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BACKGROUND OF THE INVENTION

Fuzzy logic control (FLC) has been widely
applied to the industrial environment in recent
years. Although many of the applications are
relatively small in scale, such as in washing
machines, elevators, automobiles and video cameras,
there is a considerable amount of interest in
applying fuzzy logic systems to process control. 1In
the field of process control, research has been
conducted into the use of FLCs similar to
conventional Proportiocnal, Integral, Derivative
(PID) controllers.

In.typical'applications, an operator will set
up a FLC by adjusting certain control parameters
that exist within the contreoller, in order to
attempt to optimize the response performance of the
controller. While manual tuning of fuzzy logic
controllers is possible, it is often tedious and
error prone. Moreover, the process under control
may change over time, thus requiring retuning.

Automatic tuning approaches have been applied
to process controllers and their variants. For’
example, in U.S. Patent 4,549,123, and in
application serial no. 08/070,090, filed May 28,
1993 (assigned to the same assignee as the present
application), the disclosures of each of which are
incorporated herein by reference, a controlled
induced oscillation procedure is used in order to
determine the ultimate gain, ultimate period and
time delay of the process under control. Once these
process characteristics are derived, tuning rules
are used to determine the process control parameters
of the PID controller.
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In typical applications, an operator will set = up a FLC by adjusting
€ertain control paraneters that exist within the controller, in order to
attenpt to optim ze the response performance of the controller. Wile
manual tuning of fuzzy logic controllers is possible, it is often

t edi ous and error prone. Moreover, the process under control may
change over tine, thus requiring retuning. Aut omati ¢ tuni ng

appr oaches have -been appli ed to process controllers and their variants.
For exanple, in U S. Patent 4,549,123, _and U S. Patent 5,453,925
filed May 28, 1993 (assigned to the §aﬁe’assignee as the present
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The present invention provides a method and
apparatus for fuzzy logic control which incorporates
automatic self-tuning, thus satisfying the above-
noted discrepancies in prior approaches.

In general, the present invention contemplates

an automatically tunable fuzzy logic controller.
The ‘dynamic characteristics of the process under
control are determined and are used to calculate
process contrcl parameters for application to the
fuzzy logic controller to control the process.

In one embodiment a fuzzy logic controller is
employed for controlling a process by selectively
connecting the output of the fuzzy logic controller
to the process under control. The fuzzy logic
controller is tuned by disconnecting the fuzzy logic
controller from the process, and by applying to "the
process a controllable signal generator which causes
the process to undergo controlled induced -
oscillation. During induced oscillation, the output
of the process is monitored by a tuning module and
dynamic characteristics of the process are
determined. These dynamic characteristics are then
used by the tuning module to calculate control
parameters within the fuzzy logic controller in
order to optimally tune the fuzzy logic controller
to control the process under consideration. The
signal generator is then disconnected, and the tuned



§-2- However, to date, there have been no nethods or nmeans proposed
for the automatic tuning of fuzzy logic controllers, thus |eaving an :
operator with only trial and error manual tuning. SUMVARY
OF THE | NVENTI ON The present invention provides a nethod and
apparatus for fuzzy logic control which incorporates automatic self-tuning,
thus satisfying the above- noted discrepancies in prior approaches.
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fuzzy logic controller is then reconnected in order
to control the process.

In accordance with another embodiment of the
present invention, a fuzzy logic controller which is
employed for process cantrol is tuned by injecting a
perturbation signal into the closed loop including
the fuzzy logic controller and process to cause the
process to undergo controlled induced oscillation.
Then, during induced oscillation, the process is
monitored by a tuning module and dynamic
characteristics of the process are determined.

These characteristics are then . used to calculate
control parameters within the fuzzy logic controller
in order to optimally tune the fuzzy logic
controller to control the process under
consideration. After tuning, the perturbation

- s signal is removed, and the tuned fuzzy logic
controller then controls the process in a closed-
loop fashion.

In accordance with yet another embodiment of
the present invention, a fuzzy logic controller is
tuned by a tuning module by determining the dynamic
process characteristics using a pattern recogniiion
tuning method which analyzes the response of the
process to process upset conditions, and from the
response calculates dynamic process characteristics.
Then, from these dynamic process characteristics,
control parameters for the fuzzy logic conﬁroller
are determined in order to optimally tune the fuzzy
logic controller to control the process. In the
alternative, the tuning module may employ a model
matching tuning method to determine dynamic process
characteristics.

The dynamic process characteristics determined
during the tuning procedure may include, for
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I n general, the present invention contenplates an automatically tunable
fuzzy logic controller. The dynanic characteristics of the process under
control are determ ned and are used to cal cul ate process control paraneters
for application to the fuzzy logic controller to-control the process.
I n one enbodi ment a fuzzy logic controller is enployed for controlling a
process by sel ectively connecting the output of the fuzzy |logic controller
to the process under control. The fuzzy logic controller is tuned by
di sconnecting the fuzzy logic controller fromthe process, and by applying
to the process a controllable signal germerd&ator which causes the process to
undergo control |l ed induced oscillation. During jnduced oscillation, the
out put of the pre¥aEplps Kbei wbkimabe gainn Whtinake PariedAnthitdne

characteristics gbkiheoBr ERESHroEesHet erni NeshtidE Farhunedrs which
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fuzzy | ogi c cont chhkractepistiesohayhinpluwdes sfamdxanples, dercgnitanl The

si gnal generatoreL§°£hggagk§50ggg€&§g,aagﬁgﬁiga{ﬁnggktrol error

scaling factor and a control action scaling factor.

BRIEF DESCRIPTION O DRAWINGS

Figure 1 is a block diagram of a fuzzy logic
controller.

Figure 2 is a block diagram of an automatically
tunable fuzzy logic controller connected to a
process in a closed loop process controlled systenm,
in accordance with the present invention.

Figure 3 is a block diagram of an exemplary

- - embodiment of an automatically tunable fuzzy logic
controller for controlling a process, in accordance
with the present invention.

Figure 4 is a block diagram of another
embodiment of an automatically tunable fuzzy logic
controller for controlling a process, in accordance
with the present invention. )

Figure 5 is a block diagram of yet another
embodiment of an automatically tunable fuzZy logic
controller system for controlling a process, in
accordance with the present invention.

Figures 6A and B are graphs of a process input
and process output signal during controlled induced
oscillation tuning of the fuzzy logic controller, in
accordance with the present invention.

Figures 7A, B, C and D illustrate exemplary
membership functions, used in the fuzzy logic
controller of the present invention.



-3- fuzzy logic controller is then reconnected in order to control the
process. I n accordance with anot her enbodi nent of the present

i nvention, a fuzzy logic controller which is enployed for process control
is tuned by injecting a perturbation signal into the closed | oop including
the fuzzy logic controller and process to cause the process to undergo
controll ed induced oscillation. Then, during induced oscillation, the
process is noni fored by a tuning nodul e and dynam c

-5 =

Figures 8A and B are tabular representations of
exemplary fuzzy logic controller rules used in the
present invention.

Figures 9A and B are an exemplary block diagram
and a corresponding mathematical model of a process
which is controlled to illustrate the advantages of
the present invention.

Figures 10A, B, C and D are graphs illustrating
the comparative performance of the fuzzy logic
controller of the present invention, while
controlling the process shown in Figdre 9A.

Figure 11 is a table illustrating the
comparative performance of the fuzzy logic
controller of the present invention.

DETAILED DESCRIPTION i

A fuzzy logic controller (FLC) 10 used in the
present invention is composed of three basic parts,
illustrated in Figure 1. Referring to Figure 1,
input signal fuzzification block 11 transforms the
continuous input signal or signals into linguistic
fuzzy variables such as, for example, Small, Medium
and lLarge by use of so-called membership functions
(described in more detail below). Typical-
continuous input signals are shown in Figure 1, and
are an error signal, e, and a change in the error
signal, Ae, since the last sample taken of the error
signal. Other continuous input variables may also
be applied as input signals to fuzzification block
11. In accordance with the present invention, FLC
10 may be any type of fuzzy logic controller
including, for example, Zadeh fuzzy logic
controllers and Lukasiewicz fuzzy logic controllers.
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characteristics of the process are determ ned. These characteristics are
then-used to calculate control paranmeters within the fuzzy logic controller
in order to optimally tune the fuzzy logic controller to control the
process under consideration. After tuning, the perturbation signal is
renoved, and the tuned fuzzy logic controller then controls the process in
a cl osed- | oop fashion. I n accordance with yet another enbodi nent of
the present invention, a fuzzy logic controller is tuned by a tuning nodul e
by determ ning the dynam c process characteristics using a pattern
recognition tuning method which anal yzes tthe  response of the process to
process upset conditions, and fromthe response cal cul ates dynam c process

characteristics. ThenTher EWZEYieSBIENA P eCh bt LAFTHRF AUtedWE cs, control
parameters for thgrevénrel 0§h& &DD6WS! h&fiamrexpatvinBenand ibe order to

ol ternative. ¢ helbARFREEnBE L CrRRLSERI BYLeE o TRAANAT S Bt hod <o
det er m ne dynami t3pconeerstshthecinféesred scontrol Beutibm pricdusedc dys
characteristics gﬁ&ﬁ&”&ﬂ&@ne block 12 back into a continuous signal

that interpolates between simultaneously satisfied

rules, as determined by fuzzy engine block 12.

owing to the action of defuzzification block 13,

fuzzy logic is sometimes referred to as continuous

logic or interpolative reasoning. Fuzzy engine

block 12 and defuzzification block 13 are described

in more-detail below.

Two distinct features of FLC 10 are that human
experience can be integrated and that fuzzy logic
provides a non-linear relationship induced by the .
membership functions of the fuzzificatioh block 11,

- the rules of the fuzzy engine block 12, and the
interpolation of the defuzzification block 13.
These features make fuzzy logic promising for
process control where conventional control
technologies do a poor job, and where operator
experience exists.

FLC 10 also includes an accumulator 14 which
functions to accumulate the changes in control
action, Au, which occur over time, in order to
produce the control action, u. In other words,
since the FLC operates in a sampled data mode, the
control action, u, is calculated for any point in
time as the control action for the previous sampling
time, added to the change in control action. 1In
other words, u(t + At) = u(t) + Au, where At is the
sampling interval.

Referring now to Figure 2, presented is a block
diagram of an automatically tunable fuzzy logic
process controller system, in accordance with the
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during the tuning procedure may include, for

-4- exanple, the ultimate gain, ultimate period and tinme delay of the
process. The control paraneters which are determ ned fromthe dynam c
process characteristics may include, for exanple, a control error scaling
factor, a change in control error scaling factor and a control action
scaling factor. _ BRI EF DESCRI PTI ON OF THE DRAW NGS

-7 -

present invention. Process 16 may be any type of
process which is desired to be controlled. 1In
operation, an output signal or a process variable,
y, is sensed from process 16 and applied to summing
block 17 for comparison against a set point, sp.
The difference between process variable, y, and set
point sp, is an error signal, e, which is supplied
to FLC 14, along with the change in control error,
Ae. The change in control error, Ae, is equal to
the difference between the currenf control error,
and the control error from the previous sampling
interval. 1In other words, Ae = e(t) - e(t - At).
In closed-loop operation, the control action, u,
proauced by FLC 10 is applied to process 16. In
this matter, FLC 10 operates to drive process
variable, y, to be substantially equal to set point,
- sp.

Also provided in accordance with the present
invention is tuning system 18 which senses various
measurable quantities existing within the fuzzy
logic controller system, in order to determine the
dynamic process characteristics of process 16. As
shown in Figure 2, the quantities that may be "
measured by tuning system-la include, for example,
process variable, y, set point, sp, error sgignal, e,
and the control action, u. However, it will be
understood that measurable quantities within the
fuzzy logic controller system other than those
illustrated in Figure 2 may be measured by tuning
system 18 in order to determine the dynamic process
characteristics of process 16.

In accordance with the present invention, once
the dynamic process characteristics are determined
by tuning system 18, tuning system 18 calculates
appropriate control parameters for FLC 10, which are
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Flgure 1 is a block diagramof a fuzzy logic controller. Figure 2 is a
*bl ock di agram of an automatically tunable fuzzy logic controller connected
to a process in a closed | oop process controlled system in accordance with
the present invention. Figure 3 is a block diagramof an exenpl ary
enbodi nent of an automatically tunable fuzzy logic controller for
controlling a process, in accordance with the present invention.

"Figure 4 is a block diagram of another enbodi nent of an automatically
tunabl e fuzzy logic controller for contlogling a process, in accordance
with the present invention. Figure 5 is a block diagram of yet another

enbodi ment of - ap aub Rl ¢l F.ct aeahhfpﬁﬁﬁz%lﬁ@gw copdr) | o em for

controlli Nng a process, I n accor dance wt

resent _ i nvent
Figures 6A and B6ais §heseafseraconbreidledninta FlPFRGTLAQP (#R%h&°%|gnal
during controll kmguggqlgsghhgatpga 1oni getof &beh ftiagey d=gic controller,

'n accordance W&e@u%q% rgsggglkgéegglggquired.

Referring now to Figure 3, presented is a block
diagram of a specific embodiment of a tuning system
18 for automatically tuning fuzzy logic controller
10, in accordance with the present invention. 1In
the.embodiment of Figure 3, tuning system 18 is
shown composed of tuning module 21 and switch 22.

In this embodiment, tuning module 21 functions to
determine the dynamic characteristics of process 16.
This may be accomplished through a model

_matching tuning method, in which signature analysis
is performed on process variable, y, in order to
select from a plurality of stored mathematical i
models, the model that most accurately characterizes
process 16. Then, once the dynamic characteristics
of process 16 are determined from the selected
model, the control parameters for FLC 10 are
calculated and are transferred to FLC 10 from tuning
module 21, by activation of switch 22. The model
matching tuning method is known to those of skill in
this technology.

‘Tuning Module 21 in Figure 3 may also 'operate
to determine the dynamic process characteristics of
process 16 using a pattern recognition method of
process characterization, such as that presented in
U.S. Patent No. 4,602,326, the disclosure of which
is expressly incorporated herein by reference. 1In
the pattern recognition method of tuning, the
characteristics of process 16 are determined by
observing process variable, y, as it responds to a
process upset condition. The pattern of process
variable, y, produced as a result of the process
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Figures 7A, B, Cand D illustrate exenplary nenbership functions, used in
the fuzzy logic controller of the present invention.

-b5- Figures 8A and B are tabul ar representations of exenplary fuzzy

l ogic controller rules used in the present invention. Figures 9A and B
are an exenplary bl ock di agram and a correspondi ng nmat hemati cal nodel of a
process which is controlled to illustrate the advantages of
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upset is then analyzed to determine the dynamic
characteristics of process 16. Then, in accordance
with the present invention, the control parameters
for FLC 10 are calculated from the determined
process characteristics, and these control
parameters are transferred from tuning module 21 to
FLC 10 through controllable switch 22,

Referring now to Figure 4, presented is a block
diagram of another embodiment of an automatically
tunable fuzzy logic process controller, in
accordance with the present invention. 1In the
embodiment of Figure 4, tuning system 18 includes a
controllable signal generator 41, tuning module 42,
controllable switch 43 and summing block 44. This
embodiment operates to determine the dynamic
characteristics of process 16 by injecting an

o excitation signal, produced by controllable signal
generator 41, into the closed loop of process 16,
sumning block 17 and FLC 10. This is accomplished
by closing switch 43, thus adding the excitation
signal produced by controllable signal generator 41
to the control action, u, produced by FLC 10. The
injection of the excitation signal causes the loop
to oscillate in a controlled manner, and during this
controlled induced oscillation, tuning module 42
determines the dynamic characteristics of process
16. From these dynamic characteristics, control
parameters for FLC 10 are calculated by tuning
module 42, and are transferred to FLC 10 through
line 19. After tuning is completed, switch 43 is
opened and process 16 is thereafter controlled in a
closed-loop fashion by tuned FLC 10.

Such a signal injection method of determining
the characteristics of process 16 is disclosed, for
example, in application serial number 07/753,271,
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the present invention. Figures 10A, B, C and D are graphs illustrating
“the conparative performance of the fuzzy logic controller of the present
invention, while controlling the process shown in Figure 9A Figure 11
is a table illustrating the conparative performance of the fuzzy |ogic
controller of the present invention. DETAI LED DESCRI PTI ON
A fuzzy logic controller (FLC) 10 used in the present invention is conposed
of three basic parts, illustrated in Figure 1. Referring to Figure 1, input
signal fuzzification block 11 transforns_the continuous input signal or
signals into linguistic fuzzy variabl eS ch as, for exanple, Small, Medium

-and Large by use,of .so-called ne shi ' | sl

detail bel ow). %Eﬁéaﬁu%ﬁ%i gﬂbuggﬁﬁpﬂé&s{%‘# Isg;r%eh(eg%vg\[hé i%n :dgﬁﬁge)r i, and
are an error si gaatheepresent apphijcationhe the stisglpsure [of Mbdchsince the
last sanple takgn @LpibEs$®Y’ Phcorporated herein by reference.

Referring now to Figure 5, presented is a block
diagram of yet another embodiment of an
automatically tunable fuzzy logic process control
system, in accordance with the present invention.

In the embodiment of Figure 5, tuning system 18
includes tuning module 51, controllable signal
generator 52 and controllable switch 53. In
operation, tuning module 51, either automatically or
under operator control, places.switch 53 in position
2, which substitutes the output of controllable
signal generator 18 for the control action, u,
produced by FLC 10. Tuning module 51 then controls
the operation of controllable signal generator 52 by

- monitoring process variable, y, error signal, e, and
the output of controllable signal generator 18, to
perform controlled induced oscillation tuning of FLC
10.

After completion of the induced oscillation
tuning procedure, tuning module 51 returns switch 53
to position 1, and calculates dynamic process )
characteristics for process 16. Then, from these
dynamic process characteristics, tuning module 51
calculates control parameters and applies them to
FLC 10 through line 19. Then, process 16 is
thereafter controlled in a closed-loop fashion by
tuned FLC 10, until such time as retuning is desired
or regquired.

As mentioned earlier, U.S. Patent No. 4,549,123
and application serial number 08/070,090, filed May
28, 1993, each present controlled induced
oscillation procedures which may be used to
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signal . Qher continuous input variables may also be applied as input
signals to fuzzification block 11. |In accordance with the present

i nvention, FLC 10 may be any type of fuzzy logic controller

exanpl e, Zadeh fuzzy logic controllers and Lukasiew cz fuzzy |ogic

controll ers.

The fuzzy engine bl ock 12 carries out

i ncl udi ng,

f or

rul e

I nference, and all ows hunman experience to be injected as |inguistic rules.
Defuzzification block 13 converts the inferred control action produced by
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determine the djhamic process characteristics of
process 16.

It should be noted that any of the elements
appearing in Figures 1-5 may be embodied in
hardware, or may be implemented in an appropriately
programmed digital computer which is programmed with
software either as separate programs or as modules
of a common program.

Referring now to Figures 6A and 6B, graphically
illustrated is a portion of an exemplary induced
oscillation tuning procedure, which may be used to
automatically tune a FLC, in accordance with one
embodiment of the present invention. It should be
understood that other types of automatic tuning
procedures may also be used, such as, for example,
model matching pattern recognition or signal
injection, and the discussion of controlled induced
oscillation should be considered merely exemplary of
the present invention.

Referring to Figure 6A, depicted is the output,
y, of process 16, and depicted in Figure 6B is the
input, u, of process 16, when switch 53 (Figure 5)
is placed in position 2 and is connected to the
output of signal generator 52. To induce controlled
induced oscillation, signal generator 52 applies a
sqguare wave signal having a selectable peak to peak
value of 24, centered about the value of the control
signal, u, before induced oscillation was initiated.
As can be seen in Figure 6A, process output, y, will
exhibit an oscillation having a peak to peak value
of 2a, and a period of T,. This period is also known
as the ultimate period of process 16.

Then, using known tuning methods including
Internal Model Control (IMC) tuning, Cohen and Coon
tuning, Ziegler-Nichols tuning, or modified Ziegler-
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fuzzy engine block 12 back into a continuous signal that interpolates

bet ween si mul t aneously satisfied rules, as determ ned by fuzzy engine bl ock
12. Oning to the action of def uzzi fi cati on bl ock 13, fuzzy logic is
sonetines referred to as continuous |logic or interpolative reasoning. Fuzzy
engi ne bl ock 12 and defuzzification block 13 are described in nore detai

bel ow. . Two distinct features of FLC 10 are that human experience can
be integrated and that fuzzy |ogic provides a non-linear relationship

i nduced by the nmenbership functions of the fuzzification block 11, the
rules of the fuzzy engine block 12, and-th& < nterpol ati on of the
defuzzification bfock 13. These features make fuzzy |ogic promsing for
process control Nighelsdmningok® nane folfevockhel Sglested 5updbg | ob, and

wher e oper at or Eﬁ%&%édﬁEéffﬁ“dﬁéa to caﬂﬂdiaﬁ@ aE%Gm'EﬁbUQﬁ§n€&t§é§U”U|at0r
14 whi ch functlons to accumnul ate t he changes I{b cnnécﬁﬁaptlon Au, which

occur over tine,di Rordld T FEEAVEE fﬁ@mcﬁh?r c3113%iR her wor ds,
since the FLC opelRistrdted istmildraintea @mde 68, haynamntcopraeessn, U, is

cal cul ated for E”H%é%cteriéklcs including proportional gain K, and

integral time constant T,, which are tunable
parameters used to control a Proportional Integral
(PI) controller. Then, these autcomatically derived
dynamic process characteristics K, and T, are used,
as explained in more detail below, to calculate
parameters which are used to tune FLC 10.

In order better to explain the tuning of the
FLC. in accordance with the present invention, a
brief discussion of FLCs may be beneficial.

Referring again to Figure 1, the functional
relationship represented by FLC 10 may be described

= as follows:

Au = FLC(Ae,e) (1)

where FLC(+<) represents the non-linear relationship
of the FLC, Au represents the change in control
acﬁion, e is the control error and Ae is the change
in control error. Since the FLC operates %n a
sampled data mode, the control action, u, is
calculated for any point in time as the control
action for the previous sampling time, added to the
change in control action. 1In other words, u(t+At) =
u(t) + Au, where At is the sampling interval. The
control error, e, for any sampling period is equal
to the difference between the set-point, sp, and the
measured variable, y. The change in control error,
Ae, is equal to the difference between the current
control error, and the control error from the



&

time as the control action for the previous sanpling tinme, added to the
change in control action. In other words, u(t + At) = u(t) + Au, where At

is the sanpling interval. Referring now to Figure 2, presented is a
bl ock di agram of an automatically tunable fuzzy | ogi ¢ process controller
system in accordance with the -7-

present .invention. Process 16 may be any type of process which is desired
to be controlled. In operation, an output signal or a process variable,
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previous sampling interval. In other words, Ae=
e(t)~e(t-At).

Fuzzy membership functions used in
fuzzification block 11 may be defined based on prior
knowledge about the process. To illustrate how to
define the membership functions for the control
error, e, change of control error, Ae, and change in
control action, Au, it is convenient to use the
scaled variables:

= £
i (2)
Ae
Ag*=—= 3
55, (3)
Au :
Aut=—= 4
Spe (4)

where S,, S,, and S,, are scaling factors for e, Ae
and Au, respectively. e°, Ae" and Au" are scaled so
that they each have values that are greater than or
equal to -1, and less than or equal to 1. Possible
sets of fuzzy membership functions for e, Ae’ and
Au’ are given in Figures 7A, B, C, and D. The number
of membership functions for each variable can vary,
depending on the resolution required for that
variable. Generally speaking, more membership
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y, is sensed fromprocess 16 and applied to summ ng bl ock 17 for conparison
agai nst a set point, sp. The difference between process variable, y, and
set point sp, is an error signal, e, which is supplied to FLC 14, al ong
with the change in control error, [err]e. The change in control error,
[err]e, is equal to the difference between the current control error, and
the control errqQr fromthe previous sanpling interval. In other words,
[err]e = e(t) - e(t - [err]t). In closed-lIoop operation, the control

action, u, produced by FLC 10 is applied to process 16. In this matter, FLC
10 operates to drive process vari abl e, y,lfo‘be substantially equal to set

Pt ng system 16t BRFERORE rebbet pOEE A e A E=edBe BR0EhE, ot ng wi ¢ hi n
the fuzzy | ogi c functbbhal sglathonshipraferthe apataodiler.t he dynanic
process characteri st i%§ Qi sPhOSES Sy Sy iy SN | ra.Tl;Eliz Rontrblie quantities
that nay be neasured by tuning system i ncl gdé, for éxanple, process
variable, y, setTheewy: %hﬁ°ﬁﬂ¥%ﬂe%¢gﬁ%§%:%LéﬁéﬁﬂéﬂigéaoﬁﬁKéﬂ B®ri on, u.
However, it wi llgpe-spglel 490F, {4atonPafticHE 1€ PIHARONtrOl 1ei kah bee

reproduced using a FLC with two membership functions

for each input variable e" and Ae® and with linear

defuzzification.

' Figure 7A illustrates two membership functions,

which may be used for input variables, e" and Ae’,

and Figure 7B illustrates three membership

functions, used for change in control action, Au'

when control error, e°, and control error change,

Ae", are conditioned using two membership functions

shown in Figure 7A.

Similarly, Figure 7D shows five membership
- 2 functions used for change in control action, Au',

when control error, e*, and change in control error,

Ae", are conditioned using the four membership

functions illustrated in Figure 7C. In each of

Figqures 7A, B, C, and D, the membership partitions

are symmetric from -1 to 1, and the following

adjectives are used to describe the various

membership functions:

NL~ Negative large

NS~ Negative small
Z0~- Zero

PS~- Positive small
PL~- Positive large

As mentioned above, fuzzy engine block 12
operates to apply inference rules to the operation
of the membership functions of fuzzification block



fuzzy logic controller systemother than those illustrated in Figure 2 may
‘be neasured by tuning system 18 in order to determ ne the dynanic process
characteristics of process 16. In accordance with the present

i nvention, once the dynam c process characteristics are determ ned by
tuni ng system 18, tuning system 18 cal cul ates appropriate control
paraneters for FLC 10, which are - 8-

forwarded to FLC 10 through line 19. Then, process 16 is thereafter
controlled in a closed-Ioop fashion
- 15 =
11. In general, the inference rule for a FLC can be
described as follows:

{If e" is A, and Ae" is B,, then make Au’ C;}. (5)

where A,, B,, and C, are adjectives for e", Ae’ and
Au*, respectively. These adjectives are the
descriptors mentioned above with reference to
Figures 7A-D (negative large, negative small, zero,
and so forth). A fundamental requirement of these
rules is that they perform negative feedback control
for the sake of stability. An exemplary set of four -
rules is illustrated in tabular form in Figure 83,
‘and an exemplary set of sixteen rules is shown in
'Figure 8B. Four rules are used when each of e’ and
" Ae* are conditioned by two membership functions
(Figure 7A), and sixteen rules are used when each of
e’ and Ae" are conditioned by four membership
functions (Figure 7C). _

After the rules are applied in order to
establish the required change in control action, Au®,
from the membership functions of control error, -e',
and change in control error, Ae®, defuzzification of
the scaled change in contfol action, Au’, is
performed by defuzzification block 13. 1In
accordance with the present invention, the known
center of gravity method of defuzzification is used,
however, other types of defuzzification methods
would also be acceptable, such as, for example,
center of mass defuzzification, and generalized
center of gravity defuzzification.

Defuzzification using the center of gravity
method uses either Lukasiewicz logic, or Zadeh
logic, or a combination of Lukasiewicz and Zadeh
logic. In a preferred embodiment of the present



by the newy tuned FLC 10, until such tine as retuning is desired or

‘requi red. Referring now to Figure 3, presented is a block diagramof -a
speci fic enbodi nent of a tuning system 18 for automatically tuning fuzzy

| ogic controller 10, in accordance with the present invention. In the
enbodi ment of Figure 3, tuning system 18 is shown conposed of tuning nodul e
21 and switch 22. In this enbodi nent, tuning nodule 21 functions to
deternine the dynamic characteristics of process 16. This may be
acconpl i shed through a nodel matching tu éqg nmet hod, in which signature
anal ysis is performed on process variablg, y, in order to select froma

Char act ef i zes pRBRERELR, it Peast et s A0, T, B8l Canl POCULE DY

characterizes p ynam c characferistics of process
16 are deter nm neithennthédsdsiawitcaOR|fundtdononrr 8rdghr @Ret ers for FLC

10 are cal cul at ﬁﬂegr&t ahpferred to FLC 10 from tuning nodul e 21, by
activation of sﬁﬁ?c ) f%e model natching tuningpnethod is known to

those of skill in tH&terdpBizalLicationy, eCBRNER EPgure 3 may
al so operate tosgetLsIn Aeeidie, Witgnie pesessedchyprmeleiphicatiod by

scaling factor S,, to arrive at descaled change in
control action, Au. Then, as described above, the
change in control action, Au (which may be either
positive or negative), is added to the control
action applied during the last sampling interval,
u(t), to arrive at the control action to be applied
for the present sampling interval, u(t+At).

In accordance with the present invention,
tuning is accomplished within tuning system 18 (see
also Figures 2-5) by calculating values for the

i scaling factors S,, S, and S,,, as functions of
- dynamic pfocess characteristics that are derived
from the process under control during an automatic
tuning procedure.

In a known manner, from one of the above-
mentioned tuning procedures, dynamic process
characteristics such as the critical gain, K,, and
integral time constant, T,, are determined for tﬁe
process under consideration. As mentioned above, a
controlled induced oscillation procedure calculates
proportional gain, K,, and integral time constant,
T,, from the measured quantities, a, 4, and T,. Once
K, and T, are determined, the FLC scaling factors,
S.s S, and S,, are related according to the
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process 16 using a pattern recognition nethod of process characterization,
such as that presented in U S. Patent No. 4,602,326, the disclosure of
which is expressly incorporated herein by reference. In the pattern
recognition nmethod of tuning, the characteristics of process 16 are
determ ned by observing process variable, y, as it responds to a process
upset condition_ The pattern of process variable, y, produced as a result
of the process ~ - 9-

- 17 -

following equations when Lukasiewicz OR logic is
used for defuzzification:

sAu
= 6
Ke S,.4(1-0.5a) (6)
S
T.=2At (7)
1 SAe

When Zadeh OR logic is used for defuzzification, the
following calculations relate S,,, S, and S,,:

SAu

KC= SA9(3-a) (8)
S .
T,=—2At ' (%)
. SAe :

When controlled induced oscillation is used for
self tuning, based on Ziegler-Nichols tuning rules,



o

upset is then analyzed to determ ne the dynam c characteristics of process
16. Then, in accordance with the present invention, the control paraneters.
for FLC 10 are calculated fromthe determ ned process characteristics, and
t hese control parameters are transferred fromtuning nodule 21 to FLC 10

t hrough controll able switch 22. Referring now to Figure 4, presented
is a block diagramof another enbodi nent of an automatically tunable fuzzy
| ogi ¢ process controller, in accordance with the present invention. In the
enbodi ment of Figure 4, tuning system 18 includes a controllable signal
generator 41, tuning nodule 42, controlTab®e switch 43 and suming bl ock
44. Thi s enbodi nent_o eratgékto_ e{ rmne . the dynam ¢ characteristics of
process 16 by i ffERTHPSN A% (Hh RaYyha exPrs§5e84 26y *UAFi8PFabl e

si gnal generator(¥d} amd o(il)e, atemmabttiiomiysf process 16, summ ng bl ock 17
and FLC 10. This is acconplished by closing switch 43, thus adding the
excitation signal produced by controllable signal generator 41 to the

control action, u, produced by FLC 10. 1?&&3 jection of the excitation
signal causes the loop to OSCillalE&J##*Efﬁﬁ%;%ﬁhhfd manner, and(¥Q@)Ying this

Spo" uaSﬁ?
5.4 (1‘3“) d

(11)

In either instance, control error scaling
factor, S,, is calculated according to the equation:

T-
S 54, (12)

In each of equations (6) through (12) the .
following definitions apply:

Osa=Max(|e°*|,|Ae*|)s1.0 (13)
TJ:T"/At (14)

and, At is the sampling interval, T,, a and 4
are the measured quantities determined during
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acdntrolled i nduced oscillation, tuning nodule 42 determines the dynanic
characteristics of process 16. Fromthese dynami c characteristics, control:
paranmeters for FLC 10 are cal cul ated by tuning nodule 42, and are
transferred to FLC 10 through line 19. After tuning is conpleted, switch 43
I s opened and process 16 is thereafter controlled in a closed-1oop fashion
by tuned FLC 10. Such a signal injection nmethod of determ ning the
characteristics of process 16 is disclosed, for exanple, in U S. Patent
5,283, 729,
- 19 -

controlled induced oscillation, described above with
reference to Figure 3. a is a factor that adjusts
the stability margin of the FLC.

In practice, in order to calculate control
error scaling factor, S,, change in control error
scaling factor, S,,, and the scaling factor for the
control action, S,,, one of the three must be
determined. In accordance with one embodiment of
the present invention, 8,, is determined as a
function of the maximum responding speed of the
actuator that is being controlled by control action,
u. Typical actuators include, for example, valves,
pumps, and heating elements, each of which
inherently are subject to rate limitation. In the
case where the rate limitation is never reached, a
maximum possible control erfor, e, (which is a
function of the operation region of the FLC), is
determined.

Oonce the maximum speed of the actuator, Au,, is
determined, to tune the FLC, S,,, is set equal to
Au,, and S, and S,, are calculated from equations (10)
and (12) (or from equations (11i) and (12)). If, as
a result of the calculations, S, is determined to be
less than or equal to e, funing is concluded. If,
however, the calculated S, is greater than e,;, then
the control error scaling factor, S, is set equal to
e, and S,, and S,, are calculated from rearranged
equations (10) and (12) (or from rearranged
equations (11) and (12)), and tuning is completed.

In order to illustrate the advantages of the
present invention, some control examples are
provided. Referring to Figures 9A and 9B, shown are
an exemplary block diagram of a process which is
controlled in order to illustrate the advantages of
the present inveption, and a mathematicai model of
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- 10 - filed August 30, 1991 (assigned to the sanme assignee as the present
application), the disclosure of which is expressly incorporated herein by

r ef er ence. Referring now to Figure 5, presented is a bl ock di agram of
yet anot her enbodi ment of an automatically tunable fuzzy |ogic process
control system in accordance with the present invention. In the enbodi nent
of Figure 5, tuning system 18 includes tuning nodule 51, controllable
signal generator 52 and controllable switch 53. In operation, tuning nodule
51, either automatically or under operator control, places switch 53 in
position 2, which substitutes the output 2 -control | abl e si gnal generator
18 for the control action, u, produced by FLC 10. Tuning nodule 51 then
control s the opdiha imsPaEsSoontltolHagicudpgnakbhgenEeaess ERCchydedndt ori ng

process vari abl ank 6 MHicH @iHtaiths 2AduiBes@Ut PPANRS 660DhEDhGEH! € signal
generator 18, to_performcontrolled |ndu%gghgiﬁthgtlon,tunlng of FLC 10.

After conpl eti ofiiiChaRgs RAFde $2us ST ¥ g9pPdcdBure, tuning modul e
51 returns sw t disvharged at a constant rate. Liquid flows into

tank 60 under control of valves 63 and 64. Liquid
level detecting device 66 produces a measured
variable, y, which is indicative of the level of
liquid 61 within tank 60, and controller 67 controls
valve 63, as a function of measured variable, y, and
set~-point, sp, in order to control the level of
liquid 61 within tank 60.

Valve 64 is controlled by a load control
signal, ¢, in order to permit assessment of the
performance of controller 66 in response to
perturbations in the level of liquid 61 within tank
60. ‘

© Figure 9B represents a mathematical model of
the process of Figure 9A. The slew rate of valve 63
is modeled by slew rate limiting block 68, and the
contributions to measured variable, y, as a result
of control signal, u, and load control signal, q,
are modeled respectively by blocks 69 and 70.

Referring now to the graphs of Figures 11A-D,
presented are graphical examples comparing the tuned
FLC of the present invention with a standard PI
controller, in response to changes in set point and
changes in load. Near the beginning of each graph,
the set-point is stepped from 3 to 6 units, and near
the middle of each graph, the load control signal is
stepped from 0 to 3 units.

In Figure 10A, the response of the PI
controller, tuned using IMC tuning procedures, is
shown by trace 71 and the response of an
automatically tuned FLC is shown by trace 72. The
tuned parameters for the PI controller used to
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td p05|t|on 1, and cal cul ates dynam c process characteristics for process
16. Then, fronlthese dynam ¢ process characteristics, tuning nodule 51

cal cul ates control paranmeters and applies themto FLC 10 through line 19.
Then, process 16 is thereafter controlled in a closed-loop fashion by tuned
FLC 10, until such time as retuning is desired or required. As
mentioned earlier, U S. Patent No. 4,549,123 and U. S. Patent 5,453, 925,
each present controlled i nduced oscillation procedures which may be used to

- 21 -

produce the graph of Figure 10A were: T, = 10, and K,
= 4; and the tuned parameters for the FLC controller
in accordance with the present invention were §,, =
4, S, = 0.279 and S, = 11.16.

Referring now to Figure 10B, the same step
changes to set point and load were applied as in
Figure 10A, to the same controllers with the same
settings, but random noise was introduced into
measured variable, y, in order to simulate hydraulic
fluctuation of the surface of liquid 61 within tank
60. The response of the tuned PI controller is
shown by trace 73, and the response of the tuned FLC
controller is shown by trace 74.

Referring now to Figure 1dc, shown are traces

that compare the performance of a tuned PI

e controller, tuned using the automatic induced
oscillation procedure described in application
serial number 08/070,090, filed May 28, 1993
{controlled induced oscillation). In Figure 10C,
the tuned parameters used to produce the PI
controller trace 76 were: K, = 3.73 and T, = 4.55,
and the tuned parameters used to tune the FLC
controller to produce trace 77 were: S;, = 4.0, S,, =
0.279, and S, = 11.16. )

Figure 10D compares the performance of the same
controllers used to produce the traces of Figure 7C,
with the imposition of random noise to simulate
hydraulic agitation. Trace 78 is a tuned PI
controller and trace 79 is a tuned FLC controller.

As can be seen by comparing the traces of
Figures 10A-10D, in virtually every instance, the
FLC controller which has beeh tuned in accordance
with the present invention, has a substantially
better performance than a comparable PI controller.
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determ ne the dynam c process characteristics of process 16. It should"
be noted that any of the elenents appearing in Figures 1-5 nmay be enbodied .
in hardware, or nmay be inplenmented in an appropriately programmed digital
conputer which is programmed with software either as separate prograns or
as nodul es of a conmon program Referring now to Figures 6A and 6B
graphically illustrated is a portion of an exenplary induced oscillation
tuni ng procedure, which may be used to automatically tune a FLC, in
accordance with one enbodi nent of the present invention. It should be
understood that other types of automatic R@nng procedures may al so be
used, such as, for exanple, nodel matching pattern recognition or signa
injection, and tFdouirecddspresentsont tabledshodingdthe Faleulatedhoul d be

consi der ed ner el ¥ @xgFRhanps8iutBeEPEBECITAEV P I hddsure of RRSEFIING L0
Figure 6A, depicted i's the output f ocess 16, and, depicted in Figure

y, of pr
6B is the input,PGFfGFmﬁpﬁéés§°¥6?hﬁh§ﬁcsgftE%e5@”?*$E&w¥? ntion) aced in
position 2 and i andontnecPddwhdchh@re plotted together in Figures 10C

and 10D,

It should be noted that the present invention
has been described with reference to specific
examples, which are intended to be illustrative and
not delimiting of the invention. It will be
apparent to those of ordinary skill in this art that
changes, additions, or deletions may be made to the
discloséed embodiments, without departing from the
spirit and scope of the invention.
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Qut put of signal generator 52. To induce controlled induced oscillation,
signal generator 52 applies a square wave signal having a sel ectabl e peak
to peak value of 2d, centered about the value of the control signal, u,
before induced oscillation was initiated. As can be seen in Figure 6A,
process output, y, will exhibit an oscillation having—apeak 10 peak val ue

of 2a, and a period of T[err]. This period is also km““ﬁ“““wte
period of process 16. Then, using known tuning 1ol ]

| nternal Mbdel Control (1M tuning, Cohen and Coon tuhirfg, “Zi &gl &r-"Ni chol s
tuning, or nodified Zegler- - 23 -

WHAT I8 CLAIMED IS:

1. A method of automatically tuning a fuzzy
logic controller used to control a process in a
predetermined manher, said process producing at
least one process variable and having at least one
control action input connected to said fuzzy logic
controller, said method comprising:

determining from said process a plurality of
dynamic process characteristics;

calculating control parameters as functions of
said dynamic process characteristics for tuning said
fuzzy logic controller; and

tuning said fuzzy logic controller using said
contrecl parameters for controlling the process. '

T 2. The method of claim 1, said determining

step comprising:

causing said process to undergo controlled
induced oscillation; and

determining from said process said plurality of
dynamic process characteristics during oscillation
of the process.

3. The method of claim 2, said causing step
comprising:

disconnecting said fuzzy logic controller from
said at least one control action input; and

connecting said at least one control input to a
controllable signal generator to cause said process
to undergoc controlled induced oscillation.

4. The method of claim 3, further comprising,
reconnecting said fuzzy logic controller to said at

This Sheet Has Been Replaced
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:‘IZ - Nichols tuning, to nane a few, the selected tuning procedure is
used to calculate, fromthe quantities d, a, and T[err], derived fromthe

i nduced oscillatien—+Hustrated in Figures 6A and 6B, dynam c process

char act er i st jgss i@ j tn“éportional gain Klerr] and integral tine

const ant T[Hmm \mﬂmm fiunabl e paraneters used to control a
Proportional s['neegeal* (Pl) *control l er. Then, these automatically derived
dynam c process characteristics Klerr] and T[err] are used, as explained in
nore detail below, to calculate paraneters_which are used to tune FLC 10.
In order better to explain the tuning of "t%% TLC i n accordance with the
present inventio a_brief discussion of FLCs,may e benef. cial..

Ref erring again ?%9$§€d?%91f°??ﬁf %k*?ﬂuﬂnagﬁ'a¥F%ﬁ§hﬁﬁlpe PRABFt ed by FLC
10 may be descri bstleps fol | ows: “[err]Ju = FLC([err]e,e)
(1)

5. The method of claim 2, said causing step
comprising, injecting an excitation signal into a
closed loop including said fuzzy logic controller
and said process to cause said closed loop to
undergo induced oscillation.

6. The method of claim 1, said determining
step comprising, determining said plurality of
dynamic' process characteristics by a model matching
method.

7. The method of claim 1, said determining
step comprising, determining said plurality of
- dynamic process characteristics by a pattern
recognition method.

8. The method of claim 1, said dynamic
process characteristics including ultimate gain and
ultimate period of said process.

9. The method of claim 1, said control
parameters including scaling factors for said fuzzy
logic controller.

10. The method of claim 9, said scaling
factors including control error scaling factor,
change in control error scaling factor, and change
in control action scaling factor.

11. The methed of claim 10, said dynamic
process characteristics including critical gain and
integral time constant of said process..
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_mhére FLC(.) represents the non-linear relationship of the FLC, Au
represents the change in control action, e is the control error and [err]e:
is the change in control error. Since the FLC operates in a sanpled data
node, the control action is calculated for any point in tine as the
control actlilm m]lm Umﬂﬂlﬁus sanpling time, added to the change in
control actla u(t+[err]Jt) = u(t) + [err]u, where [err]t
is the sanpllng i nterval . The control error, e, for any sanpling period is
equal to the difference between the set_pggnt, sp, and the neasured

vari able, y. The change in control error, [err]e, is equal to the

di fference between thgs curfedtndiidd @f &=dm 1a0d dafia agnamdk error from

the process characteristics and said control parameters
being related by the equations:

K sAu
¢~ 5,4 (1-0.5a)

=Sept
SAa

where'

K., is the critical gain of the process,

T, is the integral time constant of the process,

S,. is the change in control action scaling
factor,

S,, is the change in control error scaling
factor,

S, is the control error scaling factor,

At is the sampling rate of the fuzzy logic

controller, and
a is a stability margin adjustment factor.

13. The method of claim 11, said dynamic
process characteristics and said control parameters
being related by the equations:

sAu
k=5 53-0)

T,=s0 At
1 SAe
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13 - previous sanpling interval. In other words, [err]e= e (t)
Fuzzy membership functions used in fuzzification

-e(t [err]t)

bl ock 11wﬂn¥“bg_def|ned based on prior know edge about the process.

|IIustragfm«*nﬁE def i-ne he nenbershlp functions for the control

e, chang#
conveni ent«
e*=[err]

To
error,

Iﬂ!m”ﬂ[a and change in control action, Au, it is
| ed varlables

(2)

- 26 -

where:

K. is the critical gain of the process,

T, is the integral time constant of the process,

S,, is the change in control action scaling
factor,

S;. is the change in control error scaling
factor,

S, is the control error scaling factor,

At is the sampling rate of the fuzzy logic
controller, and

a is a stability margin adjustment factor.

-14. An automatically tunable control systen,
comprising:

A fuzzy logic controller having tunable control
parameters and being adapted for controlling a
process; and

a tuning module for determining dynamic process
characteristics of said process, for calculating
control parameters for said fuzzy logic controller
as functions of said dynamic process
characteristics, and for tuning said fuzzy logic
controller using said control parameters.

15. The automatically tunable control system
as recited in claim 14, said tuning module
comprising:

a contrellable signal generator selectively
connectable to said system for causing said systen
to undergo induced oscillation; and

a tuner for selectively connecting said
controllable signal generator to said system, for
determining said dynamic process characteristics
during induced oscillation, and for calculating said

This Sheet Has Been Replaced
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Lé&];*—[erﬂ [err]u*=

[err] __.Léq—f~—~'mhere S[err], S[err] and S[err] are scaling :

factors for” - espectively. e*, [err]e* and [err]u* are scal ed

so that t-hgd ‘mmm‘[les that are greater than or equal to -1, and
Possi ble sets of fuzzy menbership functions for

| ess than o¥r%
e*, [err}e and [errJu* are given in Figures 7A, B, C, and D. The nunber of
menber ship functions for each variable can vary, depending on the
resolution required for that - 27 -

tunable control parameters as functions of said
dynamic process characteristics.

16. The automatically tunable control system
as recited in claim 15, further comprising a switch
for alternately connecting said controllable signal
generator and said fuzzy logic contreoller to said
systen. '

17. The automatically tunable control system
as recited in claim 15, further comprising a switch
for alternately connecting and disconnecting said
controllable signal generator to and from said
syséem to selectively inject an excitation signal
into said system.

- 18. The automatically tunable control system
as recited in claim 14, said tuning module
comprising a model matching tuner.

19. The automatically tunable control system
as recited in claim 14, said tuning module
comprising a model matching tuner.

—_—
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vdriabl e. Generally speaking, nore nmenbership

- 14 - functions offer nore digress of freedomto the functional

rel ati onship of the controller. As di scussed by Ying et al., "Fuzzy
Control Theory: A Non-Linear Case,"” Automatica, 26(3) pp. 513-520 (1990),
a conventional PID controller can be reproduced using a FLC wth two
menbership functjons for each input variable e* and [err]e* and with
| i near defuzzification.

- 28 -~

ABSTRACT OF THE DISCIOSURE

A system and method for automatically tuning a
fuzzy logic process controller is presented. 2a
process under control is automatically assessed to
determined process control characteristics
including, for example, ultimate gain, ultimate
period and time delay. Then, these quantities are
used to calculate tunable control parameters which
include scaling factors, which are applied to the
fuzzy logic controller in order to optimize the
performance of the fuzzy logic controller when
connected to control the process.
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Flgure 7A illustrates two nenbership functions, which may be used for
input variables, e* and [err]e*, and Figure 7B illustrates three

Yrenmber ship functions, used for change in control action, [err]Ju* when
control error, e*, and control error CH? ge, Ae*, are conditioned using
two menbership functions shown in Fig Simlarly, Figure 7D
shows five membership functions used for change in control action,

[err]u*, when control errqb e*, and change in control error, [err]e* are
conditioned using th

I n each of Flgure AP are Symmeiric
from-1to 1, @& i be 1 ]l | obs
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PL- Posi ti v
flb.\
(&4 wn
S o L2 14
- P and 5
e
Fie. >
ThsSbeetHasBeenR

WA

ll Illi



As Tentioned above, fuzzy engine block 12 operates to apply inference rules
to the operation of the nenbership functions of fuzzification block

¥ 15 - 11. In general, the inference rule for a FLC can be described as
fol | ows: {If e* is Alerr] and [zerr]e* is Blerr], then make [err]u*
Cerr]}. (5)
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where Alerr], Blerr], and (Jerr] are adjectives for e*, [err]e* and
[err]Ju*, respectively. These adjectives are the descriptors nentioned above
with reference to Figures 7A-D (negative |arge, negative small, zero, and
so forth). A fundanental requirenent of_jhese rules is that they perform
negati ve feedback control for the sake fgstability. An exenpl ary set of
four rules is ilJustrated in tabular formin_Fkigure 8A and an exenpl ary
set of sixteen rules is shown in Figure 8B. Pour rules are used when each

of e* and [err]e*)are condi ti oned by twossrerbetrshtp—Tthicti ons (Figure 7A),

and si xteen rul es used when each of e* and [err]e* are conditioned by

four nenbership fungtjyions (Figure 70). ter the are applied in
order to ﬁ@téﬁﬁl i%h|tthe required chmm, from
t he menbershi®p’f uncgijons of control r, ex, ange in ro

error, [err]e*, defugzification of the scaled change in control action,

[errJu*, is perfor t he
present |nvent|oqk t ke known center of g#@V|ty hethod & def ugeification

is used, \-‘('GEB ulI L ,—-——‘—_——)

I Y { 1 =
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however, other types of defuzzification nethods would also be acceptable,
such as, for exanple, center of mass defuzzification, and generalized
Eenter of gravity defuzzification. Defuzzification using the center
of gravity nethod uses either Lukasiew cz |logic, or Zadeh logic, or a
conmbi nation of Lukasiew cz and Zadeh I19€8c. In a preferred enbodi nent of

t he present _ - 16 - invention, the
Zadeh AND function is used, Egﬁ

o Nu  PL
£15.85 N PL] Zo
- Pujzo | NL

P
0L NS Ps P

0 PulPoef Ps 2o
NS[pL | Ps | 2o |ms
,_E'("Bg Ps | Ps |20 | NS | NU
PL|Z2o | NS | NL | NL
TAE
o/.
°T FLC  |infraement
(ree) | 20 | |45 | 283
ey 1 2s.6 | 186 | 22
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either the Lukasiew cz OR function or Zadeh OR function is used. After
defuzzification, the scaled change in control action, [err]u*, is descaled
by nultiplication by scaling factor S[err] to arrive at descal ed change in
control action, Au. Then, as described above, the change in control action,
Au (whi ch may be ei t her positive or negateve), is added to the control
action applied during the last sanpling interval, u(t), to arrive at the
control action to be applied for the present sanpling interval,
u(t+ferr]t). I n gcTprdance with the present invention,ftuning is
acconpl i shed within g system 18 (see al so Figures 2-5), by cal cul ating
val ues for-the scald [adtors S[err], S[err] and S[err], Za\functions of
dynam c process charp istics that are derived fromthe {r ocess under
control during ar) wlC tuning proyedure. 117
one of the abovg ed tuni ng prodedures,
characteristics suc gdin, Kler
constant, T[err], rned fpr tHe proces$ under con |ggrat|on
menti oned above, a cohtrolled induced qgscillati¢n pyqocedure | cul ates
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proportional gain, Klerr], and integral time constant, T[err], fromthe .
nmeasured quantities, a, d, and T[err]. Once Klerr] and T[err] are

determ ned, the FLC scaling factors, S[err], S[err], and S[err] are rel ated
accordlngtothe - 17 - follow ng
equations when Lukasiewicz ORlogic is yggd for defuzzification:

-
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Kletr]=[err] (6)

Tlerr]=[err] (7) When Zadeh OR logic is used for
defuzzification, the following calculations relate S[err], S[err] and
Slerr]: Klerr]=[err] (8)
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T[etr]=[err] (9) When control | ed i nduced
oscillation is used for self tuning, based on Ziegler-N chols tuning rules,

&
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- 18 - equations (6) and (8) may be expressed as equations (10) and (11),
respectivel y: S[err]=[err] (10)
Qlerr]=[err] (11)
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In either instance, control ‘error scaling factor, S[err], is calcul ated

according to the equation: ° S[ b Fih elreras]
In each of equations (6) thrdﬁgﬁﬁfﬁe) the foll ow ng deflnltlons appl y:
Oferr][err]=Max(|e*|, |[err]e*|) [err]l.0 (13)

Tlerr] =[err] (14)

METHOD AND APPARATUS FOR FUZZY LOGIC CONTROL WITH

AUTOMATIC TUNING

ABSTRACT

A system and method for automatically tuning a
fuzzy logic process controller is presented. A
process under control is automatically assessed to
determined process control characteristics
including, for example, ultimate gain, ultimate
‘period and time delay. Then, these quantities are
used to calculate tunable control parameters which
include scaling factors, which are applied to the
fuzzy logic controller in order to optimize the
performance of the fuzzy logic controller when

connected to control the. process.

Fig. 1
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and, At ig-the sanpling interval, Tlerr], a and d are the neasured
guantities determ ned during 203 19 -
-control | ed i nduced oscillation, described above with refewﬁﬂ%ékfo'Figure 3.
ais a factor that adjusts

- 28 -

METHOD AND APPARATUS FOR FUZZY LOGIC CONTROL WITH

AUTOMATIC TUNING

ABSTRACT

A system and method for automaticaily tuning a
fuzzy logic process controller is presented. A
process under control is automatically assessed to
determined process control characteristics
including, for example, ultimate gain, ultimate
‘period and time delay. Then, these quantities are
used to calculate tunable control parameters which
include scaling factors, which are applied to the
fuzzy logic controller in order to optimize the
performance of the fuzzy logic controller when

i

connected to control the. process.
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A he, stablilty margin of the FLC In practice, in ordgp, ke melculate
cohtrof EnI-QF . sqguiﬁﬁcigmtgr §§err§ change in control error scaling

factor] lpticand .hqgg@ bhﬂﬂ,ﬁac or f the control action, S[err], one
of the?thragﬁﬁus DE Lhed. | acccrﬁaqumqumso Ne odinent of the
presen e,nggﬁggﬁ “Siggv' i ned |as a Hﬂ%ht t he maxi num
respond o8 QP a&; r th t | S—beknd olled by control

i

i
action % “?y calpgﬁ uat or c]ud , for exanple val ves, punps, and
heating el enents, each ofs mhjgh inherently are subject to rate limtation.
I'n t he| cB4E5WRE RECKET at-o-- hmtatl n is néver reached, a maxi num possibl e
control error, e[err] (mhlgg netio f el ation region of the
FLCO), is determ ned. e LHU ' e actuator,
[errJu[err], is determ ned, to tune the FLC, S[err], is set equal to

d S I dy r ons (10) and
5 5 o S MR S
cal cul ati ons
tuning is conc QQ% “hldi@@i‘?rnaﬁﬁ‘%f?@dlﬁma%b‘ﬂcﬂﬂbh]s ategr eater than

eferr], then t trqQl erraqr. scal’ing factor, rr iS set equal to
[ ] re a%n %y small in scale, such as gn Las i ing g

machines, elevators, automobiles and video cameras,
there is a considerable amount of interest in |
applying fuzzy logic systems to process control. In .
the field of process control, research has been
conducted into the use of FLCs similar to
conventional Proportional, Integral, Derivative

(PID) controllers. _

In typical appllcatlons, an operator will set
up a FLC by adjusting certain control parameters
that exist within the cbntroller, in order to
attempt to optimize the response performance of the
controller. While manual tuning of fuzzy logic
controllers is possible, it is often tedious and
error prone. Moreover, the process under control
may change over time, thus requiring retuning.

Automatic tuning approaches have been appliedf
to process contfollers and their variants. For-
example, in U.S. Patent 4,549,123, and
U.S. Patent 5,453,925 ' filed May 28,
1993 (assigned to the same assignee as the present

application), the disclosures of each of which are
incorporated herein by reference, a controlled
induced oscillation procedure is used in order to
determine the ultimate gain, ultimate period and
time delay of the process under control. Once these
process characteristics are derived, tuning rules
are used to determine the process control parameters
of the PID controller.

REPLACEMENT SHEET'
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e[err] and S[err] and S[err] are calculated fromrearranged equatlons (10)
and (12) (or fromrearranged equations (11) and (12)), and tu X

conpl et ed. In order to illustrate the advanta
whi ch o;trolled
|ﬁ&@ﬂ“ﬁgﬁwﬁ

i nvention, sone control exanples are provided. Ref
9B, shown are an exenplary bl ock di agram of a procés
in order to illustrate the advantages of the present
mat henati cal nodel of

upset is then analyzed to determine the dynamic
characteristics of process 16. Then, in accordance
with the present invention, the control parameters
for FLC 10 are calculated from the determined
process characteristics, and these control
parameters are transferred from tuning module 21 to
FLC 10 through controllable switch 22.

Referring now to Figure:4, presented is a block
diagram of another embodiment of an automatically
tunable fuzzy logic process controller, in |
accordance with the present invention. In the’
embodiment of Figure 4, tuning system 18 includes a
controllable signal generator 41, tuning module 42,

' controllable switch 43 and summing block 44. This

‘embodiment operates to determine the dynamic

characteriétics_of process 16 by injecting an

- excitation signal, produced by controllable signal
generator 41, into the closed loop of process 16,
summing block 17 and FLC 10, This is accomplished
by closing switch 43, thus adding the excitation
signal produced by controllable signal generator 41
to the control action, u, produced b§ FLC 10. The

' injection of the excitation signal causes the loop

to oscillate in a controlled manner, and durlng this
controlled induced oscillation, tuning module 42
determines the dynamic characteristics of process
16. From these dYnamic characteristics, control
parameters for FLC 10 are calculated by tuning
module 42, and are transferred to FLC 10 through
line 19. After tuning is completed, switch 43 is
opened and process 16 is thereafter controlled in a
closed-loop fashion by tuned FLC 10. |

Such a signal injection method of determining
the characteristics of process 16 is disclosed, for
example, in U.S. Patent 5,283,729, '



the .process. In particular, the process includes a tank 60 which contains
liquid 61. Tank 60 includes discharge port 62, fromwhich liquid 61 is

di scharged at a constant rate. Liquid flows into tank 60 under control of
val ves 63 and 64. Liquid | evel detecting device 66 produces a neasured
variable, y, which is indicative of the level of liquid-61 within tank 60,
and controller 67 controls valve 63, as a function of neasured variable, vy,
and set-point, Sp, in order to control the level of liquid 61 within tank

60. Valve 64 is controlled by a load control signal, g, in order to
permt assessnment of the perfornance of~chtToller 66 in response to
perturbations in . the lLevel of liquid 61 w.thi

represents a mathéfft AEIUStodO- %ﬁhéaEF&gEEE %? EpﬁufgmgA?S?ﬁgnggeM/rate
of valyve 63 i s gBdehed pesantwapyild datiion) pgtheodks68psund ofiewhich

Cot DUt ons ¢ 9aTRAMMEL AL A Borke R NBLEERLLY PlrEoBhEg) Signal

and | oad contro respectiv ocks 69 and 70.
Referring now to theRQf§§W§ntNFWQGKE§1EPRBD5rpPE%EﬁFEGdaFE grhbﬁFKal

exanpl es conparagggygﬁ b#N$dt another embodiment of an
automatically tunable fuzzy loglc process control
system, in accordance 'with the present invention.
In the embodiment of'Figure S5, tuning system 18
includes tuning module 51, controllable signal
generator 52 and controllable switch 53. In
operation, tuning module 51,_éither automatically or
under operator control, places.sﬁitch 53 in position'
2, which substitutes the output of controllable
{ : signal generator 18 for the control action, u,
produced by FLC 10. Tuning module 51 then controls
i the operation of controllable signal generator 52 by
- monitoring process variable, y, error signal, e, and
" the output of controllable signal generator 18, to
perform controlled induced oscillation tuning of FLC
10. .
"After completion of the induced oscillation _
tuning procedure, tuning module 51 returns switch 53
to position 1, and calculates dynamic process )
characteristics for process 16. Then, from these
dynamic process characteristics, tuning module 51
calculates control parameters and applies them to
FLC 10 through line 19. Then, process 16 is
thereafter controlled in a closed-loop fashion by
tuned FLC 10, until such time as retuning is desired
or reguired.
As mentioned earlier, U.S. Patent No. 4,549,123
and U.S. pPatent 5,453,925, =ach.present controlled induced
oscillation procedures which may be used to
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FLC of the present invention with a standard Pl copt&olhery=din

changes in set point and changes in | oad. -Near the @gﬁ

ACHIEN %f ;émz

the set-point is stepped from3 to 6 units, and neary
graph, the load control signal is stepped fronnOt
10A, the response of the Pl controller, tuned usin

| gm ?9 nz:jgggr dlsg

r&=mi-gor e of

I's showmn by trace 71 and the response of an autonmati ¢

C

shown by trace’ 72. The tuned paraneters for the Pl controller ‘used t

anse to
gr aph,
ach

Fi gure
dures,
S
0

- 21 -~

proéuce the graph of Figure—loA were:
= 4; and the tuned parameters for the
in accordance with the present inventi
4, S = 0.279 and S, = 11.16.
Referring now to Figure 10B, the
changes to set point and load were app

T; = 10, and K,
FLC controller
on were S;, =

same step
lied as in

Figure 10A, to the same controllers with the same

settlngs, ‘but random noise was introdu
measured variable, y, in order to 51mu
fluctuation of the surface of liguid 6

ced into
late hydraulic
1 within tank

60. The response of the tuned PI controller is

shown by trace 73, and the response of
controller is shown by trace 74,

the tuned FLC

Referring now to Figure 10C, shown are traces

that compare the performance of a tuned PI

) controller, tuned using the automatic 1nduced

oscillation procedure described in ;
U.S.. ‘Patent 5,453,9257

(controlled induced oscillation). In Figure 10C,

the tuned parameters used to produce the PI
controller trace 76 were: K, = 3.73 and T, = 4.55,

and the tuned parameters used to tune the FLC
controller to produce trace 77 were: S,, = 4.0, §,, =

0.279, and s, = 11.16.

~

Figure 10D compares the pérformance of the same

controllers used to produce the traces
with the imposition of random noise to

of Figure 7C,
simulate

hydraulic agitation. Trace 78 is a tuned PI

controller and trace 79 is a tuned FLC

controller.

As can be seen by comparing the traces of

Figures 10A-10D, in virtually every instance, the

FLC controller which has been tuned in

accordance

with the present invention, has a substantially

better performance than a comparable PI controller.



produce the graph of Figure 10A were:

tuned paraneters for the FLC controller
i nvention were S[err]

4,

Slerr]

Referring now to Figure 10B

were applied as in Figure 10A,
random noi se was i ntroduced
order to sinulate hydraulic fluctuatioW18f the surfac

settings, but

to the

tank 60. The response of the tuned P

the response of the tuned FLC controller

= 0.279
the sane step

Tlerr] =
in

changes tb
controlle
nto nmeasu

sane

controller is 4

10, and K[err]

oo e T S

4; and t he

'Er‘ﬁﬁrﬁt and || ¢ad
s| wigdh oOTe198
efl variable, vy,} iin
e =erord=B8I wift hi n
hown by trace 7 and

I s shown by

ace /4.

Referring now to .Figure 10C, shown are traces that conpare the perfornance
d using the automatic induced oscillation

of a tuned P

controller,

procedur e desc
oscil lation).

controlleraﬁ%#m
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and.the tuned paraneters used to tune the FLC control | €iprkpsProdsgecREreE
77 were: S[err] = 4.0, Y[err] = 0.279, and S[err] = 1} QAEE&QEELE %HE

conpares the performance of the sane controllers

of Figure 7C, with the inposition of random noise to sijmjl af& OGHRA |

agitation. Trace 78 is a tuned Pl controller and
controller. As can be seen by conparing the

in virtually every instance, the FLC coR{¥bl|er which has_been funed. |

110D
used tjo {produce the tfaces

)

trace |79 is a tuned FLQ
traceq of Frgures 10A-1DD,

accordance with the present invention, has a substantially better

performance than a conparable Pl controller.
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= 22 -
i nvention and the P
It should be noted that the pres
reference to specific exanples,

Figure 11 presents a table show ng the calculatqg_LnLe
Error (1 AE) (a measure of contro

whi ch are plotted together

performance) for the

! ?"
ent e

| i n Figur
i nventi on has been d
which are i ntended to bd

not delimting of the invention. It will be apparent to:
skill in this art that changes, additi3dHs, or deletlonS;
di scl osed enbodi nents, w t hout departlng fromthe sp|r|t and:-seep
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CLAI VS 1. A method of automatically tuning a fuzzy Ioglc
controller used to control a process in a predeterm neg-n
process produci ng at | east one process variable and hakiigh Jgian:
control action input connected to said fuzzy logic contrp[ler “said %mod
conprising the steps of: determ ni ng frorngauggqﬁpcﬁgs ;
plurality of dynam c process characteristics; 4 cal cul ati !
control paraneters as linear functions Hf0sai d dynani ci}pieeess
characteristics for tuning said fuzzy logic controllery and

tuning said fuzzy logic controller using said control meﬁﬁérers Tor
controlling said process. 2. A nethod of automatically tuning a
fuzzy logic controller used to control process in a predeterm ned
nmanner .. said process produci rocess variable and having at
| east one control a Sai d ntroll er,
said

SeEINL | PL
NL | PL Zo
PL |zo | NL

FIG.8B

EINL [ Ns [P | PL
NL |PL | PL |PS | Zo
NS [PL | PS | Zo | NS
PS [PS | Zo | NS | NL
PL | Zo | NS | NL | NL




B i LN Tty e R e

‘ret hod conprising the steps of: determ ning from said process
a plurality of dynam c process characteristics; ' cal cul ati ng
control paraneters as functions of said dynam c process characteristi-e

for tuning said fuzzy logic controller; and

fuzzy logic controller using said control paraneters f

id
process; wherein said determ ning step to
of : . ' causi ng sai d proces®¥o undergo contr
oscillation; and ' determning fromsaid
plurality of dynam c process characteristics during os
process. 3. The nmethod of claim2, wherein shid caus
conprises the steps of: di sconnecting sa uzzy logic

controller fromsaid at |east one control action input; and

62

60

FIG.SA

66—

sp—= C



24 connecting said at |east one control input to a controllable
signal generator to cause said process to undergo controlled induced

oscillation. 4. The nethod of claim 3, further conprises the
step of reconnecting said fuzzy logic controller to said at |east one

control action input, after said tuning step. 5. The net hod of
claim 2, wherein said causing step conprises the step of, injecting an

excitation signal into a closed |oop inefiding said fuzzy logic controller
and said process to cause said closed | oop to undergo induced oscillation.
6. - A nmethod of automatically tuning a fuzzy logic controller used
to control process in a predeterm ned manner, said process producing at

| east one process variable and having at | east one control action input
connected to said fuzzy logic controller, said nethod conprises the steps

o . :

u |SLEWRATE| | 1 o125
- LIMIT 105+1

Nes _\_69 |
FI1G.9B o

LS.

REPLACEMENT SHEEY
300CT ¥%
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(':'%.51\;)[)). 56 | 186 073
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.determ ning fromsaid process a plurality of dynam c process

characteristics; cal cul ating control paraneters as functions
of said dynam c process characteristics for tuning s (5
controller; and tuning said fuzzy_loglcgﬁﬂhﬂéﬁﬂf 5ﬁﬁh§;sald
control paraneters for controlling said process; WheTrei n

said determ ning step conprises determ ning said plurali tygqdcHyougm
process characteristics by a nodel nmal ¢l ng nethod. |7. T
met hod of claim 1, wherein sai-d determ ning step conyrises—ihe~step~of
determ ning said plurality of dynam c process charactjeristics by a patgern

ORISR

recognition nmethod. 8. The net hod of clai MI;7 Wherernm sard
dynam c process characteristics include ultimate gain and ultinmate period
of said process. 9. The nethod of claim 1, wherein said contro

paranmet ers include scaling factors for said fuzzy logic controller. 10.

A nmet hod of automatically tuning a fuzzy logic controller used to control a
process in a predeterm ned nanner, said process producing at |east one
process variabl e and having at | east one control action input connected to
said fuzzy logic controller, said nethod conprises the stepscpf:

T©

enssssc e
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.25 deternlnlng fromsaid process a plurality of dynamic process

characteristics; cal cul ating control paraneters as functions
of said dynami c process characteristics for tuning said fuzzy |ogic
controller; and tuning said fuzzy controller u5|ng sai d

control paraneters for controlling said process;
said control paraneters include scallng factors for
controller, said scaling factors inclu /Hy a control

REBLACEMBNT et

lefror scaling fiagtor

a change in control error scaling factor, and a changde |®@@@Tr099&a ifon
scaling factor. 11. The met hod of claim 10, erein m c
process characteristics include critical gain and infe TrT nt of

sai d process.
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A2, The nethod of claim11l, wherein said dynam

C process

characteristics and said control paraneters are related by the equations:

Klerr] = [err]

Tlerr]=[err]

wher e Klerr] is said critical gain offpggi SSHEET
Tlerr] is said integral tinme constant of said prod ?LRCEMENT SHEE
Slerr] is said change in control action scaling factioq, '
S[err] * is said change in control er¥ &Y scal ing factgr, 3£30€J'ﬂ@8 .
Slerr] " is said control error scaling factor, [err]t

is said sanpling rate of said fuzzy logic controller, dnd

[err] is a stability margi n adjustnent factor. 13 The—rpi

of claim 11, wherein said dynam c process characteristi
paraneters are related by the equations:

Lood'

hod

cs and said control

Level

TIME

FIG.10C



Kerr] = [er'r] | - Tlerr] =[err]
26

wher e Klerr] is said critical gain of said
process, T[err] - is said integral ti grp constant of said
process, Slerr] is said change i n cdmt; AEARNONCERET| ng
- factor, S[err] is said change in cont m%cr‘m“g%? “'1%1
factor, : Slerr] is said control error{ qcal ing fact.or
[err]t i.s said sanpling rate of égﬂjofuzzy | ogi g con@po(?@’éﬁg"aémd
[err] is a stability margin adjustnent factor. 14. An
automatically tunable control system conprising:

FIG.10D

30
TIME

20




" a fuzzy logic controller having tunable control paraneters and being
adapted for controlling a.preecess; and a tuning nodule for

det erm ni ng dynam ¢ pro m‘ erisfics of said process, for

cal culating contro ﬁma\ sait fuzzy logic controller as |inear
functi ongrafvsai d moceéss” characteristics, and for tuning said
fuzzy logic controller using said control paraneters. 15. An

sautomatically tunable control system, conpri sing: a fuzzy
- logic cohtroller “hE§Heg ah@maecﬁbﬁﬁnlega&wé%@e%trsﬂer ysed 1oFortal ed f or

“control | .1139559 i g:%gé@fmjﬁg&imanner, sa%d process %ﬂdﬁéﬁgé&q?ag?gﬁg o&ﬁgg vERbRI RN Ng

,dynam C process racteristics of ‘sal roce cal cul at1 ng cont r ol

par anet epgvingO4t 1€l shefoongyl detign hpantunhediddro said hipyabgiosniedlles 3hid ribtiedN
process characteristics, and for tuning said fuzzy lTogic controller using

sai d contomprising thersteps ef: wher ei n said tuning nodul e
conpri ses: a controllable signal generator selectively
connect abl e to sadetersirihg fromaaidgRoces@plaadlity siydynemid frocussl eigatarindes; ed

oscillation; and
calculating control parameters as linear functions of said dynamic process

characteristics for tuning said fuzzy logic controller; and

tuning said fuzzy logic controller using said control parameters for controlling

said process.
2. A method of automatically tuning a fuzzy logic controller used to control a
process in a predetermined manner, said process producing at least one process variable
and having at least one control action input connected to said fuzzy logic controller, said
method comprising the Steps of:

determining from said process a plurality of dynamic process characteristics;

calculating control parameters as functions of said dynamic process

characteristics for tuning said fuzzy logic controller; and

tuning said fuzzy logic controller using said control parameters for controlling

said process;
wherein said determining step comprises the steps of:
causing said process to undergo controlled induced oscillation; and

determining from said process said plurality of dynamic process characteristics

during oscillation of the process.
3. The method of claim 2, wherein said causing step comprises the steps of:

disconnecting said fuzzy logic controller from said at least one control action

input; and

REPLACEMENT SHEETS SG
L1 Description : paged ..... to paged .....
o Claim(s) :paged .?.to paged .27 _ _
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a tun y connecting said controll able signal generator to
.said gm@mﬂﬁm{mﬁr m ni ng said dynam c process characteristics during

‘i nduced OsCl I'en, and for cal culating said tunable control paraneters as
funct i ons of said dynanic process charaéteristics.

27 16. Thecoantatimgisaid at legst one adrite! mpmtromlcossrgltlahh signgl generaier ion cl ai m
15, further risin w tch f al t er nat connecting said

control | aﬁ?‘éeéngﬁﬁﬂceﬁgﬂém ”%?CCHW(?HQ%WS‘“‘FQ?ZOEVﬁ ‘c to said system 17.

The automatically tunable control systemas recited in claim15, further
conpri sing. a switchhe meﬂwldtCélchaIlél @r@@mmnnscagthaa@p@f mmumgsﬁgiﬁdm

control | abl e si r to and.from.said_s mto selectlvely I nj ect
an excit at9&n® %ﬁﬁ%{l ([36“ tt:a?t@ng%qt@lnactwfgnput afte} Sa APE A et i cal |y
tunabl e control syst em conpr.i sing a fuzzy logic controller

havi ng t udabl e conthemethad ahelaiat 2, Wlbéﬂldgawwwse%ﬁh@ﬁ@pIof,ng a

process, %}gctmg an excitation signal into a closed loop including said fuzzy logic controller and said

process to cause said closed loop to undergo induced oscillation.

6. A method of automatically tuning a fuzzy logic controller used to control
process in a predetermined manner, said process producing at least one process variable and

having at least one control action input connected to said fuzzy logic controller, said method

comprises the steps of:

determining from said process a plurality of dynamic process characteristics;

calculating control parameters as functions of said dynamic process

characteristics for tuning said fuzzy logic controller; and

tuning said fuzzy logic controller using said control parameters for controlling

said process;

wherein said determining step comprises determining said plurality of dynamic

process characteristics by a mode] matching method.

7. The method of claim 1, wherein said determining step comprises the step of

determining said plurality of dynamic process characteristics by a pattern recognition method.

8. The method of claim 1, wherein said dynamic process characteristics include

ultimate gain and ultimate period of said process.

9. The method of claim 1, wherein said control parameters include scaling factors

for ;aid fuzzy logic controller.

10. A method of automatically tuning a fuzzy logic controller used to control a
process in a predetermined manner, said process producing at least one process variable and

having at least one control action input connected to said fuzzy logic controller, said method

comprises the steps of:
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a tun M“Mlu term ning dynamic process characteristics of said

proce ng control paraneters for said fuzzy logic controller

as fundtibns* of” sdi d dynam C process ar acteristics, and for tuning said

fuzzy |l ogic cont roI | er using said cont par aneters;

wherein said t unPR§TRBENG feone s3ip Prosess aeP]H*fd)dTé’lo H¥RATNF REPCESfbATaciengics;

An automatically tunable control system conprising: a fuzzy

clogic controller chiawliaﬁl@g d:amnabp&ametmtsrasIfurmteiomrm’tseidsiyaardictmbaegs adapt ed for

_controlling a process, a tuning nodul e for determ ning
“dynani ¢ PrEEE §t“’élﬂf%rr‘élE’tn8rs'f“§tfP@§ lggic §%H‘U’”E"r @8¢ss, for cal cul ating control

:paraneters for said fuzzy logic controller as functions of said dynam c

process charact ettirgng sad fuznylcdnollexsingsaghiodtrolparaméterifor eontrolisg k@ usi ng

said control paraneters; wherein said tuni ng nodul e

conpri seBSHat t ern recognition tuner.

wherein said control parameters include scaling factors for said fuzzy logic
controller, said scaling factors including a control error scaling factor, a change in control

error scaling factor, and a change in control action scaling factor.

11. The method of claim 10, wherein said dynamic process characteristics include

critical gain and integral time constant of said process.

12. The method of claim 11, wherein said dynamic process characteristics and said

contro] parameters are related by the equations:

K = Séu
Sae 4(1-0.5 0)

T= S a L L LY, :
where
K. is said critical gain of said process,
T; is said integral time constant of said process,
Sau is said change in control action scaling factor,
Sae is said change in control error scaling factor,
S, is said control error scaling factor,
At is said sampling rate of said fuzzy logic controller, and
o is a stability margin adjustment factor.
13. The method of claim 11, wherein said dynamic process characteristics and said

control parameters are related by the equations:

K. = Say
Sae (3- 0)

T,' = S,.
Sae

At
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where
K. is said critical gain of said process,
T; is said integral time constant of said process,

Sae is said change in control action scaling factor,

She is said change in control error scaling factor,

Se is said control error scaling factor,
At is said sampling rate of said fuzzy logic controller, and
o 1s a stability margin adjustment factor.

14, An automatically tunable contro) system, comprising:

a fuzzy logic controller having tunable control parameters and being adapted for

controlling a process; and

a tuning module for determining dynamic process characteristics of said process,
for calculating control parameters for said fuzzy logic controller as linear functions of said

dynamic process characteristics, and for tuning said fuzzy logic controller using said control

parameters.

-

15. An automatically tunable contro] system, comprising;

a fuzzy logic controller having tunable control parameters and being adapted for

controlling a process; and

a tuning module for determining dynamic process characteristics of said process,
for calculating control parameters for said fuzzy logic controller as functions of said dynamic

process characteristics, and for tuning said fuzzy logic controller using said control
parameters;

wherein said tuning module comprises:

a controllable signal generator selectively connectable to said system for causing

said system to undergo induced oscillation; and

a tuner for selectively connecting said controllable signal generator to said
system, for determining said dynamic process characteristics during induced oscillation, and

for calculating said tunable control parameters as functions of said dynamic process

characteristics.
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16. The automatically tunable control system as recited in claim 15, further

comprising a switch for alternately connecting said controllable signal generator and said

fuzzy logic to said system.

17. The automatically tunable control system as recited in claim 15, further
comprising a switch for alternately connecting and disconnecting said controllable signal

generator to and from said system to selectively inject an excitation signal into said system.

18. An automatically tunable control system, comprising:

a fuzzy logic controller having tunable control parameters and being adapted for

controlling a process, and

a tuning module for determining dynamic process characteristics of said
process, for calculating control parameters for said fuzzy logic controller as functions of said

dynamic process characteristics, and for tuning said fuzzy logic controller using said control

parameters;
wherein said tuning module comprises a model matching tuner.
19. An automatically tunable control system, comprising:

a fuzzy logic controller having tunable control parameters and being adapted for

controlling a process, and

a tuning module for determining dynamic process characteristics of said process,
for calculating control parameters for said fuzzy logic controller as functions of said dynamic

process characteristics, and for tuning said fuzzy logic controller using said control

parameters;

wherein said tuning module comprises a pattern recognition tuner.

REFLACEMENT SHEET|
15 APR 1999




