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1 Introduction

The demand of robot capabilities for accurate drilling, milling, welding or assembling on a

large scale is continuously growing. Such tasks are highly dynamic and need a sophisticated

control in order to achieve the required accuracies and forces. Contemporary industrial

robots are incapable of providing the accuracies because of imperfections in the encoder

pinion gears, structural deformations and errors in the joint links. Their calibration is

static and not updating over time which leads to inexact results.

In order to achieve high accuracies a continuous real-time control of the end-effector would

be desirable. The feedback for the control-algorithm (the absolute end-effector position

and orientation) can be provided by a Leica Absolute Laser Tracker and a 6DOF T-Mac

mounted on the end-effector. Such a Set-Up would incorporate the advantage of directly

measuring the absolute end-effector position and not depending on robot link encoders,

which comprehend the danger of error propagation.

2 Proposal

The goal of the master-thesis is to let a robot drive highly dynamic, absolute accurate paths

with minimal deflections. To achieve that the robot path has to be corrected continuously

at a high rate. Therefore a fast sensor-actor communication is mandatory.

With the new controller KRC4, KUKA provides the means for real-time interaction (250
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[Hz] update rate). In combination with the feedback from a Leica Laser Trackers AT901,

which provides 6DOF position data at a rate of 1000 [Hz] real-time communication can

be guaranteed. The first task is therefore to set up a EtherCat network in a master-slave

topology to combine these elements with a Beckhoff PLC which acts as master.

The second task is to establish a kinematic robot model and calibrate it in order to get

the DH-parameters and the robot base coordinate system. As the setup of a kinematic

robot model and its calibration comprehends a master-thesis by itself this part shall build

on previous work 1.

The third task is the programming of the control-algorithm. The controller will use the

6DOF data of a T-MAC mounted on the robot TCP as feedback for path correction and

will be implemented on the Beckhoff PLC. The goal is to determine the maximum absolute

path accuracy the robot can reach with the support of a Leica Laser Tracking system. For

this task the robot path is given (by teaching or simulation) and is primarily not part of

the thesis. For further investigation though, it would be interesting to use the ”drive by

sensor” modality to do online path planning along with path correction. This would make

teaching obsolete and give the user full control over the robot via the application PC.

Task Overview

1. Set up a EtherCat network for sensor actor communication in real-time.

2. Set up a kinematic robot model and its calibration.

3. Implement a closed-loop correction algorithm.

4. Set up a demonstrator and test it.

5. Drive by sensor only & path planning.

1see SA-Robot Calibration [4]
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3 Prior Work

At present there is a lot of work ongoing concerning robot calibration, offline and online path

correction as well as path planning. In the following a quick overview of todays techniques

will be given.

3.1 Robot calibration

The purpose of robot calibration is to increase the absolute accuracy of a robot. It com-

prehends always the identification of the relationship between joint angles and workspace

position. Generally three different levels of calibration can be defined [6]. Level one cali-

bration describes only the relationship between the joint transducer signal the actual joint

angle. Level two calibration comprehends the calibration of the whole kinematic robot

model. Whereas level three calibration includes also non-kinematic influences, such as joint

friction, link compliance and many other parameters.

The most common way to describe a kinematic robot model is the Denavit-Hartenberg (DH)

notation which maps four parameters, the twist angles, the link lengths, the link offsets and

the joint angles. The calibration method of Spatial-Analyzer [4] uses the DH-notation for

a full robot calibration but also adds some additional parameters to it. For this calibration

the robots TCP-position and orientation in space is measured in several different poses.

This calibration method is a level three calibrations. It permits to increase the absolute

robot accuracy up to 0.2 mm. But still the calibration process is static and doesn’t map

thermal expansion effects nor is it possible to reach accuracies higher than 0.2 mm.

3.2 Offline/Online Path Correction

Most path correction approaches today are based on offline methods as most industrial

robot aren’t capable of real-time interaction. For offline path correction there are several

approached as to e.g. to teach a path then letting the robot drive through and measure it.

The analysis of those to paths allows to calculate a corrected path (see [5]). Nevertheless

there are also some online path correction approaches. Online path correction means that

the robots TCP position is measured while driving and used as feedback to correct the
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current robot position. Spatial-Analyzer (see SA-Machine Interface [?, SA] provides the

means to correct a specific robot position with a move-measure-correct algorithm. The

actual robot TCP position is measured and compared to the position where it is supposed

to be. The corrections are then transferred to the robot controller which corrects its position

by marginal amounts. This process is then repeated until the specified absolute tolerance

is reached.

Still the problem is that this algorithm allows only single position correction and is far away

from real-time. Also the most interesting part is to correct an entire robot path and not

only single positions.

3.3 Leica Laser Tracker[3]

A laser tracker from Leica Geosystems is a portable measurement system that relies on

a absolute interferometer to accurately measure and inspect in a radial volume of up to

320 [m]. The Leica Absolute Tracker AT901 can track reflectors and 6DOF devices (position

and rotation). The integrated real-time EtherCat slave card allows to output the data at

a frequency up to 1000 [Hz] for both position and rotation. Moreover the integrated PSD

(position sensing device) allows a flawless tracking of moving targets at a lateral speed up

to 4
[m
s

]
and a radial speed up to 6

[m
s

]
. Even if the target gets lost the Leica Laser

Tracker will easily lock it again due to its Powerlock. The accuracy of the Leica AT901 is

15 [µm]± 6
[µm
m

]
.

3.4 KUKA Robots[2]

KUKA provides six axis robot systems. These systems are further extendible by linear axes

like rails. Also the new KR C4 controller allows communication with a frequency up to

250 [Hz]. KUKA Ethernet KRL XML makes it possible to set up an anticyclic Ethernet

link between a robot controller and up to nine external systems. Communication can also

be realized over a serial port.
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3.5 EtherCat for Communication[1]

Typical automation networks are characterized by short data length per node, typically

less than the minimum payload of an Ethernet frame. Using one frame per node per cycle

therefore leads to low bandwidth utilization and thus to poor overall network performance.

EtherCAT therefore takes a different approach, called ”processing on the fly”. With Ether-

CAT, the Ethernet packet or frame is no longer received, then interpreted and copied as

process data at every node. The EtherCAT slave devices read the data addressed to them

while the telegram passes through the device. Similarly, input data are inserted while the

telegram passes through. The frames are only delayed by a fraction of a microsecond in

each node, and many nodes - typically the entire network - can be addressed with just one

frame.

Short cycle times can be achieved since the host microprocessors in the slave devices are

not involved in the processing of the Ethernet packets to transfer the process images. All

process data communication is handled in the slave controller hardware. Combined with

the functional principle this makes EtherCAT a high performance distributed I/O system:

Process data exchange with 1000 distributed digital I/O takes about 30 [µs], which is typical

for a transfer of 125 [byte] over 100

[
Mbit

s

]
Ethernet. Data for and from 100 servo axis can

be updated with up to 10 [kHz].
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