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UNIVERSAL ROBOTS 1. Plate Calibration

1 Plate Calibration

This manual is a step-by-step tutorial for integrators that describes how to perform Dual Robot Calibration of
the kinematics. The method can be used on Universal Robots e-Series robots.

This section of the Calibration Manual details the calibration method for the kinematics implemented on
the Universal Robots e-Series robot. The following instructions illustrate the proper steps to calibrate the
robot.

Figure 1.1: Robot mounted on a plate during Plate Calibration.

CAUTION:

Calibration must be performed carefully, or the robot risks functioning inaccurately. Verify
generated statistics before saving the results of the calibration.

1.1 Required Equipment

To perform Plate Calibration, the tool flange must be moved to multiple positions while staying parallel to the
plane. The Plate Calibration process is illustrated using a positioning plate. This is a metal plate with built-in
holes at regular intervals that can accommodate the tool flange, (see figure 1.1 and Appendix A).
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1.2 Accessing Plate Calibration
In PolyScope, the Calibration process is only accessible in Expert Mode.

(1) Inthe Header, press and hold the Run Tab to access Expert Mode, (see Figure 1.2).

(2) Enter the password and tap OK.

S 2 ¢ QM

Enter password

oK Cancel

) 100%

Figure 1.2: Expert Mode screen

(3) Inthe menu on the left, tap Calibration.

(4) Under Kinematics calibration, select Plate Calibration, (see Figure 1.3).

24K w0

E: Joint/Robot replacement

File Editor Program correction Method for correcting programs after joint or robot replacerment

- by key-waypoints 1. Exit Expert mode

& Calibration 2. Select "Program Correction" in Hamburger menu
5 5 3. Load program(s) with key-waypoints
Joint Zeroing 4. Select and redefine key-waypoints

5. When programs are loaded they will be corrected
6. Test the corrected program

The accuracy can be improved by adding aditional key-waypoints

Kinematics calibration
| Dual Robot Calibration

Kinematics calibration refines the relation between joint angles and XYZ coordinates. By
calibrating the kkinematics, the accuracy and linearity of the robot can be improved.

| Plate Calibration |

| Load plate calibration |

100%

Figure 1.3: Select Plate Calibration.

(5) On the bottom right of the screen, tap Add plate, (see Figure 1.4).
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2% QM

I:: E . Positions - Calibration Parameter overview
i i [ Plates
D iy Calibration levels
@ Calibration Select only the necessary levels
Offset angles The conseguences of selecting too many or unnessesary
Joint Zeroing Partially cases can be resulting in a wrong calibration

The selected method need more than 0 positions to be
measured
- 0 measurements for the robot

- 6 measurerments for each plate
- 20% extra for verification

Remove Calibration Add plate

Figure 1.4: Add a plate for the hole positions.
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1.3 Measuring Positions

Once a plate is added for the Calibration, the holes must also be added as Plate Positions. These positions
create a Plate Tree on the screen.

(6) Tap Add new position and input Plate Position by tapping the value fields. These are the X, Y and Z
coordinates, relative to the positioning plate, (see Figure 1.5).

LrE ; ‘*’ Q E <unnamed>

default

B E . Positions - Calibration Parameter overview
i ito CIPlates
(Fll= Eelier? O Plate: 1 Add positions on a plate to calibrate the robot kinematics parameters.
® Calibration
Remove this plate Add new position

Figure 1.5: Select Add new positions to add a position to the selected plate.

(7) Tap Measure robot position

(8) Once the first position is defined, tap Add new point to add a second position, (see Figure 1.6). You can

add several plate positions in this manner. A full calibration must include at least 15 positions. Tap
Remove this point to remove a position from the Plate Tree, (see Figure 1.6).

|WE 2 ¢+ H

E E . Positions
File Editor CIPlates

- Calibration Parameter overview

¢ CIPlate: 1

Joint Configuration:
Not defined
Tool offset
Not defined
Residual error

Measure robot position

Remove this point

Add new point

Figure 1.6: The property screen for the selected position.

Tapping Measure robot position accesses the Move Tab. Insert the (x, ¥, z) coordinate, teach the related
robot configuration. The screen also has a button to add additional positions.

(9) Once all positions are added to the Plate Tree, tap Calibration and select Make Calibration, (see Fig-
ure 1.6).
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Positions used in the calibration must be as distributed as possible on the plate and in the configuration
space of the robot. Verify all the combinations of both elbow and wrist up and down solutions are used, as
illustrated in Figure 1.7.

Figure 1.7: Configuration need to be used.
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1.4 Calibration

In this example all desired plate positions are added to the Plate Tree.

(10) At the top of the Plate Tree, tap Plates to select the level of calibration, (see Figure 1.8).

(11) Select the parameters to calibrate subsequently.

(a) Offset angles
This level calibrates the offset angles for the Shoulder, Elbow, Wrist 1 and Wrist 2. This method
does not provide enough information to calibrate the Base and Wrist 3.

(b) Partially
This level calibrates more parameters than the Offset angles level using other deviations than
offset angles.

(12) Tap Calibration and select Make Calibration to start the calibration.

n <unna
7N

2 default

B E . Pasitions - Calibration Parameter overview
File Editor SPlates
©-CIPlate: 1 Calibration levels
® Calibration [y Pos_1 Select only the necessary levels.
[ Pos 2 Offset angles The consequences of selecting too many or unnessesary

Joint Zeroing D Pos_3 partially cases can be resulting in a wrong calibration

DPos_10 The selected method need more than 12 positions to be
% Eosig measured

oS
O Posil} - 4 measurements for the robot

[YPos_14 - 6 measurements fo_r each plate
[hPos_15 - 20% extra for verification

Remove Calibration Add plate

) 100%

Figure 1.8: Select the top of the tree item on the left to be able to select the level of calibration, then select the
Calibration Tab and press Make Calibration to start the calibration.

<unnameds> [ E
L -

default

E E . Positions m Parameter overview
File Edito CIPlates
@ CIPlate: 1 Make Calibration The calibration can only be proceed if some condisions are fulfilled.

® Calibration OPos 1 After the calibration will the result be analysed. The result can only
OyPos 2 be applyed if the calibration not are too bad.

oint Zeroing - L3¢ Calibration If the calibration endup to be bad or it is unable to proceed the
J [iPos_3

OyPos 4 Save as default calibration, it is proberly because of lacking quality or too less

DiPos 5 measurements

Pos_6

% Pos_7 Reload default

[yPos_8

O Pos_9

[yPos_10

[Pos_11

i Pos_12

%Egz’%i Status: The calibration ended with a usable result

[YPos_15

247
2.47932
Measurement datal12] error:
Mean: poslm](0.0247222, 0.0587414, 0.171536 ) rot{rad] { 0.813402 )

3=

StdDev: posim](0.0272977,0.0759163, 0.229537 ) rot{rad] ( 0.348488 )

Max:  pos[m](0.0430173, 0.204312, 057037 ) rot{rad] ( 1.00886 )

Qrange: [7.53226,0.363983,1.42534,3.53127,3.15262,0.00701904]
Evaluation datal3] error:

) 100%

Figure 1.9: Calibration Tab options
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1.5 Evaluation

(13) After the calibration is performed, the results need to be evaluated to ensure the calibration is successful.

Calibration results, as well as the calculated statistics of the achieved precision for the given positions,
are the displayed under the Parameter overview Tab, (see Figure 1.10). Scroll down to display the complete

parameters used to evaluate the success of the calibration.

The calculated statistics are divided into two groups: Measurement data which is statistics on positions
used in the calibration and Evaluation data which is statistics that evaluates the quality of the calibration

results.

2 % QM

B E & Fositions
File Editor IPlates
¢ CPlate: 1
O Pos_2

[Pos_a
[ Pos 5
[YPos_6
[Pos_7
[)Pos_8
D Pos_9
[y Pos_10
[Pos_11
[ Pos_12
[Pos_13
[ Pos_14
[YPos_15

Setup Calibration _

Robot parameter overview:

- The list will be updated after each attempt to proceed a calibration
- The '¥ indicate parameters that can be adjusted by the calibration

Robet has 4 selected parameter

Joint &
theta = 0 rad
a=om
d=0.1625m
alpha = 1.5708 rad
Joint 1
*theta = 2 46642 rad
a=0425m
pitch = 0.000391385 rad
yaw = 0 rad
Joint 2
*theta = 1.58035 rad
a= 0392698 m
pitch = -0.0029898 rad
yaw = -0,000447601 rad
Joint 3
*theta = -1.82961 rad
a=om
d=0.13236m
alpha = -1.5708 rad
Joint 4
*theta = 0.309245 rad
a=0m
d=0.0997844 m
alpha = 1.5708 rad
Joint 5
theta = 3.14159 rad
a=om

) 100%

Reload parameters

Figure 1.10: The identified parameters are displayed in the Parameter overview.
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1.5.1 Calibration Statistics

An example of the printed statistics:

A S
I 118
m: 0.000292995

Measurement datal[20] error:
Mean: poslm] ( 0.000175164, 0.000134324, 0.00027655 ) rot[rad] ( 0.00348157 )
StdDev: pos[m] ( 0.000218127, 0.000201774, 0.000344546 ) rot[rad] ( 0.00428109 )
Max: pos[m] ( 0.000518104, 0.000596791, 0.000853992 ) rot[rad] ( 0.00936474 )
Q range: [ 10.3565, 2.10395, 4.97534, 4.41847, 6.28554, 0.478753 ]

Evaluation datal[6] error:
Mean: pos[m] ( 0.000171146, 0.00019818, 0.000210623 ) rot[rad] ( 0.00212999 )
StdDev: pos[m] ( 0.000221324, 0.00023433, 0.000267463 ) rot[rad] ( 0.00274118 )
Max: pos[m] ( 0.000405676, 0.000459457, 0.000443527 ) rot[rad] ( 0.00568077 )
Q range: [ 10.4986, 1.73156, 4.66844, 4.85263, 3.14473, 0.479093 ]

Listing 1.1: Example of printed statistics for a partially calibration

Explanation of line number:

Line 4 to 8: The statistics for the positions used in the calibration. This calibration example uses over 10
positions.

Line 9 to 13: The statistics are for the positions reserved for evaluation only. In this case six positions.
You must redo the procedure if there is a significant difference between the measurement data and the
evaluation data.

Line 5 and 10: The mean error. First with position error as a vector(x,y,z) followed by the rotation error.
Line 6 and 11: The standard deviation of the error. It is formatted like the mean error.
Line 7 and 12: Shows the maximum error in the data. It is formatted like the mean error.

Line 8 and 13: The range of the robot configuration. The range indicates how well the measurements
are distributed.

The printed statistics are saved in the calibration.log file.

1.5.2 Debugging

To pinpoint the source for the maximum error, each position’s contribution to the residual error is displayed
in the position property screens, (see Figure 1.6).

(14) If the evaluation was not successful: Examine the correct coordinates were used in the defined calibra-
tion points.

(15) If the configuration is too monotone: Add additional positions.

1.5.3 Applying the Calibration

When a satisfactory calibration is obtained, it is recommended to try the new parameters before they are
stored permanently.

(16) Tap Use Calibration to try the new calibration without saving the new parameters as the default, (see
Figure 1.9).

The current default kinematics can be reloaded by tapping Restore previous. This button is not a "load factory
default" button. Be aware of the quality of the calibration before applying the new parameters permanently.

(17) Parameters can be viewed in the Parameter overview Tab, (see Figure 1.10).
(18) Tap Save as default to save the calibration parameters for future use, (see Figure 1.9).

(19) The robot is now calibrated.
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1.6 Reset Calibration

The kinematic calibration can be removed by deleting the /root/.urcontrol/calibration.conf file, placed
together with the other configurations. It can also be manually removed by replacing all the decimal and hex
numbers, in the configuration files, to zeros like in Listing 1.2.

[mounting]

delta_theta = [ 0, 0, 0, 0, 0, O]
delta_a = [ 0, 0, 0, 0, 0, 0]
delta_d = [ 0, 0, 0, 0, 0, O]
delta_alpha = [ O , 0, 0, 0, 0]

, 0
joint_checksum = [ 0x0, 0x0, 0x0, 0x0, 0x0, 0x0]
calibration_status = 0 # 0 == notInitialized / 1 == notLinearised / 2 == Linearised
joint_raw_offset = [ 0x0, 0x0, 0x0, 0x0, 0x0, 0x0]
joint_selftest_data_crc = [ 0x0, 0x0, 0x0, 0x0, 0x0, 0x0]

Listing 1.2: calibration.conf file filled with zeros
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2 Dual Robot Calibration

The Dual Robot Calibration method is patent pending under the patentCalibration and Programming of
Robots, Soe-Knudsen, Rune (inventor); Petersen, Henrik Gordon (inventor); @stergard, Esben Hallundbak
(inventor), IPC: B25J9/16, Patent number: EP2012/068337, September 18, 2012. International Publication
number WO 2013/045314 Al.

Figure 2.1: The Dual Robot Calibration method.

CAUTION:
Stay clear of the robot when applying the Dual Robot Calibration method.

CAUTION:

Pay attention to the generated statistics of the dual calibration before saving the results. If a
calibration is not performed with care, the robot may become inaccurate.

10
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2.1 Required Equipment

The Dual Robot Calibration method requires a Dual Robot Calibration Kit from Universal Robots (purchase
number: 185500) and a pair of UR3e, UR5e, or UR10e robots, respectively, with an e-Series Control Box. The
robot bases are connected with the Calibration Horse and the robot tools are connected by the Tool Connector,
see Figure 2.1. This creates a closed chain where the distance between the bases and the tools are fixed to
known distances.

When the robots are connected, they can perform a number of measurements from coordinated move-
ments to different positions. This creates a set of data which creates a mathematical foundation for determin-
ing the lengths of the Robot Arm and the robots’ link rotations (i.e. the Denavit-Hartenberg parameters).

Note the UR3e and UR10e are mounted differently on the Calibration Horse and their cables point toward
each other, as illustrated in Figure 2.2.

T

= e )é(b\q\ /*\q
\1; t@/o—’ ‘—o\sl;/
1 ™oc f+ +4\

\b\w’/z/ \®\Q =)

S

;

000000
000000

N

(N

000000
000000

Figure 2.2: The Dual Robot Calibration Horse displaying where the UR3e, UR5e, or UR10e robot can be
mounted.

To complete the assembly, mount the two handles at each end of the Calibration Horse with two M8-
1.25x25, each. The handles and screws are included in the Dual Robot Calibration Kit.

Required equipment:
e A pair of UR3e, UR5e, or UR10e robots, respectively, to be calibrated
o A stand with a height of at least 0.5 m for the Calibration Horse
e Dual Robot Calibration Kit from Universal Robots with purchase number: 185500, which includes:

— The UR Dual Robot Calibration Horse with alignment pins (Figure B.1, Appendix B)
— The UR Dual Robot Calibration Tool Connector with alignment pins (Figure B.2, Appendix B)

- Four M8-1.25x70 to mount the Calibration Horse to the stand (may differ depending on the robot
stand)

- Eight M8-1.25x25 screws with washers to mount UR5e and UR10e robots to the Calibration Horse
— Eight M6-1.0x25 screws with washers to mount the robot tools to the Calibration Tool Connector
- Eight M6-1.0x25 screws to mount UR3e robots to the Calibration Horse

— One Gotool used in the validating procedure, (Figure B.3, Appendix B)

— One No Gotool used in the validating procedure (Figure B.4, Appendix B)

11
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2.2 Mounting the Robots to the Calibration Horse

(1) Mount the Calibration Horse to a stand of a height of at least 0.5 m and mount the robots to the
Calibration Horse (as in Figure 2.3.)

(2) Mount two robots of the same type and version on the Calibration Horse (see Figure 2.3.)

Figure 2.3: Mount the robots on the Calibration Horse, connecting the robot bases

(3) In the PolyScope Header, tap the Installation Tab.

(4) Also in the PolyScope Header, tap New and select Installation.

(5) Under General set the mounting and angle to 90 degrees for each robot and tap Exit (see Figure 2.4):
UR3e:

(a) The Tiltis approximately 52,5° £5° and
(b) The Rotate Robot Base Mounting is 270°.

UR5e and UR10e:

(a) The Tiltis approximately 52,5° £5° and
(b) The Rotate Robot Base Mounting is 90°.

W= z29+22H

Robot Mounting and Angle

w2

El

Gup

»

45.0°

«

Rotate Robot Base Mounting

@ || @ |3600“| » ” s mp |

Figure 2.4: Mounting the robot

12
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2.3 Safety Settings of the Robots

(6) In the menu on the left, tap Safety and select Robot Limits.
(7) Enter your safety password to unlock Safety Configuration.

(8) Set Factory Presets to Least Restricted and tap Apply (see Figure 2.5).

7 R Use of Safety Configuration parameters different from those defined by the rislk assessment can result in hazards that are not
Robot Limits reasonably eliminated or risks that are not sufficiently reduced.

Joint Limits

Factory Presets
Planes @ [J

o Most Restricted Least Restricted
Tool Position
Tool
Direction O

Custom

{V[e]
Hardware Limit Normal Reduced

> Fieldb Momenturn 25.0; 10.0 @
e us

Stopping Time: 400 300
Stopping Distance 500 300
Tool Speed 1500; 750 .
Tool Force 150.0 120.0
Elbow Speed 1500 750

Elbow Force 150.0 120.0 .

Safety pa

Figure 2.5: Safety settings

(9) When the Safety Configuration dialog box appears, select Apply and restart.

Safety Configuration

Safety Configuration is different than the one applied to the
*  controller. Either apply safety changes or cancel.

Apply and restart Safety Configuration will be applied and
the robot will reboot

Cancel Cancel this dialog to continue malking modifications

2.4 Accessing Dual Robot Calibration

(10) In the Header, hold down the Run Tab to access Expert Mode. See Figure 2.5.

(11) Enter password and tap OK.

13
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<unnamed>

default

Enter password

OK Cancel

<unnamed>
default*

@ File Editor

Joint Zeroing

5 -H =N

e / # & @ % 4 ! ? < Backe
o 1 2 3 a 5 6 7 8 9 0 = = Backspace
q w e r t 1 u i o ] 4—! Enter
+
a s d f g h j k 1
[ 1
4 shift z X c v b n m : ;

Figure 2.7: Select Calibration in Expert Mode.

(12) Inthe menu on the left, tap Calibration. See Figure 2.7.

(13) Under Kinematics Calibration, select Dual Calibration. See Figure 2.8.

14
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2% QM

E: Joint/Robot replacement
| Program correction Method for correcting programs after joint or robot replacement
- by key-waypoints 1. Exit Expert mode
2. Select "Program Correction” in Hamburger menu
" " 3. Load program(s) with key-waypoints
4. Select and redefine key-waypoints
5. When programs are loaded they will be corrected

6. Test the corrected program
The accuracy can be improved by adding aditional key-waypoints

Kinematics calibration
| Dual Robot Calibration

Kinematics calibration refines the relation between joint angles and XYZ coordinates. By
calibrating the lkinematics, the accuracy and linearity of the robot can be improved.

| Plate Calibration |

| Load plate calibration |

100%

Figure 2.8: Select Dual Robot Calibration as the method.

2.5 Network Connection Between the Robots

The Dual Robot Calibration screen appears as shown in Figure 2.9. There are a number of options to choose
from within connection types which are described below:

e Master - The main robot in the calibration process. Make sure the other robot is selected as Slave and
the two robots are connected with a network cable or switch.

e Slave - The subordinate robot in the calibration process. Make sure the other robot is selected as Master
and the two robots are connected with a network cable or switch.

e Manual - The robot acts as a Master, but the Slave robot is selected by a user supplied IP-address (see
description below).

(=
Master Select a connection type:

file Baitor = Choose ohe robot as Master and the other as Slave or

® Calibration Slave = Select Manual and connect to another robot via an IP address
Joint Zeroing
Manual

Master Slave
[ Save calibration [4 Save calibration

[ Correct home position [ Correct home position

Measurement status

Number saved o]
State status

Main state Not connected

This Robot Not connected

Second Robot Not connected

100%

Figure 2.9: Network options in Dual Robot Calibration.

Use the Master/Slave connection or the Manual connection method to establish network connection
between the two robots controllers. Robot 1 is the master robot and Robot 2 is the slave.

15



R
2. Dual Robot Calibration UNIVERSAL ROBOTS

2.5.1 Master/Slave Connection
(14) Connect two robots via a network cable or using a network switch.

(15) Define one robot as Master and the other as Slave. Selecting one of these cases sets up the IP address
automatically.

CAUTION:

The IP-addresses 10.17.17.18 and 10.17.17. 19 is used for Master/Slave connections. Con-
necting the robots to a local area network may interfere with other devices sharing these IP
addresses.

(16) When the Slave robot is ready and displays the screen in Figure 2.10, tap Connect network on the Master
to establish the network connection. See Figure 2.11. The screens that follow are described in Section
2.7.

H

Entor the ather rab

Figure 2.10: Slave Mode Figure 2.11: Master Mode

NOTE:

Network communication between the Master robot and the Slave robot can break down,
causing the calibration screen to change as displayed in Figure 2.12.

Connect robots Connection between the robots Is lost.
Fix the issue to resume the process or press Exit to abort.

Figure 2.12: Network Communication break during calibration

2.5.2 Manual Mode

As a alternate to the Master/Slave method. You can use the Manual Mode method.
(17) In Expert Mode, once Calibration is selected, tap Manual to access the screen displayed in Figure 2.13.
(18) Tap the IP address or host name text box and enter the IP number or host name of the Slave robot.

(19) Tap Connect network to connect.

16
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= = defauit*

E: Enter the other robot's IP address
1. Connect the two robots to a Ethernet networlc

File Editor 10.17.17.19
® Calibration 2. Select the other robot as slave and pres 'Connect’
| Connect network
Joint Zeroing

Master Slave
[ save calibration [4 save calibration

[ Correct home position [ Correct home position

Measurement status

Number saved 0
State status

Main state Not connected

This Robot Not connected

Second Robot Not connected

Figure 2.13: Manual enter IP address

2.6 Before Starting

The calibration is performed automatically. If operator intervention is required, disable the Auto step check
box, (see Figure 2.14).

<unnamed>

default

»
E: Connect robots Connect robots

(I I 1. Mount the robots tool flanges together.
® Calibration & Auto step
2. Press "Connect robots" to connect the tools

Caution: The Robots will begin to move.

Joint Zeroing

Master Slav
[ Isave calibration| [4 save calibration

[ Correct home position [ Correct home position

Measurement status

Number saved 0of 0
State status

Main state Idle

This Robot Idle

Second Robot Idle

| Back || Home || Exit |

Figure 2.14: Calibration options

You can save and correct the Home Position of each robot which is relevant if one of the robots must be

calibrated.

Save calibration - The calculated kinematic calibration is applied and saved on the robot

Correct home position - Estimates and sets the Home Position using the calibration (define new joint

offset angles).

17
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2.7 Mounting the UR Dual Robot Calibration Connector

The robots are now ready to be physically connected if the robots are in their home position, (see Figure 2.15).
(20) Ensure the robots are in the Home Position.
(21) Attach the tool connector to the master robot (Robot 1) as in Figure 2.18.
(22) When the tool is mounted on the master robot (Robot 1), tap Proceed in the pop-up Figure 2.19.

(23) Tap Connect Robots (see 2.16). If the robots are not in home position, a pop-up asks to move the robot
to Home Position before trying again.

Afterward, the robots move into position as shown in Figure 2.17, ready to be connected.

Figure 2.15: Robots moved to the Home Position =~ Figure 2.16: Tap Connect robots to connect the
robots

Figure 2.17: Robots are ready to be connected

18



R
UNIVERSAL ROBOTS 2. Dual Robot Calibration

(24) The Slave robot (Robot 2) enters Free Drive Mode. Move the Slave toward the connector and attach the
screws with washers. See Figure 2.20.

(25) after the Slave robot (Robot 2) is also mounted on the tool, tap Proceed in the pop-up Figure 2.21. This
starts the robot measuring each other by moving around.

o Callbration

Joint Zeroing

ES

Figure 2.18: Device connected to the Master robot  Figure 2.19: Proceed when the tool is mounted on
(Robot 1) the Master robot (Robot 1)

o Callbration

Joint Zeroing

-

ES

Figure 2.20: Robots are fully connected Figure 2.21: Proceed when the robots are connected
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2.8 Measuring Positions and Calibration Statistics

After step 25, the robot begins to measure and identify the calibration. First, a number of initial measurements
are collected. A preliminary calibration is calculated. Second, the final set of measurements is done and the
final calibration is calculated, (see Figure 2.22 and 2.23).

meE 2+ M

Siave
ave

Figure 2.22: Collecting measurements Figure 2.23: Calculating the calibration

Afterward, a statistic is given that describes whether the found calibration is usable (shown in green, in
Figure 2.24). If the found calibration is problematic, the Calibration Results appear red.

If the results were successful, and the Auto step box is checked, the process automatically continues to
Step 26.

If the results were unsuccessful, the calibration procedure will continue. A calibration may fail for various
different reasons. Use one or more of the troubleshooting methods listed below and start a new calibration by
going back to Step 1:

¢ Check security settings are set to least restricted, (see Chapter 2.3, Step 8).

e Remove the tool connector and unmount the robots from the Calibration Horse. Clean all surfaces on
the robots, the Calibration Horse and the tool connector. Remount the robots while making sure that
nothing is stuck between the parts.

¢ If one or more joints have been replaced, check that they are mounted correctly. For example, check the
screw washers are on the correct side of the output flange.

o If one or more joints have been replaced, adjust the joint’s zero position (see the Service Manual).

L EEREALS

(=
Correct home position The robot have been disconnected
File Editor Press 'Exit' to finish or ‘Correct Home Position' correct the home position
i : Auto ste|
e Calibration o P It is not recommended and only optional to 'Correct joints zero angle'
" y since this can introduces errors to existing programs if the robot was
Joint Zeroing ot caliorated in the first place.

Master Slave

M Save calibration M Save calibration

[ Correct home position [ Correct home position

rCalibration Result:
Mean deviation 0877 mrad 0284 mm
Standard deviation 0420mrad  0.161 mm
Max deviation 2540mrad  0.907 mm

rControl Result
Mean deviation 0s16mrad 0267 mm
Standard deviation 0421 mrad  0.126 mm
Max deviation 2435mrad 0613 mm

rScale Result
Error 0.145 mm
Limit 0.300 mm

Figure 2.24: Successful calibration

The section Calibration Results contains the statistics for the accuracy of the calibration. The Control
Results are statistics for control measurements throughout the calibration process which are used to validate
the calibration.
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The statistics are provided in two units millimeters (mm) and milliradians (mrad) which refers to the RMS
deviation in Cartesian Space. The statistics contains the following fields:

Mean deviation: The average deviation in millimeters and in milliradians between the positions mea-
sured by the first and second robot

Standard deviation: The standard deviation calculated on the basis of the above

Max deviation: The maximal measured deviation

Expected Results

The calibration is successful if:
e The mean deviation will be less than 1 mm and 2 mrad
e The standard deviation is less than 0.5 mm and 1 mrad

e The difference between the Calibration and Control results is no more than 50%

2.9 Applying the Calibration

After Step 25 the calibration is applied to the controller software. The calibration is permanently saved after
succesful validation. Then the robots are ready to be disconnected.

(26) When the Remove screws dialog box appears, dismount the screws from the tool connector and tap
Proceed.. If the Auto step box is checked, the robots will continue correcting the Home Position.

NOTE:

If you tap Proceed without removing all of the screws from the tool connector on the slave
robot, each robot can make a protective stop. To resolve the problem, verify all screws are
removed and clear the Protective Stop/s. Once this is done, press Proceed again.

CAUTION:

If either robot enters a Protective Stop while disconnecting, you must remove the Tool Con-
nector and jog the robots to separate them manually. Once the robots are separate and the
Protective Stop is cleared, the disconnection dialog box reappears on PolyScope and you can
retry the step.

2.9.1 Validation

To validate the calibration, both robot tool flanges need to be completely free from e.g. screws and alignment
pins.

(27) Remove the Calibration Tool Connector and alignment pins Etc. and Proceed with the validation, (see
Figure 2.26). The robots TCP will now approach one another.

(28) Verify that the distance in-between the robot tools is within a distance of 2.5 mm +1 mm using the Go
and No Go tools, see Figure 2.27.

(a) Verify the 1.5 mm Go tool can pass between the robots tool flanges
(Figure B.3, Appendix B)

(b) Verify the 3.5 mm No Go tool can not pass between the two robots tool flanges
(Figure B.4, Appendix B)

(29) If the verification is successful in Step 28, Proceed to the next validation step... see Figure 2.28.
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® Calibration

Joint Zerong

Figure 2.25: Robots are ready for the validation pro- Figure 2.26: Proceed to the Verification procedure

ceedure when the Calibration Tool Connector, screws, and
alignment pins are removed from the robots tool
flange

e 2+ H

2.5mm +/- 1mm
o =

that the tool

R oo caravin

Is are slgned with 2 5mm +- 0.5mm in-between

Figure 2.27: Verification by alignment of tools Figure 2.28: Proceed if the verification in step 28 is
successful

Secondly the robots move to their new calibrated Home Position. It is important that the robots are fully
stretched out and the tools are pointing in the right direction, like in Figure 2.29. After Step 31 the Dual Robot
Calibration procedure is complete, (see Figure 2.31).

(30) Verify the robots’ Home Positions, see 2.29.
(31) If Step 30, tap Proceed, (see Figure 2.30).
(32) Save the calibration.

(33) Once the calibration is done,tap Exit, (see Figure 2.31).

Figure 2.29: Verify the robots’ new Home Position  Figure 2.30: Tap Proceed if the verification in Step
30 is successful
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R P AN greenee [)

=
Start motion Collecting measurements. ..
File Editor

® Calibration & Auto step
Joint Zeroing

Master Slave
[4 Save calibration [4 Save calibration

[ Correct home position [4 Correct home position

Measurement status

Number saved 311 of 337
State status

Main state Executing

This Robot Executing

Second Robot Executing

Figure 2.31: Kinematic Calibration is done

(34) Above the menu on the left, tap the arrow to exit Expert Mode.

2.9.2 Reset Calibration

The calibration can manually be adjusted or reset by editing the /root/.urcontrol/calibration.conf file placed
with the other configurations. To reset the calibration, all decimal and hex numbers are reset to zero like in

Listing 1.2.
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3 Program Correction by Key Waypoints

This tutorial describes how to perform Automatic Program Correction using key waypoints, so a program
works when moved from one uncalibrated robot to another. This technique can also be used after robot joint
replacements.

3.1 Introduction

Before starting Automatic Program Correction, backup your original program and save it under a new name.
Once a program is corrected and subsequently saved, it cannot be corrected again.

Once properly selected and redefined, key waypoints allow you to make a model describing the difference
between the old and the new robot. After the model is built, the programs are corrected when loaded. The
model can be extended/improved at any time by defining more key waypoints. The model is specific for each
installation file on the robot.

The quality of the model is determined by the number of key waypoints, the accuracy with which they are
defined and distance between key waypoints.

NOTE:

Automatic Program Correction does not currently support the following:
o Other types of waypoints with the exception fixed waypoints
e Move node with Use Joint Angles selected

The unsupported program nodes above may need to be corrected manually after the Auto-
matic Program Correction process is complete.
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3.2 Accessing Automatic Program Correction

This tutorial shows how to access and perform Automatic Program Correction

(1) Inthe Header, press and hold the Run Tab to access Expert Mode.

(2) Enter your password and tap OK.

default

Enter password

OK

Cancel

) 100%

Figure 3.1: Expert Mode screen

(3) In the menu on the left, select Calibration and tap Program correction by key-waypoints.

(4) Tap the exit button to exit Expert Mode, (see Figure 3.2)

= 2 v Q

E <unnamed> D ﬁ E

default

Joint/Robot replacement

File Editor

Program correction Method for correcting programs after joint or robot replacement

- by key-waypoints 1. Exit Expert mode
2. Select "Program Correction” in Hamburger menu
" y 3. Load program(s) with key-waypoints
4. Select and redefine key-waypoints

5. When programs are loaded they will be corrected
6. Test the corrected program

The accuracy can be improved by adding aditional key-waypoints

Kinematics calibration

| Dual Robot Calibration Kinematics calibration refines the relation between joint angles and XYZ coordinates. By
calibrating the Kkinematics, the accuracy and linearity of the robot can be improved

| Plate Calibration

| Load plate calibration |

Figure 3.2: Exit button is under the Run Tab

(5) Inthe Header, tap the Hamburger Menu and select Program Correction.
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gram _Instalation _ Move

A

z

Program Variables

<unnamed>

status

Robot Age

Days Hours Minutes Seconds

0 00 36 21

O show Waypoints

Figure 3.3: Program Correction in Hamburger Menu

(6) Enter your password to access Correction model.

R 2 QM

Enter password

<
P

P
o = Backspace

N
«
o =
~
o
©

Esc 1 2 3

- Submit

4 Shift z X c v b n m

Figure 3.4: Program Correction in Hamburger Menu

3.3 Redefining Key Waypoints
This example uses a simple pick and place program with two key waypoints.

(7) Tap Load Program to load a desired program as the Correction Model.
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<unnamed>

default

. _

Qverview of saved key-waypoints

This Robot information:
Serial Number:
20185500001
Checksum
0x86d77ca0

Delete

Figure 3.5: Load Program Tab

(8) In the program, select one of the key waypoints.

<unnamed> cc
default ccC

Filename: Filter:

Universal Robots Program files v ‘

Figure 3.6: Load Program Tab

In the Program Tree, waypoints that are not re-taught are displayed in italics with the undefined waypoint
icon.
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T <unnamed>
Bz2eH e DB
Program  Installation Move o Log i
¥/ Correction model
¢ ¥ vridrlace |+ Losd Program
@ & Overview of saved key-waypoints
© To_Pick This Robot information:
? Serial Number:
@ pick 20165512345
Checksum:
= Ox5769ffa0
©
P
@ To_Pick
2K
® To_Place
P
© Place
-
©
e P

@ To_Place

Delete

Figure 3.7: In this case, the waypoint pick is selected

(9) On the right of the screen, tap Change this waypoint to redefine the configuration for the selected
waypoint.

(10) When the Move Tab is activated, move the robot to a new position and tap OK.

2P QH e OB W

- Program Instalation  Move o Log

¥| Correction model

Waypoint: pick

? 'V P:PickPlace
? I
IS 8] 7o_Pick 0ld joint angles
® [-88.84 -105.16 -143.28 -22.96 91,46 1,09] *
o | i pion e |
©
¢ &
® To_Pick
e P
@ To_Place I' i
@
® Place
-
o]
L
@ To_Place

Figure 3.8: "Waypoint:pick" is displayed on screen

3.3.1 Corresponding Tool Position

To help this Program Correction method, it is important to adjust the Corresponding Tool Position (CTP)
which is the offset from the endpoint of the robot with or without picked objects. Examples of typical CTP
locations:

e The TCP where the robot is picks an object.
¢ The end location where the object is placed.

The CTP value redefines the waypoint. The CTP is defined individually for each key waypoint which
improves the accuracy of the correction. The TCP selected from the program installation is used as default.
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(11) Tap Change CTP to specify the CTP.

BzeH

Program  Installation  Move o Log

=unnamed=
default

TG

¥ Correction model

Waypoint: piclk

¢ ¥ p:pickplace
o s I
¢ @ @] To_Fick 0ld joint angles
® pick [-88.84 -105.16 -143.28 -22 96 91.46 1.09] *
® I
o]
9
® 1o pik IR
T New joint angles
® To_Flace
o & n o [-83.05-111.26 -132.07 -28.05 31.46 0.83] *
-
@ Place
- =TT
2 Corresponding Tool Position:
¢ @) To Fiace [0.0. 0.0, 0.0] mm

Figure 3.9: Tap Change CTP and change the CTP.

(12) Change the CTP coordinates and tap OK. This completes redefining the "pick" key waypoints. In the
Program Tree, the re-taught waypoint is no longer displayed in italics and the icon is the one for a
defined waypoint. Continue by repeating steps 8 - 12 until all key waypoints are redefined.

<unnamed>
default

B

¥| Correction model Setting the Corresponding Tool Position
9 | ¥ P:PickPlace CTP Coordinates
9 & X

0.0/ mm
® To_Pick
(2K 3
@ pick y ‘
- | |
O Yi 0.0 mm X ]
L33 4
@ To_Pick A
@ To_Place - 0.3 mm
9 & Y
@ Place
= Z
9]
9
@ To_Place

Figure 3.10: Change the CTP coordinates and tap OK

3.3.2 Waypoints from Multiple Programs

You can add key waypoints from multiple programs by adding programs, then selecting and redefining them
as previously described in steps 7 - 12.

(13) If the key waypoints are distributed over multiple programs, select the root node of the Program Tree
and tap Load Program and repeat steps from 7 onward:
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<unnamed> |:‘+-| . E
e

default

¥ Correction model
# [V prpickelace  + Load Program

@ & Overview of saved key-waypoints
© To_Pick This Robot information:
? Serial Number:
@ pick 20165512345
- Checksum:
0x5769ffa0
©
L
@ To_Pick
o @
® To_Place
P
© Place
-
©
e P
@ To_Place
Delete

Figure 3.11: Add an a program by tapping Load Program and repeat from step 7.

3.4 Handling Key Waypoints

The key waypoints are grouped by the source robot’s relationship to the new robot and its installation. Each
key waypoint is named and refers to the source program, (see Figure 3.12 and 3.13).

¢ You can expand the Correction Model node for an overview of the redefined key waypoints, (see Fig-
ure 3.12).

¢ You can select a waypoint, or a group of waypoints, and tap Delete to remove key waypoints from
Correction Model.

<unnamed> |:‘+-| . E
9pen,

default

¥ Correction model

¢ & Owerview of saved key-waypoints
‘e ©! To Pick W SN 2000200004 robot to this robot This Robot information:
; Serial Number:
) pick ¢ M Installation: default 20165512545
- © PickPlace, pick Checksum:
® ©| PickPlace, Place 0x5765ffa0
¢ Old Robot:
Serial Number:
&) To_Pick 2000200004
L Checksum:
@ To Place 0x35461a80
o @ . -
Corresponding Tool Position:
® Place [0.0,0.0,0.01mm
-
©
@ &
® To_Place
Delete

Figure 3.12: Correction Model overview
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<unnamed>

default

¥ Correction model
? ¥ P:PickPlace

@ & Qverview of saved key-waypoints
©) To_Pick This Robot information:
IS - M SN: 2000200004 robot to this robot g
. Serial Number:
) pick ¢ m \nstél\at\on. defau\t 20165512345
- ® PickPlace, piclc Checksum:
® ®| PickPlace, Place 0x5769ffa0
IS @ another_Program, additional_WP1 old Robot:
® To Pick @ another_Program, additional _WP2 Serial Number
T ® ancther_Program, additional_WP3 2000200004
@ & Checksum:
@ To_Place 0x35461a80
e Corresponding Tool Position:
® Place [0.0,0.0, 0.01mm
-
o
LK 3
@ To_Place
@ V| P:another_Program
%
@ additional_WP1
@ additional_WP2
@ additional_WP3
@ additional WP4
@ additional WP5
@ additional_WP6
Delete

Figure 3.13: Waypoints from multiple programs can be added and displayed in the Correction Model overview

3.5 Correcting a Program

Once key waypoints are redefined, PolyScope attempts to correct the program while in Program Correction
Mode.

(14) Tap Load Program and, in the Load Program screen, select the program to be corrected.

Robot controller software detects if a correction is applicable.
(15) Once the Correct Program Waypoint pop-up appears, select Correct Waypoints to correct the program.
(16) Another pop-up indicates when the correction is done.

(17) If the correction failed, verify your key waypoints and improve their accuracy.

WARNING:
Do not save an untested program, as it overwrites any previous program. Test and correct the
unsaved program before saving it.

(18) After the program is corrected, you must:

o Test by letting the robot move through its waypoints. You can play the program or select waypoints
individually and use the Move Robot Here functionality.

o Save the program under a new name. Once a corrected program is saved, the previous program is
overwritten and cannot be corrected again.

If a better accuracy is needed, add additional key waypoints to the model and repeat from step 14.
(19) Save the program only when it is tested and works as intended.

(20) Correct other programs by repeating from step 14.
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A. Calibration Plate

A Calibration Plate

ho—
Plate dimension:
800x800x12[mm]
Drawing
31.002.05
263 [H7]
640mm| o
@8 [H7]
500mm
300mm
Drawing
100 31.320.08
mm|
25mm| -
; ; ; ; ; ; . - ! I ‘ 7)85 -
:jls 85 MM 63 mm | |63mm | 63mm | 63mm | 63mm | |63mm | 63mm | 63mm | 63mm | 63mm | mm
mm
415 mm
775mm
“75m 160mm 300mm 500mm 640mm
m

Figure A.1: The calibration plate.
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B Dual Robot Tools

T ———

2 ERIERE:) T ~\
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Y 0 I OT <N
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000000
000000

000000
000000

i
.Z’

o

Figure B.1: The Dual Robot Calibration Horse

Figure B.2: The Dual Robot Calibration Tool Connector

&

Figure B.3: Go tool used in the validating procedure (1.5 mm thickness)

(" NOGQ

Figure B.4: No Go tool used in the validating procedure (3.5 mm thickness)
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