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robot tool flange, where the force-torque is obtained by a force-torque sensor
integrated in the tool flange of the robot arm.
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DUAL MODE FREE-DRIVE OF ROBOT ARM

FIELD OF THE INVENTION

[0001] The present invention relates to a robot arm comprising a plurality
of robot joints connecting a robot base and a robot tool flange, where the robot
joints of the robot arm can be manually manipulated by a user in a so call free-

drive mode.

BACKGROUND OF THE INVENTION

[0002] Robot arms comprising a plurality of robot joints and links where
motors can rotate the joints in relation to each other are known in the field of
robotics. Typically, the robot arm comprises a robot base which serves as a
mounting base for the robot arm and a robot tool flange where to various tools
can be attached. A robot controller is configured to control the robot joints in
order to move the robot tool flange in relation to the base. For instance, in order
to instruct the robot arm to carry out a number of working instructions.

[0003] Typically, the robot controller is configured to control the robot
joints based on a dynamic model of the robot arm, where the dynamic model
defines a relationship between the forces acting on the robot arm and the
resulting accelerations of the robot arm. Often, the dynamic model comprises a
kinematic model of the robot arm, knowledge about inertia of the robot arm and
other parameters influencing the movements of the robot arm. The kinematic
model defines a relationship between the different parts of the robot arm, and
may comprise information of the robot arm such as, length, size of the joints
and links and can for instance be described by Denavit-Hartenberg parameters
or like. The dynamic model makes it possible for the controller to determine
which torques the joint motors shall provide in order to move the robot joints
for instance at specified velocity, acceleration or in order to hold the robot arm
in a static posture.

[0004] On many robot arms it is possible to attach various end effectors
to the robot tool flange, such as grippers, vacuum grippers, magnetic grippers,

screwing machines, welding equipment, dispensing systems, visual systems etc.



10

15

20

25

30

WO 2019/238975 PCT/EP2019/065857

[0005] Many robots can be set into a so call free-drive or Zero G mode of
operation, where a user manually can change the posture of the robot by
pushing or pulling the robot arm and where the robot controller is configured to
hold the robot arm in a posture when a user is not pushing or pulling the robot
arm.

[0006] In the free-drive mode of operation, the robot controller is
configured to control the motor torque provided by the motor of the robot joints
based on joint encoders and a dynamic model of the robot. Typically, the joint
encoders provide a signal indicating the joint angle of each of the joints and the
controller can based on the joint angles and a dynamic model of the robot
calculate the force needed to maintain the robot arm in a posture. When a user
pushes or pulls the robot arm a change in joint angle can be registered and the
robot controller is configured to allow movement of the robot. In some
embodiment the controller can be configured to apply a motor torque to the
joint motors when a change in joint angle is registered for instance in order to
assist movement of the robot arm, apply some resistance that the user need to
overcome in order to change the posture of the robot arm. Some robot arms
comprise torque sensors configured to indicate the torque applied to each of the
robot joints and the robot controller can be configured to control the motor
torques applied to the robot joints based on the torques applied to the robot
joint.

[0007] The known free-drive modes require manipulation of the individual
robot joints in order for the robot arm to change posture which in some
situations may be difficult, for instance at work stations where a part of the
robot arm put behind a shield preventing a user from rotating some of the robot
joints.

[0008] US 6212433B1 discloses a direct teaching apparatus which allows
an operator to perform the direct teaching of a robot in safety. The apparatus
includes a force detector and a teaching tool. The tool includes a working tool
or handle fixed to the first detector and held by the operator to lead the robot.
It also includes a device for computing the position or speed directive based on
the force detector data and a motion model. It further includes a device for
computing the generation torque of a motor for driving a robot depending on

2



10

15

20

25

30

WO 2019/238975 PCT/EP2019/065857

the position or speed directive and a controller to control the generated torque.
The user needs to configure an provide the teaching apparatus to the robot
system which complicates the usage of the teaching apparatus and further the
user can only move robot arm from the teaching apparatus.

[0009] US 2012/130541 discloses a method and apparatus for the direct
and safe teaching of a robot. The apparatus consists of a plurality of tactile
sensors and electronic circuitry encapsulated in a compact enclosure, and a
handle protruding from the enclosure. The handle provides an easy means for
an operator to apply an external force and to act on the sensors that generate
electronic signals to the robot controller. The user needs to configure an provide
the handle apparatus to the robot system which complicates the usage of the
handle apparatus as the axis of the handle apparatus need to be linked to
specified joints and further the user can only move the robot arm using the

handle apparatus.

SUMMARY OF THE INVENTION

[0010] The object of the present invention is to address the above
described limitations with the prior art or other problems of the prior art. This
is achieved by the method and robot arm according to the independent claims,
where the motor torques of the joint motors of a robot arm are controlled based
on a static motor torque indicating the motor torque needed to maintain the
robot arm in a static posture, where the static motor torque is adjusted in
response to a change in posture of the robot arm caused by an external force
different from gravity. Further the motor torque of the joint motors is controlled
based on an additional motor torque obtained based on a force-torque provided
to the robot tool flange, where the force-torque is obtained by a force-torque
sensor integrated in the tool flange of the robot arm. This makes it possible for
the user to move the tool flange without manipulating each of the robot joints,
for instance by pushing, pulling or rotating the robot tool flange. Additionally, in
the free-drive mode of operation according to the present invention the user
can also choose to manipulate the individual robot joints by providing an
external force to any part of the robot arm in order to change the posture of the
robot arm. Utilizing a force-torque sensor integrated into the tool flange of the
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robot arm ensures that the force-torque sensor can be configured without
involving the user. Consequently, the user is provided with a larger flexibility
and options when changing the posture of the robot arm in free-drive mode of
operation. The dependent claims describe possible embodiments of the robot
and methods according to the present invention. The advantages and benefits
of the present invention are described in further detail the detailed description

of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 illustrates a robot arm according to the present invention;
fig. 2 illustrates a simplified structural diagram of the robot arm; and

fig. 3 illustrates a flow diagram of the method of changing the posture of a robot

arm.

DETAILED DESCRIPTION OF THE INVENTION

[0011] The present invention is described in view of exemplary
embodiments only intended to illustrate the principles of the present invention.
The skilled person will be able to provide several embodiments within the scope
of the claims. Throughout the description, the reference numbers of similar
elements providing similar effects have the same last two digits. Further it is to
be understood that in the case that an embodiment comprises a plurality of the
same features then only some of the features may be labeled by a reference

number.

[0012] Fig. 1 illustrates a robot arm 101 comprising a plurality of robot
joints 103a, 103b, 103¢, 103d, 103e, 103f connecting a robot base 105 and a
robot tool flange 107. A base joint 103a is configured to rotate the robot arm
around a base axis 111a (illustrated by a dashed dotted line) as illustrated by
rotation arrow 113a; a shoulder joint 103b is configured to rotate the robot
arm around a shoulder axis 111b (illustrated as a cross indicating the axis) as
illustrated by rotation arrow 113b; an elbow joint 103c is configured to rotate
the robot arm around an elbow axis 111c (illustrated as a cross indicating the
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axis) as illustrated by rotation arrow 113c¢, a first wrist joint 103d is configured
to rotate the robot arm around a first wrist axis 111d (illustrated as a cross
indicating the axis) as illustrated by rotation arrow 113d and a second wrist joint
103e is configured to rotate the robot arm around a second wrist axis 111e
(illustrated by a dashed dotted line) as illustrated by rotation arrow 113e. Robot
joint 103f is a tool joint comprising the robot tool flange 107, which is rotatable
around a tool axis 111f (illustrated by a dashed dotted line) as illustrated by
rotation arrow 113f. The illustrated robot arm is thus a six-axis robot arm with
six degrees of freedom, however it is noticed that the present invention can be
provided in robot arms comprising less or more robot joints.

[0013] Each of the joints comprises a robot joint body and an output flange
rotatable in relation to the robot joint body and the output flange is connected
to a neighbor robot joint either directly or via an arm section as known in the
art. The robot joint comprises a joint motor configured to rotate the output
flange in relation to the robot joint body, for instance via a gearing or directly
connected to the motor shaft. The robot joint body can for instance be formed
as a joint housing and the joint motor can be arranged inside the joint housing
and the output flange can extend out of the joint housing.

[0014] Additionally, the robot joint comprises at least one joint sensor
providing a sensor signal indicative of at least one of the following parameters:
an angular position of the output flange, an angular position of the motor shaft
of the joint motor, a motor current of the joint motor or an external force trying
to rotate the output flange or motor shaft. For instance, the angular position of
the output flange can be indicated by an output encoder such as optical encoders,
magnetic encoders which can indicate the angular position of the output flange
in relation to the robot joint. Similar the angular position of the joint motor shaft
can be provided by an input encoder such as optical encoders, magnetic
encoders which can indicate the angular position of the motor shaft in relation
to the robot joint. It is noted that both output encoders indicating the angular
position of the output flange and input encoders indicating the angular position
of the motor shaft can be provided, which in embodiments where a gearing have
been provided makes it possible to determine a relationship between the input
and output side of the gearing. The joint sensor can also be provided as a current
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sensor indicating the current through the joint motor and thus be used to obtain
the torque provided by the motor. For instance, in connection with a multiphase
motor, a plurality of current sensors can be provided in order to obtain the
current through each of the phases of the multiphase motor.

[0015] The robot tool flange 107 comprises a force-torque sensor 125
integrated into the robot tool flange 107. The force-torque sensor 125 provides
a tool flange force signal indicating a force-torque provided at the tool flange.
In the illustrated embodiment the force-torque sensor is integrated into the
robot tool flange and is configured to indicate the forces and torques applied to
the robot tool flange in relation to a reference point 127 of the robot tool flange.
In fig. 1 the reference point 127 is coincident with the origin of a tool flange
coordinate system defining three coordinate axis Xfange, Yflange, Zflange. IN the
illustrated embodiment the origin of the robot tool flange coordinate system has
been arrange on the tool flange axis 111f with one axis (zaange) parallel with the
tool flange axis and at the outer surface of the robot tool. However, the force-
torque sensor can indicate the force-torque applied to the robot tool flange in
relation to any point which can be linked to the robot tool flange coordinate
system. In one embodiment the force-torque sensor is a six-axis force-torque
sensor configured to indicate the forces along and the torques around three
perpendicular axis. The force torque sensor can for instance be provided as any
force torque sensor capable of indicating the forces and torques in relation to a
reference point for instance any of the force torque sensors disclosed by
WO02014/110682A1, US4763531, US2015204742.

[0016] The robot arm comprises at least one robot controller 115
configured to control the robot joints by controlling the motor torque provided
to the joint motors based on a dynamic model of the robot and the joint sensor
signal. The robot controller 115 can be provided as a computer comprising in
interface device 117 enabling a user to control and program the robot arm. The
controller can be provided as an external device as illustrated in fig. 1 or as a
device integrated into the robot arm. The interface device can for instance be
provided as a teach pendent as known from the field of industrial robots which
can communicate with the controller via wired or wireless communication

protocols. The interface device can for instanced comprise a display 119 and a
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number of input devices 121 such as buttons, sliders, touchpads, joysticks, track
balls, gesture recognition devices, keyboards etc. The display may be provided
as a touch screen acting both as display and input device.

[0017] Fig 2 illustrates a simplified structural diagram of the robot arm
illustrated in fig. 1. The robot joints 103a, 103b and 103f have been illustrated
in structural form and the robot joints 103c, 103d, 103e have been omitted for
the sake of simplicity of the drawing. Further the robot joints are illustrated as
separate elements however it is to be understood that they are interconnected
as illustrated in fig. 1. The robot joints comprise an output flange 228a,228b,107
rotatable in relation to the robot joint body and joint motors 229a, 229b, 229f
are configured to rotate the output flange. In this embodiment the output flange
of the tool joint 103f constitutes the tool flange 107. At least one joint sensor
231a, 231b, 231f providing a sensor signal 233a, 233b, 233f indicative of at
least one joint sensor parameter Jsensor,a, Jsensor,b , Jsensor,f Of the respective joint.
The joint sensor parameter is at least indicative of one of the parameters: an
angular position of the output flange, an angular position of a shaft of the joint
motor, a motor current of the joint motor. For instance, the angular position of
the output flange can be indicated by an output encoder such as optical encoders,
magnetic encoders which can indicate the angular position of the output flange
in relation to the robot joint. Similar the angular position of the joint motor shaft
can be provided by an input encoder such as optical encoders, magnetic
encoders which can indicate the angular position of the motor shaft in relation
to the robot joint.

[0018] The robot controller 115 comprises a processer 235 and memory
237 and is configured to control the joint motors of the robot joints by providing
motor control signals 239a, 239b, 239f to the joint motors. The motor control
signals 239a, 239b, 293f are indicative of the motor torque Tmotor,a, Tmotor, b, @and
Tmotor,f that each joint motor shall provide to the output flanges and the robot
controller is configured to determine the motor torque based on a dynamic
model of the robot arm as known in the prior art. The dynamic model makes it
possible for the controller to calculate which torque the joint motors shall
provide to each of the joint motors to make the robot arm perform a desired
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movement. The dynamic model of the robot arm can be stored in the memory
237 and be adjusted based on the joint sensor parameter Jsensor,a, Jsensor,b , Jsensor,f
For instance, the joint motors can be provided as multiphase electromotors and
the robot controller can be configured to adjust the motor torque provided by
the joint motors by regulating the current through the phases of the multiphase
motors as known in the art of motor regulation.

[0019] Robot joint 103e comprising the tool flange 107 comprises force-
torque sensor 125 providing a tool flange force signal 241 indicating a force-

torque FTnange provided to the tool flange. For instance the force-torque FTfange

can be indicated as a force vector F/'*"9°and a torque vector T/“"%¢ in the robot

sensor sensor

tool flange coordinate system:

F flange

X,5ensor

flange __ flange

€q. 1 F:s‘ensor - Fy,sensor
F flange

z,sensor

where F/19"%¢ is the indicated force along the Xrange axis, F/9"9¢ is the indicated

X,sensor y,sensor

force along the ynange axis and E/'%"9¢ is the indicated force along the zaange axis.

z,sensor

And a torque vector in the robot tool flange coordinate system:

Tflange
x,sensor
flange flange
eq. 2 Tsensor = Ty,sensor
lange
Tf g

z,sensor

where T/!%"9° is the indicated torque around the Xnange axis, T/'*™9¢ is the

X,sensor y,sensor

indicated torque around the ynange axis and T/1%"9¢ s the indicated torque around

z,sens0T
the zfange axis.
[0020] The robot controller is switchable into a free-drive mode of
operation, where the robot controller in the free-drive mode of operation is
configured to:

e maintain the robot arm in a static posture when only gravity (gravity force

illustrated as 123) is acting on the robot arm;
e allow change in posture of the robot arm when an external force different

from gravity is applied to the robot arm.
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[0021] When only gravity is acting on the robot arm, the robot controller
can be configured to maintain the robot arm in a static posture by driving the
joint motors at a state where they provide sufficient motor torque to overcome
gravity without moving parts of the robot arm. The robot controller can be
configured to determine the sufficient motor torque based on the dynamic model
of the robot arm at the static posture. The static posture can for instance be
indicated by joint sensors provided as output encoders indicating the angular
position of the output flange and/or input encoders indicating the angular
position of the motor shaft. The static posture can also be stored as a posture
in the control software for instance by defining the joint angles of the robot
joints at the static posture.

[0022] When an external force different from gravity is applied to the robot
arm, the robot controller can allow change in posture by driving the joint motors
with a motor torque that allows a user to rotate the output flanges of the robot
joint. For instance, the robot controller can be configured to drive the motor
with a motor torque sufficient for maintaining the robot arm in the static posture,
and an additional force and/or torque applied to the robot arm will thus
overcome the sufficient motor torque, whereby the output flange of the joints
will rotate due to the additional force and/or torque. During change of the robot
arm posture the robot controller can be configured to adjust the sufficient motor
torque based on the changes in posture resulting in the effect that the robot
arm will be maintained in the new static posture when the additional external
force is reduced.

[0023] In the free-drive mode of operation, the robot controller is further
configured to control the motor torque of the joint motors based on the tool
flange force signal 241 from the force-torque sensor 125. This makes it possible
for the user to move the tool flange without manipulating each of the robot
joints, for instance by pushing, pulling or rotating the robot tool flange.
Additionally, in the free-drive mode of operation according to the present
invention the user can also choose to manipulate the individual robot joints to
change the posture of the robot arm. Consequently, the user is provided with a
larger flexibility and options when changing the posture of the robot arm in free-
drive mode of operation.
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[0024] Fig. 3 illustrates a flow diagram of the method of changing the
posture of a robot arm according to the present invention. The method
comprises a step of initializing 350 comprising obtaining the dynamic model
Drobot Of the robot arm, which can be based on prior knowledge of the robot arm,
KoR, such as the dimensions and weight of robot joints and robot links; joint
motor properties; information relating to an eventual payload attached to the
robot arm, orientation of the robot arm in relation to gravity etc. The dynamic
model of the robot arm can be defined and pre-stored in the memory of the
controller and the user can in some embodiments be allowed to modify the
dynamic model op the robot arm, for instance by providing payload information
of a payload attached to the robot arm or defining the orientation of the robot
arm in relation to gravity.

[0025] Step 360 is a step of activating free-drive mode of operation of the
robot arm. Typically, the free-drive mode of operation is activated during
programming of the robot arm for instance in order to allow a user to manually
change the posture of the robot arm, e.g. in order to define waypoints/postures
of the robot arm during a robot program. The free-drive mode of operation can
be activated based on a user input instructing the robot controller to activate
the free-drive mode of operation. Thus step 360 can receive a user input, UI
activating the free-drive mode of operation and enters the free-drive mode of
operation 370, as indicated by a thumb up icon, if such user input is received.
If no user instructions to enter the free-drive mode of operation is received, the
robot controller will, as indicated by a thumb down icon, not enter to free-drive
mode of operation. The user input can be received through any input device
capable of receiving user inputs for instance buttons, joysticks, touch screens,
gesture recognition devices, sliders etc. In one embodiment the free-drive mode
of operation is activated based on the force-torque signal resulting in the fact
that the user can activate the free-drive mode of operation directly at the robot
arm simply by applying a force and/or torque to the robot tool flange. Once the
robot controller has entered the free-drive mode of operation the user input can
indicate that the robot controller shall bring the robot arm out of free drive mode

of operation.
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[0026] Step 370 is as step of running the robot arm in free-drive mode of
operation and comprises a step 371 of obtaining a static motor torque Tstatic
keeping the robot arm in a static posture, a step 372 of obtaining an additional
motor torque Tadditional, @ Step 373 of combining the static motor torque and
additional motor torque into a combined motor torque Tcombined, @and a step 374
of controlling the joint motor based on the combined motor torque.

[0027] The static motor torque Tstatic Obtained in step 371 can be obtained
based on the actual posture of the robot arm Probot and the dynamic model of
the robot arm Drobot, Where the dynamic model of the robot arm defines a
relationship between the posture of the robot arm and the motor torque needed
to maintain the robot arm in a static posture under influence of gravity. The
static motor torque indicates the motor torque that the joint motors need to
provide in order to keep the robot arm in a static posture under influence of
gravity. The actual posture of the robot arm Probot Can be obtained based on joint
output encoders indicating the angular position of each of the output flanges of
the robot joints and the static motor torque Tstatic can be provided as a vector or
array where the static motor torque Tstatic,n for each of the joint motors are
provided, where n indicate the number of the robot joint with the robot motor
that shall provide the obtained n™ static motor torque. Driving the motor joint
with currents generating the static motor torque results in the effect that the
robot arm is kept in a static posture when it is only influenced by gravity. A user
may move parts of the robot arm by manipulating the robot joints for instance
by pushing, pulling and/or rotating parts of the robot arm whereby an external
force/torque is applied to the robot arm. If such eternal force/torque exceeds
the static motor torque of the robot joints, the joint motors will not be able to
prevent modification of the robot arm posture and the user can thereby change
to posture of the robot arm.

[0028] The additional motor torque Tadditionat Obtained in step 372 is
obtained based on the force-torque FTrange provided to the tool flange, the
dynamic model of the robot arm Drobot and the actual posture of the robot arm
Probot. The force-torque FTrange iS provided by the force-torque sensor at the robot
tool flange. The additional motor torque indicates the motor torque that the joint
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motors need to provide to move and/or rotate the robot tool flange in response
to the force/torques provided to the robot tool flange and obtained by the force-
torque sensor. For instance, a force provided in a given direction to the robot
tool flange may result in a movement of the robot tool flange in that direction
and the size of the force may indicate the desired acceleration of the movement.
Similar a torque provided in a given direction to the robot tool flange may result
in a rotation of the robot tool flange in the direction of the torque and the size
of the torque may indicate the desired angular acceleration of the rotation. The
additional motor torque Tadditional CAN be provided as a vector where the additional
motor torque Tadditional,n fOr each the joint motors is provided, where n indicate
the joint number of the robot motor that shall provide the obtained static motor
torque. Driving the motor joint with currents generating the additional motor
torque results in the effect that the robot tool flange can be moved and/or
rotated in the direction of the force and/or torque provided to the robot tool
flange. In the illustrated embodiment the additional motor torque indicates the
motor torques that in addition to the static torques needs to be provided in order
to move the robot arm.

[0029] The combined motor torque Teombined Obtained in step 372 is
obtained by combining the static motor torque Tstatic and the additional motor
torque Taddition into @ combined motor torque Tcombined. In this embodiment this is

achieved by adding the static motor torque and the additional motor torque:

eq.3 Teombined= Tstatic + Tadditional

Consequently, the combined motor torque Tcombined indicate the total motor
torques that need to be provide by the joint motors to both overcome gravity
and move/rotate the robot tool flange based on the force-torques provided to
the robot tool flange.

[0030] The step of controlling the joint motor based on the combined
motor torque comprises providing a number of control signals to each of the
joint motors indicating the motor torque of each joint motor Tmotor,n, Where n
indicate the joint number of the robot motor that shall provide the motor torque.
The motor torque of the joint motor may be regulated by varying the current

through the joint motor as known in the art of motor regulation.
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[0031] Steps 360, 371, 372, 373, and 374 are continuously repeated 375
until an user input received in step 360 indicates that the robot controller shall
exit free-drive mode of operation.

[0032] In an embodiment the method comprises a step of changing the
posture of the robot arm by providing an external force and/or torque to at least
one of the robot joints and in response to the change in posture obtaining the
static motor torque based on the changed posture of the robot arm and the
dynamic model of the robot arm. This makes it possible for a user to manually
mover parts of the robot arm and automatically keep the robot arm in the new

posture after the manipulation.

[0033] In an embodiment the method comprises a step of changing the
posture of the robot arm by providing an external force and/or torque to the
robot tool flange and in response to the change in posture obtaining the static
motor torque based on the changed posture of the robot arm and the dynamic
model of the robot arm. This makes it possible for a user to move the robot tool
flange of the robot arm by gripping the robot tool flange and pulling, pushing
and/or rotating the robot tool flange in the desired direction and thereafter

automatically keep the robot arm in the new posture after the manipulation.

[0034] The robot and method according to the present invention extends
the user ability when changing posture of the robot arm in free-drive mode of
operation. The additional motor torque Tadditional iS zero in situations where the
user does not provide a force-torque to the robot tool flange. Consequently, the
robot arm is automatically kept in a static position where the motor torque
provided to the joint motors are defined by the static motor torque. The user
can in this situation still move the robot arm by manipulating the robot joints,
for instance in order to arranging the robot arm in various postures. In situations
where the user provides a force-torque to the robot tool flange for instance by
pushing, pulling or rotating the robot tool flange the force-torque sensor
provides a force-torque signal and the additional motor torque Tadditional iS larger
than zero and the motor torque is provided as the static motor torque plus and
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additional motor torque obtained based on the force-torque signal.
Consequently, in response to a force-torque provided to the robot tool flange
the robot tool flange can be moved or rotated in the direction of the supplied
force-torques. The user can in free-drive both adjust the pose of the robot arm
by manipulating the robot joints and by providing forces-torques to the robot
tool flange, which provides the user with a greater flexibility. In some situation
the user may desire to move the robot tool flange in a given direction or to
rotate it around a given axis of rotation, which intuitively can be performed by
pushing, pulling and/or rotating the robot tool flange, which is less difficult than
manipulating robot joint, as in some postures of the robot arm it may be difficult
to provide sufficient force to the robot joint in order to rotate the output flange
of the robot joint. In other situations, the user may desire to adjust the posture
of the robot arm independently of the movement of the robot tool flange, for
instance in order to adjust the posture of a robot joint without moving the robot
tool flange.

[0035] In an embodiment the robot controller is configured to control the
robot joints by controlling the motor torque provided by the joint motors based
on a maximum allowed motor torque. This makes it possible to control the speed
at which the robot tool flange is moved in response to a force-torque provided
to the robot tool flange. Consequently, the robot tool flange can be prevented
from moving at speeds potentially causing damages in case of a collision
between the robot arm and an object or human near the robot arm. In one
embodiment this can be achieved by providing a maximum allowed motor
torque in relation the additional torques. This prevents a user from moving the
robot arm at high speeds even when large force-torques are provided to the
robot tool flange. It is noticed that the limitations of the motor torque can be
provided based on a maximum force-torque limit related to the robot tool flange.
[0036] In another embodiment the robot controller is configured to control
the robot joints by controlling the motor torque provided by the joint motors
based on a maximum allowed motor torque change rate. This makes it possible
to control the changes of speed of the robot tool flange when the robot tool
flange is moved in response to a force-torque provided to the robot tool flange.
Consequently, the acceleration/deceleration of the robot tool flange can be
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controlled, and a user can be prevented from providing undesired accelerations
of the robot tool flange. This ensures safety as the user better can control the
change of speed of the robot tool flange and further ensure that the gearing or
other components of the robot are not damaged due to large changes of speed
of the movements.

[0037] In one embodiment the robot controller is configured to switch into
the free-drive mode of operation based on the force-torque provided to the
robot tool flange. Thus, the user can simply activate free-drive mode of
operation by gripping the robot tool flange whereby the force-torque sensor
indicates a change in force-and torque.

[0038] In one embodiment the robot controller is configured only to allow
entering free-drive mode when the robot arm is in programming mode and
thereby prevent the robot controller from entering into free-drive mode during
execution of a program.

[0039] In one embodiment the robot joints comprise an output encoder
indicating the angular position of the output flange in relation to the robot joint.
The robot controller can the based on a kinematic model of the robot determined
the posture of the robot at any time based on the output encoders of the robot
joint.

[0040] Alternatively, to control the motor torques of the joint motor based
on the combined motor torque as described above the controller can be
configured to control the motor torque of the joint motor based on the static
torque when the indicate force-torque at the robot tool flange is zero or below
a given threshold and to control the motor torque of the joint motor based on
the total additional force when the indicate force-torque at the robot tool flange
is more than zero or above a given threshold. The total additional torque
indicates the total motor torques that need to be provided by the joint motors
to both overcome gravity and move/rotate the robot tool flange.

[0041] The present invention can also be described by the following

statements numbered in roman numbers:
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I. A robot arm (101) comprising a plurality of robot joints (103a-103f)
connecting a robot base (105) and a robot tool flange (107); each of said robot
joints comprises
e an output flange (228a, 228b,107) rotatable in relation to said robot joint
e a joint motor (229a,229b,229f) configured to rotate said output flange,
e at least one joint sensor (231a, 231c¢, 231f) providing a sensor signal
(231a,231b,231f) indicative of at least one of an angular position of said
output flange, an angular position of a shaft of said joint motor, a motor

current of said joint motor;

said robot arm comprises at least one robot controller (115) configured to
control said robot joints by controlling the motor torque provided by said joint
motors based on said joint sensor signal, said robot controller is switchable into
a free-drive mode of operation where said robot controller in said free-drive

mode of operation is configured to:

e maintain said robot arm in a static posture when only gravity is acting on
said robot arm;
e allow change in posture of said robot arm when an external force different

from gravity is applied to said robot arm;

wherein that said robot tool flange comprises a force-torque sensor (125)
arranged at said robot tool flange (107); said force-torque sensor providing a
tool flange force signal (241) indicating a force-torque provided to said tool
flange and said robot controller is in said free-drive mode of operation

configured to control said motor torque based on said flange force signal.

II. The robot arm according to statement I wherein said robot controller is
configured to obtain a static motor torque based on the actual posture of the
robot arm and based on a dynamic model of said robot and said robot controller
is configured to control said robot joints by controlling the motor torque provided

by said joint motors based on said static torque.
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ITI. The robot arm according to any one of statements I-II wherein said robot
controller is configured to obtain an additional motor torque based on the actual
posture of the robot arm, a dynamic model of said robot arm and said force-
torque provided to said robot tool flange, where said robot controller is
configured to control said robot joints by controlling the motor torque provided
by said joint motors based on said additional torque.

IV. The robot arm according to statement II and III wherein said robot controller
is configured to control said robot joints by controlling the motor torque provided
by said joint motors based on a sum of said static motor torque and a said

additional motor torque.

V. The robot arm according to any one of statements I-IV wherein said robot
controller is configured to control said robot joints by controlling the motor
torque provided by said joint motors based on a maximum allowed motor torque.

VI. The robot arm according to any one of statements I-V wherein said robot
controller is configured to control said robot joints by controlling the motor
torque provided by said joint motors based on a maximum allowed motor torque

change rate.

VII. The robot arm according to any one of statements I-VI wherein said robot
controller is configured to switch into said free-drive mode of operation based

on said force-torque provided to said robot tool flange.

VIII. The robot arm according to any one of statements I-VII wherein said robot
joints comprises an output encoder indicating the angular position of said output

flange in relation to said robot joint.
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IX. A method of changing the posture of a robot arm (101), said robot arm

comprises a plurality of robot joints (103a-103f) connecting a robot base (105)

and a robot tool flange (107); said robot joints comprises:

an output flange (228a,228b,107) rotatable in relation to said robot joint
a joint motor (229a,229b,229f) configured to rotate said output flange,
at least one joint sensor providing a sensor signal indicative of the angular

position of said output flange,

said method comprises the steps of:

obtaining (371) a static motor torque based on the actual posture of said
robot arm and a dynamic model of said robot arm, where said static motor
torque indicates a motor torque that said joint motors need to provide in
order to keep said robot arm in a static posture under influence of gravity;
controlling (374) the motor torque of said joint motors based on said
static motor torque;

characterized in that said method comprises the steps of:

obtaining the force-torque provided to said robot tool flange based on a
force-torque sensor arranged at said robot tool flange;

obtaining (373) an additional motor torque, based on said force-torque
provided to said robot tool flange, said dynamic model and said actual
posture of the robot arm;

wherein said step of controlling said motor torque of said joint motors is further

based on said additional motor torque.

X. The method according to statement 9 wherein said method comprises a step

of obtaining said actual posture of said robot arm based on said at least one

joint sensor providing a sensor signal indicative of the angular position of said

output flange.
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XI. The method according to any one of statements IX-X wherein said method
comprise a step of changing the posture of said robot arm by providing an
external force and/or torque to at least one of said robot joints, and in response
to said change in posture obtaining said static motor torque based on the

changed posture of said robot arm and said dynamic model of said robot arm.

X1II. The method according to any one of statements IX-XI wherein said method
comprise a step of changing the posture of said robot arm by providing an
external force and/or torque to said robot tool flange, and in response to said
change in posture obtaining said static motor torque based on the changed

posture of said robot arm and said dynamic model of said robot arm.

BRIEF DESCRIPTION OF FIGUR REFERENCES
101: robot arm

103a-103f: robot joint

105: robot base

107: robot tool flange

111a-111f: axis of rotation

113a-113f: rotation arrow

115: robot controller

117: interface device

119: display

121: input device

123: direction of gravity

125: force-torque sensor

127: reference point of the robot tool flange
228a-228b: output flange

229a-229f: joint motors

231a-231f: joint sensor

233a-233f: sensor signal

235: processer

237: memory
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239a-239f: motor control signals

241:
350:
360:
370:
371:
372:
373:
374:
375:

tool flange force signal

step of initializing

step of activating free-drive mode of operation

step of running the robot arm in free-drive mode of operation

step of obtaining a static motor torque

step of obtaining an additional motor torque

step of combining the static motor torque and additional motor torque
step of controlling the joint motor

Repeating

Drobot: dynamic model of the robot arm

FTnange : fOrce-torque provided to the tool flange

Jsensor,a=Jsensor, f: jOint sensor parameters

KoR: knowledge of the robot arm

Probot: posture of the robot arm

Xbase, Ybase, Zfbase: axis of base coordinate system

Xflange, Yflange, Zflange: axis of tool flange coordinate system

Tadditional: additional motor torque

Teombined: COMbined motor torque

Tmotor,a= Tmotor, f: MoOtor torq ue

Tstatic: static motor torque
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CLAIMS

1. A robot arm (101) comprising a plurality of robot joints (103a-103f)

connecting a robot base (105) and a robot tool flange (107), where an end

effector can be attached to said robot tool flange; each of said robot joints

comprises:

e anoutputflange (228a, 228b,107) rotatable in relation to a robot joint body;

e a joint motor (229a,229b,229f) configured to rotate said output flange in
relation to said robot joint body;

e at least one joint sensor (231a, 231c¢, 231f) providing a sensor signal
(231a,231b,231f) indicative of at least one of an angular position of said
output flange, an angular position of a shaft of said joint motor, and a motor

current of said joint motor;

said robot arm comprises at least one robot controller (115) configured to
control said robot joints by controlling the motor torque provided by said joint
motors based on said joint sensor signal, said robot controller is switchable into
a free-drive mode of operation where said robot controller in said free-drive
mode of operation is configured to:

e maintain said robot arm in a static posture when only gravity is acting on
said robot arm by driving said joint motors at a state where said joint motors
provide a static motor torque to overcome gravity without moving parts of
said robot arm, wherein said robot controller is configured to obtain said
static motor torque based on the posture of said robot arm (Probot) and a
dynamic model of said robot arm (Drobot);

e allow change in posture of said robot arm when an external force different
from gravity is applied to said robot arm and in response to said change in
posture adjust said static motor torque based on the changed posture of

said robot arm and said dynamic model of said robot arm;

wherein said robot tool flange comprises a force-torque sensor (125) integrated
into said robot tool flange (107); said force-torque sensor providing a tool flange
force signal (241) indicating a force-torque provided to said tool flange and said
robot controller is in said free-drive mode of operation configured to control said

motor torque based on said tool flange force signal by obtaining an additional
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motor torque based on the posture of said robot arm, said dynamic model of
said robot arm and said force-torque signal, where said robot controller is
configured to control said robot joints by controlling the motor torque provided

by said joint motors based on said additional torque and said static motor torque.

2. The robot arm according to claim 1wherein said robot controller is configured
to control said robot joints by controlling the motor torque provided by said joint
motors based on a sum of said static motor torque and a said additional motor

torque.

3. The robot arm according to any one of claims 1-2 wherein said robot
controller is configured to control said robot joints by controlling the motor
torque provided by said joint motors based on a maximum allowed motor torque.

4. The robot arm according to any one of claims 1-3 wherein said robot
controller is configured to control said robot joints by controlling the motor
torque provided by said joint motors based on a maximum allowed motor torque

change rate.

5. The robot arm according to any one of claims 1-4 wherein said robot
controller is configured to switch into said free-drive mode of operation based

on said force-torque signal.

6. The robot arm according to any one of claims 1-5 wherein said robot joints
comprises an output encoder indicating the angular position of said output

flange in relation to said robot joint body.
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7. The robot arm according to claim 6 wherein said robot controller is configured
to obtain the posture of said robot arm based on said angular position of said
output flange in relation to said robot joint body.

8. The robot arm according to any one of claims 1-7 wherein said robot
controller is configured to switch into said free-drive mode of operation based
on said force-torque signal.

9. The robot arm according to any one of claims 1-8 where said robot controller
is configured to only allow entering said free-drive mode of operation when said

robot arm is in a programming mode.

10. A method of changing the posture of a robot arm (101), where said robot

arm comprises a plurality of robot joints (103a-103f) connecting a robot base

(105) and a robot tool flange (107), where an end effector can be attached to

said robot tool flange; each of said robot joints comprises:

e anoutput flange (228a,228b,107) rotatable in relation to a robot joint body;

e a joint motor (229a,229b,229f) configured to rotate said output flange in
relation to said robot joint body;

e at least one joint sensor providing a sensor signal indicative of the angular
position of said output flange;

said method comprises the steps of:

. obtaining (371) a static motor torque based on the actual posture of said
robot arm and a dynamic model of said robot arm, where said static motor
torque indicates a motor torque that said joint motors need to provide in
order to keep said robot arm in a static posture under influence of gravity;

e controlling (374) the motor torque of said joint motors based on said
static motor torque;

e in response to a change in posture caused by an external force different

from gravity applied to said robot arm:
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o adjust said static motor torque based on the change posture of said
robot arm and a dynamic model of said robot arm, where said
adjusted static motor torque indicates a motor torque that said
joint motors need to provide in order to keep said robot arm in said
changed posture under influence of gravity;

o controlling (374) the motor torque of said joint motors based on
said adjusted static motor torque;

e obtaining the force-torque provided to said robot tool flange based on a
force-torque sensor integrated into said robot tool flange;

e obtaining (373) an additional motor torque, based on said force-torque
provided to said robot tool flange, said dynamic model and said posture
of the robot arm;

wherein said step of controlling said motor torque of said joint motors is further

based on said additional motor torque.

11. The method according to claim 10 wherein said method comprises a step of
obtaining said posture of said robot arm based on said at least one joint sensor

providing a sensor signal indicative of the angular position of said output flange.

12. The method according to any one of claims 10-12 wherein said method
comprise a step of changing the posture of said robot arm by providing an

external force and/or torque to at least one of said robot joints.

13. The method according to any one of claims 10-13 wherein said method
comprise a step of changing the posture of said robot arm by providing an
external force and/or torque to said robot tool flange, and in response to said
change in posture adjusting said static motor torque based on said changed

posture of said robot arm and said dynamic model of said robot arm.
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14. A robot arm (101) comprising a plurality of robot joints (103a-103f)
connecting a robot base (105) and a robot tool flange (107); each of said robot
joints comprises
e an output flange (228a, 228b,107) rotatable in relation to said robot joint
e a joint motor (229a,229b,229f) configured to rotate said output flange,
e at least one joint sensor (231a, 231c¢, 231f) providing a sensor signal
(231a,231b,231f) indicative of at least one of an angular position of said
output flange, an angular position of a shaft of said joint motor, a motor

current of said joint motor;

said robot arm comprises at least one robot controller (115) configured to
control said robot joints by controlling the motor torque provided by said joint
motors based on said joint sensor signal, said robot controller is switchable into
a free-drive mode of operation where said robot controller in said free-drive

mode of operation is configured to:

e maintain said robot arm in a static posture when only gravity is acting on
said robot arm;
e allow change in posture of said robot arm when an external force different

from gravity is applied to said robot arm;

wherein said robot tool flange comprises a force-torque sensor (125) integrated
into said robot tool flange (107); said force-torque sensor providing a tool flange
force signal (241) indicating a force-torque provided to said tool flange and said
robot controller is configured to switch into said free-drive mode of operation

based on said tool flange force signal (241).
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