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FUZZY CONTROLLER FOR SELECTING AN
INPUT SIGNAL

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

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present 1nvention relates to fuzzy controllers used in
fuzzy control.

2. Description of the Prior Art

A Tuzzy controller 1s used for inputting one or a plurality
of signals representing controlled variables obtained from a
system to be controlled, implementing fuzzy inferences
using predetermined membership functions 1in accordance
with a predetermined rule, and outputting a non-fuzzy value
derived from the results of the fuzzy imnferences as a manipu-
lated variable relative to the system to be controlled.

The fuzzy inferences are implemented 1n accordance with
a Modus Ponens, which in many cases, 1s expressed by an
[F-THEN rule (control rule). For simplicity, when there are
two types of input variables, this rule i1s expressed as
follows:

“If x1s Aand y 1s B, then z 1s C.”
Or

“If x=A and y=B, then z=C.”

Here x and y are input variables, z 1s an output variable, and
A, B and C are fuzzy sets or membership functions. If x=A
and y=B” 1s referred to as an “antecedent”, and “then z=C”"
1s referred to as a “consequent”. A and B are also referred to
as membership functions relative to inputs (input variables),
and C 1s also referred to as a membership function relative
to an output (output variable).

In the fuzzy controller, a plurality of rules are prepared. In
addition, a plurality of types of membership functions are
set. The membership functions frequently used include PL
(Positive Large), PM (Positive Medium), PS (Positive
Small), ZR (almost Zero), NS (Negative Small), NM
(Negative Medium), and NL (Negative Large). The symbols
PL, PM, ZR, NS, NM and NL are membership functions
expressed by linguistic information, which are also referred
to as fuzzy labels.

Input and output ranges of the conventional fuzzy con-
troller are fixed. On the contrary, input and output ranges of
a sensor and an actuator respectively connected to mput and
output terminals of the fuzzy controller are various, for
example, 0~5 V,0~10 V, 1-5V, 5 V, and 10 V. Accordingly,
the conventional fuzzy controller has the disadvantage in
that a range converter 1s required for each sensor and for
cach actuator.

Furthermore, 1n the conventional fuzzy controller, a con-
trolled variable (an observed value) obtained from the
system to be controlled 1s used as an input value without any
modification and a fuzzy inference value (a value converted
into a non-fuzzy quantity) is used as an output value without
any modification. Accordingly, the conventional fuzzy con-
troller has some disadvantages. For example, the system to
be controlled 1s slow 1n response at the time of controlling,
of the start and the stop thereof if the membership functions
relative to the inputs and output remain fixed. In addition,
the offset of the system to be controlled from a target and the
vibration thereof are liable to be produced 1n the control in
which a target value 1s fixed. The disadvantages occur due
to the fact that the scale of the membership functions is

10

15

20

25

30

35

40

45

50

55

60

65

2

fixed. In other words, the relationship between the inputs
and output and the membership functions corresponding
thereto 1s fixed, thereby making impossible to ensure con-
siderable input and output gains.

Additionally, 1n the conventional fuzzy controller, the
range 1n which the input variables vary i1s generally covered

by 7 to 11 membership functions. When such a small
number of membership functions are set, resolution 1is
decreased. Therefore, even 1f a high-precision input value 1s
obtained, it 1s difficult to exercise precise control corre-
sponding to the precision. In particular, it 1s desirable that
the output 1s controlled with higher precision 1n the steady
state where the inputs are stable. However, this goal can not
be satisfied.

The fuzzy controller the 1nput and output dynamic ranges
of which are fixed has the disadvantage of being unable to
deal with a case where 1t 1s desired to execute adaptive
control by varying the 1nput and output dynamic ranges 1n
real time.

In the fuzzy controller, the input variable 1n the antecedent
are generally output values of the sensor, and the output
variable in the consequent 1s, for example, a quantity of
displacement of the actuator. The offset of the output value
and the gain differ for each sensor and for each actuator.
Accordingly, the fuzzy controller has the disadvantage in
that data representing the membership functions must be
adjusted, the work thereof being laborious.

SUMMARY OF THE INVENTION

An object of the present invention 1s to make 1t possible
to connect a sensor and an actuator respectively having a
wide variety of input and output ranges to input and output
sides of a fuzzy controller without any external circuit.

Another object of the present invention i1s to make 1t
possible to exercise proper control by causing a system to be
controlled to quickly reach a target when the deviation of the
system to be controlled from the target while reducing the
vibration of the system to be controlled by fine control when
the deviation from the target 1s small.

Still another object of the present invention 1s to allow
control 1n the steady state to be executed with high precision.

A Turther object of the present invention 1s to make 1t

possible to exercise adaptive control by varying input and
output ranges 1n real time.

A first embodiment of the present invention 1s character-
1zed by a fuzzy controller comprising fuzzy inference means
for subjecting one or a plurality of input signals to fuzzy
inference operations using membership functions 1n accor-
dance with a predetermined rule and outputting a non-fuzzy
value determined on the basis of the results of the inferences,
which comprises at least one of 1nput signal level conversion
means provided on the input side of the fuzzy inference
means for converting signal levels of the mput signals and
output signal level conversion means provided on the output
side of the fuzzy inference means for converting a signal
level of the output signal.

Therefore, 1n the fuzzy controller according to the first
embodiment, even 1f any sensor and any actuator are respec-
tively connected to the mnput side and the output side thereof,
the mput signals can be converted 1nto proper signals by the
mput signal level convertion means, to be accepted 1n the
fuzzy inference means without preparing any special circuit.
Alternatively, the output signal of the fuzzy inference means
can be converted into a proper signal by the output signal
level conversion means, to be outputted. More speciiically,
the levels of the mput and output signals of the fuzzy
inference means can be freely adjusted.
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A second embodiment of the present mnvention 1s charac-
terized by a fuzzy controller comprising fuzzy inference
means for subjecting one or a plurality of input signals to
fuzzy 1nference operations using membership functions in
accordance with a predetermined rule and outputting a
non-fuzzy value determined on the basis of the results of the
inferences, which comprises at least one of iput signal
conversion means provided on the input side of the fuzzy
inference means and comprising an input signal conversion
portion including a plurality of input signal transform func-
fions for converting the input signals and a first selection
portion for selecting any one of the mput signal transform
functions, and output signal conversion means provided on
the output side of the fuzzy inference means and comprising
an output signal conversion portion including a plurality of
output signal transform functions for converting the output
signal and a second selection portion for selecting any one

of the output signal transform functions.

According to the second embodiment, the fuzzy controller
can executes control conforming to a system to be controlled
which 1s an object by selecting and setting the desired input
and output signal transform functions. In addition, the fuzzy
controller according to the second embodiment has the
advantage of allowing the system to be controlled to quickly
reach a target when the deviation of the system to be
controlled from the target 1s large, while allowing the
deviation of the system to be controlled from the target to be
smaller as well as allowing the vibration of the system to be
controlled to be decreased by fine control when the deviation
from the target 1s small.

The third embodiment of the present invention 1s charac-
terized by a fuzzy controller comprising fuzzy inference
means for subjecting one or a plurality of input signals to
fuzzy 1nference operations using membership functions in
accordance with a predetermined rule and outputting a
non-tuzzy value determined on the basis of the results of the
inferences, which comprises scale factor control means for
selecting an 1nput signal whose absolute value 1s maximum
out of the mput signals to respectively output a multiplier
and a divider corresponding to the absolute value, input-side
multiplication means for applying to the fuzzy inference
means a signal obtained by multiplying the value of the input
signal by the multiplier obtained from the scale factor
control means, and output-side division means for dividing
the value of the output signal outputted form the fuzzy
inference means by the divider obtained from the scale
factor control means.

In the tuzzy controller according to the third embodiment,
when the 1nput value enters the steady state, the mput-side
multiplication means amplifies the 1nput value on the basis
of the multiplier from the scale factor control means, a fuzzy
inference 1s implemented on the basis of the input value, and
the output value representing the result of the inference is
decreased by the output-side division means, thereby allow-
ing precise output control corresponding to the iput preci-
sion 1n the steady state.

The fourth embodiment of the present invention 1s char-
acterized by a ftuzzy controller comprising fuzzy inference
means for subjecting one or a plurality of input signals to
fuzzy 1nference operations using membership functions in
accordance with a predetermined rule and outputting a
non-fuzzy value determined on the basis of the results of the
inferences, which comprises 1nput range conversion means
for converting an mput signal obtained from a system to be
controlled 1nto a signal having a range suitable for the fuzzy
inference means, output range conversion means for con-
verting the non-fuzzy output obtained from the fuzzy infer-
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4

ence means 1nto a signal having a range required by the
system to be controlled, and means for controlling range
conversion by the mput end output range conversion means
depending on the states of the mput end output signals.

In the fuzzy controller according to the {fourth
embodiment, there ere provided the mnput and output range
conversion means capable of controlling conversion of the
mput and output ranges. Accordingly, the fuzzy controller
can correspond to a wide variety of iput and output
conditions of a sensor and actuator connected thereto. In

addition, the 1nput and output dynamic ranges are adaptively
varied between a case where a system to be controlled 1s
orcatly changed 1n a transient manner and a case where the
system to be controlled 1s not greatly changed as in the
steady state, thereby allowing coarse and large control when
the changes are large, while allowing fine and small control
when the changes are small.

The fifth embodiment of the present invention is charac-
terized by a fuzzy controller which comprises means for
storing normalizing parameters corresponding to mput and
output variables, first normalization means for normalizing
an 1nput signal by the normalizing parameter corresponding,
to the input variable stored in the storage means, means for
subjecting the mput signal normalized by the first normal-
1zation means to fuzzy inferences 1n accordance with a
predetermined rule, and second normalization means for
normalizing an output value obtained by the fuzzy infer-
ences by a normalizing parameter corresponding to the
output variable stored in the storage means to output the
same.

The fuzzy controller according to the fifth embodiment
previously preserves parameters for normalizing the offset
of the output value and the gain when the gain and the offset
differ for each sensor and for each actuator, to eliminate the
necessity of adjusting a rule or the like, thereby allowing

simple management of data constituting the rule.

The foregoing and other objects, features, aspects and
advantages of the present invention will become more
apparent from the following detailed description of the
present 1nvention when taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPITION OF THE DRAWINGS

FIG. 1 1s a block diagram showing the basic construction
of a fuzzy control system,;

FIGS. 2,3, 4,5, 6,7, 8 and 9 show a first embodiment,

where FIG. 2 15 a block diagram showing the construction of
a fuzzy controller; FIG. 3 1s a graph showing an example of
membership functions relative to input and output variables;
FIG. 4 1s a table showing a control rule set in the fuzzy
controller, FIG. 5 1s a graph showing an example of 1nput
signal transform functions; FIG. 6 1s a graph for explaining
that a rule to be applied varies depending on the input signal
transform functions; FIG. 7 1s a graph showing an example
of output signal transform functions and how the shape of a
membership function varies depending on the output signal
transform functions; and FIGS. 8 to 9 are graphs showing
how the results of inferences vary depending on the output
signal transform functions;

FIGS. 10, 11 and 12 show a second embodiment, where
FIG. 10 1s a block diagram showing the electrical construc-
tion of a fuzzy controller, FIG. 11 1s a circuit diagram
showing an example of a MAX circuit in the fuzzy control-
ler; and FIG. 12 1s a circuit diagram showing an example of
a scale factor control portion 1n the fuzzy controller,

FIGS. 13, 14, 15, 16, 17, 18 and 19 show a third
embodiment, where FIG. 13 1s a block diagram showing the
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whole of the third embodiment; FIG. 14 1s a block diagram
showing an entire fuzzy controller system,;

FIG. 15 1s a block diagram showing the construction of an
input-output circuit unit; FIGS. 16 and 17 are block dia-
ograms respectively showing an example of the construction
of mput and output range converters; FIG. 18 1s a graph
showing how a control system changes; and FIG. 19 1s a
flowchart showing the procedure of gain control; and

FIGS. 20 and 21 show a fourth embodiment, where FIG.
20 1s a block diagram showing the construction of an entire
fuzzy controller; and FIG. 21 1s a diagram for explaining the
contents stored 1n a rule file.

DESCRIPTION OF THE PREFERREI
EMBODIMENTS

FIG. 1 1illustrates the enfire system for controlling a
system to be controlled by a fuzzy controller 1. A deviation
e, between a target value r and the value of an output (a
controlled variable) y,, of a system to be controlled 2 and a
quantity Ae, [=(e,—e,_,)/t] of change in deviation in one
sampling time are inputted to the fuzzy controller 1. The
fuzzy controller 1 implements inferences using the deviation
¢, and the quantity Ae_ of change 1n deviation mputted and
membership functions previously set in accordance with a
predetermined rule, to output a quantity u, of change in
manipulated variable. This quantity u_ of change 1s added to
a manipulated variable uc, _, obtained the last time, to obtain
a manipulated variable uc, this time. The obtained manipu-
lated variable uc_ 1s applied to the system to be controlled 2.

EMBODIMENT 1

FIG. 2 1illustrates the construction of a fuzzy controller
according to a first embodiment. The fuzzy controller 1
comprises a fuzzy inference portion 10, an input signal
conversion portion 11, an output signal conversion portion
12, a setting device 14 for selecting input signal transform
functions 1n the iput signal conversion portion 11, and a
setting device 15 for selecting output signal transform
functions 1n the output signal conversion portion 12. The
input signal conversion portion 11 and the output signal
conversion portion 12 respectively have a plurality of trans-
form functions. One of the plurality of transtorm functions
1s selected and set by each of the setting devices 14 and 135.
The 1nput signal conversion portion 11 and the output signal

conversion portion 12 will be described below 1n more
detail.

The fuzzy inference portion 10 accepts the deviation e
and the quantity Ae, of change in deviation mputted through
the input signal conversion portion 11 (the mputs converted
in the conversion portion 11 are also represented by the same
symbols ¢, and Ae,_ for convenience), implements fuzzy
inferences 1n accordance with a predetermined rule previ-
ously set, and outputs the quantity u, of change i the
manipulated variable which is the output through the output
signal conversion portion 12 as the results of the imnferences
(the input and the output of the conversion portion 12 are
represented by u,, for convenience).

An example of membership functions with respect to
input variables ¢ and Ae and an output variable u set 1n the
fuzzy inference portion 10 1s shown in FIG. 3. The same
seven types of membership functions PL to NL are used with
respect to any one of the mput and output variables. The
membership function 1s not limited to a membership func-
tion of triangular shape as shown in FIG. 3. For example, a
membership function of arbitrary shape can be used.

FIG. 4 shows an example of a rule used in the fuzzy
inferences 1n the form of a table. In this rule table, labels NL,
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6

NM, . .., PL of the membership functions with respect to
the deviation e are arranged 1n 1ts lateral direction and labels
NL, NM, . .., PL of the membership functions with respect
to the quantity Ae of change 1n deviation are arranged 1n 1ts
longitudinal direction. Labels of the membership functions
with respect to the quantity u of change in the manipulated
variable which 1s the output are represented 1n divisions
where the lateral and longitudinal labels 1ntersect each other.
For example, a division represented by hatching expresses
the following rule:

“If e=PS and Ae=PM, then u=PM.”

FIG. 5 shows an example of input signal transform
functions 1, {,, L5, {,, and {. mncluded 1n the mmput signal
conversion portion 11. Each of the imnput signal transform
functions represents the relation between an 1nput signal of
the conversion portion 11 (an input signal of the fuzzy
controller 1) and an output signal of the conversion portion
11 (an input signal of the fuzzy inference portion 10). Any
on, of the input signal transform functions 1s selected by the
setting device 14. The input signal applied to the conversion
portion 11 1s converted by the selected transtorm function
and then, applied to the fuzzy inference portion 10. For
example, when the value of the inputted deviation e 1s ¢ , and
the selected transtorm function is f;, the input of the fuzzy
inference portlon 10 becomes ¢,,. As shown in FIG. 6, this
input ¢, , atfects the membershlp functions PS and PM with
respect to the deviation € 1n the fuzzy inference portion 10.

When the setting device 14 1s switched to select the
transform function {, the 1nput ¢ 1s converted 1nto an 1nput
¢,~ by the function 1, to be 1nputted to the fuzzy inference
portion 10. This 1nput ¢,, affects the membership functions
PM and PL 1n the inference portion 10.

When the transform function . 1s thus selected, the
deviation mput becomes larder than an actual one, so that an
output quantity can be made larger. Accordingly, setting
time at the time of controlling the start of the object to be
controlled can be made fast. Moreover, more satisfactory
control can be exercised 1n the constant-value control. The
same 1s true 1n a case where the transform function {, 1s
selected. The transform functions {4 and {5 differ in the
degree of enlarging the input On the other hand, the trans-
form functions I, and {, function to reduce the input.

A graph on the left side in FIG. 7 shows mput-output
characteristics of the output signal conversion portion 12 1,
to 1, designate output signal transform functions included
in this conversion portion 12. Assuming that a membership
function F, ; 1n a consequent shown on the right side 1n FIG.
7 corresponds to the function f,,, if the function f,, 1s
selected, 1t follows that the membership function F, ; 1n the
consequent 1s substantially changed mto F,,. Accordingly,
considering a case where the results of the inferences in the
fuzzy inference portion 10 (the state before being
defuzzified) is as shown in FIG. 8, if the function is switched
from 1,5 to t,,, then the results of the inferences are changed
into those as shown 1n FIG. 9. As described 1n the foregoing,
the output signal transform functions in the output signal
conversion portion 12 are selected so that the output quantity
can be controlled, thereby allowing fine control.

Although 1n the fuzzy controller according to the above
described embodiment, signal convertion portions are pro-
vided on both the input and output sides, a signal conversion
portion may be provided only 1n either one of the input and
output sides.

Additionally, the fuzzy inference portion 10 and the signal
conversion portions 11 and 12 can be constituted by an
analogue or digital circuit having dedicated architecture, or
can be realized by programming a binary computer to have
the above described functions.
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EMBODIMENT 2

FIG. 10 1s a block diagram showing the electrical con-
struction of a fuzzy controller according to a second embodi-
ment of the present invention. n types of mput signals of the
fuzzy controller are represented by I, I, . .., I . Two types
of outputs are provided from the fuzzy controller, which are
represented by O, and O.,.

A multiplier array 21, which comprises n multipliers,
multiplies the input signals I, to I  1inputted by Ni,
respectively, to send out the signals to a MAX circuit 24 and
a fuzzy inference portion 10. The fuzzy inference portion 10
subjects the 1input signals I, to I, multiplied by Ni to tuzzy
inferences, to send out outputs which are the results of the
inferences to a divider array 22. The divider array 22, which
comprises two dividers, divides the outputs of the fuzzy
inference portion 10 by No, respectively, to provide the
outputs to the exterior as the output signals O, and O,. The
MAX circuit 24 extracts an output having the maximum
value out of the outputs of the multiplier array 21, to send
out1ts absolute value to a scale factor control portion 25. The
scale factor control portion 25 respectively applies the
multiplier N1 and the divider No corresponding to the
maximum value of the output to be provided to the multi-
plier array 21 and the divider array 22.

The levels of the input signals I, to I inputted to the
multiplier array 21 are converted into levels in the input
range allowed by the fuzzy inference portion 10.

FIG. 11 1s a circuit diagram showing an example of the
MAX circuit 24.

Input signals I, to I are connected together to an amplifier
Al whose gain 1s 1 through diodes D1 connected 1n the
reverse direction, respectively, while being connected
together to an amplifier A2 whose gain 1s —1 through diodes
D2 connected 1n the forward direction, respectively. Outputs
of the amplifiers A1 and A2 are respectively provided
through diodes D3 and D4. Consequently, an input signal
whose absolute value 1s maximum out of the mput signals I,
to I 1s outputted from this MAX circuit 24 at a positive
potential.

Although diodes constitute the MAX circuit 24 1n FIG.
11, transistors may constitute the MAX circuit.

FIG. 12 1s a circuit diagram showing an example of the
scale factor control portion 25.

As shown 1n FIG. 12, the output of the MAX circuit 24 1s
provided to a negative terminal of a comparator C1 and a
positive terminal of a comparator C2, respectively, to be
compared with voltages V, and V.. An output of the
comparator C1 and an output of the comparator C2 are
provided to a buffer amplifier B1 through a diode D5 and a
resistor R4 and a diode D6, respectively. Outputs represent-
ing scale factors N1 and No are provided from this buifer
amplifier B1. If the mnput of the buffer amplifier B1 1s 0 V,
the outputs N1 and No thereof are 1 V. As the input is
increased to the positive, the outputs N1 and No are
increased. In addition, 1f the MAX value input becomes a set
voltage V, or less, a capacitor C connected between the
input side of the buffer amplifier B1 and a ground 1is
oradually charged, so that the outputs Ni and No are
increased. On the other hand, if the MAX mput value
becomes a set voltage V,, or more, the capacitor C is rapidly
discharged, so that the outputs N1 and No approach 1.

Description 1s now made of the operation of the fuzzy
controller constructed as described above.

If a system to be controlled rises when 1t begins to be
driven and 1s subjected to disturbances, or a target value 1s
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changed, the 1input signals I, to I 1nputted to the multiplier
array 21 can cover the entire range of the above described
membership functions NL to PL. Similarly, the output
signals O1 and O2 can cover the entire range of the
membership functions NL to PL. On this occasion, an input
signal whose absolute value 1s maximum out of the input
signals I, to I 1s sent to the scale factor control portion 23
from the MAX circuit 24. The scale factor control portion 25
outputs 1 as the outputs N1 and No. As a result, the input and
output signals are passed through the multiplier array 21 and
the divider array 22 without any modification, respectively.

When the system to be controlled converges 1n the steady
state, the range of changes in the input signals I, to I
narrows to the range of the membership functions NM to PM
or NS to PS. When the system to be controlled further
converges, the input signals I, to I almost fall in the range
of the membership function ZR. As the range of changes 1n
the 1nput signals I, to I, thus narrows, the MAX value sent
to the scale factor control portion 25 from the MAX circuit
24 1s decreased. If the MAX value becomes the set voltage
V, or less, the outputs N1 and No are gradually mcreased to
more than 1. As a result, the mput signals I, to I  are
multiplied by Ni, to be inputted to the fuzzy inference
portion 10. The output values obtained by subjecting the
input signals multiplied by N1 to fuzzy inferences, which are
respectively N1 times the original values, are divided by No
by the divider array 22 to be converted into normal values
and then, outputted.

When the system to be controlled 1s changed from the
stcady to greatly changing state due to disturbances or the
like, the MAX value sent from the MAX circuit 24 to the
scale factor control portion 25 1s increased. If the MAX
value becomes the set voltage V., or more, the outputs N1
and No are rapidly decreased, to approach 1. The system to
be controlled reacts to the changes in value of the input
signals as described above, thereby improving transient
response.

Meanwhile, let Ni=No with respect to the multiplier N1
and the divider No which are outputs of the scale factor
control portion 25 provided that there i1s proportionality
between the 1nput and output signals 1n the steady state.

Furthermore, fuzzy rules, for example, “If I,=NL and
[,L=PM and [,=PS, then O,=NS.”, are set in the fuzzy
inference portion 10. The rules handle a plurality of 1nput
signals. Moreover, 1n the steady state, i1n many cases the
input signals take stable values and only a part of the 1nput
signals affects the outputs which represents the results of the
inferences. In such cases, it 1s preferable to give the results
of the operations 1n an antecedent 1n the fuzzy inferences to
the MAX circuit 24 as input signals.

Additionally, when the output N1 of the scale factor
control portion 25 1s increased and the outputs of the
multiplier array 21 exceed the mput range of the fuzzy
inference portion 10, an output voltage of the multiplier
array 21 should be limited within a predetermined range.

Furthermore, 1n the present embodiment, the input signals
I, to I take analogue values. If the input signals are digitally
processed, the MAX circuit 24 monitors particular bits of the
input signals to shift the bits on the basis of the results of the
monitoring, thereby allowing multiplication and division
processing to be easily performed.

The above described construction allows the fuzzy con-
troller according to the present embodiment to control the
steady state with high precision with no sacrifice 1n respon-
sibility 1n a transition time period.

The tuzzy controller according to the present embodiment
can be realized by not only hardware but also software.




Re. 36,421

9
EMBODIMENT 3

FIG. 13 illustrates a fuzzy controller according to a third
embodiment of the present invention and a system to be
controlled which 1s controlled by the fuzzy controller. In
contrast with FIG. 1, a deviation € and a quantity ¢ of change
in deviation are illustrated together as a single iput herein.
In addition, a subtracter on the input side and an adder on the
output side of the fuzzy controller are omitted.

A system to be controlled 2 comprises a sensor for sensing
a controlled variable and an actuator 42 for driving the
system to be controlled 2. The sensor 41 and the actuator 42
respectively have a wide variety of input and output ranges.
The fuzzy controller 1 1s provided with an iput range
converter 50, an output range converter 60, and a control
circuit 70 for controlling range conversion in the mput and
output range converters 50 and 60 so as to correspond to the
wide variety of input and output ranges. The controlled
variable applied from the sensor 41 in the system to be
controlled 2 1s converted 1nto a value 1n a range suitable for
an mput of a fuzzy inference portion 10 by the mput range
converter 50. A non-fuzzy output provided from the fuzzy
inference portion 10 1s converted 1nto a value 1n a range
required by the actuator 42 by the output range converter 60,
to be outputted as a manipulated variable. Although only a
single sensor 41 1s 1llustrated in the system to be controlled
2 1n FIG. 13, it goes without saying that a plurality of sensors
are provided so that a plurality of types of controlled
variables are applied to the fuzzy controller 1 1n some cases
(the cases occur more frequently). The input range converter
50 may be provided for each type of controlled variable or
a plurality of types of controlled variables may be handled
by a single input range converter.

FIG. 14 shows an example of the construction of an entire
fuzzy controller system including the fuzzy controller 1.

The fuzzy controller 1 comprises three digital units 31 to
33 and a lot of analogue units 34 to 36. The digital unit 31
1s a CPU unit, which comprises a CPU and a memory such
as a ROM and a RAM. This CPU unit 31 1s used for setting
various types of constants, coeflicients and the like in the
analogue units 34 to 36 and monitoring operations of the
analogue units 34 to 36. The digital unit 32 1s a memory unit,
which comprises, for example, a RAM storing various types
of data. The digital unit 33 1s a communication I/F unait,
which allows the CPU 1 the unit 31 to communicate with
a host computer 3.

The analogue unit 34 1s an 1nput-output circuit unit, which
serves as an interface between the system to be controlled 2
and the other analogue unit 35 or 36. The analogue unit 36
1s a Tuzzy inference operation unit for subjecting an 1nput
signal representing a controlled variable applied from the
system to be controlled 2 through the input-output circuit
unit 34 to a predetermined fuzzy inference operation. A lot
of fuzzy inference operation units 36 are provided. The
analogue unit 35 1s a definite value operation unit, which
integrates the results of fuzzy inferences obtained from the
fuzzy 1nference operation units 36 and determines
(defuzzifies) a definite (non-fuzzy) value corresponding
thereto. This non-fuzzy output 1s applied to the system to be
controlled 2 through the imput-output circuit unit 34 as a
manipulated variable. The analogue units 34 to 35 are
connected to each other through an analogue bus 38.
Accordingly, the number of the fuzzy inference operation
units 36 and the like can be arbitrarily increased or
decreased.

Furthermore, the above described analogue units 34 to 36
are mutually connected to the above described digital units
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31 to 33 through a digital bus 39. Consequently, various
types of constants and the like of the analogue units 34 to 36
can be arbitrarily set by the CPU 1n the CPU unit 31 and the

operations of the analogue units 34 to 36 can be monitored.

In contrast with FIG. 13, the input and output range
converters 50 and 60 are included 1n the input-output circuit
unit 34, as shown 1n FIG. 15. The fuzzy inference portion 10
comprises the plurality of fuzzy inference operation units 36
and the definite value operation unit 35. The range conver-
sion control circuit 70 corresponds to the CPU unit 31. The
CPU 1n the CPU unit 31 controls the input and output range
converters 50 and 60 in the mput-output circuit unit 34
through the digital bus 39 and a digital bus I/F circuit 71.
The host computer 3 may be caused to perform a range
conversion control function to control the mput and output
range converters 50 and 60 through the communication I/F
unit 33. In FIG. 15, if there are a plurality of types of input
signals from the system to be controlled 2, a plurality of
input range converters S0 may be provided as described
above.

FIG. 16 shows an example of the construction of the 1nput
range converter 50. An input signal (a signal representing a
controlled variable outputted from the sensor) is classified
into a voltage signal and a current signal. An mputted current
signal 1s converted 1nto a voltage signal by an I/V converter
55. An analogue switch 56 1s controlled depending on
whether the mput signal 1s the current signal or the voltage
signal. In any case, the mput signal 1s applied to a multiplier
51. Data representing the gain of the multiplier 51 1s applied
to a D/A converter 53 for gain through the digital bus 39. A
signal representing the gain converted into an analogue
signal by this D/A converter 53 1s inputted to the multiplier
51. In the above described manner, the imput signal is
multiplied by a certain constant.

An output signal of the multiplier 51 is mnputted to an
adder 52. On the other hand, data representing the offset
applied to a D/A converter 54 for oifset through the digital
bus 39 1s converted into an analogue quantity, to be applied
to the adder 52. Accordingly, the adder 52 adds a certain
oifset value to the input signal.

As described 1n the foregoing, a signal having any 1nput
range can be converted 1nto a particular normalized voltage
input. Data for controlling switching of the analogue switch
56, the Gain data of the multiplier 51, and the offset data of
the adder 82 are applied from the CPU unit 31 through the
digital bus 39, as described above. In addition, an output
signal of the adder 52 1s applied to the fuzzy inference
operation unit 36 through the analogue bus 38 as an input
signal.

FIG. 17 shows an example of the construction of the
output range converter 60. The definite (non-fuzzy) value
signal outputted from the definite value operation unit 35 1s
a normalized output signal. This output signal 1s multiplied
by an output of a D/A converter 63 for gain by a multiplier
61. That 1s, 1t follows that the output signal 1s multiplied by
a certain constant. An output of the multiplier 61 1s then
added to an output of a D/A converter 64 for offset by an
adder 62, thereby allowing the output signal to be converted
into a voltage output at any level. When 1t 1s desired to
convert the output signal into a current output signal, an
output of a V/I converter 65 1s sclected by an analogue
switch 66, thereby allowing the output signal to correspond
to voltage and current outputs having any range.

It goes without saying that gain data and offset data
respectively applied to the D/A converters 63 and 64 and
data for controlling switching of the analogue switch 66 are
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transferred from the CPU unit 31 through the digital bus 39.
An output of the analogue switch 66 1s applied to the system
to be controlled 2 through the mput-output circuit unit 34.

The above described level converting operations can be

all controlled 1n real time from the CPU umit 31 through the
digital bus 39. Accordingly, the of controller can executes a

wide variety of control. More specifically, when the system
to be controlled transiently acts, the gains applied to the D/A
converters 33 and 63 for gain are 1ncreased to increase the
responsibility of the entire control system so as to exercise
large and coarse control. On the other hand, when the system
to be controlled 2 1s in the steady state, the gains are
decreased to increase the stability of the entire control
system. For example, 1n response of a given system as
shown 1n FIG. 18, the following processing can be per-
formed 1n accordance with a flowchart of FIG. 19. The 1nput
and output gains are increased to 1ncrease the responsibility
when the system to be controlled significantly varies, for
example, when 1t rises and 1t 1s subjected to disturbances,
while being decreased to increase the robustness when the
system to be controlled 1s stable.

EMBODIMENT 4

FIG. 20 1s a block diagram showing a fuzzy controller
according to a fourth embodiment of the present invention,

and FIG. 21 1s a diagram for explaining the contents stored
in a rule file shown 1 FIG. 20.

In FIG. 20, reference numeral 81 designates a multiplier
for multiplying an output value x; of a sensor (not shown)
by a gain k,, numeral 82 designates an adder for adding an
offset value a; to an output value k,x, of the multiplier 81,
numeral 83 designates a multiplier for multiplying an output
value x, of another sensor (not shown) by a gain k,, and
numeral 84 designates an adder for adding an offset value a,
to an output value k,x, of the multiplier 81. Outputs x,, and
X,o Of the adders 82 and 84 are applied to a fuzzy inference
portion 10.

Reference numeral 86 designates a multiplier for multi-
plying the results of inferences (output value) of the fuzzy
inference portion 10 by a gain k,, and numeral 87 designates
an adder for adding an offset value a, to an output value y,k,
of the multiplier 86. The above described gamns k,, k, and k,
and the above described offset values a,, a, and a; are
respectively stored in registers 91 to 96.

Reference numeral 100 designates a rule file storing data
representing rules for fuzzy inferences in the fuzzy inference
portion 10, data representing membership functions relative
to input variables x, and X, (x,,, X,,) and an output variable
v, (Y10), and data representing normalizing parameters cor-
responding to the imput and output variables. As shown 1n
FIG. 21, the gains k,, k, and k; and the offset values a,, a,
and a, are stored as normalizing parameters to correspond to
the 1nput and output variables x,, X, and y,.

Reference numeral 101 designates a rule management
portion for setting the rule data and the membership function
data stored 1n the rule file 100 1n the fuzzy inference portion
10 and setting the normalizing parameter data stored therein
in a normalizing parameter setting portion 102. The normal-
1zing parameter setting portion 102 sets the normalizing
parameters K, kK,, k5, a,, a, and a, 1n the registers 91 to 96,
respectively.

Description 1s now made of the operation of the fuzzy
controller according to the present embodiment.

In FIG. 20, when the output values x, and X, of a sensor
are directly mputted to the fuzzy inference portion 10 and
the output value y, of the fuzzy inference portion 10 1is
directly outputted to an actuator, 1t may, 1n some cases, be
impossible to properly implement fuzzy inferences and
suitably control the actuator depending on properties of the
sensor and the actuator.
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In such cases, the normalizing parameters are previously
set 1n the rule file 100 corresponding to the properties of the
sensor and the actuator. The rule management portion 101
reads out the normalizing parameters corresponding to the
input and output variables constituting the rule set in the
fuzzy inference portion 10 from the file 100 to apply the
normalizing parameters to the normalizing parameter setting
portion 102. The normalizing parameter setting portion 102
sets the normalizing parameters 1n the resisters 91 to 96.

Accordingly, the output values x, and x,, of the sensor are
respectively normalized by the multipliers 81 and 83 and the
adders 82 and 84 as represented by the following equations:

Consequently, the fuzzy inference portion 10 can correctly
implement fuzzy inferences 1n accordance with the rule set
by the rule management portion 101.

Furthermore, the value y, representing the results of
inferences correctly implemented by the fuzzy inference
portion 10 1s normalized by the multiplier 86 and the adder

87 as represented by the following equation and then,
outputted to the actuator:

V10=K3y1+as

Accordingly, the actuator 1s normally operated.

Although the present invention has been described and
illustrated 1n detail, 1t 1s clearly understood that the same 1s
by way of 1llustration and example only and 1s not to be
taken by way of limitation, the spirit and scope of the present
invention being limited only by the terms of the appended
claims.

What 1s claimed 1s:

1. A fuzzy controller comprising;:

fuzzy inference means for subjecting one or a plurality of
input signals to fuzzy inference operations using mem-
bership functions 1n accordance with a predetermined
rule and outputting a non-fuzzy value determined on
the basis of the results of the inference;

scale factor control means for selecting an input signal
whose absolute value 1s a maximum value of said input
signals and for respectively outputting a multiplier
value and a divider value which correspond to said
maximum absolute value;

input-side multiplication means for multiplying the value
of said input signals by said multiplier value obtained
from said scale factor control means; and

output-side division means for dividing the value of said
output signal outputted from said fuzzy inference
means by said divider value obtained from said scale
factor control means.

2. A fuzzy [logic] controller for controlling a controllable
system, said fuzzy [logic] controller comprising:

a plurality of mput terminals for receiving respective
applied [first] plurality of mput signals;

a fuzzy inference portion for subjecting one or a plurality
of [second] fuzzy inference input signals to fuzzy infer-
ence operations using membership functions 1n accor-
dance with a predetermined rule and outputting a

non-fuzzy [signal] value determined on the basis of the
results of the interference operation;

a scale factor control section for selecting one of said
applied [first] plurality of input signals whose absolute
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value 1s a maximum value of said applied [first] plu-
rality of 1nput signals and for outputting a multiplier
value corresponding to said maximum absolute value;
an input-side multiplier for multiplying said applied [first]
plurality of mput signals by said multiplier value
obtained from said scale factor control section to pro-
duce said [second] fuzzy inference input signals which

are applied to said fuzzy inference portion; and

a controllable system connected to receive and be con-

trolled by said non-fuzzy [signal] value.

3. The [apparatus] fuzzy controller according to claim 2,
further comprising output-side division means for dividing a
signal representing the value of said non-fuzzy output
[signal] value outputted from said fuzzy inference means by
a divider value.

4. The [apparatus] fuzzy controller according to claim 3,
wherein said divider value 1s obtained from said scale factor
control means which determines said divider value 1n cor-

respondence with said maximum absolute value.

5. The [apparatus] fuzzy controller according to claims 1
or 2, wherein said scale factor control means, or scale factor
control section, further comprises a MAX circuit for select-
ing [an] a signal value whose absolute value is a maximum
of said plurality of input signals.

6. The [apparatus] fuzzy controller according to claim 5,
wherein said MAX circuit comprises:

input signal receiving means, for receiving inpuf signals
[,-1 ; and

maximum value calculating means respectively con-
nected to said mput signal receiving means for provid-
ing an output signal whose absolute value 1s the maxi-
mum value of said input signals I,—1 .

7. The [apparatus] fuzzy controller according to claim 6,
[where] wherein said scale factor control section or means
COMPriSses:

a comparator for comparing said absolute value to low

and high voltage reference values; and

a scale factor determining portion responsive to said
comparator for providing a multiplier value and a
divider value.

8. The [apparatus] fuzzy controller according to claim 7,
wherein when said mput signals I,—I fall 1n a steady state
operation range of said controller, said multiplier and divider
values produced from said scale factor control means or
section are increased to exceed one (1).

9. The [apparatus] fuzzy controller according to claim 8,
wherein result of said operations in said fuzzy inference
means, portion, are provided as an antecedent to said scale
factor control means or section as input signals.

10. The [apparatus] fuzzy controller according to claim 7,
wherein when said signals I,—I fall 1n a greatly changing
operational state of said controller, said multiplier and
divider values are decreased by said scale factor control
means or section to a value approaching one (1).

11. The [apparatus] fuzzy controller of claim 10, wherein
[said] a signal determined by and outputted from said [input
side] input-side multiplication means is limited within a
predetermined range.

12. A method of fully control, comprising the steps of:

selecting one i1nput signal whose absolute value 1s a
maximum value out of a plurality if 1input signals;
determining a multiplier value corresponding to said
maximum absolute value;

multiplying said plurality of input signals by said multi-
plier value; and

subjecting said plurality of multiplied mput signals to

fuzzy inference operations using membership functions
in accordance with predetermined rules.
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13. A jJuzzy controller for controlling a conirollable

system, said fuzzy controller comprising:

a plurality of inputs for receiving input signals;

a first signal level adjusting circuit connected to said
plurality of inputs for adjusting the signal levels of at
least one input signal applied to said inputs in accor-
dance with at least one first control signal;

a fuzzy inference circuit responsive to the input signals
passing through said first signal level adjusting circuit
for subjecting at least one of said input signals passing
through said level adjusting circuit to fuzzy inference
operations using at least one membership function in
accordance with at least one predetermined rule, and
outputting at least one non-fuzzy value determined on
the basts of the results of the inference operations;

second signal level adjusting circuit coupled to said fuzzy
inference circuit for receiving and adjusting the level of
at least one of said at least one non-fuzzy value in
accordance with at least one second control signal; and

a control circuit for supplying at least one of said first and
second control signals to said first and second signal
level adjusting circuits to thereby control the adjust-
ment level of said first and second signal level adjusting
circuits, said control circuit providing said first and
second control signals in response to at least one third
control signal applied thereio.

14. A fuzzy controller as in claim 13, wherein said control
ctrcuit provides said first and second control signals based
at least in part on a signal characteristic of said input
signals.

15. A fuzzy coniroller as in claim 13, wherein said control
ctrcuit provides said first and second control signals based
at least in part on a signal characteristic of said at least one
non-fuzzy value.

16. A fuzzy controller as in claim 15, wherein said control
ctrcuit provides said first and second control signals based
at least in part on a signal characteristic of said input
signals and on a signal characteristic of said at least one
non-fuzzy value.

17. A fuzzy controller as in claim 13, wherein said control
ctrcuit provides said first and second control signals based
at least in part on a signal characteristic of said input
signals and on a signal characteristic of said at least one
non-fuzzy value.

18. A fuzzy controller as in claim 13, wherein said control
ctrcuit provides said first and second control signals based
at least in part on an output signal from a system which is
controlled by said at least one non-fuzzy value.

19. The fuzzy controller of claim 13, wherein said first
signal level adjusting circuit changes the gain and offset of
at least one of said input signals in response to said at least
one first control signal.

20. The fuzzy controller of claim 19, wherein said first
signal level adjusting circuit includes a multiplier circuit for
adjusting a gain value and an adder circuit for receiving the
output of said multiplier circuit and for adjusting an offset
value.

21. The fuzzy controller of claim 13, wherein said second
signal level adjusting circuit changes the gain and offset of
said at least one non-fuzzy value in response to said at least
one second control signal.

22. The fuzzy controller of claim 21, wherein said first
signal level adjusting circuit includes a multiplier circuit for
adjusting a gain value and an adder circuit for receiving the
output of said multiplier circuit and for adjusting an offset
value.

23. The fuzzy controller as in claim 13, wherein said
control circuit includes a CPU and a memory.

G o e = x
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