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(57) ABSTRACT

A control parameter adjustment device includes a command-
value generation unit that generates a position command; a
servo control unit that calculates a drive command such that
a response position of a driven object follows the position
command; a correction model unit that generates a correc-
tion command for correcting a response error that is a
difference between the position command and the response
position by using a model expressed by two or more types
of parameters; and a parameter search unit that corrects the
model by using a combination of values of the parameters,
by which the response error is minimized, among a plurality

Int. CL. of combinations of values of the parameters. The control
GO5B 19/402 (2006.01) parameter adjustment device drives the driven object on the
GO5B 13/04 (2006.01) basis of the drive command and the correction command.
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CONTROL PARAMETER ADJUSTMENT
DEVICE

FIELD

[0001] The present invention relates to a control parameter
adjustment device that adjusts a control parameter. An
example of such a device is a servo control device for a
machine tool.

BACKGROUND

[0002] A servo control device for a machine tool generates
a command for an actuator in order that the position of a
driven object such as a tool or a table provided in the
machine tool follows the command value. There are various
types of actuators for the servo control device such as a
rotary motor, a linear motor, and a piezoelectric element.
[0003] A servo control, as executed by a servo control
device for a machine tool, which drives a mechanical system
in a mechanical device such that the position of a tool
relative to a workpiece precisely follows an instructed
trajectory in order to machine the workpiece into a designed
shape, is referred to as “trajectory control” or “contouring-
motion control”. These controls are executed accurately by
using a numerical control device or a servo control device
provided in a numerical control device. A mechanical sys-
tem of a control-target mechanical device is provided with
a plurality of shafts, each of which is controlled by a motor.
Driving of the motor is controlled by using the servo control
device.

[0004] In the servo control device, a response error is
caused due to a disturbance such as a friction that occurs in
the mechanical system, or vibrations of the mechanical
structure. As a typical example, in a case where two servo
control devices set as perpendicular to each other are used to
instruct an arc trajectory, when the movement direction of a
feed shaft is reversed at a point where the quadrant of the arc
is changed across to another quadrant, a response error
occurs. When the amount of this error is scaled-up in the
radial direction and is plotted, then the trajectory has an
outwardly protruding shape. Therefore, this error is referred
to as “quadrant projection”. When a response error on the
trajectories such as a quadrant projection is caused, this
forms undesirably a blemish or scratch on the machined
product. As another example, a response error is caused by
mechanical vibrations generated when a motor is acceler-
ated/decelerated. The mechanical vibrations are generated
when a mechanical structure is vibrated by a driving force or
a driving reaction force generated when a motor is acceler-
ated/decelerated. When the mechanical vibrations are gen-
erated, a blemish is formed on the machined surface, or an
uneven machined surface is undesirably formed thereby.
[0005] In correction of a response error due to a friction or
vibrations, there is a frequently used error reducing method
that estimates a generated error by using a model so as to
input a necessary correction command for cancelling out the
error. In order to perform this method, it is necessary to
determine a model parameter by which the amount of
generated response error is made equal to or smaller than the
allowable value.

[0006] The linear approximation of an error model or the
model order reduction is performed so as to implement the
error model in a practical controller of the servo control
device. Therefore, even when a parameter value is identified
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on the basis of measurement results, the amount of generated
response error is not minimized in some cases. Accordingly,
a control parameter adjustment device is needed which has
a control parameter adjustment function of searching for or
finely adjusting a model parameter such that the amount of
response error caused in a servo control is made equal to or
smaller than an allowable value.

[0007] For example, in Patent Literature 1, a servo control
device has a model to input a correction torque in a step
shape, when the motion direction is reversed, in order to
correct a quadrant projection. The servo control device
corrects a torque command and updates the correction
torque repeatedly up until the amount of quadrant projection
generated during arc motion becomes equal to or smaller
than a threshold. A method for deciding an optimal param-
eter through this operation has been disclosed.

CITATION LIST

Patent Literature

[0008] Patent Literature 1: Japanese Patent Application
Laid-open No. H11-24754

SUMMARY

Technical Problem

[0009] When only one type of parameter is used, there are
limitations to more accurately correcting a quadrant projec-
tion. Therefore, it is necessary to use two or more types of
parameters. However, there are the following problems in
applying the method disclosed in Patent Literature 1 to a
parameter search for a correction model configured with a
plurality of parameters.

[0010] The first problem is that this method cannot man-
age the case where a parameter cannot be determined
independently. When it is assumed that all parameters are
independent, the value of each parameter minimizing the
amount of quadrant projection is determined by the method
disclosed in Patent Literature, and then it is possible to find
a combination of the parameters minimizing the amount of
quadrant projection. However, there is a case where param-
eters are not independent, and upon deciding one parameter
in that case, a response error shows different trends accord-
ing to the value of another parameter. The method men-
tioned above is not adaptable to that case.

[0011] The second problem is that the method disclosed in
Patent Literature 1 cannot address the case where there are
a plurality of combinations of parameters by which the
amount of response error is equal to or smaller than an
allowable value. In a model made up of a plurality of types
of parameters, when the parameters are not independent at
all, there may be a plurality of combinations of parameters
by which the amount of response error is equal to or smaller
than an allowable value. In that case, it is necessary to
determine a single combination which is the most preferable
among the potential combinations of parameters.

[0012] Another method can be thought that identifies a
model parameter online by using a disturbance observer or
other devices. However, as described above, approximation
of a correction model or the model-order reduction has been
performed, so that the identified model parameter does not
always minimize a generated error.

[0013] The present invention has been achieved to solve
the above problems, and an objective of the present inven-
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tion is to provide a control parameter adjustment device that
can simply with high accuracy adjusting an optimal param-
eter combination of a model made up of a plurality of types
of parameters.

Solution to Problem

[0014] In order to solve the problems and achieve the
objective, the present invention relates to a control param-
eter adjustment device that includes: a command-value
generation unit that generates a position command; a servo
control unit that calculates a drive command such that a
response position of a driven object follows the position
command; a correction model unit that generates, by using
a model expressed by two or more types of parameters, a
correction command for correcting a response error that is a
difference between the position command and the response
position; and a parameter search unit that corrects the model
by using a combination of values of the parameters by which
the response error is minimized, the combination of values
of the parameters being from among a plurality of combi-
nations of values of the parameters. The control parameter
adjustment device drives the driven object in accordance
with the drive command and the correction command.

Advantageous Effects of Invention

[0015] The control parameter adjustment device according
to the present invention is capable of simply with high
accuracy adjusting an optimal parameter combination of a
model made up of a plurality of types of parameters.

BRIEF DESCRIPTION OF DRAWINGS

[0016] FIG. 1 is a block diagram illustrating a configura-
tion of a control parameter adjustment device according to
a first embodiment of the present invention.

[0017] FIG. 2 is a diagram illustrating a hardware con-
figuration of the control parameter adjustment device
according to the first embodiment.

[0018] FIG. 3 is a side view illustrating an example of a
mechanical configuration of a mechanical device that is a
control target for the control parameter adjustment device
according to the first embodiment.

[0019] FIG. 4 is a block diagram illustrating an example
configuration of a servo control unit according to the first
embodiment.

[0020] FIG. 5 is a Bode plot of a frequency response when
a transfer function of a correction model unit according to
the first embodiment is expressed as the equation (2).
[0021] FIG. 6 is a diagram illustrating a time-series wave-
form of a vibrating response error caused at a feedback
position “a” in a case where a motor is driven without using
the correction model unit according to the first embodiment.
[0022] FIG. 7 is a flowchart illustrating a procedure of
control parameter adjustment by using the control parameter
adjustment device in the first embodiment.

[0023] FIG. 8 is a three-dimensional bar graph illustrating
the relation between the respective values of two parameters
 and ¢ and the value of an evaluation function H in the first
embodiment.

[0024] FIG. 9 is a three-dimensional mesh graph illustrat-
ing the relation between the respective values of the two
parameters w and C and the value of the evaluation function
H in the first embodiment.

Jul. 13,2017

[0025] FIG. 10 is a block diagram illustrating a configu-
ration of a control parameter adjustment device according to
a second embodiment of the present invention.

[0026] FIG. 11 is a block diagram illustrating an example
configuration of an input-output unit according to the second
embodiment.

[0027] FIG. 12 is a Bode plot of a frequency response
when a transfer function is expressed as the equation (4) in
the second embodiment.

[0028] FIG. 13 is a diagram illustrating a time-series
waveform of a vibrating response error caused at the feed-
back position “a” in a case where the motor is driven without
using the correction model unit according to the second
embodiment.

[0029] FIG. 14 is a flowchart illustrating a control param-
eter adjustment procedure using the control parameter
adjustment device in the second embodiment.

[0030] FIG. 15 is a three-dimensional bar graph illustrat-
ing the relation between the respective values of the two
parameters m and C and the value of the evaluation function
H in the second embodiment.

[0031] FIG. 16 is a three-dimensional mesh graph illus-
trating the relation between the respective values of the two
parameters m and C and the value of the evaluation function
H in the second embodiment.

[0032] FIG. 17 is a block diagram illustrating a configu-
ration of a control parameter adjustment device according to
a third embodiment of the present invention.

[0033] FIG. 18 is a block diagram illustrating an example
configuration of a correction model unit for performing
friction correction in the third embodiment.

[0034] FIG. 19 is a block diagram illustrating an example
configuration of a servo-control-unit model in the third
embodiment.

[0035] FIG. 20 is a block diagram illustrating a detailed
configuration of a friction model in the third embodiment.
[0036] FIG. 21 is a flowchart illustrating a control param-
eter adjustment procedure using the control parameter
adjustment device according to the third embodiment.
[0037] FIG. 22 is a three-dimensional bar graph illustrat-
ing the relation between the respective values of two param-
eters “k” and “g,,,.”” and the value of the evaluation function
H in the third embodiment.

[0038] FIG. 23 is a three-dimensional mesh graph illus-
trating the relation between the respective values of the two
parameters “k” and “g,,,.” and the value of the evaluation
function H in the third embodiment.

[0039] FIG. 24 is an enlarged diagram of motion trajec-
tories at a position where the quadrant is changed over to
another quadrant, displayed on an output device in the third
embodiment.

[0040] FIG. 25 is a flowchart illustrating a control param-
eter adjustment procedure in a fourth embodiment of the
present invention.

[0041] FIG. 26 is a three-dimensional bar graph in a
control parameter adjustment device according to the fourth
embodiment, which uses one parameter “c” as an interven-
ing variable to illustrate the relation between the respective
values of two remaining parameters “k” and “g,,,.”” and the
value of the evaluation function H.

[0042] FIG. 27 is a three-dimensional bar graph in the
control parameter adjustment device according to the fourth
embodiment, which uses one parameter “c” as an interven-
ing variable to illustrate the relation between the respective
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23

values of the two remaining parameters “k” and “g,, .~ and

the value of the evaluation function H.

[0043] FIG. 28 is a three-dimensional bar graph in the
control parameter adjustment device according to the fourth
embodiment, which uses one parameter “c” as an interven-
ing variable to illustrate the relation between the respective
values of the two remaining parameters “k” and “g,, .~ and

the value of the evaluation function H.

[0044] FIG. 29 is a three-dimensional bar graph in the
control parameter adjustment device according to the fourth
embodiment, which uses one parameter “c” as an interven-
ing variable to illustrate the relation between the respective
values of the two remaining parameters “k” and “ ” and

the value of the evaluation function H.

[0045] FIG. 30 is a three-dimensional bar graph in the
control parameter adjustment device according to the fourth
embodiment, which uses one parameter “c” as an interven-
ing variable to illustrate the relation between the respective
values of the two remaining parameters “k” and “g,, .~ and

the value of the evaluation function H.

[0046] FIG. 31 is a three-dimensional bar graph in the
control parameter adjustment device according to the fourth
embodiment, which uses one parameter “c” as an interven-
ing variable to illustrate the relation between the respective
values of the two remaining parameters “k” and “g,, .~ and

the value of the evaluation function H.

[0047] FIG. 32 is a three-dimensional mesh graph in the
control parameter adjustment device according to the fourth
embodiment, which uses one parameter “c” as an interven-
ing variable to illustrate the relation between the respective
values of the two remaining parameters “k” and “g,, .~ and

the value of the evaluation function H.

[0048] FIG. 33 is a three-dimensional mesh graph in the
control parameter adjustment device according to the fourth
embodiment, which uses one parameter “c” as an interven-
ing variable to illustrate the relation between the respective
values of the two remaining parameters “k” and “g,, .~ and

the value of the evaluation function H.

[0049] FIG. 34 is a three-dimensional mesh graph in the
control parameter adjustment device according to the fourth
embodiment, which uses one parameter “c” as an interven-
ing variable to illustrate the relation between the respective
values of the two remaining parameters “k” and “g,, .~ and

the value of the evaluation function H.

[0050] FIG. 35 is a three-dimensional mesh graph in the
control parameter adjustment device according to the fourth
embodiment, which uses one parameter “c” as an interven-
ing variable to illustrate the relation between the respective
values of the two remaining parameters “k” and “g,, .~ and

the value of the evaluation function H.

[0051] FIG. 36 is a three-dimensional mesh graph in the
control parameter adjustment device according to the fourth
embodiment, which uses one parameter “c” as an interven-
ing variable to illustrate the relation between the respective
values of the two remaining parameters “k” and “ ” and

the value of the evaluation function H.

[0052] FIG. 37 is a three-dimensional mesh graph in the
control parameter adjustment device according to the fourth
embodiment, which uses one parameter “c” as an interven-
ing variable to illustrate the relation between the respective
values of the two remaining parameters “k” and “g,, .~ and

the value of the evaluation function H.

gmax

gmax
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[0053] FIG. 38 is a flowchart illustrating a control param-
eter adjustment procedure in a fifth embodiment of the
present invention.

[0054] FIG. 39 is a three-dimensional bar graph illustrat-
ing the relation between the respective values of the two
parameters “k” and “g,,,.” and the value of the evaluation
function H on an arc condition 1 in the fifth embodiment.
[0055] FIG. 40 is a three-dimensional bar graph illustrat-
ing the relation between the respective values of the two
parameters “k” and “g,,,.” and the value of the evaluation
function H on an arc condition 2 in the fifth embodiment.
[0056] FIG. 41 is a three-dimensional mesh graph illus-
trating the relation between the respective values of the two
parameters “k” and “g, .~ and the value of the evaluation
function H on the arc condition 1 in the fifth embodiment.
[0057] FIG. 42 is a three-dimensional mesh graph illus-
trating the relation between the respective values of the two
parameters “k” and “g,,,.” and the value of the evaluation
function H on the arc condition 2 in the fifth embodiment.
[0058] FIG. 43 is an enlarged diagram of motion trajec-
tories on the arc condition 1 at a position where the quadrant
is changed over to another quadrant, displayed on the output
device in the fifth embodiment.

[0059] FIG. 44 is an enlarged diagram of motion trajec-
tories on the arc condition 2 at a position where the quadrant
is changed over to another quadrant, displayed on the output
device in the fifth embodiment.

[0060] FIG. 45 is a flowchart illustrating a control param-
eter adjustment procedure using a control parameter adjust-
ment device in a sixth embodiment of the present invention.
[0061] FIG. 46 is a block diagram illustrating a configu-
ration of a control parameter adjustment device according to
a seventh embodiment of the present invention.

DESCRIPTION OF EMBODIMENTS

[0062] Exemplary embodiments of a control parameter
adjustment device according to the present invention will be
explained below in detail with reference to the accompany-
ing drawings. The present invention is not limited to the
embodiments.

First Embodiment

[0063] FIG. 1 is a block diagram illustrating a configura-
tion of a control parameter adjustment device 1a according
to a first embodiment of the present invention. In FIG. 1, the
actuator, i.e., a motor 2, for the control parameter adjustment
device 1a is specifically a rotary motor. A mechanical device
5, which is the control-target of a driven object, is connected
to the motor 2. The control parameter adjustment device 1a
includes a command-value generation unit 4 that generates
one or more types of position commands “b”; a servo control
unit 3 that outputs a drive command; a correction model unit
6 that generates a correction command; and a parameter
search unit 7 that outputs a model-parameter change com-
mand “e”.

[0064] FIG. 2 is a diagram illustrating a hardware con-
figuration of the control parameter adjustment device la
according to the first embodiment. The control parameter
adjustment device 1a includes a calculation device 41, such
as a central processing unit (CPU), that performs calculation
processing; a memory 42 that is used by the calculation
device 41 as a work area; a storage device 43 that stores
therein software; and a communication device 44 that has a
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function for communicating with an external device. The
functions of the control parameter adjustment device la
illustrated in FIG. 1 are implemented by the calculation
device 41 executing software.

[0065] FIG. 3 is a side view illustrating an example of a
mechanical configuration of the mechanical device 5 that is
a control target for the control parameter adjustment device
1a according to the first embodiment. The control target in
the mechanical device 5 is a table 84. The motor 2, which is
an actuator, is attached to the mechanical system as illus-
trated in FIG. 3. A ball screw 82 is coupled to the rotary shaft
of the motor 2. A movable portion made up of a nut 83 and
the table 84 is mounted on the ball screw 82. The nut 83 is
fixed to the backside of the table 84 and converts the rotary
motion of the ball screw 82 into linear motion. The table 84
is supported by a guide mechanism (not illustrated) and the
degree of flexibility in movement is restricted to the guide’s
movable direction.

[0066] As illustrated in FIG. 3, a motor-position detector
81 is attached to the motor 2. A rotary encoder is a specific
example of the motor-position detector 81. A table-position
detector 85 is also attached to the movable portion in order
to measure the position of the table 84, which is a target for
control. A specific example of the table-position detector 85
is a linear encoder. The mechanical device 5 outputs, to the
servo control unit 3, either a detected motor position, a table
position, or both as a response position that is a feedback

[Tt}

position “a”.

[0067] The table-position detector 85 can measure the
movement distance of the table 84, and the motor-position
detector 81 can directly detect the position that is the rotation
angle of the motor 2. However, this rotation angle can be
converted into a length in the movement direction of the
table 84 by multiplying this rotation angle by the ball-screw
lead that is the table movement distance per revolution of the
motor 2, and then by dividing the result of the multiplication
by the angle 2 [rad] of one motor revolution.

[0068] A case where the motor-position detector 81 is used
to obtain the feedback position “a” is referred to as “semi-
closed-loop control”. The case where the motor-position
detector 81 and the table-position detector 85 are both used
or only the table-position detector 85 is used to obtain the
feedback position “a” is referred to as “full-closed-loop
control”.

[0069] Both the position command “b” is input from the
command-value generation unit 4 and also the feedback
position “a” is input from the mechanical device 5 to the
servo control unit 3. FIG. 4 is a block diagram illustrating an
example configuration of the servo control unit 3 according

to the first embodiment.

[0070] As illustrated in FIG. 4, the servo control unit 3
includes an addition-subtraction unit 30 that obtains a
response error that is the difference between the position
command “b” and the feedback position “a”, which is the
response position; a position control unit 31 that receives the
deviation obtained by the addition-subtraction unit 30; a
differential calculation unit 33 that performs differential
calculation; an addition-subtraction unit 32 that obtains the
deviation between a velocity command obtained by the
position control unit 31 and an actual velocity obtained by
the differential calculation unit 33; and a velocity control
unit 34 that outputs a torque command “c” that is a drive
command.
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[0071] In FIG. 4, the addition-subtraction unit 30 obtains
a position deviation that is a deviation between the position
command “b” and the feedback position “a”, and outputs the
position deviation to the position control unit 31. The
position control unit 31 performs a position-control process
such as a proportional control so as to reduce the position
deviation input from the addition-subtraction unit 30, and it
then outputs a velocity command for reducing the position
deviation. The differential calculation unit 33 differentiates
the feedback position “a” to obtain the actual velocity.
However, in the case of full-closed-loop control, a value
detected by the motor-position detector 81 is input to the
differential calculation unit 33; and a value detected by the
table-position detector 85 is input to the addition-subtraction
unit 30.

[0072] The addition-subtraction unit 32 obtains a velocity
deviation that is a deviation between a velocity command
obtained by the position control unit 31 and an actual
velocity obtained by the differential calculation unit 33, and
it then outputs the obtained velocity deviation to the velocity
control unit 34. The velocity control unit 34 performs a
velocity-control process such as a proportional-integral con-
trol so as to reduce the velocity deviation that is input from
the addition-subtraction unit 32, and it then outputs the
torque command “c”.

[0073] Typically, the motor 2 is directly driven according
to the torque command “c” calculated as a result of the servo
control executed by the servo control unit 3. However, in the
control parameter adjustment device 1a according to the first
embodiment, an adder-subtractor 9 is provided as illustrated
in FIG. 1, and the torque command “c” calculated as a result
of the servo control executed by the servo control unit 3 is
used as one of the inputs to the adder-subtractor 9.

[0074] The correction model unit 6 generates a correction
torque “d” that is a correction command for reducing the
generated response error. The correction model unit 6 is a
vibration model for reducing vibrations of the mechanical
device 5, which is a model expressed by using two or more
types of parameters. The correction model unit 6 in the first
embodiment is expressed by a quadratic transfer function
expressed as the following equation (1).

[Equation 1]

stw? ®

0= T cor

[0075] In the equation (1), the correction model unit 6 is
a transfer function model configured by two parameters,
which are a resonant frequency w and an attenuation coef-
ficient €, in which mechanical vibrations are approximated,
and where “s” represents a Laplace operator. The transfer
function model is used, in which the mechanical vibrations
are approximated, and therefore a parameter search,
described later, can be performed in a reduced period of
time. The resonant frequency w and the attenuation coeffi-
cient T are two dependent parameters, each of which cannot
be independently determined. They are dependent because
characteristics of the vibration model are changed according
to the value of the other parameter. The correction model
unit 6 outputs the correction torque “d”, which is equivalent
to a torque component of vibrations to be generated in a
machine when the position command “b” is input.



US 2017/0199510 Al

[0076] The adder-subtractor 9 subtracts the correction
torque “d” from the torque command “c” so as to obtain a
torque command “f” from which a vibration component has
been removed, and it outputs the torque command “f” to the
motor 2. That is, the driven object is driven according to the
torque command “f”. With this operation, vibrations gener-
ated in the mechanical device 5 are reduced.

[0077] The command-value generation unit 4 generates
the position command “b” for the servo control unit 3. In this
example, the command-value generation unit 4 repeatedly
sends out instructions for simple reciprocating motion
between two points. As a specific example, the reciprocating
motion is performed within the range of 20 mm at a feed
velocity of 5000 (m/min).

[0078] Each time the servo control unit 3 completes a
single reciprocating motion, the parameter search unit 7
measures the feedback position “a” and stores therein data
on the measured feedback position “a”. The parameter
search unit 7 also outputs the model-parameter change
command “e” to the correction model unit 6. At this time, the
resonant frequency o and the attenuation coeflicient T,
which are model parameters, are changed in given steps of
Aw and AL, respectively.

[0079] When all the measurements are completed, the
parameter search unit 7 selects, from among the changed
parameters, a combination of parameters by which the
response-error evaluation function H is minimized, and it
then informs the correction model unit 6 of the selected
combination.

[0080] It is assumed that, in the equation (1), the resonant
frequency is 45 Hz, which means w=90m, and the attenua-
tion coeflicient is 5%, which means =0.05, then the fre-
quency response of the mechanical device 5 from the
position command “b” to the feedback position “a” can be
expressed by a quadratic transfer function expressed as the

following equation (2).

[Equation 2]

$2(90m) 2

Gls)= —— - 7
©)= 3 3.0.05-90m + (9027

[0081] FIG. 5 is a Bode plot of the frequency response
when the transfer function of the correction model unit 6
according to the first embodiment is expressed as the equa-
tion (2). FIG. 6 is a diagram illustrating a time-series
waveform of a vibrating response error caused at the feed-
back position “a” in a case where the motor 2 is driven
without using the correction model unit 6 according to the
first embodiment.

[0082] The control parameter adjustment procedure using
the control parameter adjustment device 1a at this time is
described here. FIG. 7 is a flowchart illustrating the control
parameter adjustment procedure using the control parameter
adjustment device 1a in the first embodiment.

[0083] First, at Step S1, the evaluation function H, which
used when a parameter is searched, is defined. The evalua-
tion function H differs depending on the purpose of control.
In this example, as expressed by the following equation (3),
the maximum error between the position command “b” and
the feedback position “a” is defined as the evaluation

function H, where abs represents an absolute function and

Jul. 13,2017

max represents a function to extract the maximum value.
The evaluation function H evaluates the amount of gener-
ated response error.

[Equation 3]
H=max(abs(b-a)) 3)
[0084] At Step S2, the initial value of a model parameter

of the correction model unit 6 is set. In this example, =40
Hz and £=0.01 are set. Further, the number of parameter
changes “i” at the resonant frequency w and the number of
parameter changes “j” in the attenuation coefficient T are
both initialized to 0. An upper-limit value “n” of the number
of parameter changes is set to 10. Furthermore, Aw=1 and
AC=0.01 are set.

[0085] At Step S3, the command-value generation unit 4
instructs there to be reciprocating motion of the table 84 and
drives the table 84 so that it reciprocates.

[0086] At Step S4, the feedback position “a” during the
reciprocating motion is stored in the parameter search unit 7
in order to measure response error.

[0087] At Step S5, it is determined whether the number of
parameter changes “i” at the resonant frequency w is equal
to “n” (i=n). When “i” is less than “n” (NO at Step S5), the
process flow advances to Step S6 to change the value of ®
and the value of “1” to w=w+Aw and i=i+1 respectively, and
it then returns to Step S3 to repeat the measurement.
[0088] At Step S5, when i=n (YES at Step S5), the value
of w and the value of “i” are returned to their respective
initial values at =40 and i=0 (at Step S7). Thereafter, at
Step S8, it is determined whether the number of parameter
changes “j” in the attenuation coefficient C is equal to “n”
(j=n). When “j” is less than “n” (NO at Step S8), the process
flow advances to Step S9 to change the value of € and the
value of “j” to CT=+AC and j=j+1 respectively, and it then
returns to Step S3 to repeat a measurement.

[0089] At Step S8, when j=n (YES at Step S8), this
indicates that the measurements have been completed under
n® conditions. Therefore, at Step S10, among the measure-
ment results, a combination of the parameter values, by
which the value of the resonant frequency w and the value
of the attenuation coefficient { minimize the evaluation
function H, is selected from a plurality of combinations of
the parameter values. The corresponding parameter values
are set in the correction model unit 6 to correct the model.
[0090] FIG. 8 is a three-dimensional bar graph illustrating
the relation between the respective values of the two param-
eters w and C and the value of the evaluation function H in
the first embodiment. FIG. 9 is a three-dimensional mesh
graph illustrating the relation between the respective values
of the two parameters @ and C and the value of the
evaluation function H in the first embodiment.

[0091] As illustrated in FIGS. 8 and 9, when the parameter
is set to the resonant frequency of 45 Hz and the attenuation
coeflicient of 5% is expressed by the equation (2), the value
of the generated response error is minimized. Therefore, the
parameter search unit 7 outputs a combination of these
parameter values to the correction model unit 6 to correct the
model.

[0092] As described above, in the control parameter
adjustment device 1a according to the first embodiment, the
command-value generation unit 4 generates a repetitive
position command such as a reciprocating motion of the
table 84 while changing a parameter repeatedly, and there-
fore the control parameter adjustment device 1a can obtain
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an optimal combination of parameter values in a reduced
period of time. With this operation, an optimal parameter
combination can be determined simply with high accuracy,
even though the system characteristics shown by a model
made up of a plurality of parameters are unknown.

[0093] The parameter optimization method described
above is applicable regardless of whether two or more types
of parameters, which express the correction model unit 6,
affect the response error in concert or separately. Therefore,
this parameter optimization method is also applicable to two
or more types of dependent parameters. That is, the param-
eter optimization method described above is still applicable
to the case where two or more types of parameters are
dependent parameters that cannot express their influence on
the response error by using a linear expression of these
parameters.

Second Embodiment

[0094] FIG. 10 is a block diagram illustrating a configu-
ration of a control parameter adjustment device 15 according
to a second embodiment of the present invention. One
difference between the configuration of control parameter
adjustment device 15 according to the second embodiment
and the control parameter adjustment device 1a according to
the first embodiment is the presence or absence of an
input-output unit 8. The hardware configuration of the
control parameter adjustment device 16 according to the
second embodiment excluding the input-output unit 8 is
identical to FIG. 2.

[0095] The input-output unit 8 is an interface that receives
a user’s inputs of the initial value of a parameter search and
the evaluation function and then outputs a result of the
parameter adjustment performed by the parameter search
unit 7 to a user. Information transmitted from the input-
output unit 8 to the parameter search unit 7 is illustrated as
a signal “p”. Information transmitted from the parameter
search unit 7 to the input-output unit 8 is illustrated as a
signal “q”.

[0096] FIG. 11 is a block diagram illustrating an example
configuration of the input-output unit 8 according to the
second embodiment. An input device 88 is a device for an
operator to perform an input operation. A keyboard is a
specific example of the input device 88. An output device 89
outputs an adjustment result to an operator. A monitor is a
specific example of the output device 89. It is also possible
that the input-output unit 8 is configured as a touch panel in
which the input device 88 and the output device 89 are
integrated with each other. Information transmitted from the
input device 88 to the parameter search unit 7 is illustrated
as the signal “p”. Information transmitted from the param-
eter search unit 7 to the output device 89 is illustrated as the
signal “q”.

[0097] In the second embodiment, a correction model of
the correction model unit 6 is a quadratic transfer function
similar to the equation (1).

[0098] It is assumed that, as expressed by the following
equation (4), the frequency response of the mechanical
device 5 from the position command “b” to the feedback
position “a” can be expressed as a fourth-order transfer
function, where the resonant frequency CT1=45 Hz and
®2=47 Hz, and with the attenuation coefficients {1=5% and

£2=10%.
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[Equation 4]

52(907r)2 52(947r)2 4

G(s) =
) 52 4+2-0.05-907 + (907)2 s2 + 2-0.1-94x + (4n)?

[0099] FIG. 12 is a Bode plot of a frequency response
when a transfer function is expressed as the equation (4) in
the second embodiment. FIG. 13 is a diagram illustrating a
time-series waveform of a vibrating response error caused at
the feedback position “a” in a case where the motor 2 is
driven without using the correction model unit 6 according
to the second embodiment.

[0100] When the mechanical-system characteristics are
expressed by the fourth-order transfer function as described
above, it is most preferable for the correction model unit 6
to use a fourth-order transfer function model that is similar
to the mechanical-system characteristics. However, under
the constraints on the memory 42 and the CPU that performs
calculation of the correction model unit 6, there is generally
a limit to the extension of the order of the correction model
unit 6.

[0101] Inthat case, it is necessary to find a combination of
parameters minimizing the evaluation function H by using a
limited-order correction model. However, when a plurality
of resonant frequencies or anti-resonant frequencies are
present in the close-frequency range, it may be difficult to
derive an optimum parameter combination that minimizes
the evaluation function from theoretical calculation.

[0102] FIG. 14 is a flowchart illustrating a control param-
eter adjustment procedure using the control parameter
adjustment device 156 in the second embodiment.

[0103] First, a user inputs the evaluation function H
through the input-output unit 8 at Step S201 and then inputs
the initial value through the input-output unit 8 at Step S202.
[0104] At Step S201, the evaluation function H is input as
the sum of the square mean of the response error for the
period of T seconds as expressed by the following equation
(5), where At represents the sampling time of the feedback

[Tt}

position “a”.

[Equation 5]

T
g N b0 -awy?
- Ar
=0

®

[0105] At Step S202, the initial values are input as =40,
£=0.01, Aw=1, and AL=0.01. In addition, n=10, i=0, and j=0
are input.

[0106] Steps S3 to S9 are identical to FIG. 7 in the first
embodiment.
[0107] At Step S210, the measurement has been com-

pleted on all the parameter combinations. Therefore, the
values of the evaluation function H are calculated to display
the calculation results on the output device 89.

[0108] FIG. 15 is a three-dimensional bar graph illustrat-
ing the relation between the respective values of the two
parameters m and C and the value of the evaluation function
H in the second embodiment. FIG. 16 is a three-dimensional
mesh graph illustrating the relation between the respective
values of the two parameters w and C and the value of the
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evaluation function H in the second embodiment. The input-
output unit 8 outputs the graph illustrated in FIG. 15 or FIG.
16 to the output device 89.

[0109] At Step S211, on the basis of the results of the
evaluation function H, the user selects the most optimal
parameter combination and inputs the value of w and the
value of C to be eventually set into the input device 88. In
FIG. 15, the value of the evaluation function H is minimized
by a combination of parameters where the resonant fre-
quency is 43 Hz and the attenuation coefficient of 2%. At
Step S212, the value of w and the value of T that are the user
input parameters are set in the correction model unit 6.
[0110] As described above, by using the control parameter
adjustment device 15 according to the second embodiment,
the user can determine the optimal parameter combination
effectively even when the order of mechanical characteris-
tics is different from the order of the correction model.

Third Embodiment

[0111] FIG. 17 is a block diagram illustrating a configu-
ration of a control parameter adjustment device 1c¢ according
to a third embodiment of the present invention. The con-
figuration of the control parameter adjustment device 1lc
according to the third embodiment is different from the
configuration of the control parameter adjustment device 15
according to the second embodiment in that servo control
units 3a and 35 and correction model units 6a and 65 are
connected to the command-value generation unit 4, and
corresponding to these units, adders-subtractors 9a and 95,
motors 2a and 25, and mechanical devices 5a and 5b are
provided respectively.

[0112] The mechanical device 5 illustrated in FIG. 3 only
has a single degree of flexibility in the feed direction.
Therefore, in order to perform contouring motion on the
plane, it is necessary to use two mechanical devices. Spe-
cifically, for two mechanical devices 5a¢ and 54 that are
perpendicular to each other, when the mechanical device 5a
is given a sine-wave command, and the mechanical device
5b is given a sine-wave command with a 90-degree phase
delay, which is a cosine-wave command, then the combined
table motion trajectory of the mechanical devices 5a and 56
has an arc shape to perform arc motion.

[0113] The control parameter adjustment device 1¢ cor-
rects a quadrant projection caused by the influence of a
friction, and therefore it uses a friction correction model for
the correction model units 6a and 65, which is a model to
express a quadrant projection. FIG. 18 is a block diagram
illustrating an example configuration of the correction model
unit 6a for performing friction correction in the third
embodiment. The correction model unit 6« is configured by
a servo-control-unit model 61 and a friction model 62. A
friction torque generated in a rotary system and a friction
force generated in a linear-motion system can be equiva-
lently converted by using a rotary-to-linear motion conver-
sion coeflicient. Therefore, in the following descriptions, a
friction torque and a friction force are not specifically
distinguished from each other.

[0114] The servo-control-unit model 61 in the correction
model unit 6a calculates an ideal servo response from a
position command b1l on the assumption that no friction is
present in the mechanical device 5a. An ideal model dis-
placement “g” and model velocity “h” calculated at this time
are output to the friction model 62. The friction model 62
estimates a friction force to be generated in the mechanical
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device 5a from the model displacement “g” and the model
velocity “h”. The friction model 62 also outputs the esti-
mated friction force as the correction torque “d”.

[0115] FIG. 19 is a block diagram illustrating an example
configuration of the servo-control-unit model 61 in the third
embodiment. The servo-control-unit model 61 includes a
position-control-unit model 611 that generates a model
velocity command “i”; a velocity-control-unit model 612
that outputs a model torque command “I”; a mechanical
model 613 that is a model to express mechanical character-
istics; a displacement calculation unit 614 that calculates the
amount of displacement; differential calculation units 615
and 616 that perform differential calculation; and adders-
subtractors 631 and 632 that perform addition and subtrac-
tion.

[0116] The position-control-unit model 611 uses the same
control law as the position control unit 31; generates the
model velocity command “1” on the basis of an input of the
difference between the position command “b” and a model
position “m” calculated by the adder-subtractor 631; and
then outputs the model velocity command “i” to the adder-
subtractor 632. The velocity-control-unit model 612 uses the
same control law as the velocity control unit 34; obtains the
model torque command “1” from the difference between the
model velocity command “i” and the model velocity “h”
calculated by the adder-subtractor 632; and then outputs the
model torque command “1” to the mechanical model 613.
The mechanical model 613 is a model to express character-
istics of the mechanical device Sa from a torque command
for a feedback position al. Specifically, the mechanical
model 613 is the second-order integration of the inverse of
a load inertia J to be applied to the motor 2a, which is
expressed as the following equation (6).

[Equation 6]

©

Js?

[0117] The mechanical model 613 uses the model torque
command “1” to calculate the model position “m”. Each of
the differential calculation units 615 and 616 differentiates
the model position “m” so as to obtain and output the model
velocity “h”. On the basis of an input of the model position
“m”, the displacement calculation unit 614 calculates the
amount of displacement from the position where the motion
direction is reversed, and then it outputs the model displace-
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ment “g”.

[0118] As described above, from the position command
“b”, the servo-control-unit model 61 calculates and outputs
the ideal model displacement “g” and model velocity “h”
which are in the assumption that no friction is present in the
mechanical device 5a.

[0119] FIG. 20 is a block diagram illustrating a detailed
configuration of the friction model 62 in the third embodi-
ment. The friction model 62 is configured by a displace-
ment-dependent friction model 621 that calculates a friction
component that is dependent on a displacement; a velocity-
dependent friction model 622 that calculates a friction
component that is dependent on a velocity; and an adder 623
that performs addition. A specific example of the displace-
ment-dependent friction model 621 is a Coulomb friction
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model. A specific example of the velocity-dependent friction
model 622 is a viscous friction model.

[0120] On the basis of an input of the model displacement
“g”, the displacement-dependent friction model 621 calcu-
lates and outputs a friction component that is dependent on
a displacement which is equivalent to a Coulomb friction.
On the basis of an input of the model velocity “h”, the
velocity-dependent friction model 622 calculates a friction
component which is equivalent to a viscous friction. The
adder 623 outputs the sum of the friction component that is
dependent on a displacement and the friction component that
is dependent on a velocity as the correction torque “d”.
[0121] Specifically, the displacement-dependent friction
model 621 is a Coulomb friction model expressed as the
following equation (7), where “k” represents an elastic
modulus, and “g,, . ” represents a Coulomb-friction shifting
displacement that is the amount of displacement required to
shift to the Coulomb friction.

[Equation 7]

k-g (f g < gmax) (@]

/@)= {k 8max  (if 8§ = Gmax)

[0122] Specifically, the velocity-dependent friction model
622 is a proportional viscous friction model expressed as the

following equation (8), where “c” represents a viscosity

coeflicient.

[Equation 8]

Shy=ch ®)
[0123] Parameter adjustment by using the control param-

eter adjustment device 1c is described. In this example, it is
assumed that a displacement-dependent friction force is only
a friction force to be generated in the mechanical devices 5a
and 5b. On this assumption, the viscosity coeflicient “c” is
equal to 0 (c=0).

[0124] FIG. 21 is a flowchart illustrating a control param-
eter adjustment procedure using the control parameter
adjustment device 1c¢ according to the third embodiment.
Described are the differences from the flowchart of the
control parameter adjustment procedure in the control
parameter adjustment device 15 illustrated in FIG. 14.
[0125] In FIG. 21, search parameters are changed to the
elastic modulus “k” and the Coulomb-friction shifting dis-
placement “g,,,.””. The number of parameter changes in the
elastic modulus “k” is represented as “i”. The number of
parameter changes in the Coulomb-friction shifting dis-
placement “g, " is represented as “j”. At Step S301, the
amount of quadrant projection is defined as the evaluation
function H so as to be input, which is different from Step
S201. The search parameters have been changed to “k” and
“C.a - Therefore, at Step S302, in addition to the initial
value of these parameters “k” and “g,,,,.” different from Step
S202, an allowable value HO of the evaluation function is
also set. At Step S303, different from Step S3, the mechani-
cal devices 5a and 5b are driven along an arc trajectory. At
Step S310, not only the graph of the evaluation function is
output but also the motion trajectories, on which the evalu-
ation function is equal to or less than the set allowable value
HO, are all drawn and superimposed, and are displayed on
the output device 89. Further, in FIG. 21, because the search
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parameters are “k” and “g,,,.”, different from Step S7, the
parameter “k” is initialized at Step S307. Furthermore,
different from Step S6, k=k+Ak is set at Step S306. At Step
S309, different from Step S9, g,,..=8.naxt AL, 18 Set.

[0126] At Step S301, as expressed by the following equa-
tion (9), the difference between the maximum and minimum
values of the amount of quadrant projection is set as the

evaluation function H. Here, “x” represents the feedback

position al of the mechanical device 5a, and “y” represents
a feedback position a2 of the mechanical device 55.

[Equation 9]
Hemax(V x(07+9(0%)-min(V (0 (1) ©
[0127] At Step S302, the initial value of search parameters

and the allowable value HO of the evaluation function are
set. Because the search parameters are “k” and “g,,.” the
respective initial values of “k” and “g,.~ “Ak”, and
“Ag,.... are input. In addition, n=10, i=0, and j=0 are input.
Further, the allowable value HO of the evaluation function is
set to 3 um.

[0128] At Step S310, the evaluation function H is calcu-
lated and the graph of the evaluation function H is output.
[0129] FIG. 22 is a three-dimensional bar graph illustrat-
ing the relation between the respective values of the two
parameters “k” and “g,,,.” and the value of the evaluation
function H in the third embodiment. FIG. 23 is a three-
dimensional mesh graph illustrating the relation between the
respective values of the two parameters “k” and “g,, . and
the value of the evaluation function H in the third embodi-
ment. The input-output unit 8 outputs the graph, illustrated
in FIG. 22 or FIG. 23, to the output device 89.

[0130] As illustrated in FIGS. 22 and 23, there are a
plurality of different parameter combinations by which the
evaluation function H is equal to or less than the allowable
value HO. However, due to the influence of a friction
modeling error, there are no parameter combinations that
give perfect circle. Therefore, it is considered that the shape
of a quadrant projection differs depending on the parameter
combination. It is difficult for a user to select optimal
parameters by using only the three-dimensional graph illus-
trating the evaluation function H. Accordingly, at Step S310,
the control parameter adjustment device 1c¢ draws and
superimposes all the motion trajectories, each of the all
corresponds to a combination of parameter values by which
the evaluation function is equal to or less than the set
allowable value HO, and then it displays these motion
trajectories on the output device 89 as illustrated in FIG. 24.
At this time, it is possible that a combination of parameter
values, by which the evaluation function is equal to or less
than the allowable value HO, is also displayed on the output
device 89 corresponding to the motion trajectory.

[0131] FIG. 24 is an enlarged diagram of motion trajec-
tories at a position where the quadrant is changed over to
another quadrant, which are displayed on the output device
89 in the third embodiment. In FIG. 24, the horizontal axis
represents the X-axis position, and the vertical axis repre-
sents the Y-axis position. “5 um/div”” shows the vertical-axis
scale division of 5 um. As illustrated in FIG. 24, the shape
of the quadrant projection differs depending on the combi-
nation of parameters, while the allowable value of the
evaluation function is identical. At this time, according to
the machining conditions, different specifications are
required for the shape of the projection that remains uncor-
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rected. Specifically, in outer-diameter machining, when the
shape of a quadrant projection is directed inward from the
reference circle, there is a possibility for a scratch to be
undesirably formed on the machined surface. On the other
hand, in the case of inner-diameter machining, when a
projection extends outward from the reference circle, there
is a possibility that a scratch is generated. Further, in
machining in which the higher priority is put on the round-
ness, it is preferable that the evaluation function value is
minimized as a condition.

[0132] When the evaluation function H is input, it is
possible to select and determine the function according to
the required specifications. However, there is a problem that
a considerable amount of time is required to design the
evaluation function H that precisely corresponds to the
required trajectory shape.

[0133] Therefore, at Step S311, in the control parameter
adjustment device 1c¢, among the motion trajectories dis-
played on the output device 89, a user selects respective
values of the parameters “k” and “g,,,.”” that correspond to
the motion trajectory with the most preferable shape and
inputs these values to the input device 88 in order to select
a preferable waveform. That is, the input device 88 receives
a parameter combination selected by a user from among a
plurality of different parameter combinations by which the
evaluation function is equal to or less than the allowable
value HO.

[0134] At Step S312, the parameter search unit 7 outputs
parameter change commands el and e2 for instructing a
combination of the values of the parameters “k” and “g,,, ”
that correspond to the waveform selected at Step S311 to the
correction model units 6a and 64, respectively. The param-
eter change command el is eventually input to the displace-
ment-dependent friction model 621 in FIG. 20.

[0135] As described above, the control parameter adjust-
ment device 1¢ according to the third embodiment is used to
search for a parameter of a quadrant projection caused by a
friction. Therefore, the quadrant projection can be mini-
mized. Further, a parameter that is predominantly effective
for each arc-motion pattern can be adjusted. Accordingly, a
control parameter that satisfies the required motion-trajec-
tory shape can be searched efficiently with high accuracy.

Fourth Embodiment

[0136] The configuration of a control parameter adjust-
ment device in a fourth embodiment is identical to the
configuration of the control parameter adjustment device 1c¢
according to the third embodiment.

[0137] In the fourth embodiment, it is assumed that there
are two types of friction forces to be generated in the
mechanical devices 5a and 5b, which are a displacement-
dependent friction and a velocity-dependent friction. On this
assumption, there are three parameters to be adjusted, which
are the elastic modulus “k”, the Coulomb-friction shifting
displacement amount g, ”, and the viscous coefficient “c”.
[0138] FIG. 25 is a flowchart illustrating a control param-
eter adjustment procedure in the fourth embodiment of the
present invention. Described below are the differences
between the flowchart in FIG. 25 and the flowchart of the
control parameter adjustment procedure in the third embodi-
ment illustrated in FIG. 21.

[0139] At Step S402, in addition to the process at Step
S302, the initial value of the viscous coefficient “c” and Ac

[Pt}

are further set, and the number of parameter changes “p” in
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the viscous coeflicient “c” is initialized to p=0. In FIG. 25,
Step S414 is added to FIG. 21, at which “g,,,.” and *j” are
initialized. In FIG. 25, Step S415 is added to FIG. 21, at
which whether the number of parameter changes “p” in the
viscous coeflicient “c” is equal to “n” (p=n) is determined.
When “p” is less than “n”, (NO at Step S415), the value of
“c” and the value of “p” are changed to c=c+Ac and p=p+1,
respectively, at Step S416. The process flow then returns to
Step S303 to repeat the measurement. When p=n (YES at
Step S415), the process flow advances to Step S410. Step
S410 is different from Step S310 in that there are three
parameters, and therefore one of the parameters is used as an
intervening variable to draw a plurality of three-dimensional
graphs of the evaluation function to each value of the two
remaining parameters. Further, in FIG. 25, Step S417 is
added to FIG. 21, at which a user inputs whether a detailed
search is needed. In FIG. 25, Step S418 is added to FIG. 21,
at which whether a detailed search is needed is determined.
When a detailed search is needed (YES at Step S418), the
process tflow returns to Step S402 to input a new condition
of the detailed search for a parameter. When a detailed
search is not needed (NO at Step S418), the process flow
advances to Step S411.

[0140] At Step S411, in addition to the parameters “k” and
“Z . » the value of “c” is also selected and input to the input
device 88 to select a preferable waveform.

[0141] At Step S412, the parameter search unit 7 outputs
the parameter change commands el and e2 for instructing a
combination of the values of the parameters “k”, “g,,..”, and
“c” that correspond to the waveform selected at Step S411
to the correction model units 6a and 65, respectively. The
parameter change command el is eventually input to the
displacement-dependent friction model 621 and the veloc-
ity-dependent friction model 622 in FIG. 20.

[0142] In the case of searching for three parameters, when
the search is performed n-times on all the set conditions, it
is necessary to perform the measurement for n>-times of
driving. Therefore, there is a problem that when a large
value is set as “n” a considerable amount of time is required.
For example, when n=10, the measurement is needed to be
performed 1000 times. On the other hand, when a small
value is set as “n”, it may be difficult to reach a parameter
that falls within the target tolerance.

[0143] The control parameter adjustment device 1lc
according to the fourth embodiment displays a result of a
search performed once on the output device 89 at Step S410.
At this time, when three or more parameters are adjusted,
they cannot be expressed in a three-dimensional graph.
Therefore, any one of the parameters is used as an inter-
vening variable to draw a plurality of three-dimensional
graphs of the evaluation function to each value of the two
remaining parameters, and then it displays the three-dimen-
sional graphs on the output device 89.

[0144] FIGS. 26 to 31 are three-dimensional bar graphs in
the control parameter adjustment device 1¢ according to the
fourth embodiment, each of which uses one parameter “c” as
an intervening variable to illustrate the relation between the
respective values of the two remaining parameters “k” and
“Z . and the value of the evaluation function H. FIGS. 26
to 31 respectively correspond to the cases where “c” is set
to 2, 4, 6,8, 10, and 12 [Nm-min/mm]. FIGS. 32 to 37 are
three-dimensional mesh graphs in the control parameter
adjustment device 1c¢ according to the fourth embodiment,
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each of which uses one parameter “c” as an intervening
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variable to illustrate the relation between the respective
values of the two remaining parameters “k” and “g,, .~ and
the value of the evaluation function H. FIGS. 32 to 37
respectively correspond to the cases where “c” is set to 2, 4,
6, 8, 10, and 12 [Nm'min/mm]. The input-output unit 8
outputs the graphs illustrated in FIGS. 26 to 31 or in FIGS.
32 to 37 to the output device 89. The display using a
plurality of three-dimensional graphs as described above is
made possible also for four or more types of parameters by
displaying a plurality of three-dimensional graphs, each of
which illustrates the relation between two parameters and
the value of the evaluation function H, which corresponds to
combinations of different values of the remaining param-
eters.

[0145] At this time, the user determines whether a param-
eter-search result output to the output device 89 satisfies the
required specifications. When the parameter-search result
does not satisty the required specifications, the user inputs
the need for a detailed search at Step S417. The user also
determines a detailed-search area on the basis of the graphs
illustrated at Step S410.

[0146] With this operation, the process flow branches to
YES at Step S418, and then shifts to Step S402 again to
change the initial value for the search to instruct a detailed
search. By repeating the operation as described above, it is
possible for the user to arrive at a parameter that satisfies the
requirements in a reduced period of time.

[0147] As described above, by using the control parameter
adjustment device 1¢ according to the fourth embodiment,
even in a parameter search for a model made up of three or
more parameters, the user can still arrive at a parameter that
satisfies the allowable value HO of the evaluation function
effectively in a reduced period of time.

Fifth Embodiment

[0148] The configuration of a parameter adjustment
device in a fifth embodiment is identical to the configuration
of the control parameter adjustment device 1¢ according to
the third embodiment.

[0149] FIG. 38 is a flowchart illustrating the control
parameter adjustment procedure in the fifth embodiment of
the present invention. Described below are the differences
between the flowchart in FIG. 38 and the flowchart of the
control parameter adjustment procedure in the third embodi-
ment illustrated in FIG. 21.

[0150] Steps S303 and S4 in FIG. 21 are changed to Steps
S513, S514, S523, and S524 in FIG. 38. The table 84 is
driven on two different arc motion conditions, and the
respective response errors are measured.

[0151] Specifically, at Step S513, the table 84 is driven
along an arc trajectory 1 that corresponds to an arc condition
1, and a response error obtained at that time is measured at
Step S514. Further, at Step S523, the table 84 is driven along
an arc trajectory 2 that corresponds to an arc condition 2, and
a response error obtained at that time is measured at Step
S524.

[0152] When the mechanical devices 5a and 55 are driven
with different arc radii at different feed velocities, the
friction characteristics are changed, and the shape of a
quadrant projection may be changed. In such a case, it is
necessary to measure a response error on different arc
motion conditions, and then to determine a parameter.
[0153] At Step S310 in FIG. 38, the evaluation functions,
which are measured respectively on two different types of
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arc conditions, are drawn on separate graphs, and the graphs
are displayed on the output device 89. The arc condition 1
described above is the radius of 10 mm and the feed velocity
of 800 mm/min. The arc condition 2 described above is the
radius of 20 mm and the feed velocity of 3000 mm/min.
[0154] FIG. 39 is a three-dimensional bar graph illustrat-
ing the relation between the respective values of the two
parameters “k” and “g,,,.” and the value of the evaluation
function H on the arc condition 1 in the fifth embodiment.
FIG. 40 is a three-dimensional bar graph illustrating the
relation between the respective values of the two parameters
“k”and “g,,..”” and the value of the evaluation function H on
the arc condition 2 in the fifth embodiment. FIG. 41 is a
three-dimensional mesh graph illustrating the relation
between the respective values of the two parameters “k” and
“g an and the value of the evaluation function H on the arc
condition 1 in the fifth embodiment. FIG. 42 is a three-
dimensional mesh graph illustrating the relation between the
respective values of the two parameters “k” and “g,, .. and
the value of the evaluation function H on the arc condition
2 in the fifth embodiment. The input-output unit 8 outputs
the graphs illustrated in FIGS. 39 and 40 or in FIGS. 41 and
42 to the output device 89.

[0155] Further, at Step S310, the control parameter adjust-
ment device 1lc¢ draws and superimposes all the motion
trajectories, each of which corresponds to the parameters “k”
and “g,, .. by which the evaluation function is equal to or
less than the set allowable value HO, and then displays these
motion trajectories on the output device 89 as illustrated in
FIGS. 43 and 44. FIG. 43 is an enlarged diagram of motion
trajectories on the arc condition 1 at a position where the
quadrant is changed over to another quadrant, which is
displayed on the output device 89 in the fifth embodiment.
FIG. 44 is an enlarged diagram of motion trajectories on the
arc condition 2 at a position where the quadrant is changed
over to another quadrant, displayed on the output device 89
in the fifth embodiment. In FIGS. 43 and 44, the horizontal
axis represents the X-axis position, and the vertical axis
represents the Y-axis position. “5 pm/div” shows the verti-
cal-axis scale division of 5 pm.

[0156] At Step S311, a user selects the most preferable
combination of the values of the parameters “k” and “g,,,,.”
for the two motion trajectories from among the graphs of the
evaluation function H, which are displayed on the output
device 89, where the evaluation function H is measured
respectively on the two types of arc conditions. The user
then inputs the selected combination to the input device 88.
[0157] As described above, by using the control parameter
adjustment device 1¢ according to the fifth embodiment, the
user can determine a more appropriate parameter combina-
tion on different motion conditions.

Sixth Embodiment

[0158] The configuration of a control parameter adjust-
ment device in a sixth embodiment is identical to the
configuration of the control parameter adjustment device 15
according to the second embodiment.

[0159] FIG. 45 is a flowchart illustrating a control param-
eter adjustment procedure using the control parameter
adjustment device in the sixth embodiment of the present
invention. Described are the differences between the flow-
chart in FIG. 45 and the flowchart in FIG. 14.

[0160] At Step S602 in FIG. 45, in addition to the process
at Step S202 in FIG. 14, a user inputs and sets the allowable
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value HO of the evaluation function H. In FIG. 45, Step S613
is inserted between Steps S4 and S5, and Step S614 is further
added. In FIG. 45, Steps S210, S211, and S212 in FIG. 14
are replaced with Step S10 identical to FIG. 7.

[0161] Inparameter optimization, not on the condition that
a correction-model parameter minimizes the evaluation
function, often there is no problem when the evaluation
function falls within the range of a certain allowable value
or less. In such a case, it suffices that the measurement is not
performed on all the parameter combinations.

[0162] Therefore, in the sixth embodiment, at Step S613,
each time the measurement on the single-motion condition
is completed, the evaluation function H is calculated to
determine whether or not H<HO. When the value of the
evaluation function H is equal to or smaller than the allow-
able value HO input at Step S602 (YES at Step S613), the
parameter search is stopped (Step S614). The value of w and
the value of T obtained at that time are stored in the memory
42 or the storage device 43. The parameter search unit 7 sets
a combination of these parameter values in the correction
model unit 6 to correct the model.

[0163] When the value of the evaluation function H is
greater than the allowable value HO (NO at Step S613), the
process tlow advances to Step S5 to change the parameters
and repeat the measurement identically to the first embodi-
ment. When H<HO does not hold true, the process flow
eventually branches to YES at Step S8 to perform Step S10
in FIG. 7.

[0164] As described above, by using the control parameter
adjustment device 15 according to the sixth embodiment, the
user can find a parameter combination, by which the evalu-
ation function H is equal to or less than the allowable value
HO, in a reduced period of time.

Seventh Embodiment

[0165] FIG. 46 is a block diagram illustrating a configu-
ration of a control parameter adjustment device 14 according
to a seventh embodiment of the present invention. The
difference in configuration between the control parameter
adjustment device 14 according to the seventh embodiment,
and the control parameter adjustment device 15 according to
the second embodiment, is the presence or absence of a
sensor 10.

[0166] Ina machine tool, in order to improve the accuracy
of a workpiece, it is necessary to feedback a relative
displacement between the edge of a tool and the edge of a
workpiece. However, it is general that the position of the
table 84 can only be measured by using the table-position
detector 85. Therefore, when there is a mechanical structure
such as a main shaft between the table 84 and the tool, a
response of the table position differs from the tool-edge
position. Accordingly, even when a parameter of the cor-
rection model unit 6 is adjusted at the table position, the
correction parameter may not be optimized to the tool-edge
position.

[0167] In the seventh embodiment, a sensor signal “r”,
measured by the sensor 10 attached to the vicinity of the tool
edge, is input to the parameter search unit 7. The sensor
signal “r” shows a relative displacement between a tool and
a workpiece. The parameter search unit 7 corrects the model
of the correction model unit 6 on the basis of the sensor
signal “r”.

[0168] A specific example of the sensor 10 is an accelera-
tion sensor that measures an acceleration, or a two-dimen-
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sional encoder that measures a relative displacement
between a tool and a workpiece.

[0169] The parameter search unit 7 can use the sensor
signal “r” for the evaluation function, and therefore can
evaluate the tool-edge characteristics more accurately as
compared to that of using the feedback position “a”. In the
case of using a grid encoder as the sensor 10, it can be
thought that the evaluation function in the seventh embodi-
ment uses the difference between the sensor signal “r” and
the position command “b” as expressed by the following
equation (10).

[Equation 10]
H=max(abs(b-r)) (10)

[0170] As described above, the control parameter adjust-
ment device 1d according to the seventh embodiment is
used, and therefore the sensor signal “r” is used for the
response-error evaluation function H. Accordingly, this
evaluation function H can be used also for the evaluation of
the edge of a machine.

[0171] The configuration described in the above embodi-
ments is only an example of the contents of the present
invention. The configuration can be combined with other
publicly known techniques, and the present invention can be
configured while modifying it without departing from the
scope of the invention, such as omitting or changing a part
of the configuration.

[0172] In the above embodiments, the control parameter
adjustment device has been described with using a servo
control device that uses a rotary motor as a specific example.
However, it is still possible for a servo control device, in
which a mechanical system is driven by an actuator other
than a rotary motor, to control the mechanical system by
using the same control method. The control method of the
above embodiments is not limited by a mechanical configu-
ration of the servo control device.

REFERENCE SIGNS LIST

[0173] 1a, 15, 1c control parameter adjustment device,
2, 2a, 2b motor, 3, 3a, 3b servo control unit, 4 com-
mand-value generation unit, 5, 5a, 56 mechanical
device, 6, 6a, 6b correction model unit, 7 parameter
search unit, input-output unit, 9, 9a, 95 adder-subtrac-
tor, 10 sensor, 30, 32 addition-subtraction unit, 31
position control unit, 33, 615, 616 differential calcula-
tion unit, velocity control unit, 41 calculation device,
42 memory, 43 storage device, 44 communication
device, 61 servo-control-unit model, 62 friction model,
611 position-control-unit model, 612 velocity-control-
unit model, 613 mechanical model, 614 displacement
calculation unit, 621 displacement-dependent friction
model, 622 velocity-dependent friction model, 623
adder, 81 motor-position detector, 82 ball screw, 83 nut,
84 table, 85 table-position detector.

1. A control parameter adjustment device comprising:

a command-value generation unit that generates a position
command;

a servo control unit that calculates a drive command such
that a response position of a driven object follows the
position command;

a correction model unit that generates, by using a model
expressed by two or more types of parameters, a
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correction command for correcting a response error that
is a difference between the position command and the
response position; and

a parameter search unit that corrects the model by using
a combination of values of the parameters by which the
response error is minimized, the combination of values
of the parameters being from among a plurality of
combinations of values of the parameters, wherein

the control parameter adjustment device drives the driven
object in accordance with the drive command and the
correction command.

2. A control parameter adjustment device comprising:

a command-value generation unit that generates a position
command;

a servo control unit that calculates a drive command such
that a response position of a driven object follows the
position command;

a correction model unit that generates, by using a model
expressed by two or more types of parameters, a
correction command for correcting a response error that
is a difference between the position command and the
response position; and

a parameter search unit that corrects the model by using
a combination of values of the parameters by which the
response error is equal to or less than an allowable
value, the combination of values of the parameters
being from among a plurality of combinations of values
of the parameters, wherein

the control parameter adjustment device drives the driven
object in accordance with the drive command and the
correction command.

3. The control parameter adjustment device according to

claim 2, further comprising:

an output device that displays motion trajectories when
the parameter search unit has searched for a plurality of
different combinations of parameter values by which
the response error is equal to or less than an allowable
value,
the motion trajectories respectively corresponding to

the different combinations of parameter values; and

an input device that receives a combination of parameter

values selected by a user from among the different
combinations of parameter values.

4. The control parameter adjustment device according to

claim 2, wherein

the parameter search unit stops searching for the param-
eter at a time when the response error becomes equal to
or less than the allowable value.

5. The control parameter adjustment device according to

claim 1, wherein

two or more types of the parameters are dependent
parameters that cannot express their influence on the
response error as a linear expression of the parameters.

6. The control parameter adjustment device according to

claim 1, wherein

the correction model unit is a model that expresses a
quadrant projection caused during arc motions.

7. The control parameter adjustment device according to

claim 1, wherein

the correction model unit is a transfer function model in
which mechanical vibrations are approximated.
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8. The control parameter adjustment device according to
claim 1, wherein
in a case where the number of types of the parameters is
two, the relation between a plurality of combinations of
searched values of the parameters and the response
error that corresponds to each of the combinations is
illustrated by a three-dimensional graph.
9. The control parameter adjustment device according to
claim 1, wherein
in a case where the number of types of the parameters is
three or more,
the relation between a plurality of combinations of
searched values of two types of the parameters and
the response error that corresponds to each of the
combinations is plotted in a three-dimensional graph,
and
a plurality of the three-dimensional graphs correspond-
ing to different values of parameters other than the
two types of the parameters are displayed.
10. The control parameter adjustment device according to
claim 1, wherein
the parameter search unit corrects the model further on the
basis of a signal of a sensor attached to the driven
object.
11. The control parameter adjustment device according to
claim 2, wherein
two or more types of the parameters are dependent
parameters that cannot express their influence on the
response error as a linear expression of the parameters.
12. The control parameter adjustment device according to
claim 2, wherein
the correction model unit is a model that expresses a
quadrant projection caused during arc motions.
13. The control parameter adjustment device according to
claim 2, wherein
the correction model unit is a transfer function model in
which mechanical vibrations are approximated.
14. The control parameter adjustment device according to
claim 2, wherein
in a case where the number of types of the parameters is
two, the relation between a plurality of combinations of
searched values of the parameters and the response
error that corresponds to each of the combinations is
illustrated by a three-dimensional graph.
15. The control parameter adjustment device according to
claim 2, wherein
in a case where the number of types of the parameters is
three or more,
the relation between a plurality of combinations of
searched values of two types of the parameters and
the response error that corresponds to each of the
combinations is plotted in a three-dimensional graph,
and
a plurality of the three-dimensional graphs correspond-
ing to different values of parameters other than the
two types of the parameters are displayed.
16. The control parameter adjustment device according to
claim 2, wherein
the parameter search unit corrects the model further on the
basis of a signal of a sensor attached to the driven
object.



