs;

If DMP(MEASURED)-OVR(MEASURED) <0,

then

Rati=1.2 X Rati(EXISTING)

Ratd=1.2 X Ratd(EXISTING)

The adapter eventually enters block 88 where the
new values for Rati and Ratd are used to calculate new
values for the I and D coefficients as follows:

I=Taax X Rati; and

D =Tan X Ratd.

Once the new values of the proportional P, integral I,
and derivative D coefficients have been calculated, the
adapter 34 transmits those values to the PID controller
42 as the processor signal 40 so that the new settings are
made to the controller. Thereafter, certain variables are
redefined in accordance with block 89 and the adapter
34 returns to its first state and waits for another cycle of
the error signal causes by a new upset condition applied
to the process 12. It should be understood that a new
cycle only begins when the absolute value of the magni-
tude M of the error signal 32 exceeds 4NB. The dy-
namic characteristics of the controller system 10 have
now been changed so as to improve its response to the
next upset condition. Based on the above discussion, the
variables mentioned in the block 210 of FIG. 7 are
known so that the value of the constant G can then be
calculated in accordance with the conditions described

in the block 210.
With reference to state three (block 67 of FIG. 3B),

the purpose of diamond block 68 was not explained. If
the trace 50 of FIG. 2 included a noise spike 53, the
adapter 34 would recognize the spike 53 as a local maxi-
mum. Accordingly, the value of PK1 would be set
equal to the amplitude of peak §3, and the true peak 52
would be lost. Thus, in order to avoid this undesirable
result, the adapter 34 includes the diamond block 68 so
the noise spikes occurring prior to the true first peak of
the trace 50 are substantially ignored. As further expla-
nation, if the magnitude M is subsequently greater than
PK1, the adapter returns to state 2.

The state 3 also includes a diamond block 69. It
should be recalled that Waz4y was initially set during
the initialization stage of the adapter operation. The
Warax 18 related to the estimated maximum time scale
for the process 12. However, if the controller 42 is
tuned to be very sluggish, the control loop 8 may take
an inordinate time for responding to an upset condition.
In other words, period Tpis relatively large in compari-
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son t0 Wasqx. In such case, the adapter 34 includes a
provision for retuning the controller 32 when a sluggish
condition has been encountered. Thus, if the time since
the adapter 34 first entered state 2 exceeds Was4y, the
adapter then enters state 8 and proceeds to perform the
operations described in diamond block 90 of FIG. 6A.
For that figure it can be seen that the values of various
variables are then calculated based on the characteristic
of TemEAsURED) If 1t exists and on previous data de-
rived from the data of a prior response. In the illustra-
tion involving the trace 50, there was no previous evalu-
ation since the trace 50 was the first response occurring
after the controller system 10 was first switched into
operation. Accordingly, the initial values for the prewvi-
ous data are the values that result when the PERFORM
INITIALIZATION block was completed. After the
adapter has completed block 89 of FIG. 8B, the vari-
ables associated with “(EXISTING)” in the diamond
block 90 will have defined values which become the
previous data mentioned above and replace the initially
set values.

With reference to FIGS. JA and 3B and to the discus-
sion regarding the diamond block 69, the adapter enters
state 8 via input 8C. As described in diamond block 91
of FIG. 8A, if only PK1 is considered distinct, new
values of the I and D coefficients are calculated in ac-
cordance with block 92. However, if the magnitude M
of the error signal 32 only slowly decreases from a first
peak corresponding to the situation “NO” where the
absolute values of PK2 and PK3 are each greater than
NB, the new I and D coefficients are based on the block
88 of FIG. 8B which includes the intermediate times
Tamax and Tagn as well as adjusted Ziegler-Nichols
ratios.

State 4 includes a diamond block 72 shown in FIG.
4A. This arrangement is for the situation in which the
second peak does not occur before the time T (with
respect to the occurrence of 95% of PK1) has exceeded
Warax. IN such case, the adapter 34 then enters state 8
via input 8C and proceeds in a manner previously dis-
cussed. This arrangement compensates for the previ-
ously mentioned case where the controller i1s sluggish.

When the adapter is in state §, a diamond block 93 is
included in its operation as depicted in FIG. 4B. If the
trace 50 of FIG. 2 included a noise peak 58, the adapter
would recognize the peak 38 as a local minimum and
not detect the true second peak 54. The use of the
diamond block 93 avoids this undesirable situation since
adapter 34 will ignore noise peak 55 in a manner similar
to that previously described in connection with the
diamond block 68.

When the adapter is in state 6 of FIG. 5A, its opera-
tion includes diamond block 78. If a third peak has not
been found within the time interval specified in the
diamond block 78, then the adapter enters state 8 via
input 8B. Thereafter, the adapter continues its logical
operation starting from a diamond block 94 of FIG. 6A.

A diamond block 95 of FIG. 5B is included in the
operations of the adapter when it is in state 7. If the
trace 50 of FIG. 2 included a noise spike §7, the adapter
would recognize the peak §7 as a local maximum and
would miss detecting the true third peak 56. The
diamond block 95 is included for avoiding this undesir-
able situation since the adapter will now ignore noise
peak 57 in a manner similar to that described in connec-

tion with the diamond block 68.
It should be understood from all of the above that the
present invention operates with information based on
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three characteristics of the behavior of the process con-
trolled variable 14 when the control loop 8 is respond-
ing to an upset condition. The three characteristics are
preferably amplitude information based on the existence
of three distinct peaks. However, provision is made for
determining these characteristics if only two peaks are
detected or if only one peak is detected. Three charac-
teristics are needed for calculating the damping con-
straint. However, if the controller 42 is only operated
based on an overshoot constraint, only two characteris-
tics are needed for measuring the overshoot perfor-
mance of the control loop 8. If only one peak exists, the
present invention generates the second and third char-
acteristics based on the values of the error signal at the
time when the search was aborted.

In the preferred embodiment of applicant’s invention,
provision is also made for a pre-adapt mode wherein
various process characteristics are automatically identi-
fied so that initial settings of the P, I and D coefficients,
the maximum wait time, and the size of the noise band
NB can be determined. The pre-adapt mode therefore
obviates the need for the human operator to enter man-
ually the initial settings. In the pre-adapt mode, the
controller system 10 is in a special manual state wherein
the control loop 1s opened so that the set point is no
longer being used by the PID controller 42. With refer-
ence to FIG. 1A, the controller system is put into the
manual mode by activating the switch 110 so that it
disconnects the sensor 16 from the comparator 30 and
connects the sensor to a conventional analog-to-digital
(A/D) converter 170 which is coupled to a pre-adapter
112. The pre-adapt mode requires that the process is in
a first steady state condition. The pre-adapter 112 trans-
mits a signal to the controller 42 which results in the
process controlled variable 14 being changed (per-
turbed) to a new value that is preferably at least 3%
different from the previous steady state value. When the
process 12 reaches its new steady state condition or the
process controlled variable 14 changes 10%, the pro-
cess 1s returned to its initial steady state value.

Depicted in FIG. 9 is a plot of the value of the pro-
cess controlled variable 14 versus time (in minutes). A
trace 114 represents the response of the process 12 when
the process control variable 14 is *bumped™ from a
steady state value of N to a new level that 1s 10%
greater than N. It should be understood that the trace
114 is one example of the response and is being used
solely to explain the operation of the controller system
10 when it is in its pre-adapt mode.

At a time designated as Tpapp, the process 12 is
bumped and the pre-adapter 112 tracks the resulting
trace 114. The pre-adapter records the time occurrences
of prescribed points 120, 122, 124 and 126 where the
corresonding magnitudes thereof are N+1% N,
N+2% N, N+3% N and N+4% N respectively. Fur-
thermore, the pre-adapter determines an inflection point
116 of the trace 114 preferably by a technique to be
described and hereinafter known as the chord method.

As further explanation, a point Tris selected on the
horizontal axis which is a low time baseline at which the
process 12 is in the first steady state condition. Each
time when the pre-adapter 112 is making a measurement
of the process controlled variable, the pre-adapter also

determines the slope of a line which connects point Ty
and the point on the trace 114 representing the measure-

ment. For example, if the current measurement time is
T, and the corresponding measured magnitude of the
process controlled vanable 1s Ny, a point 118 15 deter-
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mined. The slope of the line designated as chord 130
connecting point Tyand 118 i$ easily calculated since
the respective coordinates (time and magnitude) are
known. As can be understood, when point 118 ap-
proaches an upper inflection point 116, the slope of the
associated chord approaches maximum value. The ac-
curacy with which the above-described chord method
determines the upper inflection point of the trace 114
depends upon the actual location of Ty In a specific
embodiment of the present invention, point Ty was lo-
cated 15 seconds prior to the time Tgarp.

Once the pre-adapter has determined the upper in-
flection point 116, it then finds the line having maximum
siope from the four lines which extend from the inflec-
tion point 116 and the points 120, 122, 124 and 126
respectively. In the present illustration a line 132 is the
line of maximum slope. The intercept point 136 of line
132 with the low time baseline is used to represent the
dead time T,y of the process 12. It is known that line 132
is proportional to a characteristic known to control
engineers as process sensitivity. In the present inven-
tion, process sensitivity SEN is calculated by multiply-
ing the slope (designated as SLOPE) of line 132 by the
percent change in the controller signal 20 (of FIG. 1A)
which resulted in the process controlled variable being
bumped from the first low steady state condition to the
new steady state condition.

Based on the above characteristics of the trace 114,
the initial PID coefficients and W4y are calculated by
the pre-adapter 112 as follows:

P(EXISTING) =120 % T4/SEN
I(EXISTING)=1.5% T4,
D(EXISTING) = KEXISTING)/6

Warax=50xTgy.

The above values are transmitted not only to the con-
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troller 42 but also the adapter 34 so that the operation of 4¢

block 62 of FIG. 3A can be performed when needed.
After a time T,, the process 12 is returned to its first
low steady state condition. The pre-adapter 112 then
observes the value of the process control variable 14 for
three minutes in order to determine the peak-to-peak
noise band which is equal to 2NB.
FIG. 10 depicts in block diagram form the noise band

circuit used in applicant’s invention for determining the
noise band 2NB. The process 12 has been returned to its

initial low steady state condition. The measured vari-
able 18 (shown in FIG. 1A) is applied to an input of a
high pass filter 140 which is a well known device for
removing the low frequency portions in the measured
variable 18 and represented by a trace 141. The break
frequency of this filter is variable and preferably set to
equal 3 times T4 An output signal 142 which is de-
picted as trace 143 is applied to an absolute-value inte-
grator 144 which integrates the output signal 142 for a
period preferably equal to three minutes and produces a
signal 148 depicted as a trace 146. A conventional aver-
aging circuit 148 receives the signal 145 and determines
an average thereof by multiplying signal 145 by four
and dividing by the integrator period of 3 minutes used
by the integrator 144. The magnitude of a resulting
signal 150 produced by the averaging circuit 148 is the
peak-to-peak noise band 2NB of the process 12. It
should be explained that the factor of four used in the
averaging circuit is based on an approximation of the
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result if signal 141 were a sine wave. The resulting
signal 150 is transmitted to adapter 34 for use therein
when needed.

The pre-adapter 112 also includes logic for calculat-
ing a new initial value for the D(EXISTING) coeffici-
ent as necessary based on the size of the noise band
2NB. As further explanation, that logic performs the
following operations:

calculate a quantity Z=(3.0-2NB)/2.5;

if Z> 1, then set D(EXISTING)=I{EXISTING)/6 (in
other words, the initial value is unchanged from that

previously calculated);

if Z <0, then set D(EXISTING)=0; and

if 0<Z<1, then set D(EXISTING)=IEXIS-
TING)=-6X Z.

Once the pre-adapt mode has been completed, the
controller system 10 is returned to its QUIESCENT
MODE.

The pre-adapter 112 is preferably embodied as a com-
puter software program which can be generated from
the functions and operations described above (in con-
nection with FIGS. 9 and 10) by those skilled in the art.
With reference to FIG. 1B, the program embodying the
pre-adapter is stored in the EPROM 408 which is used
by the microprocessor 404. The various data and infor-
mation received, generated and produced by the pre-
adapter 112 are stored in the RAM 406.

It should be pointed out that even though the adapter
34 responds to the closed-loop response of the control
loop 8, the open loop response thereof is also usable
since the pre-adapter 112 is also a self-tuning controller.

Included in FIG. 11 are sixteen convergence plots for
sttuations in which the process is dominated by lag and
the D coefficient is set equal to zero so that the control-
ler is a PI type. Each X of each plot represents the initial
starting value for the P and I coefficients of the control-
ler. It should be noted that each segment of a plot repre-
sents an adaptation evaluation cycle of the controller.
Accordingly, the break points of each plot represents a
situation where new values of coefficients have been set
in the controller. As can be seen, all of the sixteen plots
converge to the same final values for the P and I coeffi-
cients even though the initial values thereof were scat-
tered in a wide range. Also presented in FIG. 11 is a

trace 300 (which is shown without horizontal and verti-
cal scales) which is the pattern of the behavior of the

error signal when the controller is set with its final
values for the P and I coefficients which are listed to the
right of the convergence plots.

In FIG. 12, the controller is a PID type and the pro-
cess is lag dominated. It should be noted that the damp-
ing Dmp and the overshoot OVR constraints for this
case 18 not the same as those used in the case depicted in
FIG. 11. As can be seen, all of the sixteen plots con-
verge to the same final values for the P and I coeffici-
ents. It should also be noted that FIG. 12 is a two-di-
mensional plot and the convergence of the D coefficient
is not depicted. A trace 302 is the error signal pattern
which results when the controller is set with the final
values of the PID coefficients.

With reference to FIG. 13, the controller is a PID
type and the process is deadtime dominated. In this case
there are fourteen plots which all converge to a final set
of values for the PID coefficients. A trace 304 is the

pattern of the error signal behavior when the controller
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18 set with those final values which are shown to the
right of the plots.

The controller used in the case depicted in FIG. 14 is
a PID type. In this case, the characteristics of the pro-
cess are varied and a trace 306 represents the values of
the P and I coefficients (the D coefficient not shown)
which were calculated and subsequently used by the
controller. It should be explained that final values of the
coefficients were never calculated because the process
characteristics were changed before the controller
could find those final values. As a test of the repeatabil-
ity characteristic of the controller, the process charac-
teristics were returned to their initial values in a manner
which was the reverse of that used to increase the pro-
cess characteristics. As can be seen, the return portion
of the trace 306 is essentially the same as that for the
leading portion. A trace 308 is the pattern of the error
signal behavior when the controlier is set with the initial
values for the PID coefficients. These initial values are
listed to the right of the plot.

While the invention has been described with refer-
ence to the preferred embodiment, it will be apparent
that improvements and modifications may be made
within the purview of the invention by those of ordi-
nary skill in the art. For example, criteria other than
damping or overshoot can be used to specify the ideal
pattern. Moreover, the controller does not have to be
the PID type since other controllers such as Smith

predictors or Dahlin controllers are suitable. In addi-
tion, other commercially available computers such as

the HP 9845 or the DEC VAX 11/780 can be used in
place of the microprocessor 404, the RAM 406 and the
EPROM 4408.

What is claimed is:

[1. A pattern-recognizing self-tuning controller ap-
paratus for use in a control system, wherein said con-
troller apparatus includes a controller which 1s coupled
to a process in a closed loop of said control system for
controlling a process controlled variable having set
point and measured values, said controlier having a
control action which is determined by at least One oper-
ating parameter so that the controller is responsive to a
difference between said set point and measured values;
said controller apparatus comprising:

first comparator means responsive to differences be-

tween said set point and measured values for gener-
ating a closed-loop behavior signal,

detector means responsive to the close-loop behavior

signal of said process control variable for measur-

ing a pattern characteristic thereof and producing a
measured value of said pattern characteristic

second comparator means being coupled to said de-
tector means and operating to compare said pattern
characteristic measured value with a predeter-
mined desired value for the pattern characteristic;
and
adjusting means coupled to said second comparator
means for responding to a difference between said
measured and desired values of the pattern charac-
teristic so that the measured value substantially
matches the set point value, said adjusting means
not operating to alter said operating parameter of
the controller when the difference between said
measured and desired values is less than a pre-
scribed difference. ]}
2. [The apparatus of claim 1 wherein said pattern
characteristic includes] A4 pattern-recognizing seilf-tuning
controller apparatus for use in a control system, wherein
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said controller apparatus includes a controiler which is
coupled to a process in a closed loop of said control system

for controlling a process controlled variable having set point

and measured values, said controller having a control
action which is determined by at least one operating pa-
rameter so that the controller is responsive to a difference
between said set point and measured values; said controller
apparatus comprising:

[first comparator means responsive to differences between
said set point and measured values for generating a
closed-loop behavior signal;

detector means responsive to the closed-loop behavior
signal of said process control variable for measuring a
pattern characteristic thereof and producing a mea-
sured value of said pattern characteristic, the latter
including a first characteristic being a peak ampli-
tude of a local extremum of said behavior signal
and a second characteristic being an amplitude of
said behavior signal at a point subsequent to said
local extremum,

second comparator means being coupled to said detector
means and operating to compare said pattern charac-
teristic measured value with a predetermined desired
value for the pattern characteristic; and

adjusting means coupled to said second comparator
means for responding to a difference between said
measured and desired values of the pattern character-
istic so that the measured value substantially matches

the set point value, said adjusting means not operating
to alter said operating parameter of the controller

when the difference between said measured and de-
sired values is less than a prescribed difference; and
[ said controller apparatus further includes:]
means coupled to said detector means for combining
said first and second characteristics to produce a
measured value of said performance criterion.

3. The apparatus of claim 2 wherein said performance
criterion is an overshoot ratio which is proportional to
said first and second charateristics.

4. The apparatus of claim 2 wherein said detector
means measures a third characteristic of said closed-
loop behavior signal of the process controlled variable,
said pattern characteristic includes first and second
performance criterion which have corresponding first
and second desired values, said combining means gener-
ates measured values of the first and second perfor-
mance criterion, and said difference means further ob-
tains the difference between the desired and measured
values of said first performance criterion and of said
second performance criterion respectively, and wherein
said controller apparatus further includes logic means
coupled to said adjusting means for selecting between
said first performance criterion difference and said sec-
ond performance criterion difference so that said adjust-
ing means responds to said selection for altering said
operating parameter.

5. The apparatus of claim 4 wherein said first perfor-
mance criterion is an overshoot ratio which is propor-
tional to said first and second characteristics.

6. The apparatus of claim 5 wherein said second per-
formance critenion is a damping ratio which 1s propor-
tional to said first, second and third characteristics.

7. The apparatus of claim 6 wherein said operating
parameter includes a proportional (P) coefficient and an
integral (I) coefficient, wherein said controller appara-
tus further comprises means for measuring time inter-
vals between said first, second and third characteristics,
and means responsive to said time intervals for deter-
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mining a period (Tp) which represents the time period
of the closed-loop behavior; and wherein said adjusting
means changes said proportional (P) coefficient based
on the selection made by said logic means and changes
said integral (I) coefficient based on an adapting ratio
and said measured period (To) wherein said adapting
ratio has a prescribed value.

8. The apparatus of claim 7 wherein the prescribed
value of said adapting ratio is variable in accordance

with predetermined relationships based on the values of 10

said period (Tp), of said measured damping and over-
shoot ratios, and of the (I) integral coefficient existing in
said apparatus which produced the closed-loop behav-
lor being evaluated.

9. The apparatus of claim 7 wherein said adapting
ratio includes a second prescribed value and said oper-
ating parameter further includes a derivative (D) coeffi-
cient which has a value that is changed based on the
second prescribed value of the adapting ratio and on
said period (To).

10. The apparatus of claim 9 wherein the first and
second prescribed values of the adapting ratios are vari-
able in accordance with predetermined relationships
based on the values of said period (Tg), said measured
damping and overshoot ratios, and the I coefficient
existing in said apparatus which produced the closed-
loop behavior being evaluated.

11. The apparatus of claim 10 wherein said first and
second prescribed values of the adapting ratios are Zie-
gler-Nichols ratios.

12. The apparatus of claim 10 wherein changes in the
proportional (P) coefficient are also related to pre-
scribed relationships based on the measured and desired
values of said damping ratio and information from a
prior cycle of said closed-loop behavior.

13. The apparatus of claim 12 wherein changes in said
proportional (P) coefficient are also based on predeter-
mined relationships which include first and second
adapting ratios, said period (Top), and the values of the
integral and derivative (I and D) coefficients existing in
said apparatus which produced the closed-loop behav-
ior being evaluated.

14. The apparatus of claim 13 wherein said first, sec-
ond and third characteristics are only measured if the
absolute value of said first characteristic is greater than
a predetermined noise level.

15. The apparatus of claim 14 further including means
for measuring the time occurrence of said first charac-
teristic and means for changing said time occurrence by
an interval based on a subsequent time when the abso-
lute value of the amplitude of said closed-loop behavior
signal falls to a prescribed level.

16. The apparatus of claim 15 wherein said prescribed
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level is equal to 95 percent of the measured amplitude of 55

said first characteristic.

17. The apparatus of claim 15 wherein said measured
period (Top) is further adjusted based on relationships
which include the measured amplitudes of said first,
second and third characteristics, said time intervals
between said first, second and third characteristics, a
fourth characteristic based on the interval between said
time occurrence of the first characteristic and a time
when the absolute value of said closed-loop behavior
signal falls to a second prescribed level, and to the time
intervals between the occurrences of previous first,
second and third characteristics of a prior cycle of said
closed-loop behavior signal.
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18. The apparatus of claim 17 wherein said second
prescribed level is equal to 60 percent of the measured
amplitude of said first characteristic.

19. The apparatus of claim 17 wherein said first, sec-
ond and third characteristics are three local extrema,
and the absolute values of the amplitudes of the extrema
are greater than associated levels that are each based on
a predetermined noise level.

20. The apparatus of claim 17 wherein said first, sec-
ond and third characteristics are three local extrema,
and the absolute values of the amplitudes of only the
first two extrema are greater than associated levels that
are each based on a predetermined noise level.

21. The apparatus of claim 17 wherein said first, sec-
ond and third characteristics are three local extrema,
and satd fourth characteristic is less than the fourth
characteristic of a previously evaluated cycle of said
closed-loop behavior signal.

22. The apparatus of claim 17 wherein only said first
and second characteristics are respectively two local
extrema of said closed-loop behavior signal and the
absolute values of the amplitudes of the extrema are
greater than associated levels that are each based on a
predetermined noise level.

23. The apparatus of claim 17 wherein only said first
characteristic is a local extrema of said closed-loop
behavior signal and the fourth characteristic is less than
the fourth characteristic of a previously evaluated cycle
of said closed-loop behavior signal.

24. The apparatus of claim 17 wherein said second
and third characteristics both occur at a time equal to a
prescribed maximum time interval from the time occur-
rence of said first characteristic, and said fourth charac-
teristic is greater than zero and less than the fourth
characteristic of a previously evaluated cycle of said
closed-loop behavior signal.

25. The apparatus of claim 17 wherein said first and
second characteristics are local extrema of said closed-
loop behavior signal, and said third characteristic oc-
curs after a prescribed maximum interval from the time
occurrence of said first characteristic, and said fourth
characteristic is greater than zero,

26. The apparatus of claim 17 wherein a search for
said second characteristic begins after a first prescribed
search interval from the time occurrence of said first
characteristic and a search for said third characteristic
begins after a second prescribed search interval for the
time occurrence of said first characteristic.

27. The apparatus of claim 26 wherein said first pre-
scribed search interval is based on the period (Tp) di-
vided by 4 and said second prescribed search interval is
based on the period (Tp) divided by 4 and the time
occurrence of said second characteristic.

28. The apparatus of claim 17 wherein a search for
said second characteristic begins after the occurrence of
said first characteristic and after a time when the abso-
lute value of the amplitude of said closed-loop behavior
signal has fallen to a prescribed search level.

29. The apparatus of claim 28 wherein the prescribed
search level is equal to 50 percent of the amplitude of
saild first characteristic.

30. The apparatus of claim 17 wherein said detector
means further includes means for identifying short dura-
tion peaks in said first, second and third characteristics
as noise peaks, and means coupled to said noise identify-
ing means for removing said noise peaks prior to the
time occurrence of each of said first, second and third
characteristics.



Re. 33,267

19

31. The apparatus of claim 30 further including means
responsive to an open-loop behavior signal of said pro-
cess controlled varnable for determining an nitial value
for said operating parameter.

32. The apparatus of claim 31 further including means
responsive to a steady state condition of said process
controlled variable for measuring said noise level.

33. In a pattern-recognizing self-tuning controller
device which is coupled to a process in an open loop
mode for controlling a process-controlled variable hav-
ing a succession of values at associated instances of
time, said controller device having at least one operat-
ing parameter which affects how 1t responds to a
change of an input thereto, wherein said process 1s re-
sponsive to a control signal produced by said controller
device, that improvement in said controller device
which comprises:

means for generating a trace signal which represents

a time plot of said succession of values of the proc-
ess-controlled variable,

slope detecting means being responsive to the trace

signal resulting when said control signal is appro-
priately bumped at a time T from one level to an-
other level so that said process controlled variable
correspondingly changes from one steady state
condition having a first time base line to a new
steady state condition having a second time base
line, said slope detecting means including:

means for determining the slopes of lines extending

from a point Tswhich is fixed on said first time base
line to successive value points of said trace signal as
said process controlled variable changes from said
one to said new steady state conditions;

means for selecting from said lines a line having a

maximum absolute value of slope;

means for identifying a value point of said trace signal

through which said maximum slope line passes as
an upper inflection point;

means for selecting an increment point of said trace

signal, said increment point occurring prior to said
upper inflection point;
means for measuring absolute value of the slope of a
process indicative line which extends through said
upper inflection point and said increment point;

means for measuring the intercept of said process
indicative line with said first time base line;

means for measuring the time difference between said
intercept and said time T and producing a first
signal representative of a process dead time charac-
teristic T4, of said process; and
means responsive to said slope of the process indica-
tive line for producing a second signal representa-
tive of a process sensitivity characteristic SEN; and

adjusting means coupled to receive the output of said
slope detecting means for responding to said first
and second signals to alter said controller device
operating parameter.

34. The apparatus of claim 33 wherein said increment
point means further selects a second point of said trace
signal, said process indicative line is chosen from first
and second lines which extend respectively through

said upper inflection point and said first and second
points; and said detector means further includes:
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35. The device of claim 34 wherein said operating
parameter includes proportional (P), integral (I) and
derivative (D) coefficients and said adjusting means
operates in accordance with predetermined relation-
ships which include the following:

Proportional (P) coefficient equals 120 times Tz di-

vided by SEN;

Integral (I) coefficient equals 1.5 times Ty,

Derivative (D) coefficient equals (I) Integral coeffici-

ent divided by 6; and

Period (Tp) equals § times Tg;.

36. The apparatus of claim 35 further including:

means for determining a noise level characteristic of

said trace signal; and

means coupled to said noise means for altering said

derivative (D) coefficient based on a predeter-
mined relationship which is proportional to said
noise level characteristic.

37. The apparatus of claim 36 wherein said noise
means comprises:

high-pass filtering means for removing from said

trace signal prescribed high-frequency compo-
nents;

integrator means coupled to receive the output of said

filtering means for integrating said output over a
prescribed time interval;

averaging means responsive to the output of said

integrator means for generating a noise band signal
having a value 2NB which is representative of the
peak-to-peak noise band characteristic of said trace
signal and which is based on a prescribed average
value of said integrator means output.

38. The apparatus of claim 37 wherein said predeter-
mined relationships are modified based on a quantity Z
where

Z=(3.0—~2NB)/2.5 and based on the following
if 0<Z< 1, derivative (D) coefficient equals Z multi-
plied by the quotient of integral (I) coefficient divided

40 by six, and
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if Z <0, derivative (D) coefficient =0.

39 A method for automatically adjusting the control
parameters of a self-tuning controller of a process having a
measured process variable signal, comprising the steps of:

generating an error signal equal to the difference be-

tween the process variable signal and a setpoint signal;
measuring a first amplitude of a first local extremum of
said error signal;

measuring a second amplitude of a second local extre-

mum of said error signal;

combining said first measured amplitude and said sec-

ond measured amplitude to produce a measured per-
formance characteristic; and

automatically adjusting at least one of the control pa-
rameters of the controller to minimize the difference
between said measured performance characteristic
and a selected value of said performance characteris-
lic,

40. The method of claim 39 wherein said step of measur-
ing a second amplitude includes measuring a second local
extremum which is opposite in direction, adjacent, and
later in time to said first local extremum.

41. The method of claim 40 wherein said step of combin-
ing includes producing an overshoot value as said mea-

means for selecting between said first and second 65 sured performance characteristic.

lines the line having the maximum absolute value of

slope, said maximum slope line being set as the
process indicative line.

42. The method of claim 40 further comprising the step
of measuring a third amplitude of a third local extremum
of said error signal.
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43. The method of claim 42 wherein said step of measur-
ing a third amplitude includes measuring a third local
extremum which is opposite in direction, adjacent, and
later in time to said second local extremum.

44. The method of claim 43 wherein said step of combin-
ing includes combining said third measured amplitude
with said first and second measured amplitudes to produce
- said measured performance characteristic.

45. The method of claim 44 wherein said step of combin-
ing includes producing a damping value as said measured
performance characteristic.

46. The method of claim 44 wherein said step of combin-
ing includes producing two measured performance charac-
teristics.

47. The method of claim 46 wherein said step of combin-
ing includes producing a damping value as one of said
measured performance characteristics and producing an
overshoot value as the other of said measured performance
characleristics.

48. A method for automatically adjusting the control
parameters of a self-tuning controller of a process having a
measured process variable signal, comprising the steps of:

generating an error signal equal to the difference be-

tween the process variable signal and a setpoint signal:

measuring a first amplitude of a first local extremum of

said error signal;

measuring a second amplitude of a second local extre-
mum of said error signal;

combining said first measured amplitude and said sec-
ond measured amplitude to produce a measured per-
formance characteristic;

comparing said measured performance characteristic to
a selected value of said performance characteristic to
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J7. A method for automatically adjusting the control
parameters of a self-tuning controller of a process having a
measured process variable signal, comprising the steps of"

generating an error signal equal to the difference be-

tween the process variable signal and a setpoint signal;
measuring amplitude values of at least two local ex-
trema of said error signal:

utilizing said amplitude values to produce a measured

damping characteristic of said error signal; and
automatically adjusting at least one of the control pa-
rameters of the controller to minimize the difference
between said measured damping characteristic and a
selected value of said damping characteristic.
J8. The method of claim 57 wherein one of said control

3 parameters is a proportional coefficient and wherein said

step of automatically adjusting includes adjusting said
proportionai coefficient.

39. A method jfor automatically adjusting the control
parameters of a self-tuning controller of a process having a
measured process variable signal, comprising the steps of"

generating an error signal equal to the difference be-

tween the process variable signal and a setpoint signal;
measuring amplitude values of at least two local ex-
trema of said error signal;

utilizing said amplitude values to produce a measured

damping characteristic of said error signal;
comparing said measured damping characteristic to a
selected value of said damping characteristic to gener-
ate a damping characteristic difference; and

automatically adjusting one of the control parameters of
the controller to minimize said damping characteristic
difference.

60. The method of claim 59 wherein one of said control

generate a performance characteristic difference; and 35 Parameters is a proportional coefficient and wherein said

automatically adjusting at least one of the control pa-
rameters of the controller to minimize said perfor-
mance characteristic difference.

49. The method of claim 48 wherein said step of measur-
ing a second amplitude includes measuring a second local
extremum which is opposite in direction, adjacent, and
later in time to said first local extremum.

30. The method of claim 49 wherein said step of combin-
ing includes producing an overshoot value as said mea-
sured performance characteristic.

31. The method of claim 49 further comprising the step
of measuring a third amplitude of a third local extremum
of said error signal.

J2. The method of claim 49 wherein said step of measur-
ing a third amplitude includes measuring a third local
extremum which is opposite in direction, adjacent, and
later in time to said second local extremum.

53. The method of claim 52 wherein said step of combin-
ing includes combining said third measured amplitude
with said first and second measured amplitudes to produce
said measured performance characteristic.

34. The method of claim 53 wherein said step of combin-
ing includes producing a damping value as said measured
performance characteristic.

33. The method of claim 53 wherein said step of combin-
ing includes producing two measured performance charac-
teristics.

36. The method of claim 55 wherein said step of combin-
ing includes producing a damping value as one of said
measured performance characteristics and producing an
overshoot value as the other of said measured performance
characteristics.
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step of automatically adjusting includes adjusting said

proportional coefficient.

61. A method for automatically adjusting the control

parameters of a self-tuning controller of a process having a

measured process variable signal, comprising the steps of:
generating an error signal equal to the difference be-
tween the process variable signal and a setpoint signal;
measuring amplitude values of at least two local ex-
trema of said error signal;
measuring the times of occurrence of said amplitude
values;
computing a period from said times of occurrence;
utilizing said amplitude values to produce a measured
damping characteristic and a measured overshoot
characteristic of said error signal; and
automatically adjusting at least one of the control pa-
rameters of the control to minimize the difference
between a measured ratio of said parameter to said
period and a selected value of said ratio in response to
said measured overshoot characteristic and said mea-
sured damping characteristic.
62. The method of claim 61 wherein said control param-
eters include an integral and a derivative coefficient and
wherein said step of automatically adjusting includes ad-

60 justing said integral and said derivative coefficients in

response o the difference between said measured damping
characteristic and said measured overshoot characteristic.
63. An apparatus for automatically adjusting the control

parameters of a self-tuning controller of a process having a
65 measured process variable signal, comprising:

means for generating an error signal equal to the differ-

ence between the process variable signal and a setpoint
signal;
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means for measuring a first amplitude of a first local

extremum of said error signal;

means for measuring a second amplitude of a second

local extremum of said error signal;

means for combining said first measured amplitude and

said second measured amplitude to produce a mea-
sured performance characteristic; and

means for automatically adjusting at least one of the

control parameters of the controller to minimize the
difference between said measured performance char-
acteristic and a selected value of said performance
characteristic.

64. An apparatus for automatically adjusting the control
parameters of a self-tuning controller.of a process having a
measured process variable signal, comprising:

means for generating an error signal equal to the differ-

ence between the process variable signal and a setpoint
signal;

means for measuring a first amplitude of a first local

extremum of said error signal;

means for measuring a second amplitude of a second

local extremum of said error signal;

means for combining said first measured amplitude and

said second measured amplitude to produce a mea-
sured performance characteristic;

means for comparing said measured performance char-

acteristic to a selected value of said performance char-
acteristic to generate a performance characteristic
differencer and

means for adjusting at least one of the control parame-

ters of the controller to minimize said performance
characteristic difference.

65. An apparatus for automatically adjusting the control
parameters of a self-tuning controller of a process having a
measured process variable signal, comprising:

means for generating an error signal equal to the differ-

ence between the process variable signal and a setpoint
signal;

means for measuring amplitude values of at least two

local extrema of said error signal;

means for utilizing said amplitude values to produce a

measured damping characteristic of said error signal;
and
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means for automatically adjusting at least one of the
control parameters of the controller to minimize the
difference between said measured damping character-
istic and a selected value of said damping characteris-
tic.

66. An apparatus for automatically adjusting the control
parameters of a self-tuning controiler of a process having a
measured process variable signal, comprising:

means for generating an error signal equal to the differ-

ence between the process variable signal and a setpoint
signal;

means for measuring amplitude values of at least two

local extrema of said error signal;

means for utilizing said amplitude values to produce a

measured damping characteristic of said error signal;
means for comparing said measured damping character-
istic to a selected value of said damping characteristic
to generate a damping characteristic difference; and
means for automatically adjusting at least one of the
control parameters of the controller to minimize said
damping characteristic difference.

67. An apparatus for automatically adjusting the control
parameters of a self-tuning controller of a process having a
measured process variable signal, comprising:

means for generating an error signal equal to the differ-

ence between the process variable signal and a setpoint
signal;

means for measuring amplitude values of at least two

local extrema of said error signal;

means for measuring the times of occurrence of said

amplitude values;

means for computing a period from said times of occur-

rence;

means for utilizing said amplitude values to produce a

measured damping characteristic and a measured
overshoot characteristic of said error signal; and
means for automatically adjusting at least one of the
control parameters of the controller to minimize the
difference between said measured period and a se-
lected value of said measured period in response to
said measured overshoot characteristic and said mea-

sured damping characteristic.
. * x » x
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