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There is a demand in industry for man-
ufacturing of advanced parts with high
precision due to the increasing complex-
ity of modern technology. These parts
are typically made by CNC (Computer
Numerical Control) machines, which
are both expensive and comparably
big. These machines can produce com-
plex metal parts with high accuracy by
milling in materials such as aluminum
or titanium.

By using industrial robots that are sig-
nificantly cheaper, costs can be reduced.
This cost reduction is particularly bene-
ficial for small and medium-sized enter-
prises (SMEs). However, robots are not
as stiff or accurate as CNC machines.
The idea of this thesis was that by us-
ing feedback control, this could be com-
pensated so that the robot could perform
machining with high precision.

Background

This thesis was part of an EU co-funded
research project called COMET, which
is a collaboration between the Robotics
Lab at Lund University and other aca-

demic and industrial partners [COMET,
2013).

The research evaluates the use of
industrial robots for advanced ma-
chining. It requires that robots can be
made accurate enough to produce parts
within specified tolerances. Compared
to CNC machines, robots are signifi-
cantly cheaper [Berselli et al, 2013,
have a smaller work cell, and if mounted
on rails they can machine larger parts.
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Problem Definition

Industrial robots have lower absolute ac-
curacy than CNC machines because of
their lower stiffness. This needs to be
compensated for in order to produce
parts within the specified tolerances. In
this project it was decided that an ac-
ceptable tolerance was a maximum po-
sition error of 0.1 mm for milling with
arobot [Berselli et al, 2013]].

The aim in this thesis was to evalu-
ate if it was possible to reach accept-
able tolerances by designing a controller
that could compensate for position de-
viations. It required an algorithm that
could calculate the error from measured
positions and then update the milling
path of the robot according to these er-
rors.

Method

A robot cell was set up at AML Ltd
in Sheffield, UK, one of the COMET
partners. The cell was used for testing
and evaluation in this thesis. An image
of the experimental setup can be seen
in Figure [I] Experiments based on the
methods described in this thesis were
also done on a similar robot cell by
SIR in Modena, Italy, which is another
COMET partner.

Robot Cell The robot cell at AML
was set up with an industrial robot from
ABB with a work object mounted at its
end-effector. A milling tool was placed
in a fixed spindle. The robot had six de-
grees of freedom and to measure the
position and orientation of the work
object, relative to the spindle, a high
precision optical tracking system from
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Nikon Metrology was used. With in-
frared LEDs mounted on the spindle and
the work object, the camera could mea-
sure their positions. An overview of the
robot cell is seen in Figure
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Figure 2 Overview of the robot cell
at AML [Berselli et al, 2013|).

An ABB control cabinet was used
for trajectory generation based on pre-
defined tool paths, which include coor-
dinates and robot speed.

The Robot Task The task in this
project was to mill a surface finish in
pockets that had been pre-milled in the
aluminum block, see Figure E} These
pre-milled pockets had 1 mm of material
left to be milled on the walls inside the
pocket. To analyze the results from us-
ing compensated tool paths, the surface
finish was first milled and measured with
the nominal path. The compensated tool
paths were then used for milling the fin-
ishing of the pockets. The measurements
from the different executions were then
compared to each other to investigate if
there had been an improvement.

ILC Method

The Iterative Learning Control (ILC) al-
gorithm was chosen as a suitable con-
trol strategy, since the position errors



Figure 3 Placement of aluminum
block and robot arm relative to tool and
spindle.

that occurred when milling were consid-
ered to be repetitive. ILC uses the er-
ror from previous iterations and adds it
to the control signal, which is called the
ILC update law. With a correct mathe-
matical model of the system, the optimal
solution is to invert the system dynam-
ics and add the inverted position error to
the controller input. Eventually the out-
put will converge towards successful re-
sults. If the position errors from milling
were completely repetitive, ILC should
significantly reduce them.

Model and Control System The soft-
ware Matlab with Simulink was used for
creating a mathematical model of the
system. It was designed to handle the
signals sent to and from the ABB control
cabinet as well as the signals received
from the camera. By processing the sig-
nals, measurements could be translated
into X, y, and z coordinates. These sig-
nals could then be monitored and modi-
fied.

Matlab was also used to create a
script that could calculate and gener-
ate ILC compensated tool paths in three
dimensions (X, y, and z). The script can
read and analyze chosen data files with
measurements and then calculate com-
pensated tool paths by using ILC algo-

rithms.

Creating Tool Paths An original ref-
erence path was created in Matlab for
the robot to follow when milling the
pocket’s surfaces. This was called the
uncompensated tool path. The robot’s
positions were then measured during
the milling procedure. These positions
were compared to the original reference,
which revealed the position deviation of
the robot. The position error was calcu-
lated along x, y, and z at each position in
the program and was then filtered with
a low-pass filter before it was added to
the reference. By inverting the calcu-
lated position error and adding it to the
original reference, a new tool path was
created. This new modified reference
was called the compensated tool path.
The compensated tool path in the z di-
rection, which is the attack direction of
the tool, can be seen in Figure 4]
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Figure4 Original z reference (black),

measured data (red), position error

(green) and ILC compensation (blue)
over time (Point Index) [250 Hz].



Results

To evaluate the result of using ILC,
experiments were done with the robot
moving in free space and when milling.
The results achieved when the robot was
moving in free space showed a signif-
icantly increased accuracy. It exhibited
a reduced error of 56-67%. Because of
these successful results, tests were also
done when milling.

Milling Results The results were eval-
uated by comparing the measured data
from milling with the uncompensated
tool path to milling with an ILC com-
pensated reference. Experiments were
made with a milling speed of 10 mm/s.
To get an accurate estimate of the errors
in each direction, the variance, standard
deviation, and improvement in standard
deviation were calculated. The result
showed an improvement from ILC com-
pensation also when milling. With the
values of standard deviations from the
compensated path and the nominal path,
the improved standard deviation could
be calculated as

Compensated path

Improvement = 1 Nominal path
The result was a reduced error of 11.4%
in x direction, 19.6% in y direction, and
a significantly reduced error of 56.4%
in z direction. A diagram that shows the
milling result can be seen in Figure 5]
With these improvements, the z direc-
tion was well within the specified ac-
curacy of 0.1 mm. For x and y the
average error was reduced from about
0.4 mm to about 0.15 mm. These results
were generated with only one iteration
of ILC, which indicates that further it-
erations might improve the results even
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Figure 5 Overview of milling result
in z position with the original z refer-
ence (blue), nominal path (red) and ILC
compensation (green) over time (Point
Index) [250 Hz].

further. When performing the same ex-
periments on the robot at SIR in Italy,
similar results were achieved.

These successful results show that
robots can be used for advanced manu-
facturing when using ILC compensated
tool paths.
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