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(54) LEARNING DEVICE, LEARNING METHOD AND PROGRAM THEREFOR

(57) This learning device provides a learned model
to an adjuster containing a learned model leaned in such
a manner that a controller outputs a predetermined com-
pensation amount to the controller, on the basis of the
specific parameter of an object to be processed, in a con-
trol system comprising a controller for outputting a com-
mand value obtained by compensating a target value on
the basis of a compensation amount and an object to be
controlled which is controlled so as to perform predeter-
mined processing on an object to be processed. The
learning device comprises: an evaluation unit which ac-
quires operation data that includes the target value, com-
mand value and control variable and evaluates the quality
of the control variable; a learning unit which generates
compensation candidates on the basis of the operation
data, and learns, as teacher data, the generated com-
pensation amount candidates and specific parameters
for the object to be processed, and generates a learned
model; and a setting unit which provides the learned mod-
el to the adjuster if the quality evaluated by the evaluation
unit is within a permissible range, on the basis of a control
variable when a command value obtained by compen-
sating a target value on the basis of the compensation
amount output by the generated learned model is impart-

ed to the object to be controlled.
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Description

BACKGROUND

Technical Field

[0001] The disclosure relates to a learning device, a
learning method, and a program therefor.

Description of Related Art

[0002] When a material is processed and assembled
by a control device such as a press machine, normally,
the material cannot be restored once processed. There-
fore, it is not possible to appropriately adjust the control
variable while repeatedly processing the same material.
Therefore, it is important to quantify the relationship be-
tween the material properties and the control input, to
impart an appropriate control input when performing new
processing, etc., and to obtain an appropriate control var-
iable.
[0003] For example, Patent Document 1 discloses a
press system capable of reducing the influence of vari-
ations in plate thickness when manufacturing a pressed
product. The press system of Patent Document 1 in-
cludes a press machine, a plate thickness acquisition
means which includes a supply device for supplying a
workpiece to the press machine and which acquires the
plate thickness information of the workpiece before press
is performed by the press machine, and a die height set-
ting means which sets the die height (H) of the press
machine based on the plate thickness information from
the plate thickness acquisition means.

Related Art

Patent Document

[0004] [Patent Document 1] Japanese Laid-open No.
2005-211928

SUMMARY

Technical Problem

[0005] Incidentally, in the press system described in
Patent Document 1, it is necessary to adjust the optimal
die height to be set by performing trial and error for mul-
tiple times by an actual press machine for every assumed
plate thickness. In a control system such as such a press
system, it is conceivable to set the adjustment amount
(compensation amount) of the die height by using a
learned model that is learned to output an appropriate
control variable such as the die height according to pa-
rameters of the object to be processed. In this case, it is
conceivable to use data including the parameters of the
object to be processed and an appropriate compensation
amount as the teacher data. However, in a control system

that actually performs processing, assembly and the like
on an object to be processed of a press machine and the
like, the appropriate value of the control variable such as
the die height is not limited to being affected by the plate
thickness but may be affected by various parameters of
the object to be processed, such as the hardness, tem-
perature and material thereof. Therefore, in order to con-
firm whether the compensation amount used as the
teacher data is appropriate, it is necessary to perform
trial and error for various objects to be processed, which
requires a huge amount of time.
[0006] Therefore, the disclosure provides a technology
for efficiently learning an appropriate compensation
amount for generating a command value to be imparted
to a control object in predictive control of a control system
which performs processing, assembly and the like of an
object to be processed.

Solution to the Problem

[0007] A learning device according to an aspect of the
disclosure is a learning device in a control system which
includes: a controller which outputs a command value
obtained by compensating a target value based on a
compensation amount; and a control object controlled to
perform a predetermined process on an object to be proc-
essed, wherein a command value output by the controller
is input to the control object, and the control object out-
puts a control variable as a response to the command
value. The learning device provides, to an adjuster in-
cluding a learned model learned to output the predeter-
mined compensation amount to the controller based on
a specific parameter of the object to be processed, the
learned model. The learning device includes: an evalu-
ation part which obtains operation data including the tar-
get value, the command value, and the control variable
to evaluate the quality of the control variable; a learning
part which generates a candidate compensation amount
based on the operation data, performs learning with the
generated candidate compensation amount and the spe-
cific parameter of the object to be processed as teacher
data, and generates a learned model; and a setting part
which provides the learned model to the adjuster when
the quality evaluated by the evaluation part is within a
predetermined allowable range based on a control vari-
able when a command value obtained by compensating
a target value based on a compensation amount output
by the generated learned model is imparted to the control
object. According to this aspect, when the learning device
generates the candidate compensation amount without
actually operating the control object, the learning device
may determine whether to adopt the learned model after
confirming whether the learned model generated by us-
ing the candidate compensation amount outputs an ap-
propriate compensation amount. In this way, when actu-
ally operating the control object, the learning device may
eliminate inappropriate learned models while performing
learning more efficiently. Further, the "parameter" in-
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cludes the characteristic amount and physical amount
and other arbitrary numerical information of the object to
be processed. The characteristic amount is, for example,
a material and the like of the object to be processed, and
the physical amount is, for example, hardness, temper-
ature or the like of the object to be processed.
[0008] Further, it may be configured that when a spe-
cific parameter of an object to be processed provided to
the control object is equal to a parameter, whose evalu-
ation has not been performed yet, of the generated
learned model, the setting part outputs a compensation
amount output by the generated learned model to the
controller and causes the evaluation part to evaluate the
quality. Further, it may be configured that the learning
part performs learning again when the quality evaluated
based on the compensation amount output by the gen-
erated learned model is out of the allowable range, and
regenerates a learned model. In this way, inappropriate
learned models may be eliminated.
[0009] Further, the learning part may be configured to
generate the candidate compensation amount by data-
driven control. The data-driven control may be any one
of virtual reference feedback tuning (VRFT), fictitious ref-
erence iterative tuning (FRIT), and estimated response
iterative tuning (ERIT). According to this aspect, by using
a data-driven control method such as VRFT, FRIT, or
ERIT, the learning part may generate the candidate com-
pensation amount without obtaining the dynamic char-
acteristic model of the control object and may generate
the teacher data. In this way, the learning device may
generate the candidate compensation amount without
repeating the actual operations of the control object. As
a result, the learning device may perform learning more
efficiently without preparing or damaging the object to be
processed.
[0010] A learning method according to an aspect of the
disclosure is a method executed in a learning device in
a control system which includes: a controller which out-
puts a command value obtained by compensating a tar-
get value based on a compensation amount; and a con-
trol object controlled to perform a predetermined process
on an object to be processed, wherein a command value
output by the controller is input to the control object, and
the control object outputs a control variable as a response
to the command value. The learning device provides, to
an adjuster including a learned model learned to output
the predetermined compensation amount to the control-
ler based on a specific parameter of the object to be proc-
essed, the learned model. The method is executed to
make the learning device perform: an evaluation step of
obtaining operation data including the target value, the
command value, and the control variable to evaluate the
quality of the control variable; a step of generating a can-
didate compensation amount based on the operation da-
ta, performing learning with the generated candidate
compensation amount and the specific parameter of the
object to be processed as teacher data, and generating
a learned model; and a step of providing the learned mod-

el to the adjuster when the quality evaluated in the eval-
uation step is within a predetermined allowable range
based on a control variable when a command value ob-
tained by compensating a target value based on a com-
pensation amount output by the generated learned model
is imparted to the control object.
[0011] A program according to an aspect of the disclo-
sure is a program for operating a learning device in a
control system which includes: a controller which outputs
a command value obtained by compensating a target
value based on a compensation amount; and a control
object controlled to perform a predetermined process on
an object to be processed, wherein a command value
output by the controller is input to the control object, and
the control object outputs a control variable as a response
to the command value. The learning device provides, to
an adjuster including a learned model learned to output
the predetermined compensation amount to the control-
ler based on a specific parameter of the object to be proc-
essed, the learned model. The program operates the
learning device to perform: an evaluation part for obtain-
ing operation data including the target value, the com-
mand value, and the control variable to evaluate the qual-
ity of the control variable; a part for generating a candi-
date compensation amount based on the operation data,
performing learning with the generated candidate com-
pensation amount and the specific parameter of the ob-
ject to be processed as teacher data, and generating a
learned model; and a part for providing the learned model
to the adjuster when the quality evaluated in the evalu-
ation part is within a predetermined allowable range
based on a control variable when a command value ob-
tained by compensating a target value based on a com-
pensation amount output by the generated learned model
is imparted to the control object.

Effects

[0012] According to the disclosure, it is possible to pro-
vide a technology for efficiently learning an appropriate
compensation amount for generating a command value
to be imparted to a control object in predictive control of
a control system which performs processing, assembly
and the like of an object to be processed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013]

FIG. 1 is a schematic diagram showing a system
configuration example of a control system according
to an embodiment of the disclosure.
FIG. 2 is a block diagram showing a functional con-
figuration example of the learning device according
to an embodiment of the disclosure.
FIG. 3 is a diagram showing an example of the man-
agement table according to an embodiment of the
disclosure.
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FIG. 4 is a diagram showing an example of a control
chart according to an embodiment of the disclosure.
FIG. 5 is a flowchart for illustrating an example of
processing of the learning device according to an
embodiment of the disclosure.
FIG. 6 is a schematic diagram showing a hardware
configuration of a learning device according to an
embodiment of the disclosure.
FIG. 7 is a schematic diagram showing a system
configuration example of the control system accord-
ing to another embodiment of the disclosure.

DESCRIPTION OF THE EMBODIMENTS

[0014] Hereinafter, embodiments according to one as-
pect of the disclosure (hereinafter also referred to as "the
embodiments") will be described with reference to the
drawings. However, the embodiments described below
are merely examples of the disclosure in all respects. It
goes without saying that various improvements and mod-
ifications can be made without departing from the scope
of the disclosure. That is, in implementing the disclosure,
a specific configuration according to the embodiments
may be appropriately adopted. Further, although the data
that appears in the embodiments is described in natural
language, more specifically, it is specified by a computer-
recognizable pseudo language, command, parameter,
machine language, or the like.

§1 Application Example

[0015] First, an exemplary scenario where the disclo-
sure is used is described with reference to FIG. 1. FIG.
1 is a diagram showing an example of the configuration
of a control system 1 according to the disclosure. The
control system 1 includes a controller 10, a servo mech-
anism 20, an adjuster 30, and a learning device 40.
[0016] The controller 10 generates a command value
u(t) obtained by compensating a target value r(t) based
on a compensation amount ρ output by the adjuster 30,
and outputs the command value u(t) to the servo mech-
anism 20. The target value r(t) may be generated (the
case of using a stored target value is included) by the
controller 10 or may be imparted to the controller 10 from
the outside. When a transfer function C(ρ) of the control-
ler 10 is used, the controller 10 generates the command
value u by performing the calculation shown in the fol-
lowing Equation (1).

<Calculation Formula of Controlled

[0017]

[0018] The servo mechanism 20 is controlled by the
controller 10 to perform a predetermined process on an

object to be processed (hereinafter also referred to as a
"workpiece"). The command value u(t) is imparted from
the controller 10 to the servo mechanism 20, and a control
variable y(t) is output as a response to the input value.
When the transfer function of the servo mechanism 20
is set to P, the control variable y(t) is expressed by the
following Equation (2).

<Calculation Formula of Servo Mechanism>

[0019]

[0020] Further, in the embodiment, the servo mecha-
nism 20 is an example of a press machine that presses
a workpiece with a predetermined amount of pressure,
but the disclosure is not limited thereto. Further, the servo
mechanism 20 is an example of the "control object" in
the disclosure.
[0021] The adjuster 30 outputs the compensation
amount ρ to be imparted to the controller 10. In the em-
bodiment, the adjuster 30 has a learned model learned
so that an appropriate compensation amount is output
based on a specific parameter among the parameters of
the workpiece. For example, the plate thickness of the
workpiece may be used as the specific parameter. Fur-
ther, the learned model may be provided by the learning
device 40. Moreover, the adjuster 30 may obtain the pa-
rameters of the workpiece from a sensor (not shown).
Further, the sensor may be included in the servo mech-
anism 20, for example.
[0022] When generating the learned model, the learn-
ing device 40 first actually operates the control system
once with respect to the object to be processed which
has a certain parameter α, and then obtains the relation-
ship between the target value r(t), the command value
u(t) and the control variable y(t) at this time. Next, the
learning device 40 calculates a candidate compensation
amount ρ* corresponding to the parameter α from these
three values. The learning device 40 generates teacher
data based on the calculated candidate compensation
amount ρ* and the parameter α. By performing this proc-
ess on multiple parameters, the learning device 40 may
generate multiple pieces of teacher data having each pa-
rameter and a candidate compensation amount corre-
sponding thereto. Then, the learning device 40 generates
a learned model by performing learning with the gener-
ated one or more pieces of teacher data. In addition,
whether the generated teacher data is actually used for
learning may be determined based on a predetermined
adoption criterion.
[0023] In generating the candidate compensation
amount ρ*, the learning device 40 may use a data-driven
control method such as virtual reference feedback tuning
(VRFT), fictitious reference iterative tuning (FRIT), esti-
mated response iterative turning (ERIT), or the like. In
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the data-driven control, the control parameter may be set
by using the obtained data without obtaining the dynamic
characteristic model of the control object (the servo
mechanism 20 in this embodiment). By using the data-
driven control method, the candidate compensation
amount ρ* is generated from a set of operation data with-
out performing repeated experiments, that is, without re-
peating the actual operations of the servo mechanism
20, and it is used as the teacher data. In this way, it is
possible to shorten the time required to generate appro-
priate teacher data and to efficiently generate a learned
model for outputting an appropriate compensation
amount.
[0024] Here, when the candidate compensation
amount ρ* generated by using the data-driven control
method is learned as teacher data, the learned model
obtained by learning is not necessarily limited to output-
ting an appropriate compensation amount. Therefore,
the learning device 40 may evaluate the learned model
before setting the learned model in the adjuster 30, and
may set the learned model generated by the learning
device 40 in the adjuster 30 when the learning device 40
may confirm that a control variable with a predetermined
quality is obtained.
[0025] For example, it is assumed that learning is per-
formed by using the parameter α of the workpiece X and
the candidate compensation amount ρ* as the teacher
data, and a new learned model LM* is generated. At this
time, the learning device 40 generates a compensation
amount ρα by using the learned model LM* generated
previously when another workpiece having the same pa-
rameter α as the workpiece X is provided to the servo
mechanism 20, and provides the compensation amount
ρα to the controller 10. The controller 10 generates the
command value u(x) based on the compensation amount
ρα, and the servo mechanism 20 outputs the control var-
iable y(x) as a response to the command value u(x). Here,
if a result of evaluating the quality of the control variable
y(x) by a quality evaluation part 42 indicates that the con-
trol variable y(x) is within the predetermined allowable
range, the learning device 40 may set the newly gener-
ated learned model LM* in the adjuster 30. On the other
hand, when the quality is out of the predetermined allow-
able range, and a learned model is already set in the
adjuster 30, a setting part 44 does not have to update
the learned model. In this way, when the learning device
40 generates the candidate compensation amount with-
out actually operating the control object, since the learn-
ing device 40 may determine whether to adopt the
learned model after confirming whether the learned mod-
el generated by using the candidate compensation
amount outputs an appropriate compensation amount,
the learning device 40 may eliminate inappropriate
learned models while performing learning more efficient-
ly. As a result, the learning device may perform learning
more efficiently without preparing or damaging the object
to be processed.

§2 Configuration Example

[0026] An example of the functional configuration of
the learning device 40 will be described with reference
to FIGs. 2 to 4. FIG. 2 is a functional block diagram show-
ing an example of the functional configuration of the
learning device 40. As shown in FIG. 2, the learning de-
vice 40 includes a storage part 41, the quality evaluation
part 42, a learning part 43, and the setting part 44.
[0027] The storage part 41 stores a reference model
Td and a management table.
[0028] The reference model Td represents the transfer
function of the ideal response of the control variable y(t)
for the target value r(t). When the reference model Td is
used, an ideal control variable (hereinafter also referred
to as a "target response") yd(t) for the target value r(t) is
expressed by the following Equation (3).

<Formula of Reference Model Td>

[0029]

[0030] Further, the reference model Td is not limited
to the transfer function, and a model generated by ma-
chine learning based on the target value r(t) and the con-
trol variable y(t) when the servo mechanism 20 is oper-
ated without a workpiece may be used.
[0031] The management table manages the teacher
data used by the learning part 43 for learning. FIG. 3 is
a diagram showing an example of the management table.
The teacher data is data in which, for each workpiece, a
parameter (hardness in the example of FIG. 3) of the
workpiece serving as input data and an optimal compen-
sation amount (hereinafter also referred to as an "optimal
compensation amount") for the workpiece when a com-
mand value is output serving as output data are associ-
ated with each other. The evaluation result of the quality
of the control variable output by the servo mechanism 20
in response to the command value generated based on
the optimal compensation amount associated with each
workpiece is associated in the management table. Fur-
ther, the optimal compensation amount is merely an ex-
ample of the compensation amount, and it is not required
to use the optimal compensation amount.
[0032] In addition, after a record of the new teacher
data is added to the management table, if the servo
mechanism 20 has not yet processed the workpiece cor-
responding to the record, for example, "not performed"
may be registered in the evaluation result column of the
management table.
[0033] In this way, the management table manages
the teacher data used by the learning part 43 for learning
and the evaluation results of the learned model newly
generated (or updated) with the teacher data.
[0034] Further, the storage part 41 stores the learned
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model LM generated by the learning part 43. It is prefer-
able that the storage part 41 stores multiple generations
of the learned model generated by the learning part 43.
[0035] The quality evaluation part 42 obtains operation
data from the controller 10 and the servo mechanism 20
to evaluate the quality of the control variable. A case will
be described as an example in which the control variable
y(t) is output by the servo mechanism 20 as a response
to the command value u(t) imparted for the target value
r(t) by the quality evaluation part 42. At this time, the
quality evaluation part 42 inputs the target value r(t) into
the reference model Td and obtains a target response
yd(t) for the target value r(t).
[0036] Next, the quality evaluation part 42 performs
quality conversion on the target response yd(t) and the
control variable y(t) to calculate quality alternative indi-
ces. For example, the quality evaluation part 42 performs
quality conversion on the target response yd(t) and the
control variable y(t) to calculate the bottom dead center
position and settling time. More specifically, the quality
evaluation part 42 calculates the bottom dead center po-
sition from the maximum values of the target response
yd(t) and the control variable y(t). Further, the quality
evaluation part 42 subtracts the time when the command
value reaches the target position from each of the time
when the target response yd(t) enters the target position
and the time when the control variable y(t) enters the
target position, respectively, whereby the respective set-
tling time is calculated. Further, the bottom dead center
position is the position where the stroke length of the
servo mechanism 20 is maximized. Further, the settling
time is the elapsed time from when the stroke length of
the servo mechanism 20 enters the settling width to when
it reaches the target position, and the settling width refers
to the width within a predetermined range from the target
position (e.g., 610 mm from the target position).
[0037] The quality evaluation part 42 performs quality
evaluation of the control variable y(t) based on the bottom
dead center position and the settling time, which are al-
ternative indices calculated by quality conversion. For
example, the quality evaluation part 42 may perform qual-
ity evaluation by determining whether the control variable
y(t) is within the predetermined allowable range based
on whether the bottom dead center position matches the
target position or whether the bottom dead center posi-
tion is included in the settling width.
[0038] Further, for example, the quality evaluation part
42 may perform quality evaluation of the control variable
y(t) with an Xbar-R control chart. The Xbar-R control chart
is a control chart for managing changes in average values
and changes in variations of the quality evaluation object.
FIG. 4 shows an example of an x control chart of the
Xbar-R control chart used in the quality evaluation part
42 for quality evaluation. In FIG. 4, the vertical axis rep-
resents the stroke length. The graphs L1 and L2 are ex-
amples of plotting average values of the bottom dead
center positions in each lot calculated by quality conver-
sion for each control variable y(t) when the servo mech-

anism 20 processes the workpieces for multiple lots. In
FIG. 4, the solid line shows the upper limit and the lower
limit of the specification value L3, and the broken line L4
shows the upper limit and the lower limit of the control
value. The specification value is, for example, a request
value of a customer who requests processing of the work-
pieces. The control value is a value for controlling so as
not to exceed the specification value. The target value
of the quality is shown at the center of the graph. The
graph L2 shows an example in which the quality is within
the range of the control value, and the graph L shows an
example in which the quality is not within the specification
value. In addition, the example of FIG. 4 shows an ex-
ample in which a graph is plotted for each lot, but the
value of each plot is not limited to the value calculated
for each lot, and a value obtained by quality conversion
based on the processing for one or more workpieces may
be used. In the Xbar-R control chart shown in FIG. 4, the
quality evaluation part 42 may perform quality evaluation
by determining whether the control variable y(t) is within
the predetermined allowable range based on whether
the bottom dead center position of the control variable
y(t) is within the range of the control value or within the
range of the specification value. For example, the result
of quality evaluation by using the Xbar-R control chart
shown in FIG. 4 and the like based on whether the control
variable y(t) is within the predetermined allowable range
may be registered as the result of the quality evaluation
in the management table of FIG. 3 described above. More
specifically, for example, when responding to a command
value generated based on the optimal candidate com-
pensation amount (0.5 mm in the example of FIG. 3) reg-
istered in the record in the first row of FIG. 3, the control
variable y(β) is output by the servo mechanism 20. At
this time, the result of the quality evaluation of the control
variable y(β) based on whether the bottom dead center
position of the control variable y(β) is within the range of
the control value or within the range of the specification
value by using the Xbar-R control chart shown in FIG. 4
is registered as the result of the quality evaluation in the
record in the first row of the management table in FIG. 3.
[0039] The learning part 43 generates the teacher data
based on the candidate compensation amount ρ* calcu-
lated by using the operation data and generates the
learned model. The learning part 43 preferably uses the
data-driven control such as VRFT, FRIT, and ERIT when
calculating the candidate compensation amount ρ*. The
data-driven control is a method of setting control param-
eters by using data without obtaining the dynamic char-
acteristic model of the control object (the servo mecha-
nism 20 in this embodiment). The data-driven control
such as VRFT, FRIT, and ERIT is a method that may
specify the compensation amount from a set of operation
data without performing repeated experiments. The set
of operation data is a target value r, a command value
imparted based on the target value, and a control variable
output as a response to the command value.
[0040] The candidate compensation amount genera-
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tion process of the learning part 43 will be described in
more detail. For example, an example will be described
in which the learning part 43 refers to the reference model
Td and generates the candidate compensation amount
ρ* based on the operation data when the servo mecha-
nism 20 operates on an arbitrary workpiece (hereinafter
referred to as the "workpiece X") based on an arbitrary
command value uini (hereinafter, the operation data
when the operation is performed on the workpiece X
based on the arbitrary command value uini is particularly
referred to as the "operation data Y"). The command val-
ue uini is generated by compensating the target value r
based on a certain compensation amount pini. Here,
when the target value included in the operation data Y is
set to the target value r, the command value set to the
command value uini, and the control variable set to the
control variable yini, the operation data Y is expressed
by {r, uini, yini}.
[0041] When calculating the candidate compensation
amount ρ* with VRFT, the learning part 43 first calculates
an assumed reference signal by the following Equation
(4) with the inverse model Td-1 of the reference model Td.
[Mathematical Formula 1] 

γ: assumed reference signal
[0042] Further, the learning part 43 calculates a can-
didate compensation amount ρ* that minimizes an eval-
uation function Jv(ρ) expressed by the following Equation
(5). Further, in Equation (5), C(ρ) represents the transfer
function of the controller 10 described above.
[Mathematical Formula 2] 

[0043] In addition, when calculating the candidate
compensation amount ρ* with FRIT, the learning part 43
first calculates a pseudo reference signal by the following
Equation (6). Further, in Equation (6), C(ρ)-1 represents
the inverse transfer function of the controller 10.
[Mathematical Formula 3] 

γ(ρ): pseudo reference signal
[0044] Further, the learning part 43 calculates a can-
didate compensation amount ρ* that minimizes an eval-
uation function Jf(ρ) expressed by the following Equation
(7).
[Mathematical Formula 4] 

[0045] The learning part 43 uses the calculated candi-
date compensation amount ρ* as the optimal compen-
sation amount ρ’, associates it with the parameter of the
workpiece X, and adds it to the management table as the
teacher data. Further, the learning part 43 may be con-
figured to perform an adoption determination for deter-
mining whether to adopt the candidate compensation
amount ρ* as the optimal compensation amount ρ’. In
this case, the learning part 43 determines whether the
calculated candidate compensation amount ρ* satisfies
a predetermined adoption criterion, and if so, adopts it
as the optimal compensation amount ρ’ and adds it to
the management table. The adoption criterion is, for ex-
ample, whether the calculated candidate compensation
amount ρ* is not a value (e.g., an outlier) deviating by a
predetermined value or more from the optimal compen-
sation amount included in the teacher data registered in
the management table. Further, the adoption criterion
may be that the candidate compensation amount ρ* is
not a value deviating by a certain value or more from the
average value of the optimal candidate amount included
in the above-described teacher data, or that the candi-
date compensation amount ρ* is not a value deviating by
a certain value or more from the maximum or minimum
value of the optimal candidate amount. Further, for ex-
ample, the adoption criterion may be whether the calcu-
lated candidate compensation amount ρ* is included in
the range of the optimal compensation amount included
in the teacher data registered in the management table.
[0046] The learning part 43 performs learning based
on the teacher data registered in the management table
and generates the learned model LM*. Further, the learn-
ing performed when generating the learned model may
use, for example, conventional techniques of neural net-
work or regression analysis. The learning part 43 adds
the learned model LM* generated currently to the storage
part 41 to store it. Further, the learning part 43 may be
configured to overwrite the learned model LM stored in
the storage part 41 with the learned model LM* generated
currently.
[0047] Further, the learning part 43 may be configured
to perform a learning necessity determination when gen-
erating the candidate compensation amount ρ*. In this
case, the learning part 43 determines whether a prede-
termined learning necessity determination criterion is
satisfied, and if so, generates the candidate compensa-
tion amount ρ* for performing learning. The predeter-
mined learning necessity determination criterion is, for
example, whether the result of the quality evaluation part
42 for the operation data Y is within the allowable range.
Further, the predetermined learning necessity determi-
nation criterion may be whether the parameter of the
workpiece X has been learned in the past, that is, whether
the parameter of the workpiece X is outside the range of
the learned parameter in the learned model currently set
in the adjuster 30. Alternatively, the predetermined learn-
ing necessity determination criterion may be whether the
external environment of the servo mechanism 20 when
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the operation is performed on the workpiece X has
changed from the previous external environment. In this
case, the learning part 43 may detect a change in the
external environment based on an arbitrary input by the
user, or may obtain image data including the external
environment of the servo mechanism 20 from a sensor
and detect a change in the external environment based
on the obtained image data.
[0048] The setting part 44 sets the learned model LM*
generated by the learning part 43 in the adjuster 30. At
this time, the setting part 44 may evaluate the learned
model LM* before setting the learned model LM*, and
may determine whether to set it in the adjuster 30 based
on the evaluation result.
[0049] For example, the setting part 44 may perform
control using the learned model LM* and determine
whether to set the learned model LM* in the adjuster 30
based on the quality evaluation of the control result. Spe-
cifically, for example, it is assumed that the learning part
43 performs additional learning by using the parameter
α of the workpiece X and the candidate compensation
amount ρ* as the teacher data, and generates a new
learned model LM*. At this time, the setting part 44 gen-
erates a compensation amount ρα by using the learned
model LM* generated when a workpiece having the same
parameter α as the workpiece X is provided to the servo
mechanism 20. The controller 10 generates the com-
mand value u(x) based on the compensation amount ρα
generated by the learned model LM*, and outputs it to
the servo mechanism 20. The quality evaluation part 42
performs quality evaluation of the control variable y(x)
output by the servo mechanism 20 as a response to the
command value u(x). According to the result of the quality
evaluation, if the control variable y(x) is within the prede-
termined allowable range, the setting part 44 may set the
newly generated learned model LM* in the adjuster 30.
On the other hand, when the control variable y(x) is out
of the predetermined allowable range, the setting part 44
may use the model already set in the adjuster 30 without
updating the learned model.
[0050] Further, if multiple learned models LM* that
have not been evaluated yet are registered in the storage
part 41, for example, the setting part 44 may evaluate
the learned models LM* in the order of new generation,
select the learned model LM* whose evaluation result
first falls in the allowable range, and set it in the adjuster
30. Further, for example, the setting part 44 may evaluate
all the learned models LM*, select the learned model LM*
whose evaluation result is the best, and set it in the ad-
juster 30.
[0051] Further, the setting part 44 may delete the
learned model LM* whose evaluation is out of the pre-
determined allowable range from the storage part 41.
[0052] In this way, the setting part 44 evaluates the
newly generated (or updated) learned model LM* before
actually setting it in the adjuster 30, and since the learned
model with insufficient quality is not set in the adjuster
30, it is possible to prevent the processing accuracy of

the control system 1 from being lowered.

§3 Operation Flow

[0053] An example of the processing flow of the control
system 1 according to the embodiment will be described
with reference to FIG. 5. First, the learning device 40
generates the reference model Td (S101). At this time,
the learning device 40 obtains the operation data [r, yd]
as the reference. The operation data as the reference
may be, for example, the target value r and the control
variable y of the servo mechanism 20 when an operation
without a workpiece is performed. The learning device
40 generates the reference model Td based on the ob-
tained operation data [r, yd].
[0054] When the workpiece is provided to the servo
mechanism 20, the compensation amount q for the target
value is set (S102). The compensation amount q may be
manually set by the user, or if a learned model has already
been set in the adjuster 30, the learned model may be
generated.
[0055] The controller 10 generates the command value
u based on the set compensation amount q and outputs
it to the servo mechanism 20. The servo mechanism 20
outputs the control variable y as a response to the com-
mand value u. The learning device 40 obtains the oper-
ation data [r, u, y] at this time (S103).
[0056] Next, the necessity of learning is determined
(S104). For example, the learning part 43 may determine
the necessity for the obtained operation data [r, u, y]
based on the result of the quality evaluation performed
by the quality evaluation part 42. Further, the criterion for
determining the necessity of learning is not limited there-
to, and whether the parameter of the current workpiece
is within the range of parameters learned in the past or
whether the external environment has changed may be
used as the criterion. Further, for example, the necessity
of learning may be determined by a person.
[0057] When it is determined that learning is unneces-
sary (S104: NO), the process returns to S102, and the
process is performed on the next workpiece. On the other
hand, when it is determined that learning is necessary
(S104: YES), the learning part 43 refers to the reference
model Td and generates the candidate compensation
amount ρ* (S105). The learning part 43 may use a data-
driven control method such as VRFT, FRIT, or ERIT when
generating the candidate compensation amount ρ*.
[0058] Next, the learning part 43 determines whether
to associate the generated candidate compensation
amount ρ* and the parameter of the workpiece provided
to the servo mechanism 20 in S102 with each other and
to add them as the teacher data (S106). The adoption
criterion for determining whether to add is, for example,
whether the calculated candidate compensation amount
ρ* is not a value deviating by a predetermined value or
more from the compensation amount included in the
teacher data registered in the management table. Fur-
ther, for example, the adoption criterion may be whether
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the calculated candidate compensation amount ρ* is in-
cluded in the range of the compensation amount included
in the teacher data registered in the management table.
[0059] When it is determined to add (S106: YES), the
learning part 43 sets the generated candidate compen-
sation amount ρ* as the optimal compensation amount
ρ’, generates a record in association with the parameter
α of the workpiece provided to the servo mechanism 20
in S102, and adds the record to the management table
as the teacher data (S201). On the other hand, when it
is determined not to add (S106: NO), the process returns
to S101, and the process is performed on the next work-
piece. Further, the learning part 43 may also be config-
ured to generate the teacher data and add it to the man-
agement table with the generated candidate compensa-
tion amount ρ* as the optimal compensation amount p’
as it is without performing the determination of S106.
[0060] After adding the teacher data based on the pa-
rameter α and the optimal candidate compensation
amount ρ’, the learning part 43 performs additional learn-
ing and newly generates (or updates) the learned model
LM* (S202).
[0061] Next, in a case where the parameter of the pro-
vided workpiece is equal to the parameter α again (S203:
YES), the setting part 44 determines whether to set the
generated learned model in the adjuster 30 (S205). Fur-
ther, the case of being equal to the parameter α is not
limited to the case of being the same as the parameter
α and also includes the case of being close to the pa-
rameter α. Whether the parameters are close to each
other may be determined based on whether a specific
parameter is included in a predetermined range. For ex-
ample, the setting part 44 determines whether to set
based on the result of control performed with the learned
model LM*. Specifically, the setting part 44 imparts the
parameter α to the learned model LM* to generate the
compensation amount ρα. Then, the setting part 44 may
determine whether to set the learned model in the ad-
juster 30 based on the quality evaluation result of the
quality evaluation part 42 for the control variable when
the command value compensated based on the compen-
sation amount ρα is imparted to the servo mechanism 20.
[0062] When the quality evaluation is within the prede-
termined allowable range, the setting part 44 sets the
newly generated learned model in the adjuster 30 (S206).
On the other hand, when the quality evaluation is out of
the allowable range (S205: NO), the learning part 43 ob-
tains the current operation data and regenerates the can-
didate compensation amount ρ* (S204). At this time, the
learning part 43 determines whether the regenerated
candidate compensation amount ρ* satisfies the adop-
tion criterion similar to S106, and when the adoption cri-
terion is satisfied, the candidate compensation amount
ρ* is set as the optimal compensation amount p’, and the
process returns to S201, and the learned model is gen-
erated again.

§4 Advantages

[0063] In the control system 1 according to the embod-
iment, the setting part 44 sets the learned model gener-
ated by the learning part 43 in the adjuster 30. At this
time, the setting part 44 evaluates the learned model be-
fore setting the learned model, and determines whether
to set it in the adjuster 30 based on the evaluation result.
That is, in the learning device 40 according to the em-
bodiment, learning is performed by using the candidate
compensation amount generated based on the operation
data, and the setting part 44 evaluates the generated
learned model. For example, the setting part 44 evalu-
ates the quality of the learned model based on the result
of control using the generated learned model. In this way,
the learning device 40 may use the candidate compen-
sation amount as the teacher data without performing
repeated experiments, that is, without repeating the ac-
tual operations of the control object, and it is possible to
shorten the time to generate appropriate teacher data.

§5 Hardware Configuration

[0064] Next, an example of a hardware configuration
when the learning device 40 described above is imple-
mented by a computer 800 will be described with refer-
ence to FIG. 6. In addition, the functions of each device
may be implemented by being divided into multiple de-
vices.
[0065] As shown in FIG. 6, the computer 800 includes
a processor 801, a memory 803, a storage device 805,
an input I/F part 807, a data I/F part 809, a communication
I/F part 811, and a display device 813.
[0066] The processor 801 controls various processes
in the computer 800 by executing a program stored in
the memory 803. For example, the quality evaluation part
42, the learning part 43, the setting part 44, and the like
of the learning device 40 may be implemented as a pro-
gram which is temporarily stored in the memory 803 and
which mainly operates on the processor 801. That is, the
functions of the quality evaluation part 42, the learning
part 43, and the setting part 44 are implemented by the
processor 801 interpreting and executing the program
temporarily stored in the memory 803.
[0067] The memory 803 is a storage medium such as
a random access memory (RAM). The memory 803 tem-
porarily stores the program code of the program executed
by the processor 801 and the data required when the
program is executed.
[0068] The storage device 805 is a non-volatile storage
medium such as a hard disk drive (HDD) or a flash mem-
ory. The storage device 805 stores an operating system
and various programs for implementing each of the
above configurations. In addition, the storage device 805
may also store the reference model Td and the manage-
ment table. Such programs and data are loaded into the
memory 803 as needed, and are referred to by the proc-
essor 801.
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[0069] The input I/F part 807 is a device for receiving
an input from the user. Specific examples of the input I/F
part 807 include a keyboard, a mouse, a touch panel,
various sensors, a wearable device, and the like. The
input I/F part 807 may be connected to the computer 800
via an interface such as a universal serial bus (USB).
[0070] The data I/F part 809 is a device for inputting
data from outside the computer 800. Specific examples
of the data I/F part 809 include a drive device for reading
data stored in various storage media and the like. The
data I/F part 809 may be provided outside the computer
800. In this case, the data I/F part 809 is connected to
the computer 800 via an interface such as a USB.
[0071] The communication I/F part 811 is a device for
performing data communication with a device outside the
computer 800 via the Internet N in a wired or wireless
manner. The communication I/F part 811 may be provid-
ed outside the computer 800. In this case, the commu-
nication I/F part 811 is connected to the computer 800
via an interface such as a USB.
[0072] The display device 813 is a device for displaying
various information. Specific examples of the display de-
vice 813 include a liquid crystal display, an organic elec-
tro-luminescence (EL) display, a display of a wearable
device, and the like. The display device 813 may be pro-
vided outside the computer 800. In this case, the display
device 813 is connected to the computer 800 via, for ex-
ample, a display cable.

§6 Other Embodiments

[0073] A configuration of a control system 2 according
to another embodiment of the disclosure will be described
with reference to FIG. 7. FIG. 7 is a diagram showing an
example of the configuration of the control system 2. In
addition, description of matters common to the above-
described embodiment will be omitted, and only different
points will be described. In particular, the same configu-
rations as those described above are denoted by the
same reference numerals, and the same functions and
effects obtained by similar configurations will not be se-
quentially described for each embodiment.
[0074] The control system 2 has a controller 11 instead
of the controller 10 in the control system 1. Further, the
adjuster 30 inputs the compensation amount ρ to the con-
troller 11. Other configurations and functions are similar
to those of the above-described embodiment.
[0075] The controller 11 adds the compensation
amount ρ input by the adjuster 30 to the generated target
value r(t) to generate the command value u(t), and inputs
the command value u(t) to the servo mechanism 20. That
is, the calculation formula of the controller 11 is the fol-
lowing Equation (8). 

[0076] According to the controller 11, the command

value may be calculated by simply adding the target value
and the compensation amount without using the transfer
function. In this way, it is unnecessary to design the trans-
fer function, and it is easy to design the control model.
[0077] Although the embodiments of the disclosure
have been described in detail above, the above descrip-
tion are merely examples of the disclosure in all aspects.
It goes without saying that various improvements and
modifications can be made without departing from the
scope of the disclosure.
[0078] Further, in the above description, the learning
device 40 has been described as a configuration for new-
ly generating a learned model, but it may be configured
to update an existing learned model. In the case of the
configuration for newly generating a learned model, the
learning device 40 may generate a new learned model
by learning with a data set in which the currently newly
generated teacher data is added to the teacher data used
when the existing learned model is generated. In addi-
tion, in the case of the configuration for updating the
learned model, the learning device 40 may update the
learned model by performing additional learning on the
existing learned model with the currently newly generat-
ed teacher data.
[0079] The whole or part of the embodiments disclosed
above may be described as, but not limited to, the fol-
lowing appendices.

(Appendix 1)

[0080] A learning device (40) in a control system (1)
which includes:

a controller (10) which outputs a command value (u)
obtained by compensating a target value (r) based
on a compensation amount (ρ); and
a control object (20) controlled to perform a prede-
termined process on an object to be processed,
wherein a command value (u) output by the controller
(10) is input to the control object (20), and the control
object (20) outputs a control variable as a response
to the command value (u),
wherein the learning device (40) provides, to an ad-
juster (30) including a learned model learned to out-
put the predetermined compensation amount (ρ) to
the controller (10) based on a specific parameter of
the object to be processed, the learned model, and
wherein the learning device (40) includes:

an evaluation part (42) which obtains operation
data including the target value (r), the command
value (u), and the control variable (y) to evaluate
the quality of the control variable (y);
a learning part (43) which generates a candidate
compensation amount (ρ*) based on the oper-
ation data, performs learning with the generated
candidate compensation amount (ρ*) and the
specific parameter of the object to be processed
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as teacher data, and generates a learned model;
and
a setting part (44) which provides the learned
model to the adjuster (30) when the quality eval-
uated by the evaluation part (42) is within a pre-
determined allowable range based on a control
variable (y) when a command value (u) compen-
sated based on the compensation amount out-
put by the generated learned model is imparted
to the control object.

(Appendix 2)

[0081] The learning device (40) according to appendix
1, wherein when a specific parameter of an object to be
processed provided to the control object is equal to a
parameter, whose evaluation has not been performed
yet, of the generated learned model, the setting part (44)
outputs a compensation amount output by the generated
learned model to the controller and causes the evaluation
part (42) to evaluate the quality.

(Appendix 3)

[0082] The learning device (40) according to appendix
2, wherein the learning part (43) performs learning again
when the quality evaluated based on the compensation
amount (p) output by the generated learned model is out
of the allowable range, and regenerates a learned model.

(Appendix 4)

[0083] The learning device (40) according to any one
of appendices 1 to 3, wherein the learning part (43) gen-
erates the candidate compensation amount (ρ*) by data-
driven control.

(Appendix 5)

[0084] The learning device (40) according to appendix
4, wherein the data-driven control is any one of virtual
reference feedback tuning (VRFT), fictitious reference
iterative tuning (FRIT), and estimated response iterative
tuning (ERIT).

(Appendix 6)

[0085] A method executed in a learning device (40) in
a control system (1) which includes:

a controller (10) which outputs a command value (u)
obtained by compensating a target value (r) based
on a compensation amount (p); and
a control object (20) controlled to perform a prede-
termined process on an object to be processed,
wherein a command value (u) output by the controller
(10) is input to the control object (20), and the control
object (20) outputs a control variable as a response

to the command value (u),
wherein the learning device (40) provides, to an ad-
juster (30) including a learned model learned to out-
put the predetermined compensation amount (p) to
the controller (10) based on a specific parameter of
the object to be processed, the learned model, and
wherein the method is executed to make the learning
device (40) perform:

an evaluation step of obtaining operation data
including the target value (r), the command val-
ue (u), and the control variable (y) to evaluate
the quality of the control variable (y);
a step of generating a candidate compensation
amount (ρ*) based on the operation data, per-
forming learning with the generated candidate
compensation amount (ρ*) and the specific pa-
rameter of the object to be processed as teacher
data, and generating a learned model (LM*); and
a step of providing the learned model to the ad-
juster when the quality evaluated in the evalua-
tion step is within a predetermined allowable
range based on a control variable when a com-
mand value obtained by compensating a target
value based on a compensation amount output
by the generated learned model is imparted to
the control object.

(Appendix 7)

[0086] A program for operating a learning device (40)
in a control system (1) which includes:

a controller (10) which outputs a command value (u)
obtained by compensating a target value (r) based
on a compensation amount (ρ); and
a control object (20) controlled to perform a prede-
termined process on an object to be processed,
wherein a command value (u) output by the controller
(10) is input to the control object (20), and the control
object (20) outputs a control variable as a response
to the command value (u),
wherein the learning device (40) provides, to an ad-
juster (30) including a learned model learned to out-
put the predetermined compensation amount (ρ) to
the controller (10) based on a specific parameter of
the object to be processed, the learned model, and
wherein the program operates the learning device
(40) to perform:

an evaluation part for obtaining operation data
including the target value (r), the command val-
ue (u), and the control variable (y) to evaluate
the quality of the control variable (y);
a part for generating a candidate compensation
amount (ρ*) based on the operation data, per-
forming learning with the generated candidate
compensation amount (ρ*) and the specific pa-
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rameter of the object to be processed as teacher
data, and generating a learned model; and
a part for providing the learned model (LM*) to
the adjuster when the quality evaluated in the
evaluation part is within a predetermined allow-
able range based on a control variable when a
command value obtained by compensating a
target value based on a compensation amount
output by the generated learned model is im-
parted to the control object.

Claims

1. A learning device in a control system which compris-
es:

a controller which outputs a command value ob-
tained by compensating a target value based on
a compensation amount; and
a control object controlled to perform a prede-
termined process on an object to be processed,
wherein a command value output by the control-
ler is input to the control object, and the control
object outputs a control variable as a response
to the command value,
wherein the learning device provides, to an ad-
juster including a learned model learned to out-
put the predetermined compensation amount to
the controller based on a specific parameter of
the object to be processed, the learned model,
and
wherein the learning device comprises:

an evaluation part which obtains operation
data including the target value, the com-
mand value, and the control variable to eval-
uate the quality of the control variable;
a learning part which generates a candidate
compensation amount based on the oper-
ation data, performs learning with the gen-
erated candidate compensation amount
and the specific parameter of the object to
be processed as teacher data, and gener-
ates a learned model; and
a setting part which provides the learned
model to the adjuster when the quality eval-
uated by the evaluation part is within a pre-
determined allowable range based on a
control variable when a command value ob-
tained by compensating a target value
based on a compensation amount output
by the generated learned model is imparted
to the control object.

2. The learning device according to claim 1, wherein
when a specific parameter of an object to be proc-
essed provided to the control object is equal to a

parameter, whose evaluation has not been per-
formed yet, of the generated learned model, the set-
ting part outputs a compensation amount output by
the generated learned model to the controller and
causes the evaluation part to evaluate the quality.

3. The learning device according to claim 2, wherein
the learning part performs learning again when the
quality evaluated based on the compensation
amount output by the generated learned model is
out of the allowable range, and regenerates a
learned model.

4. The learning device according to any one of claims
1 to 3, wherein the learning part generates the can-
didate compensation amount by data-driven control.

5. The learning device according to claim 4, wherein
the data-driven control is any one of virtual reference
feedback tuning (VRFT), fictitious reference iterative
tuning (FRIT), and estimated response iterative tun-
ing (ERIT).

6. A method executed in a learning device in a control
system which comprises:

a controller which outputs a command value ob-
tained by compensating a target value based on
a compensation amount; and
a control object controlled to perform a prede-
termined process on an object to be processed,
wherein a command value output by the control-
ler is input to the control object, and the control
object outputs a control variable as a response
to the command value,
wherein the learning device provides, to an ad-
juster including a learned model learned to out-
put the predetermined compensation amount to
the controller based on a specific parameter of
the object to be processed, the learned model,
and
wherein the method is executed to make the
learning device perform:

an evaluation step of obtaining operation
data including the target value, the com-
mand value, and the control variable to eval-
uate the quality of the control variable;
a step of generating a candidate compen-
sation amount based on the operation data,
performing learning with the generated can-
didate compensation amount and the spe-
cific parameter of the object to be processed
as teacher data, and generating a learned
model; and
a step of providing the learned model to the
adjuster when the quality evaluated in the
evaluation step is within a predetermined
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allowable range based on a control variable
when a command value obtained by com-
pensating a target value based on a com-
pensation amount output by the generated
learned model is imparted to the control ob-
ject.

7. A program for operating a learning device in a control
system which comprises:

a controller which outputs a command value ob-
tained by compensating a target value based on
a compensation amount; and
a control object controlled to perform a prede-
termined process on an object to be processed,
wherein a command value output by the control-
ler is input to the control object, and the control
object outputs a control variable as a response
to the command value,
wherein the learning device provides, to an ad-
juster including a learned model learned to out-
put the predetermined compensation amount to
the controller based on a specific parameter of
the object to be processed, the learned model,
and
wherein the program operates the learning de-
vice to perform:

an evaluation part for obtaining operation
data including the target value, the com-
mand value, and the control variable to eval-
uate the quality of the control variable;
a part for generating a candidate compen-
sation amount based on the operation data,
performing learning with the generated can-
didate compensation amount and the spe-
cific parameter of the object to be processed
as teacher data, and generating a learned
model; and
a part for providing the learned model to the
adjuster when the quality evaluated in the
evaluation part is within a predetermined al-
lowable range based on a control variable
when a command value obtained by com-
pensating a target value based on a com-
pensation amount output by the generated
learned model is imparted to the control ob-
ject.
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