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CONTROL APPARATUS OF ROBOT, ROBOT,
AND PROGRAM THEREOF

This application is a national stage application under 35
U.S.C. §371 of International Application No. PCT/JP2013/
053163, having an International filing date of Feb. 5, 2013,
which claims priority to Japan 2012-031872, filed on Feb.
16, 2012, the contents of each of which are incorporated by
reference as if set forth in full herein.

TECHNICAL FIELD

The present invention relates to a control apparatus of a
robot driven by an actuator, such as an industrial robot arm
for conveying or assembling components, a robot, and a
program thereof.

BACKGROUND ART

For example, high-speed, highly accurate operation and
weight reduction of an industrial robot are demanded along
with the expansion of the range of use. With the increase in
the demand for the weight reduction of the robot and for the
increase in the robot operation speed, the deflection of a
mechanical section of the robot, such as an arm section
operated by an actuator, increases, and the influence on the
accuracy cannot be ignored. For the deflection of the
mechanical section of the robot, the deflection is estimated
and compensated to perform highly accurate operation in a
conventional robot.

For example, a configuration is proposed in which an
amount of deflection of a joint of a robot arm is calculated
from load torque and stiffness of the joint of the robot arm,
and the amount of deflection is added to an angle command
value of each axis (PTL 1). A configuration is also proposed
in which an amount of deflection of a link is calculated in
addition to a decelerator, and inverse kinetics calculation is
used to modify an angle command value of each axis to
compensate the deflection (PTL 2).

CITATION LIST
Patent Literature

PTL 1: Japanese Patent Application Laid-Open No. S61-
201304
PTL 2: Japanese Patent No. 3808321

SUMMARY OF INVENTION
Technical Problem

In the conventional techniques, the amount of deflection
generated at the joint section of the robot relative to a target
trajectory is calculated, and the target trajectory is corrected
based on the amount of deflection to drive the actuator of
each axis (deflection correction drive). However, actuator
performance necessary for realizing the deflection correc-
tion drive is not taken into account.

When the actuator is actually subjected to the deflection
correction drive, acceleration and deceleration torque of the
actuator significantly changes according to the amount of
deflection. Therefore, if the actuator performance is not
taken into account, the actuator performance necessary for
the deflection correction drive may exceed a constraint value
that is set as an upper limit of the performance of the
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actuator. For example, the torque necessary for the deflec-
tion correction drive may exceed an upper limit value of the
torque as a constraint value.

In this way, when the actuator performance necessary for
the deflection correction drive exceeds the constraint value,
response deterioration associated with an increase in track-
ing errors of actuators and error termination due to over
current may occur. This may affect the operation perfor-
mance of the robot arm.

On the other hand, the actuator performance necessary for
the deflection correction drive may be a significantly small
value relative to the constraint value, and the surplus may be
excessive. In this case, the performance of the actuators is
not effectively utilized. In other words, this is a state in
which faster operation is possible if the performance of the
actuators is sufficiently utilized.

In view of the circumstances, the present invention has
been invented to realize a structure capable of deflection
correction drive, in which actuator performance can be
effectively utilized, and the actuator performance necessary
for the deflection correction drive does not exceed an upper
limit of the performance of actuators.

Solution to Problem

The present invention provides a control apparatus of a
robot driven by an actuator with a first constraint value that
is set as an upper limit of performance, the control apparatus
including: a target trajectory calculation unit that uses a
target value of the robot and a second constraint value to
solve an optimal control problem to calculate a target
trajectory of the robot; a deflection correction amount cal-
culation unit that calculates a deflection correction amount
of the robot when the robot is operated based on the target
trajectory; a deflection correction trajectory calculation unit
that corrects the target trajectory from the deflection correc-
tion amount to calculate a deflection correction trajectory; an
actuator performance calculation unit that calculates perfor-
mance of the actuator necessary to operate the robot based
on the deflection correction trajectory; a determination unit
that determines whether a first condition that the actuator
performance calculated by the actuator performance calcu-
lation unit is within a range of the first constraint value and
a second condition that a difference between the first con-
straint value and the actuator performance is within a range
of a predetermined value are satisfied; a constraint value
change unit that changes the second constraint value if the
determination unit determines that one of the first condition
and the second condition is not satisfied; and a trajectory
decision unit that decides, as a trajectory of the robot, the
deflection correction trajectory calculated by the deflection
correction trajectory calculation unit if the determination
unit determines that the first condition and the second
condition are satisfied.

Advantageous Effects of Invention

According to the present invention, the second constraint
value for solving the optimal control problem can be
changed to obtain the deflection correction trajectory, in
which the actuator performance necessary for the deflection
correction drive does not exceed the first constraint value,
and the actuator performance is within the range of the
predetermined value relative to the first constraint value.
Therefore, deflection correction drive can be performed, in
which the actuator performance can be effectively utilized,
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and the actuator performance necessary for the deflection
correction drive does not exceed the upper limit of the
performance of the actuators.

Further features of the present invention will become
apparent from the following description of exemplary
embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a perspective view illustrating an example of a
robot as a target of the present invention.

FIG. 2 is a block diagram of the robot according to an
embodiment of the present invention.

FIG. 3 is a block diagram illustrating a control apparatus
of'the robot based on a relationship between processing units
according to the embodiment of the present invention.

FIG. 4 is a block diagram illustrating the control apparatus
of the robot based on a relationship between structures
according to the embodiment of the present invention.

FIG. 5 is a flow chart for obtaining a deflection correction
trajectory by the control apparatus of the robot according to
the embodiment of the present invention.

FIG. 6A is a diagram illustrating a relationship between a
target trajectory and a deflection correction trajectory in a
comparison example without execution of a process of the
present invention.

FIG. 6B is a diagram illustrating a relationship between
motor torque for realizing the target trajectory and motor
torque for realizing the deflection correction trajectory in the
comparison example without the execution of the process of
the present invention.

FIG. 7A is a diagram illustrating deflection correction
trajectories, in which cases with and without the execution
of the process of the present invention are compared.

FIG. 7B is a diagram illustrating motor torque for real-
izing the deflection correction trajectory, in which the cases
with and without the execution of the process of the present
invention are compared.

DESCRIPTION OF EMBODIMENTS
Example of Robot

A schematic configuration of an example of a robot as a
target of the present invention will be described with refer-
ence to FIG. 1. A robot arm 201 includes: motors 202 to 206
as a plurality of actuators that operate arm sections 201a to
201¢ as mechanical sections of the robot; and a control
apparatus 200 that controls the motors 202 to 206. Motor
control units 202a to 206a as actuator control units respec-
tively included in the motors 202 to 206 are connected to the
control apparatus 200. Other than the arm sections 201a to
201c¢, examples of the mechanical sections that are operated
by the motors 202 to 206 include constituent members of the
robot subsequent to rotation axes of the motors, such as
decelerators that decelerate and transmit the drive of the
motors.

The motors 202 to 206 are arranged at drive sections of
the robot, such as joint sections of the robot arm 201. The
motor 202 rotates the entire robot arm 201 relative to a base
207. The motor 203 turns the arm section 201¢ in a vertical
direction of FIG. 1 relative to the base 207. The motor 204
turns the arm section 2015 relative to the arm section 201a.
The motor 205 turns the arm section 201¢ relative to the arm
section 2015. The motor 206 turns a tip section of the arm
section 201c relative to a base section.
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The robot arm 201 with the configuration performs, for
example, operation of inserting a rod-shaped work piece W1
to a hole formed on a cylindrical work piece W2 as follows.
When a user inputs such an instruction, the control apparatus
200 calculates a trajectory of fingers of the robot arm 201.
The motor control units 202a to 2064 control the motors 202
to 206 based on the trajectory to drive the 202 to 206 to
thereby operate the robot arm 201 to insert the work piece
W1 to the hole formed on the cylindrical work piece W2.

Embodiment

An embodiment of the present invention will be described
with reference to FIGS. 2 to 7B. In the present specification,
an ordered set of the position and posture of the robot is
defined as a path. A time-series angle command value is
defined as a target trajectory. A target trajectory obtained by
compensating and modifying an amount of deflection will be
defined as a deflection correction trajectory. Drive of an
actuator according to the deflection correction trajectory is
defined as deflection correction drive. A value including at
least one of a target position, a target path, and a target
posture provided as a command value by the user to the
robot is defined as a target value.

[Robot]

The robot of the present embodiment will be described
with an example of a six-axis articulated robot arm with a
control configuration as illustrated in FIG. 2. A main CPU 2
as a control apparatus of the robot executes an interpolation
process between teaching points based on teaching point
information (target value) obtained from a teaching terminal
apparatus 1, such as a teaching pendant, to decide the
trajectory of the fingers of the robot arm (trajectory of robot)
as described later.

Motor servo controllers 3a to 3f as actuator control units
use the trajectory decided by the main CPU 2 to control
motors 4a to 4f. Although not illustrated, angle/angular
velocity detectors, such as encoders, are attached to the
motors 4a to 4f of the axes, and detected angles and angular
velocities of the motors are fed back to the motor servo
controllers 3a to 3f. The robot is controlled as described in
FIG. 1. The main CPU 2 is equivalent to the control
apparatus 200 of FIG. 1. The motors 4a to 4f are equivalent
to the motors 202 to 206 of FIG. 1. The motor servo
controllers 3a to 3f are equivalent to the motor control units
2024 to 206q.

When the robot arm is controlled in this way, the main
CPU 2 can calculate and correct the deflections generated at
the joint sections to drive the motors of the axes to thereby
perform highly accurate operation of the finger position and
posture of the robot arm. In the present embodiment, when
the deflections generated at the joint sections of the robot are
calculated and corrected to drive the motors of the axes, a
constraint value of actuator performance (motor perfor-
mance) is taken into account to modify the target trajectory.
This prevents the actuator performance from exceeding the
constraint, and when there is a surplus, the surplus is
effectively utilized to realize reduction of the operation time.
This point will be described in detail below.

[Control Apparatus of Robot]

The main CPU 2 as a control apparatus of the robot that
performs the control will be described with reference to
FIGS. 3 to 5. FIG. 3 is a block diagram illustrating the main
CPU 2 by segments of processing units. The main CPU 2
includes a target trajectory calculation unit 101, a deflection
correction amount calculation unit 102, a deflection correc-
tion trajectory calculation unit 103, an actuator performance
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calculation unit 104, a determination unit 105, a constraint
value change unit 106, and a trajectory decision unit 107.

The target path of the arm fingers of the robot (target value
of robot) is defined as Xref, and the target trajectory of each
axis is defined as Oref. A vector indicating the actuator
performance (motor performance) including motor angular
velocity, angular acceleration, angular jerk, and torque of
each axis is defined as U. A first constraint value as an upper
limit of the actuator performance preset by taking into
account a limit value or surplus of the performance of the
motors 4a to 4fis defined as Um. A second constraint value
of the actuator performance used in the calculation of the
target trajectory is defined as Uopt. The elements of Um are
positive values. The second constraint value Uopt can be
changed as described later. In the following description,
although each of the actuator performance U, the first
constraint value Um, and the second constraint value Uopt
is torque for the simplification, the angular velocity, the
angular acceleration, and the angular jerk may have values.

The target trajectory calculation unit 101 uses the target
value Xref of the robot and the second constraint value Uopt
to solve a time-optimal control problem as an optimal
control problem to thereby calculate the target trajectory
Oref of each axis (robot) that satisfies the constraint condi-
tion and that has the shortest operation time.

The optimal control problem is for optimal control of
evaluation functions, and for example, time and swing are
optimally controlled. In the time-optimal control problem,
the evaluation functions of the optimal control problem are
indicated by time. Although the optimal control problem is
the time-optimal control problem in the following descrip-
tion, the same applies even if other evaluation functions are
included. An example of the method of solving the time-
optimal control problem includes a method described in a
document by J. E. Bobrow et al. The document is “J. E.
Bobrow et. al, “Time-Optimal Control of Robotic Manipu-
lators Along Specified Paths”, Int. J. of Robotics Research,
4,3, pp. 3-17, 1989”.

The deflection correction amount calculation unit 102
calculates the deflection correction amount of the robot for
operating the robot based on the target trajectory calculated
by the target trajectory calculation unit 101. More specifi-
cally, the deflection correction amount calculation unit 102
handles the target trajectory Oref as input and outputs a
deflection correction amount A8 from an equation of motion
of the entire robot arm and stiffhess. In the present embodi-
ment, only the deflection in the motor rotation direction of
each joint section will be taken into account for the simpli-
fication.

The equation of motion of the robot arm can be expressed
as follows.

Mxddg+h+g=t

M denotes an inertia matrix, ddq denotes acceleration, h
denotes centrifugal force and Coriolis force, g denotes
gravity, and T denotes load torque on each joint section. The
reference characters ddq, h, g, and T re vectors. The inertia
matrix M is determined by the configuration of the robot
arm, and the acceleration ddq is obtained from a second
order differential of the trajectory using time. Therefore, the
load toque T on each joint section can be obtained from the
equation of motion of the robot arm.

Once the load torque T is obtained, T can be divided by a
stiffness value K as in the following formula to obtain the
amount of deflection A8 of each joint section.

AO=T/K
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The stiffness value K is a stiffness value in the rotation
direction of each axis, that is, torsional stiffness (strength in
the torsional direction, the unit is “Nm/rad”), and is set in
advance. Since only the deflection in the motor rotation
direction of each joint section is taken into account, the
amount of deflection of the joint and the deflection correc-
tion amount are equal values. The deflection correction
amount may include not only the deflection in the torsional
direction, but also the deflection in the translational direc-
tion.

The deflection correction trajectory calculation unit 103
corrects the target trajectory from the deflection correction
amount calculated by the deflection correction amount cal-
culation unit 102 to calculate the deflection correction
trajectory. More specifically, the deflection correction tra-
jectory calculation unit 103 handles the target trajectory Oref
and the deflection correction amount A8 as input to output
a deflection correction trajectory 6,ref by adding the target
trajectory Oref and the deflection correction amount A6.

The actuator performance calculation unit 104 calculates
the performance of the actuators (motors) necessary for
operating the robot based on the deflection correction tra-
jectory calculated by the deflection correction trajectory
calculation unit 103. Thus, the actuator performance calcu-
lation unit 104 handles the deflection correction trajectory
0, ref as input to output the actuator performance U from the
equation of motion of the entire robot arm. Specifically, the
acceleration ddq of the equation of motion is obtained from
a second order differential of the deflection correction tra-
jectory 0,ref, and T is calculated as the actuator performance
U.

The determination unit 105 determines whether a first
condition that the actuator performance calculated by the
actuator performance calculation unit 104 is within a range
of the first constraint value and a second condition that the
difference between the first constraint value and the actuator
performance is within a range of a predetermined value are
satisfied. In other words, the actuator performance U is
handled as input, and whether the actuator performance U
does not exceed the first constraint value Um and whether
the actuator performance U is near the first constraint value
Um are determined.

Therefore, the first condition is IUl<Um, and the second
condition is Um~|Ul<e. The value € is the predetermined
value described above and is a minute amount that can be
arbitrarily set within a range less than Um. The value of €
determines how much the ultimate result can be close to the
first constraint value. Therefore, € is set based on the
calculation time and the surplus of the actuator performance
(torque in the present embodiment).

The constraint value change unit 106 changes the second
constraint value when the determination unit 105 determines
that one of the first condition and the second condition is not
satisfied. Thus, the second constraint value Uopt used in the
time-optimal control problem is changed and output. Spe-
cifically, when the determination unit 105 determines that
one of the first condition and the second condition is not
satisfied, the actuator performance U used in the determi-
nation is output, and the actuator performance U is input to
the constraint value change unit 106. The constraint value
change unit 106 subtracts the actuator performance U from
the first constraint value Um, multiplies the value by a
predetermined gain G greater than 0, and adds the calculated
value to the second constraint value Uopt to set the second
constraint value Uopt after change.

A predetermined gain G is a preset value greater than O.
The calculation time becomes long if the gain G is a small
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value, and the ultimate result is unlikely to be close to the
first constraint value if the gain G is a large value. Therefore,
€ and the calculation time are taken into account to arbi-
trarily set the gain G.

The second constraint value Uopt after change is input to
the target trajectory calculation unit 101, and the target
trajectory calculation unit 101 performs the calculation as
described above to newly calculate a target trajectory. Sub-
sequently, the new target trajectory is used to calculate the
deflection correction trajectory as described above, and the
actuator performance based on the deflection correction
trajectory is calculated to perform the determination by the
determination unit 105.

Therefore, in the main CPU 2, the constraint value change
unit 106 changes the second constraint value Uopt until the
first condition and the second condition are satisfied, and
convergent calculation for repeating the calculation of the
actuator performance relative to the deflection correction
trajectory is performed. In other words, the target trajectory
and the deflection correction trajectory are modified until the
first condition and the second condition are satisfied.

The trajectory decision unit 107 decides, as the trajectory
of the robot, the deflection correction trajectory calculated
by the deflection correction trajectory calculation unit 103
when the determination unit 105 determines that the first
condition and the second condition are satisfied. Specifi-
cally, when the determination unit 105 determines that
[UI<Um as the first condition and Um-|Ul<e as the second
condition are satisfied, the deflection correction trajectory
0,ref at this point is output, and the deflection correction
trajectory 0,ref is input to the trajectory decision unit 107.
The trajectory decision unit 107 decides the input deflection
correction trajectory 6,ref as the trajectory of the robot and
outputs the trajectory to the motor servo controllers 3a to 37

In the present embodiment, the main CPU 2 is operated
based on a program of the robot installed in advance. As
illustrated in FIG. 4, the main CPU 2 includes the motor
servo controllers 3a to 3f connected to the computer main
body including an arithmetic apparatus 21 and a storage
apparatus 22. An input apparatus 24, such as a teaching
pendant 23, a keyboard 24a, and a mouse 24b, for the
operator to perform input operation is also connected to the
computer main body. The teaching pendant 23 is equivalent
to the teaching terminal apparatus 1 of FIG. 1.

The storage apparatus 22 stores various data, such as
shape data of work pieces. In addition, a control driver of the
motors and various programs, such as an assembly proce-
dure computation program for causing the computer (arith-
metic apparatus 21) to perform computation of an assembly
procedure of work pieces, are stored. In the present embodi-
ment, a program for deciding the trajectory of the robot is
further stored.

More particularly, the computer main body mainly
includes a CPU 21a, and a ROM 224 and a RAM 2254 are
connected to the CPU 21a through a bus 25. The ROM 224
stores a program necessary for basic control of the robot and
stores various programs and data, such as the program for
deciding the trajectory of the robot. The RAM 2254 secures
a working area for the CPU 21a.

The motor servo controllers 3a to 3f'are connected to the
bus 25, and a recording disk reading apparatus 26 is also
connected. The CPU 21a can read a recording medium D
recording a program for deciding the trajectory of the robot
and can store the program in, for example, the ROM 224. In
addition to the ROM 224 and the RAM 225 as main storage
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apparatuses, the storage apparatus 22 includes the computer-
readable recording medium D and other external storage
apparatuses.

The target trajectory calculation unit 101, the deflection
correction amount calculation unit 102, the deflection cor-
rection trajectory calculation unit 103, the actuator perfor-
mance calculation unit 104, the determination unit 105, the
constraint value change unit 106, and the trajectory decision
unit 107 are formed by the arithmetic apparatus 21 and the
storage apparatus 22.

A control flow based on the program for deciding the
trajectory of the robot of the present embodiment will be
described with reference to FIG. 5. The main CPU 2
executes a process according to a flow chart illustrated in
FIG. 5 to realize the function of the control apparatus of the
robot illustrated in FIG. 3. Correspondence between the
control apparatus (main CPU 2) of FIG. 3 and the flow chart
of FIG. 5 is as follows. S2 corresponds to the target
trajectory calculation unit 101, S3 corresponds to the deflec-
tion correction amount calculation unit 102, S4 corresponds
to the deflection correction trajectory calculation unit 103,
S5 corresponds to the actuator performance calculation unit
104, S6 corresponds to the determination unit 105, S7
corresponds to the constraint value change unit 106, and S8
corresponds to the trajectory decision unit 107. The flow
chart of FIG. 5 will be used in the following description.

An interpolation process between the teaching points is
executed based on the teaching point information obtained
from the teaching terminal apparatus 1, and the target value
(target path (teaching point, interpolation point)) Xref of the
arm fingers is calculated. Along with this, the first constraint
value Um of the actuator performance is set as the second
constraint value Uopt used to generate the trajectory (S1).

The target path Xref of the arm fingers and the second
constraint value Uopt are used to solve the time-optimal
control problem to obtain the target trajectory Oref of each
axis that satisfies [U/Uopt and that has the shortest operation
time (S2).

The deflection correction amount A6 of each joint is
obtained by obtaining the load torque T on each joint section
from the equation of motion of the robot arm and dividing
the load torque T by the stiffness value K (S3). The deflection
correction amount AB is added to the target trajectory Oref to
obtain the deflection correction trajectory 6,ref (S4). The
obtained deflection correction trajectory 6,ref is used to
calculate the actuator performance U from the equation of
motion of the robot arm (S5).

Whether the absolute value of the actuator performance U
is within the range of the second constraint value Um (first
condition) is determined, and whether the difference
between the second constraint value Um and the absolute
value of the actuator performance U is within the range of
the minute amount € (second condition) is determined (S6).
The conditions denote that the actuator performance is a
value equal to or greater than the first constraint or that the
actuator performance is not near the first constraint value.

If one of the first condition and the second condition of S6
is not satisfied, Ul is subtracted from Um to multiply the
value by the gain G (G>0) set in advance, and the value is
added to the second constraint value Uopt used for gener-
ating the trajectory to set the value as a new second
constraint value Uopt (S7). The process returns to S2. Once
the process returns to S2, the new second constraint value
Uopt is used to solve the time-optimal control problem
again, and the target trajectory Oref is modified. The process
of 82 to S7 is repeatedly executed until the conditions of S6
are satisfied.
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If the conditions of S6 are satisfied, the currently obtained
deflection correction trajectory 0,ref is decided as the tra-
jectory of the robot and is output to the motor servo
controllers (S8).

The change in the second constraint value has an advan-
tageous effect of increasing the operation time in S2 by
reducing the second constraint value Uopt used for the
convergent calculation if the actuator performance U
exceeds the first constraint value Um. Since the necessary
actuator performance U is reduced with the increase in the
operation time, the necessary actuator performance U can be
close to the first constraint value Um. On the other hand, if
the actuator performance U is smaller than the first con-
straint value Um by e or more, that is, if there is a surplus,
an increase in the second constraint value Uopt has an
advantageous effect of reducing the operation time in S2.
Since the necessary actuator performance U increases with
the reduction in the operation time, the necessary actuator
performance U can be close to the first constraint value Um.

As described, the second constraint value for solving the
time-optimal control problem can be changed to obtain the
deflection correction trajectory that allows the actuator per-
formance necessary for the deflection correction drive to be
within the range of the predetermined value relative to the
first constraint value, without exceeding the first constraint
value. Therefore, the actuator performance can be effec-
tively utilized, and the deflection correction drive can be
performed without the actuator performance necessary for
the deflection correction drive exceeding the upper limit of
the performance of the actuator.

Thus, since the necessary actuator performance U does
not exceed the first constraint value Um, the occurrence of
the response deterioration associated with the increase in the
tracking errors of the actuators and the occurrence of the
error termination due to over current can be suppressed.
When there is a surplus in the necessary actuator perfor-
mance U relative to the first constraint value Um, the
deflection correction trajectory 0, ref effectively utilizing the
generated surplus is obtained. Therefore, the operation time
of the robot can be reduced.

More specifically, the actuator performance necessary at
the deflection correction drive can be taken into account to
modify the target trajectory to generate the deflection cor-
rection trajectory that can be realized by the mounted
actuators and that has the shortest operation time. For
example, when the necessary torque is greater than before
the correction as a result of the deflection correction and is
greater than the allowable output torque as a limiting value,
although the operation time increases a little by the modi-
fication of the target trajectory, the necessary torque at the
deflection correction drive can be within the limiting value.
Therefore, the occurrence of the response deterioration
associated with the increase in the tracking errors of the
actuators and the occurrence of the error termination due to
over current can be suppressed, and the robot can continue
the highly accurate operation. On the other hand, when the
necessary torque is reduced by the deflection correction, the
generated surplus torque can be effectively utilized to reduce
the operation time within the range that the necessary torque
at the deflection correction drive is within the limiting value.

Example

Advantageous effects of the present embodiment will be
described in comparison with a case that the present embodi-
ment is not satisfied. FIGS. 6A and 6B will be used in the
description to further clarity the relationship between the
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target trajectory without the deflection being taken into
account and the deflection correction trajectory.

FIG. 6A is an explanatory view for comparing the target
trajectory Oref without the deflection correction being taken
into account and the deflection correction trajectory 0,ref in
the drive of the six-axis articulated robot arm. The target
trajectory Oref is a trajectory of movement from an angle ¢,
to an angle ¢, from time t, to time t,. FIG. 6A illustrates the
time on the x axis and the angle on the y axis. A broken line
denotes the target trajectory Oref, and a solid line denotes the
deflection correction trajectory 6, ref.

FIG. 6B is an explanatory view for comparing motor
torque Tref necessary for realizing Oref and motor torque T,
necessary for realizing 0,ref. FIG. 6B illustrates the time on
the x axis and the torque on the y axis. A broken line denotes
the motor torque Tref necessary for realizing the target
trajectory, and a solid line denotes the motor torque T,
necessary for realizing the deflection correction trajectory.

As illustrated in FIG. 6A, the deflection correction tra-
jectory 0,ref is changed by a[rad] at the maximum relative
to the target trajectory Oref. This is because the deflection
correction amount is added to the deflection correction
trajectory. Since the trajectory changes in this way, the
necessary torque also changes accordingly.

As illustrated in FIG. 6B, the maximum value of the
motor torque T, is smaller than the maximum value of the
motor torque Tref, and T, is smaller by p[Nm]. This is a state
in which the necessary actuator performance is excessive
relative to the constraint value due to the reduction in the
necessary torque as a result of the correction of the amount
of deflection, and the performance of the actuator is not
effectively utilized. In the present embodiment, the gener-
ated surplus is used to reduce the operation time.

The case of moditying the trajectory by repeated calcu-
lation of S2 to S7 of the flow illustrated in FIG. 5 using the
surplus (embodiment) and a case of not modifying the
trajectory (comparison example) will be described with
reference to FIGS. 7A and 7B.

FIGS. 7A and 7B are diagrams of the deflection correction
trajectory 0,ref and the motor torque T, respectively. FIG.
7A illustrates the time on the x axis and the angle on the y
axis. FIG. 7B illustrates the time on the x axis and the torque
on the y axis. Broken lines of FIGS. 7A and 7B denote
values obtained first in S5, that is, values before the modi-
fication of the trajectory. Solid lines denote values in S8, that
is, values after the modification of the trajectory by the
repeated calculation. An alternate long and short dash line in
FIG. 7B denotes the first constraint value of the motor
torque.

As illustrated in FIG. 7B, there is a surplus of the motor
torque before modification relative to the first constraint
value, and the performance of the actuator is not effectively
utilized. On the other hand, the motor torque after modifi-
cation is a value near the first constraint value. Accordingly,
the operation time of the deflection correction trajectory
after the modification is smaller than before the modification
by vy[s] as illustrated in FIG. 7A. In this way, it can be
recognized that the motor torque is effectively utilized up to
the proximity of the first constraint value as a result of the
modification of the trajectory by the repeated calculation and
that the operation time can be reduced.

The present invention is also realized by execution of the
following process. That is a process in which software
(program) for realizing the functions of the embodiment is
supplied to a system or an apparatus through a network or
various storage media, and a computer (or CPU or MPU) of
the system or the apparatus reads and executes the program.
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While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.

This application claims the benefit of Japanese Patent
Application No. 2012-031872, filed Feb. 16, 2012, which is
hereby incorporated by reference herein in its entirety.

The invention claimed is:

1. A trajectory generation apparatus for calculating a
trajectory along which a robot is driven in which each of a
plurality of joint sections is driven by an actuator with a first
constraint value that is set as an upper limit of performance,
the trajectory generation apparatus comprising:

at least one processor and a memory functioning as:

a target trajectory calculation unit constructed to use a
target value of the robot and the first constraint value
to solve an optimal control problem to calculate a
target trajectory from a first point to a second point
of the robot;

a deflection correction amount calculation unit con-
structed to calculate a deflection correction amount
of each of the plurality of joint sections of the robot
when the robot is operated based on the target
trajectory;

a deflection correction trajectory calculation unit con-
structed to correct the target trajectory from the first
point to the second point from the respective deflec-
tion correction amounts to calculate a deflection
correction trajectory from the first point to the sec-
ond point;

an actuator performance calculation unit constructed to
calculate performance of the actuator necessary to
operate the robot based on the deflection correction
trajectory;

a determination unit constructed to determine whether
a first condition that the actuator performance cal-
culated by the actuator performance calculation unit
is within a range of the first constraint value and a
second condition that a difference between the first
constraint value and the actuator performance is
within a range of a predetermined value are satisfied;

a recalculating unit constructed to recalculate the target
trajectory of the robot by replacing the first con-
straint value in the target trajectory calculation unit
with a second constraint value and using the target
value of the robot and the second constraint value to
solve the optimal control problem if the determina-
tion unit determines that one of the first condition
and the second condition is not satisfied; and

a trajectory decision unit constructed to output to the
actuator, as a trajectory of the robot, the deflection
correction trajectory calculated by the deflection
correction trajectory calculation unit if the determi-
nation unit determines that the first condition and the
second condition are satisfied, wherein the actuator
is constructed to drive the plurality of joint sections
of the robot in accordance with the trajectory output
by the trajectory decision unit.

2. The trajectory generation apparatus according to claim
1, wherein the recalculating unit subtracts the actuator
performance from the first constraint value, multiplies the
value by a predetermined gain greater than 0, and adds the
calculated value to the first constraint value to calculate the
second constraint value.
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3. The trajectory generation apparatus according to claim
1, wherein the deflection correction amount calculation unit
calculates the respective deflection correction amounts from
the target trajectory, an equation of motion of the robot, and
stiffness of the robot.

4. A robot comprising:

an actuator;

a mechanical section operated by the actuator;

a trajectory generation apparatus according to claim 1;

and

an actuator control unit that controls the actuator,

wherein the actuator control unit controls the actuator

based on the trajectory decided by the trajectory gen-
eration apparatus.

5. A trajectory generation method for calculating a tra-
jectory along which a robot is driven in which each of a
plurality of joint sections of the robot is driven by an
actuator with a first constraint value that is set as an upper
limit of performance, the trajectory generation method com-
prising the steps of:

calculating, by a target trajectory calculation unit, a target

trajectory from a first point to a second point of the
robot by using a target value of the robot and the first
constraint value and solving an optimal control prob-
lem;

calculating, by a deflection correction amount calculation

unit, a deflection correction amount of each of the
plurality of joint sections of the robot when the robot is
operated based on the target trajectory;
calculating, by a deflection correction trajectory calcula-
tion unit, a deflection correction trajectory from the first
point to the second point by correcting the target
trajectory from the first point to the second point from
the respective deflection correction amounts;

calculating, by an actuator performance calculation unit,
performance of the actuator necessary to operate the
robot based on the deflection correction trajectory;

determining, by a determining unit, whether a first con-
dition that the actuator performance calculated in the
calculating the actuator performance step is within a
range of the first constraint value and a second condi-
tion that a difference between the first constraint value
and the actuator performance is within a range of a
predetermined value are satisfied;

recalculating, by a recalculating unit, the target trajectory

of the robot by replacing the first constraint value in the
target trajectory calculation unit with a second con-
straint value and using the target value of the robot and
the second constraint value to solve the optimal control
problem if it is determined in the determining step that
one of'the first condition and the second condition is not
satisfied;

outputting to the actuator, by a trajectory decision unit, as

a trajectory of the robot, the deflection correction
trajectory calculated in the calculating the deflection
correction trajectory step if it is determined in the
determining step that the first condition and the second
condition are satisfied; and

driving, by the actuator, the plurality of joint sections of

the robot in accordance with the trajectory of the robot
decided by the trajectory decision unit.

6. The trajectory generation method according to claim 5,
wherein in the recalculating, the actuator performance is
subtracted from the first constraint value, the value is
multiplied by a predetermined gain greater than 0, and the
calculated value is added to the first constraint value to
calculate the second constraint value.
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7. The trajectory generation method according to claim 5,
wherein in the calculating the deflection correction amount,
the respective deflection correction amounts are calculated
from the target trajectory, an equation of motion of the robot,
and stiffness of the robot. 5
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