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(54) ROBOT CONTROL DEVICE

(57) A control device (10) of a robot (R) for controlling
the angle of a joint (J) of the robot (10) that is driven by
a motor (M). The control device (10) is equipped with: a
joint angle command-calculating unit (11) for calculating
a joint angle command value; an axial force torque-cal-
culating unit (12) for calculating the axial force torque
generated in the joint axis; an elastic deformation-com-
pensating unit (13) for calculating a motor command an-
gle by adding a joint deflection, which is calculated from

the axial force torque and a joint spring constant, to the
joint angle command value; a stopping position-detecting
unit (15) for detecting the angle of the motor (M) when
the robot (R) contacts an external structure; and a com-
mand angle-switching unit (16) for outputting the motor
(M) angle detected by the stopping position-detecting unit
(15) instead of the joint angle command value when the
stopping position-detecting unit (15) outputs the angle of
the motor (M).
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Description

Technical Field

[0001] The present invention relates to a robot control device.

Background Art

[0002] An industrial robot is an example of a robot whose position is determined by varying its joint angle. Examples
of a welding operation using a welding robot, which is a type of industrial robot, include an operation called touch sensing
that senses the position of a workpiece to be welded. Touch sensing is a sensing operation which involves moving a
welding robot while applying a voltage to a welding torch, and detecting a position at which a welding wire of the welding
torch contacts the workpiece (i.e., a position at which electrical conduction between the workpiece and the welding wire
is detected) as a workpiece position.
[0003] The touch sensing normally detects the position of the workpiece on the basis of the position of the robot (i.e.,
the motor angle for each joint of the robot) when the contact with the workpiece is detected. However, there is a delay
between detection of the contact with the workpiece and acquisition of information about the position of the robot. If the
welding wire is moved at a high speed and brought into contact with the workpiece, the welding wire is significantly
moved even during the delay time. As a result, a position which is displaced from the actual workpiece position is detected
as the position of the workpiece.
[0004] Therefore, when the welding wire is brought close to the workpiece, the welding robot is operated at a low
speed to allow the welding wire to move at a low speed. However, operating the welding robot at a low speed is
disadvantageous in that it takes time to perform the sensing.
[0005] As solutions to the problems described above, Patent Literature (PTL) 1 discloses a workpiece detecting method
for an automatic welding apparatus, and PTL 2 discloses a wire touch sensing method for a welding robot.
[0006] The workpiece detecting method disclosed in PTL 1 is a workpiece detecting method for an automatic welding
apparatus. The automatic welding apparatus includes conduction detecting means for selectively applying a welding
voltage and a sensing voltage to a consumable electrode type welding torch, and detecting, during application of the
sensing voltage, a state of electrical conduction between a consumable electrode protruding from the welding torch and
a workpiece. The workpiece detecting method includes bringing the welding torch close to the workpiece at a high speed
while applying the sensing voltage to the welding torch, stopping the motion of the welding torch in response to a
conduction detection output from the conduction detecting means, detaching the welding torch at a low speed in ac-
cordance with the conduction detection output, detecting by the conduction detecting means the detachment of the
consumable electrode from the workpiece, and using a detachment detection output from the conduction detecting
means as a control signal for the automatic welding apparatus.
[0007] The wire touch sensing method disclosed in PTL 2 includes moving a welding wire while applying a voltage
thereto, moving the wire backward at a low speed upon detection of a signal indicating a short circuit in the wire, and
determining the position of detecting a short-circuit cancellation signal as a position at which an object to be welded is
actually located.
[0008] In the techniques disclosed in these patent literatures, the welding wire is brought into contact with the workpiece
while a voltage is applied to the welding torch, and the robot is stopped after detection of contact with the workpiece.
Then, the welding wire is moved at a low speed to be detached from the workpiece, and the position of the workpiece
is detected on the basis of the robot position when the welding wire and the workpiece are brought out of conduction.
[0009] In this method, after the welding wire is brought close to the workpiece at a high speed and then temporarily
stopped, the workpiece position is detected during the subsequent detachment motion. Thus, the workpiece position
can be accurately detected in a short sensing time.
[0010] As a technique for stopping the welding wire that has been brought close to the workpiece at a high speed,
PTL 3 discloses an acceleration/deceleration method for an industrial machine.
[0011] The acceleration/deceleration method disclosed in PTL 3 is an industrial machine acceleration/deceleration
method for controlling acceleration and deceleration of moving means in an industrial machine. The industrial machine
includes a machine base whose relationship with an installation location is approximated to a first spring vibration system;
and a control object having the moving means whose relationship with the machine base is approximated to a second
spring vibration system, the moving means being configured to move over the machine base in response to a force
generated by motion of an actuator secured onto the machine base. To accelerate and decelerate the moving means
with a constant acceleration, a velocity command is generated which makes the acceleration time and the deceleration
time equal to a period which is an integral multiple of the natural vibration period of the machine base determined on
the basis of the sum of the masses of the machine base and the actuator and the spring constant of the first spring
vibration system, and a motion command that causes the moving means to move on the basis of the velocity command
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is output to the actuator.
[0012] By generating a deceleration path using the acceleration/deceleration method based on the natural vibration
period, the industrial machine can be stopped without vibration.

Citation List

Patent Literature

[0013]

PTL 1: Japanese Unexamined Patent Application Publication No. 1-249268
PTL 2: Japanese Unexamined Patent Application Publication No. 7-308780
PTL 3: Japanese Unexamined Patent Application Publication No. 2001-290541

Summary of Invention

Technical Problem

[0014] If the robot is simply abruptly stopped upon contact of the welding wire with the workpiece as in the techniques
disclosed in PTLs 1 and 2, not only the welding torch and the welding wire but also the entire robot vibrates. This has
been proven in practice. If the welding wire is detached from the workpiece while the robot is vibrating, the position of
the workpiece cannot be accurately detected. This means that once the robot starts to vibrate, the welding wire cannot
be detached from the workpiece until the robot stops vibrating. This increases the time required for sensing.
[0015] As a solution to this problem, the technique disclosed in PTL 3 may be used, in which the robot is stopped
without vibration. However, the technique disclosed in PTL 3 is a technique applicable to the case where a stop position
for stopping the robot is determined in advance. That is, if the stop position is determined in advance, a deceleration
path can be generated toward the stop position. However, the deceleration path cannot be generated if the stop position
is not determined in advance, as in the case of the wire touch sensing in which the stop position is determined upon
contact with the workpiece.
[0016] Additionally, in the case of an apparatus having a plurality of joints, such as a welding robot, vibration generated
at each joint is transmitted to other joints and becomes very complex. That is, the vibration cannot be suppressed simply
by taking into account the natural vibration period. Therefore, even when the technique disclosed in PTL 3 is applied to
the wire touch sensing, it is not possible to suppress vibration generated when the robot is stopped.
[0017] The present invention has been made in view of the problems described above. An object of the present
invention is to provide a robot control device that can quickly stop a robot at a desired position while suppressing vibration
of the robot.

Solution to Problem

[0018] To solve the problems described above, a robot control device according to the present invention takes the
following technical measures. That is, a robot control device according to the present invention is a control device that
controls an angle of a joint of a robot driven by a motor. The robot control device includes a joint-angle command
calculating unit configured to calculate and output a first angle command indicating an angle of the joint for causing the
robot to perform a desired motion; an axial-force torque calculating unit configured to calculate, upon receipt of the first
angle command, a first axial force torque on the basis of a kinetic model of the robot, the first axial force torque being
generated on a joint axis of the robot operating in accordance with the received first angle command; an elastic deformation
compensation unit configured to add the amount of deflection in the joint calculated from the first axial force torque and
a spring constant representing stiffness of the joint of the robot to the angle of the joint indicated by the first angle
command received by the axial-force torque calculating unit, to calculate and output a motor command angle indicating
a rotation angle of the motor; a stop position detecting unit configured to detect and output, as a motor detection angle,
an angle of the motor when the robot contacts an external structure; and a command angle switching unit configured to
output, when the stop position detecting unit outputs the angle of the motor, the angle of the motor detected by the stop
position detecting unit as a second angle command indicating the angle of the joint, instead of the first angle command
output from the joint-angle command calculating unit.
[0019] Upon receipt of the second angle command, the axial-force torque calculating unit may calculate a second
axial force torque on the basis of the kinetic model of the robot, the second axial force torque being generated on the
joint axis of the robot operating in accordance with the received second angle command. The elastic deformation com-
pensation unit may add the second axial force torque and the amount of deflection in the joint to the angle of the joint
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indicated by the second angle command received by the axial-force torque calculating unit to calculate the motor command
angle.
[0020] The robot control device may further include an inverse elastic deformation compensation unit configured to
subtract, from the motor detection angle, the amount of deflection in the joint calculated from the first or second axial
force torque output from the axial-force torque calculating unit and the spring constant representing stiffness of the joint
to calculate a corrected motor detection angle. The stop position detecting unit may detect and output the corrected
motor detection angle, instead of the motor detection angle.
[0021] The robot control device may further include an FF torque calculating unit configured to calculate, upon receipt
of the first angle command, an FF torque on the basis of kinetic models of the robot and the motor, the FF torque being
generated in the motor when the joint operates in accordance with the first angle command; a position/speed control
unit configured to output, in accordance with the output motor command angle, a torque command indicating a torque
to be generated in the motor; and a torque control unit configured to control the motor in accordance with a command
value obtained by adding the FF torque to the torque command output from the position/speed control unit.

Advantageous Effects of Invention

[0022] By using the robot control device according to the present invention, it is possible to quickly stop the robot at
a desired position while suppressing vibration of the robot. Brief Description of Drawings

[Fig. 1] Fig. 1 is a schematic diagram illustrating an overall structure of a welding robot which is an articulated robot
according to an embodiment of the present invention.
[Fig. 2] Fig. 2 is a block diagram illustrating a general configuration of a control device according to an embodiment
of the present invention.
[Fig. 3] Fig. 3 is a block diagram illustrating a general configuration of a higher-level controller according to a first
embodiment of the present invention.
[Fig. 4] Fig. 4 schematically illustrates a deflection element (elastic deformation element) at a joint of a robot according
to the present embodiment.
[Fig. 5] Fig. 5 is a block diagram illustrating a general configuration of a servo amplifier according to the present
embodiment.
[Fig. 6A] Fig. 6A is a graph showing how a motor on a second axis of the robot behaves when a control device
according to the present embodiment (first embodiment) causes touch sensing to be performed.
[Fig. 6B] Fig. 6B is a graph showing how an arm on the second axis of the robot behaves when the control device
according to the present embodiment (first embodiment) causes touch sensing to be performed.
[Fig. 6C] Fig. 6C is a graph showing how a motor on a third axis of the robot behaves when the control device
according to the present embodiment (first embodiment) causes touch sensing to be performed.
[Fig. 6D] Fig. 6D is a graph showing how an arm on the third axis of the robot behaves when the control device
according to the present embodiment (first embodiment) causes touch sensing to be performed.
[Fig. 7A] Fig. 7A is a graph showing how the motor on the second axis of the robot behaves when a control device
without a stop position detecting unit and a command angle switching unit causes touch sensing to be performed.
[Fig. 7B] Fig. 7B is a graph showing how the arm on the second axis of the robot behaves when the control device
without the stop position detecting unit and the command angle switching unit causes touch sensing to be performed.
[Fig. 7C] Fig. 7C is a graph showing how the motor on the third axis of the robot behaves when the control device
without the stop position detecting unit and the command angle switching unit causes touch sensing to be performed.
[Fig. 7D] Fig. 7D is a graph showing how the arm on the third axis of the robot behaves when the control device
without the stop position detecting unit and the command angle switching unit causes touch sensing to be performed.
[Fig. 8] Fig. 8 is a block diagram illustrating a general configuration of a higher-level controller according to a second
embodiment of the present invention.
[Fig. 9A] Fig. 9A is a graph showing how the motor on the second axis of the robot behaves when a control device
according to the present embodiment (second embodiment) causes touch sensing to be performed.
[Fig. 9B] Fig. 9B is a graph showing how the arm on the second axis of the robot behaves when the control device
according to the present embodiment (second embodiment) causes touch sensing to be performed.
[Fig. 9C] Fig. 9C is a graph showing how the motor on the third axis of the robot behaves when the control device
according to the present embodiment (second embodiment) causes touch sensing to be performed.
[Fig. 9D] Fig. 9D is a graph showing how the arm on the third axis of the robot behaves when the control device
according to the present embodiment (second embodiment) causes touch sensing to be performed.
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Description of Embodiments

[0023] Hereinafter, a robot control device according to an embodiment of the present invention will be described in
detail on the basis of the drawings.
[0024] The same components common to the embodiments described below are assigned the same reference nu-
merals and names. Accordingly, the description of the components assigned the same reference numerals and names
will not be repeated.

[First Embodiment]

[0025] With reference to Figs. 1 to 6 and Figs. 7A to 7D, a control device 10 for controlling a robot R according to a
first embodiment of the present invention will be described.
[0026] First, how the control device 10 of the present embodiment generally controls the robot R will be described.
The robot R controlled by the control device 10 of the present embodiment is a robot that has at least one joint J, and
operates (or changes its position) when the angle of the joint J is changed by driving (rotating) a motor M. The control
device 10 operates the robot R by controlling the rotation of the motor M to change the angle of the joint.
[0027] The present embodiment illustrates an articulated welding robot R as the robot R whose motion is controlled
by the control device 10.
[0028] Fig. 1 is a schematic diagram illustrating an overall structure of the welding robot R which is an articulated
robot. The welding robot R (hereinafter simply referred to as "robot R") is, for example, a six-axis vertical articulated
robot that has six joints J (J1 to J6) and performs arc welding with a welding wire 2 fed from a welding torch 1 provided
on a distal-end shaft. For example, the robot R performs a motion (weaving motion) of tilting the welding wire 2 at a
predetermined amplitude and frequency while moving the welding torch 1 along the direction of a welding line that
connects a welding start point and a welding end point. Such a motion of the robot R is controlled by the control device
10, and the motion is taught by the control device 10 in advance.
[0029] Fig. 2 is a block diagram illustrating a general configuration of the control device 10 and a general configuration
of servo amplifiers SA (SA1 to SA6). As illustrated in Fig. 2, the control device 10 for the robot R mainly includes a
higher-level controller C1 that controls the motion of the entire robot R, and the servo amplifiers SA (SA1 to SA6) that
control the operation of the motors M (M1 to M6) for the joints J (J1 to J6) of the robot. The higher-level controller C1,
the servo amplifiers SA, and the robot R are connected to each other by communication lines, through which information
is transmitted.
[0030] With reference to Figs. 3 and 4, the higher-level controller C1 and the servo amplifiers SA (SA1 to SA6) will be
described. Fig. 3 is a block diagram illustrating a general configuration of the higher-level controller C1.
[0031] The higher-level controller C1 illustrated in Fig. 3 generates command values for the servo amplifiers SA
(described below) such that the robot R moves in accordance with prestored motion information (generally referred to
as "teaching data") of the robot R. The higher-level controller C1 includes a joint-angle command calculating unit 11, an
axial-force torque calculating unit 12, an elastic deformation compensation unit 13, an FF torque calculating unit 14, a
stop position detecting unit 15, and a command angle switching unit 16.
[0032] The joint-angle command calculating unit 11 calculates and outputs a joint-angle command value indicating
the angle of each joint J to cause the robot R to perform a desired motion. On the basis of the prestored motion information
(teaching data) of the robot R, the joint-angle command calculating unit 11 performs inverse transformation from the
position of the welding torch 1 at the distal end of the robot R, thereby generating an angle command value for each
joint J of the robot R (joint-angle command value θL) as a first angle command. The motion information of the robot R
may be the angle of each joint J of the robot R. In this case, the joint-angle command calculating unit 11 uses the angle
of each joint J, which is the motion information, as the joint-angle command value for the joint J without changing it.
[0033] As a motor command angle θM, which is a command angle for moving the motor M, the joint-angle command
calculating unit can output the generated joint-angle command value θL to the servo amplifier SA (described below)
without changing it. That is, the motor command angle θM may be simply made equal to the joint angle (arm angle) of
the robot R, but due to the presence of a deflection element (elastic deformation element), such as that illustrated in
Fig. 4, at the joint J of the robot R, the motor command angle θM is not equal to (≠) the robot joint angle in practice. For
accurate motion of the robot R, compensation is performed to compensate for error caused by deflection (elastic defor-
mation). This compensation is referred to as elastic deformation compensation.
[0034] Fig. 4 schematically illustrates a deflection element (elastic deformation element) at the joint J of the robot R.
Since a speed reducer G between the rotating shaft of the motor M and an arm A is present as an elastic deformation
element, the motor angle is not necessarily equal to the joint angle.
[0035] The axial-force torque calculating unit 12 and the elastic deformation compensation unit 13 that perform the
elastic deformation compensation will now be described.
[0036] Upon receipt of the joint-angle command value θL, which is the first angle command, the axial-force torque
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calculating unit 12 calculates a torque τL as a first axial force torque on the basis of a kinetic model of the robot R. The
torque τL is generated on the joint axis of the robot R that operates in accordance with the received joint-angle command
value θL. Specifically, from the joint-angle command value θL for the robot R, the axial-force torque calculating unit 12
calculates the torque τL, which is an axial force torque generated at the joint J, using the kinetic model of the robot R
represented by the following equation (1), and outputs the calculated torque τL.
[Equation 1] 

θL: robot joint-angle command value
J(θL)·θL : inertial force on arm
C(θL,θL): centrifugal and Coriolis forces on arm
G(θL) : gravity on arm
FM(θL) : frictional force on arm

[0037] The elastic deformation compensation unit 13 adds the amount of deflection in the joint J calculated from the
torque τL and a spring constant representing the stiffness of the joint J of the robot R to the angle of the joint J indicated
by the joint-angle command value θL received by the axial-force torque calculating unit 12 to calculate and output the
motor command angle indicating the rotation angle of the motor M. Specifically, the elastic deformation compensation
unit 13 receives the torque τL from the axial-force torque calculating unit 12, determines the amount of deflection (τL/K)
in the joint J on the basis of the received torque τL as shown in the following equation (2), calculates the motor command
angle θM indicating the rotation angle of the motor M using the determined amount of deflection in the joint J, and outputs
the calculated motor command angle θM.
[Equation 2] 

θM: motor command angle
K: spring constant related to deflection in joint

[0038] The elastic deformation compensation unit 13 outputs and transmits, to the servo amplifier SA (described
below), the motor command angle θM for the motor M of each joint J calculated by equation (2). For example, if the robot
R is a six-axis articulated robot having six joints J, the elastic deformation compensation unit 13 outputs six motor
command angles θM1 to θM6 for the motors M1 to M6 of the six joints J (J1 to J6) on the first to sixth axes to the servo
amplifiers SA1 to SA6 (described below).
[0039] For accurate motion of the robot R, two-degree-of-freedom control which combines feedback (FB) control with
feedforward (FF) control is used, as well as the calculation of axial force torque and the elastic deformation compensation
described above. The feedback control refers to control performed on the basis of a comparison between a command
value, such as the motor command angle θM, and a state (e.g., measured joint angle) of an object to be controlled, such
as the robot R. The feedforward control refers to control in which a command value given by using a model of the robot
R, which is an object to be controlled, is used to predict an input to the motor M for operating the robot R in accordance
with the command value.
[0040] An advantage of the two-degree-of-freedom control is that the feedforward control based on the model can
compensate for a delay in feedback control that controls the robot motion according to the command value. The two-
degree-of-freedom control can make the motor M operate in accordance with the command value. What is required here
is to calculate, on the basis of the model of the robot R, an input for operating the robot R in accordance with the command
value, that is, a driving torque τr of the motor M.
[0041] Upon receipt of the joint-angle command value θL, which is the first angle command, the FF torque calculating
unit 14 calculates, on the basis of kinetic models of the robot R and the motor M, an FF torque generated in the motor
M when the robot R operates in accordance with the calculated joint-angle command value θL. Specifically, on the basis
of the kinetic model of the robot R and the kinetic model of the motor M, the FF torque calculating unit 14 calculates the
driving torque τr (referred to as "FF torque τr") of the motor M for operating the robot R in accordance with the command
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value by using, for example, the following equations (3) to (5) and outputs the calculated FF torque τr.
[Equation 3] 

θL: robot joint-angle command value
J(θL)·θL : inertial force on arm
C(θL,θL): centrifugal and Coriolis forces on arm
G(θL): gravity on arm
FM(θL): frictional force on arm

[Equation 4] 

θM: motor command angle
JM·θM : inertial force on motor
FM(θM): frictional force on arm

[Equation 5] 

[0042] The FF torque calculating unit 14 outputs and transmits, to the servo amplifier SA (described below), the FF
torque τr calculated by equations (3) to (5) and required for operating each motor M in accordance with the command
value. For example, if the robot R is a six-axis articulated robot having six joints J, the FF torque calculating unit 14
transmits six FF torques τr1 to τr6 for the motors M1 to M6 of the six joints J1 to J6 on the first to sixth axes to the servo
amplifiers SA1 to SA6 (described below).
[0043] The servo amplifier SA will now be described with reference to Figs. 2 and 5. Fig. 5 is a block diagram illustrating
an internal configuration of the servo amplifier SA. The servo amplifiers SA (SA1 to SA6) illustrated in Fig. 2 each have
the configuration illustrated in Fig. 5.
[0044] The servo amplifier SA receives the motor command angle θM and the FF torque τr, which are command values
output from the higher-level controller C1, and operates the motor M in accordance with these command values. The
servo amplifier SA includes a position/speed control unit 17 and a torque control unit 18. The servo amplifier SA is
provided for each of the motors M (M1 to M6) on the first to sixth axes. For example, the servo amplifier SA1 provided
for the motor M1 receives the motor command angle θM1 and the FF torque τr1, and operates the motor M1 in accordance
with these received command values. Similarly, the servo amplifier SA2 provided for the motor M2 receives the motor
command angle θM2 and the FF torque τr2, and operates the motor M2 in accordance with these received command values.
[0045] The position/speed control unit 17 of the servo amplifier SA outputs a torque command indicating a torque to
be generated in the motor M, in accordance with the motor command angle θM output from the higher-level controller
C1. Specifically, the position/speed control unit 17 mainly performs feedback processing, on the basis of the motor
command angle θM calculated by the higher-level controller C1 and also a motor detection angle θFB and a motor
detection speed d (θFB) detected by an angle detector, such as an encoder mounted on the motor M. Then, the posi-
tion/speed control unit 17 calculates, for example, a torque for operating a joint on the third axis of the robot R in
accordance with the motor command angle θM3.
[0046] The torque control unit 18 controls the motor M in accordance with a command value obtained by adding the
FF torque τr to the torque command output from the position/speed control unit 17. Specifically, the torque control unit
18 adds the FF torque τr calculated by the higher-level controller C1 to the torque calculated by the position/speed control
unit 17, and controls and operates the motor M such that a desired torque is generated.
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[0047] The configuration of the higher-level controller C1 and the servo amplifier SA described above is a basic
configuration of the control device 10 that controls the motion of the robot R according to the present embodiment. This
motion control is characterized in that (1) elastic deformation compensation is performed to compensate for deflection
in the joint J, and that (2) two-degree-of-freedom control is performed, in which a torque for operating the robot R in
accordance with a command value is calculated on the basis of a kinetic model of the robot R.
[0048] With the two motion control operations described above, the control device 10 of the present embodiment can
operate a complex mechanical body having a plurality of joints, such as the robot described above, in accordance with
a command value, or, in other words, without vibration.
[0049] The motion control described above is effective only when the control device 10 operates the robot R in ac-
cordance with a command value based on predetermined or prestored motion information (teaching data). In a robot
motion performed when there is no prestored motion information (teaching data) of the robot R and motion information
(teaching data) is to be newly created, it is difficult for the control device 10 to operate, with only the configuration
described above, the robot R in accordance with a command value.
[0050] Specifically, for the purpose of identifying the position and shape of a workpiece W (see Fig. 1) in the process
of creating teaching data for a welding robot or the like, touch sensing is performed, in which the welding wire 2 of the
welding torch 1 on the distal-end shaft of the robot R is moved until the welding wire 2 contacts the workpiece W. In the
touch sensing, which is a robot operation widely known among those skilled in the art, the motion of the robot R needs
to be immediately stopped at the position where the welding wire 2 contacts the workpiece W. When the robot R is thus
abruptly stopped at a position not determined in advance, elastic deformation of the joint J causes the entire robot R to
vibrate, particularly in the vicinity of the distal-end shaft on which the welding torch 1 is provided.
[0051] The control device 10 of the present embodiment includes the stop position detecting unit 15 and the command
angle switching unit 16 as illustrated in Fig. 3. This is for the purpose of suppressing vibration of the robot R that occurs
when the robot motion is abruptly stopped, even when the stop position is not determined in advance, such as in the
case of touch sensing.
[0052] The stop position detecting unit 15 detects and outputs, as a motor detection angle, the angle of the motor M
when the robot R contacts the workpiece W, which is an external structure. Specifically, when the welding wire 2 of the
welding torch 1 contacts the workpiece W in touch sensing or the like, the stop position detecting unit 15 detects the
motor detection angle θFB (motor detection angles θFB1 to θFB6) at the time of detection of the workpiece contact, and
records the detected motor detection angle θFB.
[0053] When the stop position detecting unit 15 outputs the angle of the motor M, the command angle switching unit
16 outputs the angle of the motor M detected by the stop position detecting unit 15 as a second angle command indicating
the angle of the joint J, instead of the joint-angle command value θL output from the joint-angle command calculating
unit 11. Specifically, the command angle switching unit 16 receives not only the joint-angle command value θL output
by the joint-angle command calculating unit 11, but also the motor detection angle θFB detected by the stop position
detecting unit 15. When workpiece contact is not detected, the command angle switching unit 16 outputs the joint-angle
command value θL. When workpiece contact is detected, the command angle switching unit 16 outputs the motor
detection angle θFB, instead of the joint-angle command value θL, as the second angle command. Thus, the command
angle switching unit 16 switches the joint-angle command value θL to the motor detection angle θFB.
[0054] The joint-angle command value θL and the motor detection angle θFB output from the command angle switching
unit 16 are subjected to processing performed by the axial-force torque calculating unit 12 and the elastic deformation
compensation unit 13. Specifically, upon receipt of the motor detection angle θFB, which is the second angle command,
the axial-force torque calculating unit 12 calculates, as a second axial force torque, the torque τL generated on the joint
axis of the robot R that operates in accordance with the received motor detection angle θFB, on the basis of a kinetic
model of the robot R. Then, the elastic deformation compensation unit 13 adds the torque τL, which is the second axial
force torque, and the amount of deflection in the joint J to the angle of the joint J indicated by the motor detection angle
θFB received by the axial-force torque calculating unit 12 to calculate a motor command angle. The calculated motor
command angle is output as the motor command angle θM to the servo amplifier SA, or is subjected to processing
performed by the FF torque calculating unit 14 and output as the FF torque τr to the servo amplifier SA.
[0055] By controlling the motion of the robot R with the control device 10 including the higher-level controller C1 and
the servo amplifier SA described above, it is possible to quickly stop the robot R without causing the robot R to vibrate
in a motion which requires the robot R to be quickly stopped at a position not determined in advance, such as a robot
motion for creating teaching data.
[0056] With reference to Figs. 6A to 6D and Figs. 7A to 7D, an advantageous effect of the control device 10 according
to the present embodiment will be described. Figs. 6A to 6D are graphs each showing how the motor M or arm on the
second or third axis of the robot R behaves when the control device 10 according to the present embodiment causes
touch sensing to be performed. Figs. 7A to 7D are graphs each showing how the motor M or arm on the second or third
axis of the robot R behaves when a control device without the stop position detecting unit 15 and the command angle
switching unit 16 causes touch sensing to be performed.
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[0057] Figs. 6A to 6D show that when the control device 10 of the present embodiment is used, the arm angle does
not significantly change (i.e., the arm remains stationary and does not vibrate) after 3.05 seconds, which is 0.05 seconds
(s) from the workpiece contact time indicated by time 3 in seconds (s), on both the second and third axes. This means
that the robot R can be quickly stopped without vibration.
[0058] On the other hand, Figs. 7A to 7D show that when the control device 10 without the stop position detecting unit
15 and the command angle switching unit 16 is used, the arm angle significantly changes (i.e., the arm continues to
vibrate) even after 3.05 seconds. This means that the robot R cannot be quickly stopped without vibration.

[Second Embodiment]

[0059] With reference to Fig. 8 and Figs. 9A to 9D, a control device 20 for the robot R according to a second embodiment
of the present invention will be described. Fig. 8 is a block diagram illustrating a general configuration of a higher-level
controller C2 according to the present embodiment.
[0060] The configuration of the control device 20 according to the present embodiment differs from that of the control
device 10 according to the first embodiment in that the higher-level controller C2 corresponding to the higher-level
controller C1 of the first embodiment includes an inverse elastic deformation compensation unit 21. The configuration
other than the inverse elastic deformation compensation unit 21 is the same as that of the control device 10 according
to the first embodiment. Therefore, the following description refers to the inverse elastic deformation compensation unit
21 and the advantage effect of the control device 20 achieved by including the inverse elastic deformation compensation
unit 21.
[0061] Referring to Figs. 6A to 6D described in the first embodiment, vibration caused by abrupt stopping is successfully
suppressed on both the second and third axes. However, the arm angle after 3.05 seconds, that is, the robot stop
position, is substantially away from the position at the time of workpiece contact indicated by a solid line. This is because
the command angle switching unit 16 simply replaces the joint-angle command value θL with the motor detection angle
θFB recorded at the time of workpiece contact.
[0062] That is, the robot joint angle is replaced by the motor detection angle recorded at the time of workpiece contact.
Since the motor command angle θM is not equal to (≠) the robot joint angle as described in the first embodiment, simply
replacing the joint-angle command value θL with the motor detection angle θFB causes displacement corresponding to
the amount of deflection in the joint J.
[0063] The control device 20 of the present embodiment includes the inverse elastic deformation compensation unit
21 to solve the problem of displacement of the robot stop position from the position at the time of workpiece contact.
[0064] The inverse elastic deformation compensation unit 21 subtracts, from the motor detection angle θFB, the amount
of deflection in the joint calculated from the torque τL (first axial force torque or second axial force torque) output from
the axial-force torque calculating unit 12 and a spring constant representing stiffness of the joint to calculate a corrected
motor detection angle. Specifically, on the basis of the torque τL calculated by the axial-force torque calculating unit 12,
the inverse elastic deformation compensation unit 21 corrects (subtracts) the motor detection angle θFB as indicated by
the following equation (6) to newly create a corrected motor detection angle, and output it to the stop position detecting
unit 15.
[Equation 6] 

θFB: corrected motor detection angle
θFB: motor detection angle
K: spring constant related to deflection in joint

[0065] Then the stop position detecting unit 15 detects, records, and outputs the corrected motor detection angle,
instead of the motor detection angle θFB, and performs the same processing as in the first embodiment. The command
angle switching unit 16 receives both the joint-angle command value θL output by the joint-angle command calculating
unit 11 and the corrected motor detection angle detected by the stop position detecting unit 15, and performs the same
operation as in the first embodiment.
[0066] A technical feature of the control device 20 according to the present embodiment is that the command angle
switching unit 16 outputs the corrected motor detection angle, instead of the robot joint angle (joint-angle command
value θL). The corrected motor detection angle is obtained by the inverse elastic deformation compensation unit 21 by
correcting the motor detection angle at the time of detection of workpiece contact.
[0067] That is, as described above, the elastic deformation compensation unit 13 of the present embodiment adds
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the amount of deflection in the joint J of the robot R to the joint angle indicated by the joint-angle command value θL
received by the axial-force torque calculating unit 12, thereby compensating for the effect of elastic deformation in the
robot R. This compensation makes it possible to suppress vibration caused by abrupt stopping of the robot R. However,
the compensation performed by the elastic deformation compensation unit 13 works even after the stopping, and the
robot R stops at a certain distance from the position at the time of workpiece contact.
[0068] Accordingly, the inverse elastic deformation compensation unit 21 having a feature completely opposite the
feature of the elastic deformation compensation unit 13 is prepared. Thus, the corrected motor detection angle obtained
by correction performed by the inverse elastic deformation compensation unit 21, instead of the robot joint angle, is
output from the command angle switching unit 16 to cancel out the compensation made by the elastic deformation
compensation unit 13 after stopping of the robot R.
[0069] Therefore, by controlling the motion of the robot R with the higher-level controller C2 including the inverse
elastic deformation compensation unit 21, the control device 20 of the present embodiment can quickly and accurately
stop the robot R at a desired stop position (near the position at the time of workpiece contact) without causing the robot
R to vibrate, in a motion which requires the robot R to be quickly stopped at a position not determined in advance, such
as a robot motion for creating teaching data. It is thus possible to solve the problem of displacement of the robot stop
position from the position at the time of workpiece contact.
[0070] With reference to Figs. 9A to 9D, an advantageous effect of the control device 20 according to the present
embodiment will be described. Figs. 9A to 9D are graphs each showing how the motor M or arm on the second or third
axis of the robot R behaves when the control device 20 according to the present embodiment causes touch sensing to
be performed.
[0071] Figs. 9A to 9D show that when the control device 20 of the present embodiment is used, the arm angle does
not significantly change (i.e., the arm remains stationary and does not vibrate) after 3.05 seconds, which is 0.05 seconds
(s) from the workpiece contact time indicated by time 3 in seconds (s), on both the second and third axes. This means
that the robot R can be quickly stopped without vibration. Additionally, the robot stop position is substantially equal to
the position at the time of workpiece contact indicated by a solid line. This means that there is little displacement of the
robot stop position from the position at the time of workpiece contact.
[0072] The embodiments disclosed herein are illustrative in all respects, and should not be considered restrictive. The
scope of the present invention is defined by the appended claims, not by the foregoing description, and is intended to
include meanings equivalent to the appended claims and all modifications within the scope. Particularly, in the embod-
iments disclosed herein, matters that are not explicitly disclosed, such as operating conditions, various parameters, and
dimensions, weights, and volumes of components, are given by values that are within ranges generally employed by
those skilled in the art and that can be easily conceived by those skilled in the art.
[0073] The present application is based on Japanese Patent Application No. 2014-114086 filed on June 2, 2014, the
contents of which are incorporated herein by reference. Reference Signs List

10, 20: control device
11: joint-angle command calculating unit
12: axial-force torque calculating unit
13: elastic deformation compensation unit
14: FF torque calculating unit
15: stop position detecting unit
16: command angle switching unit
17: position/speed control unit
18: torque control unit
21: inverse elastic deformation compensation unit
J: joint
M: motor
R: welding robot (robot)
W: workpiece (external structure)
C1, C2: higher-level controller
SA: servo amplifier

Claims

1. A robot control device that controls an angle of a joint of a robot driven by a motor, the robot control device comprising:

a joint-angle command calculating unit configured to calculate and output a first angle command indicating an
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angle of the joint for causing the robot to perform a desired motion;
an axial-force torque calculating unit configured to calculate, upon receipt of the first angle command, a first
axial force torque on the basis of a kinetic model of the robot, the first axial force torque being generated on a
joint axis of the robot operating in accordance with the received first angle command;
an elastic deformation compensation unit configured to add the amount of deflection in the joint calculated from
the first axial force torque and a spring constant representing stiffness of the joint of the robot to the angle of
the joint indicated by the first angle command received by the axial-force torque calculating unit, to calculate
and output a motor command angle indicating a rotation angle of the motor;
a stop position detecting unit configured to detect and output, as a motor detection angle, an angle of the motor
when the robot contacts an external structure; and
a command angle switching unit configured to output, when the stop position detecting unit outputs the angle
of the motor, the angle of the motor detected by the stop position detecting unit as a second angle command
indicating the angle of the joint, instead of the first angle command output from the joint-angle command cal-
culating unit.

2. The robot control device according to Claim 1, wherein, upon receipt of the second angle command, the axial-force
torque calculating unit calculates a second axial force torque on the basis of the kinetic model of the robot, the
second axial force torque being generated on the joint axis of the robot operating in accordance with the received
second angle command; and
the elastic deformation compensation unit adds the second axial force torque and the amount of deflection in the
joint to the angle of the joint indicated by the second angle command received by the axial-force torque calculating
unit to calculate the motor command angle.

3. The robot control device according to Claim 2, further comprising an inverse elastic deformation compensation unit
configured to subtract, from the motor detection angle, the amount of deflection in the joint calculated from the first
or second axial force torque output from the axial-force torque calculating unit and the spring constant representing
stiffness of the joint to calculate a corrected motor detection angle,
wherein the stop position detecting unit detects and outputs the corrected motor detection angle, instead of the
motor detection angle.

4. The robot control device according to any one of Claims 1 to 3, further comprising:

an FF torque calculating unit configured to calculate, upon receipt of the first angle command, an FF torque on
the basis of kinetic models of the robot and the motor, the FF torque being generated in the motor when the
joint operates in accordance with the first angle command;
a position/speed control unit configured to output, in accordance with the output motor command angle, a torque
command indicating a torque to be generated in the motor; and
a torque control unit configured to control the motor in accordance with a command value obtained by adding
the FF torque to the torque command output from the position/speed control unit.
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