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Cold forming Simulation by means of the Finite
Element Method

Sebastian Bauer, and Franz Josef Falkner (supervisor)

Abstract—Cold forming is a widely used forging
technique that shapes metal materials at near room
temperature and enables to produce large amounts in a
fast and cost effective manner. However they introduce
residual stresses in the steel components and therefore
change the resulting stress range which affects their
fatigue life. It is therefore important to consider these
influences as early as possible in the product develop-
ment process, which is why two master thesises at the
Mechatronics Department of the MCI dealt with this
topic. Therefor two cases of cold forming applications
were provided by the company of STIHL Tirol Ag and
were examined in this thesis to develop a methodology
for the simulation of cold deformation processes by
means of the finite element method. Because of the
consideration of plasticity and the implementation of
contact mechanics, several non linearities were intro-
duced that allow a more realistic representation of the
actual forming process but lead to the result that non
linear simulations have to be carried out. Therefor the
methodology is described by the setup of the two cases,
followed by a validation of nonlinear input parameters.
Following the simulation results are investigated in
the form of stress and strain distribution as well as
the force reactions on the forming tools. Results of
this thesis show, that the simulation methodology was
developed successfully and that there are inhomogenous
distributions of residual stresses as well as plastic strains
in the parts after the forming processes. Further, quite
high plastic strains and resulting force reactions were
observed. The plastic strains of the deformed parts are
then used further as input data for the second thesis with
the title ”Fatigue life simulation process for coldformed
parts”. In addition the force reactions at the forming
tools can be used for the optimization of existing forming

Sebastian Bauer studies at MCI, Innsbruck, Austria,
E-mail: s.bauer.1223@gmail.com

F.-J. Falkner is with the Department of Mechatronics,
MCI, Innsbruck, Austria.

operations or even for the development of new cold
forming mechanisms.

Index Terms—Cold forming, FEM Simulation, large
strains, material nonlinearities, contact mechanics.

I. INTRODUCTION

”IRON and steel industry is one of the most
energy intensive and largest contributing in-

dustries to global greenhouse gas emissions.” [1]
was the key message of an article in which an
overview of emissions caused by the global steel
industry in various countries is provided. Therefore,
it is recommended to use this material as efficient
as possible in the design of new components or
machines, which has only become possible by the
widespread implementation of simulation software.
Amidst the most common simulation methods is the
Finite Element Method to determine the deformation
and the resulting stress and strain relations during
or after loading conditions. Since most of the simu-
lations are used to determine the structural stability
of parts, mainly the elastic region is used, because
this methodology is sufficient for most engineering
applications. For the application to fatigue analysis,
more attention has to be drawn to the plastic behavior
of metal materials. However, the influence of cold
forming processes on the fatigue behavior of steel
components is partly unknown. In order to address
this complex topic in more detail, two master’s
thesises are being carried out at the MCI’s Faculty
of Mechatronics. While the fatigue behavior will be
discussed in more detail in further work, this thesis
deals with the development of a methodology for the
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set up of a cold forming simulation model in ANSYS
Workbench.

II. LEADING QUESTION

One of the main goals for this thesis is to develop
a methodology for the simulation of coldforming
processes. For this manner two different cases of
cold forming applications are investigated.

A. Case 1: Lawnmower Axle

The first part of interest is the axis of a lawnmower,
produced by STIHL. The material is a S235 steel and
it is a produced by the bending of a metal wire with
a diameter of 12mm, as can be seen in figure 1

Fig. 1. 2D CAD Draft of the Lawnmower Axle

B. Case 2: Lawnmower Handle

The Handle was produced by the stamping of a
Steel Pipe with an outer diameter of 25mm and a
wall thickness of 2mm, whereas the same material
of S235 stell was used.

Fig. 2. 2D CAD Draft of the top part of the Lawnmower
Handle

For the forming of the handle, detailed pictures
were available after a fieldtrip to Farthofer GmbH in
Wörgl, Tyrol. The Forming takes place by pressing
the stamp (3) onto a raw metal pipe(2), which can
be seen in figure 3.

Fig. 3. Industrial Application of the coldforming Process

The pipe was hold in place by a fixing mechanism
(1) and a forming support (4).

III. NONLINEAR DYNAMIC FINITE ELEMENT

ANALYSIS

In a linear FEM analysis, the effects of a cer-
tain load on a component are investigated, whereby
stresses and strains can be calculated directly by a
linear correlation between stress and strain. The lin-
ear relation is often limited for practical applications
due to many factors like the following that lead to a
non linear system according to [2]:

• non -linear material law
• geometric non- linearity
• contact mechanics
Especially the material non linearities are consid-

ered for the representation of the plastic material
behavior.

A. Plasticity Models

Basically the models for elastic-plastic behavior
start with a decomposition of the total strain into
an elastic and a plastic part. For both parts separate
models are implemented. The plastic part can be
described by three essential characteristics of the
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plasticity models according to [3], namely the flow
rule, the yield criterion and the hardening rule which
is explained in more detail in the following section.

B. Isotropic Hardening

For many materials, the yield criterion is defined
by the evolution of plastic strain. This correlation
is called hardening and is defined by the hardening
rule. After continuing loading after the yield strength
is used, the stress as well as the plastic strain increase
even further for a material that has elastic-plastic
behavior. This hardening behavior can be described
by two common hardening rules according to [3].
For isotropic hardening, plastic loading increases
the yield surface, and therefore the yield stress in
uniform direction. This type of hardening is used
in order to model the behavior of materials under
monotonic loading and elastic unloading. In contrast
to isotropic hardening, kinematic hardening does
not lead to an uniform increase but to a shift of the
yield surface. Further, kinematic loading is observed
for cyclic loading of metals which is not used for
this application [4].

The hardening behavior of metals can be described
by the approximation of different material models.
In this thesis the application of the multilinear hard-
ening models is investigated. As the name implies,
multilinear isotropic hardening is described by the
combination of multiple linear stress- strain curves
with different slopes, as can be seen in below figure
4.

Fig. 4. Multilinear stress strain diagram after [3]

This model is constructed by a piece-wise linear
stress-strain curve. Whereas the start of curve is at the
origin and the first stress-strain point is correspondent
to the yield stress where the following data points
define the elastic-plastic material response.

C. Material Properties

Since the success of the simulations depends
highly on the used material type, it is a very im-
portant topic that has to be addressed further. The
material which was used by STIHL Tirol for the
manufacturing of the parts was a steel of the cat-
egory of with a yield strength of 235 MPa. For
the implementation to the simulation a very similar
steel, namely S235 was used, where the ”S” indicates
the application in the field of steel construction.
Although this material may have different charac-
teristics regarding the direct manufacturing process,
it can be used for the development of a simulation
methodology.

IV. SIMULATION SETUP

For the simplification of the real world system it is
very important to know the real application in detail,
in order to keep the simulation model as simple as
possible. This is achieved by neglecting unnecessary
details, removing sharp edges or taking advantage of
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the symmetry, which is conducted in the following
sections.

A. Model Setup Case 1

The final simulation elements for the axle are
exposed in figures 5 and 6.

Fig. 5. Side view of the element
geometry of case 1

Fig. 6. Front
view of the ele-
ment geometry of
case 1

The model consists of five bodies that represent
different functions during the forming process. The
two rectangular elements (1) and (2) represent the
clamping of the axle(3), whereas the upper round
element represents the forming mandrel (5) and the
lower one represents the support mandrel (5).

B. Model Setup Case 2

In comparison with the first case, the simulation
of the handle represents a more complex example,
which is why it was carried out after the first case
yielded sufficient results. The final simulation setup
is depicted in figure 7.

Fig. 7. Isometric view of element geometry of case 2

In above figure the ”C” shaped body in the
middle represents the raw pipe (3), which had to
be defined as ”flexible” in the program settings.
The lower body represents the forming support (2)
and the upper body represents the forming stamp (1).

C. Mesh Generation of Case 1

At first the complete body of the axle was meshed
to generate 3D solid elements all across the body.
For the rigid bodies only a face meshing had to be
conducted on selected faces at the surface. The result
of this process is presented in figure 8 with a very
small mesh size of 0,5mm.

Fig. 8. Mesh generation on the axle

It can be seen, that there is a very well structured
and well sized mesh all across the body of the
axle. However, if one takes a closer look at the
cross-section of the axle, as shown in figure 9, this
impression changes.

Fig. 9. Mesh generation on the cross section of the axle

D. Mesh Generation of Case 2

The pipe was meshed according to the first case
with volume elements and face meshing for the
contact surfaces. In below figure 10 a 3D view of the
assembly is shown with a mesh size of 1mm whereas
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the later simulation was conducted with a mesh size
of 0.5mm.

Fig. 10. Mesh generation for case 2

Similar to section IV-C, the mesh looks sufficient
for the surface as well as the cross section resolves
in a regular mesh.

E. Boundary Conditions for Case 1

Before the load conditions can be defined, it is
beneficial to deal with the support of the individual
bodies first, where the supports as well as the support
mandrel was fixed by a remote displacement with
constraints in all degrees of freedom. The axle itself
was constrained by the friction between the two sup-
ports and a remote displacement that constrained the
movement only in Y-direction. This was conducted
in order to prevent a rigid body motion of the axle
during the first steps of the simulation. Following the
loading can be defined, which was achieved in this
case by a remote displacement, which can is shown
in figure 11.

Fig. 11. Boundary conditions on the axle

It can be seen, that the forming mandrel rotates
around the support mandrel clockwise, following a
defined pattern which can be seen in table I.

TABLE I
BOUNDARY CONDITIONS: LOAD STEPS FOR CASE 1

step number simulation time rot. displacement
s °

1 0 20
2 1 80
3 2 91
4 3 88

In order to increase convergence behavior, the
loading is conducted in smaller steps at first to 20°
and 80° until the maximum at 91° is reached. Due
to the elastic portion of the strain, the process has
to achieve a small over bend, which is why the
maximum rotation is one degree further than the
desired bend at 90°. Because only the stresses that
were introduced into the material during the bending
operation are of interest, a backwards rotation to
88° is realized to relax the part.

F. Boundary Conditions for Case 2

Similar to previous section the support was
fixed by a remote displacement without any degree
of freedom. Similar to previous section, the raw
body has to be constrained into Y- direction,
which is feasible due to the real manufacturing
process. Since there are two end parts of the metal
pipe, they are formed simultaneously and thereby
locking each other in translational direction along
the tube. Hence the forming stamp is the only
body that moves due to a remote displacement in
a translational manner, which is exposed in figure 12.

Fig. 12. Boundary conditions for the handle
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Since the rigid body motion is not that com-
plex compared to the first case, the loading can be
achieved by just two steps that are listed in table II.

TABLE II
BOUNDARY CONDITIONS: LOAD STEPS CASE 2

step number simulation time translat. displacement
s mm

1 0 21
2 1 20

It can be seen, that the stamp descends 21mm into
positive Z direction and realizes the deformation of
the raw pipe. As soon as the stamp has reached its
final position it retrieves again around 1mm in order
to counteract the elasticity.

G. Contact Definition

In general, ANSYS Mechanical supports two
different types of contact relationships. The first type
is the connection between two solid bodies, where
the second one describes the connection between
a flexible and a rigid body. Although the forming
tools have a certain flexibility in reality, they can be
considered as solids in the simulations because their
stiffness is considerably higher than that of the raw
piece. [5]

Further there are many more options provided by
the contact settings of ANSYS. While most of them
can remain unchanged a few additional settings have
to be done which are exposed in table III.

TABLE III
ADDITIONAL CONTACT SETTINGS

definition
type frictional
frictional coefficent 0, 18
behavior asymmetric
advanced
formulation normal lagrange
geometric modification
interface treatment adjust to touch

In the first section the contact is defined by its
type, which is a frictional contact (µ=0,18), and its
behavior. In reality the contact between forming
tools and the raw parts would be considered as
symmetric because the load operates into both
contact surfaces. However the hardness and stiffness
of forming tools is significantly higher than of the
raw part which is why the contact behavior can be
modeled as asymmetric.

For the first case, all of the contact surfaces are
located at the touching points of the tools on the axle.
This is also the case for the second case, whereas an
additional contact is created during the course of the
simulation as soon as the inside of the tube gets into
self contact.

H. General Analysis Settings

In order to conduct a nonlinear simulation, the
analysis settings have to be adjusted according to
table IV.

TABLE IV
ANALYSIS SETTINGS FOR NONLINEAR ANALYSIS

step controls
auto time stepping On
define by substeps
initial substeps 30
minimum substeps 30
maximum substeps 1000
solver controls
weak springs On
large deflection On

As soon as the Auto Time Stepping option is
enabled, a nonlinear simulation process is conducted.
In order to increase the convergence behavior sub
steps should be used which were defined between 30
and 1000 sub steps. In order to simulate the strong
deformations during a coldforming analysis, the
options of ”Weak Springs” and ”Large Deformation”
have to be enabled.
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V. RESULTS AND INTERPRETATION

In the course of this thesis, simulation results
for equivalent stress, equivalent elastic strain and
equivalent plastic strain were determined. However,
for the later application in the fatigue analysis, only
the equivalent plastic strains are of further impor-
tance. Therefore those results will be discussed in
the following sections.

A. Equivalent Plastic Strain for Case 1

Following to the distribution of stress in the previ-
ous section, the highest values for plastic strain will
also be seen at the contact points with the mandrels,
which can be seen quite clearly in figure 13.

Fig. 13. Equivalent plastic strain distribution for case 1

Furthermore, it can be assumed that the stresses
and the resulting strains along the neutral fiber ap-
proach zero or at least have their minima, which can
be seen in more detail in figure 14.

Fig. 14. Equivalent plastic strain over cross section for case
1

It can be seen that the maximum value occurs
exactly in the middle of the bend at the inner side.
Theoretically, the maxima should appear symmetri-
cally at the innermost as well as on the outermost

fibers. This implies, that the elements inside the
neutral fiber experience much higher loading than the
elements laying on the outer side. One reason for this
phenomenon may be the superposition of different
load conditions.

B. Interpretation of Case 1

The maximum penetration is set into relation to
the geometrical dimensions which is described in
this case by the diameter of the axle. According to
[6] the relation between the maximum penetration
and the geometric dimension should be lower than
1%. With a value of 0,199 % this is the case,
which is why one can assume that the penetration
has a minor influence on the simulation results.
The distribution pattern of the equivalent plastic
strain looks quite symmetric, as can be seen in
figures 13 whereas the loading increases in the
direction to the inner radius as can be seen in figure
14. The maximum plastic strain is at 63,25 %. In
addition to the elongation strain that is achieved
by the deformation operation, the strain that is
caused by the contact at the support mandrel leads
to a superposition of loading conditions. A further
influence by the frictional stress in between is
supposed which results in the end to such a high
equivalent plastic strain.

C. Equivalent Plastic Strain for Case 2

After the equivalent stress distribution and the
shape of the deformed part was discussed previously,
the distribution of equivalent plastic strain is ad-
dressed here. In figure 15 the plastic strains which
were introduced into the material during the forming
process are exposed across the whole part.
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Fig. 15. Equivalent plastic strain distribution at the handle

The extremely high equivalent plastic strains, rang-
ing from the maximum at 111% to around 61 %,
only occur locally in the area where the material
experiences the highest deformation.

VI. INTERPRETATION OF CASE 2

Since the contact surfaces have a significantly
higher influence at the simulation result for the
second case than for the first case, the contact
parameters have to be observed carefully. Because
the relation of the maximum penetration over the
complete forming process with respect to the wall
thickness of the tube is only at 0,071%, it is far
lower than the treshold of 1 %. Therefore it can be
stated, that the penetration has a minor influence
on the simulation results. Similar to the first case,
the maximum equivalent plastic deformation is also
found at the place of highest deformation with a
value of 110,5%, which is why a superposition of
load conditions has to be assumed as well.

VII. CONCLUSION AND OUTLOOK

The goal in this work was the establishment of
a methodology in order to simulate the behavior
of steel during cold deformation. This goal was
achieved by means of a minimum working example
and could successfully be applied to a more complex
model. In addition the reaction loads were deter-
mined that can be used for the further development of
forming tools and mechanisms. To put this methodol-
ogy into direct industrial application, a more in depth
look at the real process parameters has to be con-
ducted. Further a tensile test with the used material
would increase the accuracy of the material model.

Based on the results of this thesis, a second master
thesis with the topic ”Fatigue life simulation process
for cold formed parts” was executed by Mr. Raphael
Sigloch at the MCIs mechatronics department.

ACKNOWLEDGMENT

Throughout the work of this thesis, I was very glad
to receive a lot of support and assistance by many
persons. First of all I want to thank my supervisor,
Dr. techn. Franz-Josef Falkner for his patience and
support. My fellow student colleagues I want to
thank for their support and motivation over the whole
course of this thesis. Finally I want to thank my
parents for the financial and emotional support during
my whole studies and especially during the masters
program.

REFERENCES

[1] A. Hasanbeigi, “Global steel industry’s ghg
emissions,” https://www.globalefficiencyintel.com/new-
blog/2021/global-steel-industrys-ghg-emissions, 2022,
global Efficiency Intelligence.

[2] C. Gebhardt, Praxisbuch FEM mit ANSYS Workbench,
2nd ed. Hanser, 2011.

[3] “Material reference,” PDF, 2022, aNSYS, Inc. and
ANSYS Europe.

[4] M. Hofer, “Fatigue strength,” PDF, 2020, lecture Notes
- MCI.

[5] “Ansys mechanical advanced connections,” PDF, 2017,
aNSYS, Inc. and ANSYS Europe.

[6] P. Wriggers, Computational Contact Mechanics,
2nd ed. Springer, 2006.

Sebastian Bauer graduated
in mechanical engineering
in 2020 at the University of
applied sciences in Rosenheim.
Following he moved to
Innsbruck, Austria to begin
his masters degree course in
mechatronics at MCI, e-mail:
s.bauer.1223@gmail.com

24



Assembly of an optical characterization bench
dedicated to the coupling between a laser and an

optic photonic chip (OPA)
Germain Favier, Sylvain Guerber (CEA-Leti supervisor), and Sebastian Repetzki (MCI supervisor)

Abstract—Light imaging detection and ranging (LiDAR) is the
light equivalent of radar technology and is a method suitable for
self-driving cars obstacle detection. Using an optical phased array
(OPA), a small photonic chip which can steer the laser beam in
different directions, the LiDAR system could be implemented in
cars with low cost and high precision.
To find a suitable laser and OPA combination for self-driving
cars, a characterization bench is build to determine the inter-
action characteristics between the OPAs and tailor-made lasers.
The lasers that will be used on the bench emit an elliptic and
divergent beams. So the bench needs to position the laser source
edge to edge with the edge coupler of the OPA, while allowing
for control of the roll, yaw and pitch of the laser source and
giving reliable and repeatable measurements.
The bench uses a camera and a microscope to monitor the
position of the laser source respective to the edge coupler of
the OPA, and uses image processing on the obtained images
to measure the position and orientation of the laser source. A
parallel robot (Steward platform) is put on the bench to give the
laser source six degrees of freedom, and a piezoelectric linear
actuator (nanocube) allows the laser to make small and repeated
translations in the three directions in space. An algorithm was
developed to determine the position of the laser source in 3D, and
Python classes were created to use the bench and its different
elements.
The classes created to manipulate the bench allow the charac-
terization of a laser source and a photonic chip within one hour,
starting from scratch on the bench. The optimal position, with
the maximum optical power transmitted, of the coupling can be
determined clearly for a laser source and photonic chip. Using
the algorithm designed for the bench, the position of the laser
source could be determined at a 10 µm precision on the X-,
Y- axis of the hexapod and at a µm precision on the hexapod
Z-axis. The accuracy in the found position of the laser source
allows the control of the orientation of the laser with almost no
translation. Lastly, a contact detection method was deployed on
the hexapod to know when the laser source comes in contact
with an obstacle.
The bench which has been build and tested, will be used to
characterize photonic chips with elliptic and divergent laser
sources, in particular OPAs. The characterization bench will be
used in European project VIZTA to study the use of OPA for
possible LiDAR applications in self-driving cars.

Index Terms—Stewart platform, Piezoelectric linear actuator,
Image processing, Characterization Bench, OPA, VIZTA

I. INTRODUCTION

TO develop widespread self-driving cars, a reliable and
low-cost 3D imaging technique is needed. One such 3D

G. Favier, Management Center Innsbruck, e-mail: fe7337@mci4me.at
S. Repetzki, Department of Mechatronics, MCI, Innsbruck, Austria.

imaging technology is light detection and ranging (LiDAR),
where the distance between the emitter and any obstacle can
be measured through the time of flight (ToF) principle. ToF
works by knowing the speed of the wave sent and measuring
the time the wave takes to come back. Doing so the distance
to any obstacle can be measured. To steer the optical beam
in the LiDAR and determine the distance to obstacles in 3D
from the emitter, an optical phased array (OPA) can be used.
An OPA use the constructive and destructive interaction of
the light to steer the light beam in one direction, by having
constructive interference of the laser light in the desired
steering direction and destructive interference in all other
directions. Current estimates indicate that a LiDAR used on
self-driving car needs to detect an obstacle from at least 200
m [1] among other specifications. A characterization bench
needs to be build to determine the characteristics (optical
power, angle resolution and more) that can be transferred
from different laser sources to different OPAs output, and to
find which laser source and OPA combinations are suitable
for application of LiDAR in self driving cars.
Characterization benches and the process by which a laser
source and an OPA are characterized already exist [2]. But
the bench build here varies in the type of laser source and
the coupling technique used. The coupling technique used
in [2] is a grating coupler. Inside a photonic chip, such
as OPA, waveguides are used to guide the light. Grating
coupling function by sending the light at an angle from the
waveguide as shown in figure 1. Grating coupling makes the
alignment of the laser source and the edge coupler of the
OPA permissive to error, but at the price high optical power
losses [3]. Instead an edge coupling technique is used on
the bench presented here. The light is send in the direction
of the photonic chip waveguide as shown in figure 2. Edge
coupling exhibits less losses and a higher bandwidth than
grating coupling, but is more sensitive to alignment error [3].
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Figure 1. Grating coupling as pre-
sented in [4] Figure 2. Edge or butt coupling as

presented in [4]

The laser sources that have to be characterized on this
bench send an elliptical and divergent beam, making the

edge coupling even more difficult. The edge coupler of the
OPA has to have an elliptic profile as well to get as much
power as possible from the laser source. These 2 elliptical
profiles have to be superposed by the bench. To do so, the
laser will be controlled by a 6 degrees of freedom mechanism
to control the orientation and the position of the laser source.
Since the laser beam is divergent the laser source and edge
coupler will have to be put as close as possible to each other
during characterization. Finally, the mechanism will need to
test quickly many position where the coupling might happen
to find the best coupling position where the maximum optical
power is transmitted. The different parts of the characterization
bench and the procedure to make a fast and reliable coupling of
a laser source and a photonic chip is detailed in the following
sections.

II. METHODS

A. Bench set up

To manipulate the laser source, it is put on an actuator
using piezoelectricity [5] called Nanocube which itself is
put on a hexapod [6][7] both made by the company physic
instrument (PI). The nanocube from PI is composed of an
immobile part and a mobile part, actuated by 3 piezoelectric
elements perpendicular to each other which correspond to the
3 axes seen in figure 3. The nanocube movement are controlled
through a PID controller by applying a voltage proportional to
the desired position on each of the axis. With the nanocube,
high precision and speeds can be achieved. The nanocube is
used to make the fine tuning of the characterization, after an
approximate position is found with the hexapod.

Figure 3. Nanocube P611 from PI (Physik Instrumente)

The Hexapod is a parallel robot composed of an immobile
platform called Base and a mobile platform called Platform,
linked by 6 arms which are linear actuators as seen in figure
4. The elongation of the arms determine the mobile platform
position and orientation. The hexapod used on the bench can
use different coordinates systems created by the user starting
from the original coordinate system, called Hx, positioned at
the center of the mobile platform when all the arms are at
mid-length. 2 coordinates systems are of particular importance,
the Worskpace, abbreviated W in schematic, and the Tool,
abbreviated t in schematic. Both allow for rotation around
their origin, but the Worskpace origin is fixed in space while
the Tool follows the movements of the hexapod. So the Tool
can be attached to a real object, in our case the laser source we
want to manipulate. The workspace origin is put at the laser
source position when the hexapod is at its origin to measure
the laser source translation from this reference position. With
the Tool, the laser source roll, yaw and pitch can be corrected
without translation.

Figure 4. Hexapod H811 from PI (Physik Instrumente)

To monitor the alignment of the laser source and the
photonic chip, the characterization bench will use a camera
and a microscope. The camera and microscope are fixed on
a stand with 2 perpendicular manual actuators to move the
field of view of the camera on the bench. The photonic chip
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is installed on a stand composed of 2 elements that can be
translated or rotated manually. The different elements of the
bench will be installed so that the coordinate systems of each
elements of the bench are aligned on the camera frame. So the
X- and Y-axis of each coordinate system will be aligned with
the h and v axis of the camera field of view during the bench
set-up. Lastly, to measure the optical power that is emitted
by the photonic chip, an optical power meter is present. The
elements of the bench and their layout are depicted in figure
5, depicted with the desired position of the tool coordinate
system and the workspace coordinate system.

Figure 5. Heat sink and stand

The bench will be piloted with a Python program developed
using object-oriented programming (OOP) to follow the bench
changes (if actuator are added or removed). The user will
interact with the class characterization bench to pilot the char-
acterization bench. The class characterization bench contains
one instance of camera, nanocube and hexapod. The summary
of the classes interaction and their different functions can be
seen in figure 6

Figure 6. UML diagram of the characterization bench

The following Python libraries are used: NumPy, scikit-
image, OpenCV and the PI Python library to manipulate
hexapod and nanocube.

B. Laser and photonic chip alignment

The first step to characterize the laser source and photonic
chip is to align them both on the axis perpendicular to the
camera plane. The depth of field of the microscope used on the
bench is small (3.5 µm). So the image is blurry outside a small
height range. First, the microscope is focused on the photonic
chip to clearly see the latter with the camera. Then the camera
and microscope are moved over the laser source. By moving
the laser source perpendicularly to the camera filed of view,
and assessing the blur on the image taken with the camera
of the photonic chip, it can be determined if the laser source
and photonic chip aligned or not. To asses automatically the
blur on an image, 2 image quality assessment (IQA) method
are used. The first method uses entropy [8] and the second
method uses the Fourier transform [9].
To compare both method, a video was taken of the laser source
moving from its original position to 5 mm on the Z-axis. Each
frame was then asses with both IQA, and the maximum focus
found for both IQA were compared, as well as the time it took
the IQA to compute them.

Figure 7. Algorithm for IQA from [8]

Figure 8. Algorithm for IQA from [9]
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From the Fourier and the entropy algorithm, a maximum
is expected when the image is focused. Their complexity are
respectively O(nlog(n)) and O(log2(n)) with n their number
of pixel.

C. Laser source and photonic chip orientation

To make the laser source face the edge coupler, the angle of
the laser source needs to be determined. The stand on which
the laser is installed on the nanocube and hexapod is supposed
to be straight and so it is assumed that the angle around XW -
and YW -axes don’t have to be corrected. To measure the angle
on the ZW -axis, 2 step are realized. In the first step, the edges
on the image are found with the Canny edge filter [10]. The
edges found should match the edges of the laser source and are
assumed to be straight lines. Then the angle of the edges are
found with the Hough Transform [11]. Once the edges angles
are found, the average of the angles is computed to estimate
the angle to be corrected by the hexapod.

D. Laser source position in 3D

With the camera, a calibration is realized by measuring a
known distance between 2 points to convert a distance from
pixels to mm. To measure the position of the laser source
from the hexapod origin and use the Tool coordinate system to
change the orientation without translation of the laser source,
a method is designed to measure the distance from the laser
source to the center of rotation. A first approximation of
the laser source position by measuring the distance between
the center of rotation of the hexapod (center of the mobile
platform) to the laser source is realized with a CAD software.
Then the method detailed here will allow to measure the
distance between the center of rotation and the laser source.
The process is design to be iterative, where the user ask for a
precision and the process can be repeated until achieving the
desired precision. In figure 9, the translation from the laser
source in position 1 LS1 to position 2 LS2 after a rotation
of α is depicted. The goal is to find the distance dtool in the
W coordinate system between the laser source and the Tool
position to correct the position of the latter on the hexapod.
On the bench, the user asks for a rotation α around the Zt

axis, and measures the translation of the laser source with the
camera.

Figure 9. Distance between Tool and laser source in X-Y plane from
workspace

So the distance between the laser source and the Tool dtool
can be calculated from the distance −−−−−→

LS1LS2 and the angle of
rotation α as:

dtool =
||−−−−−→LS1LS2||
2 sinα

(1)

The sign of the correction can be determined from the distance
sign and the rotation direction. Now to determine the direction
in which the tool as to be moved to reach the laser source, a
first method was explored. It was assumed that the tool was
on the laser body, so by knowing the angle of the laser source
as determined previously in sub-section II-C, the distance on
the axes Xw and Yw could be determined. But this approach
showed high error, after correction of the Tool position (8
mm), by repeating the measurement of the distance, the laser
source was still found to be at 3 mm. Instead it is assumed
that the tool is at a distance r on the Yt axis of the laser
body, the laser is put at an angle β from Yt and that the
distance d correspond to the distance between the laser source
and intersection of the Yt-axis and the laser body. The laser
position LS is depicted in figure 10.

Figure 10. Schematic of distance between laser source and Tool

From the figure, the position of the laser source on the axes
XW and YW can be determined as:

x = r sinα+ d sin (β − α) y = −r cosα+ d cos (β − α)
(2)

To measure the translation with the camera and microscope,
the rotation angle α around Zw needs to be small and can
be neglected, β = π

2 if the laser source is correctly installed,
and r is assumed to be negligible in front of d. Equation 2
becomes:

x = d y = 0 (3)

And the distance can be found with equation 1. After the
distance d is corrected, d becomes negligible before r, and
all the previous assumption stay true. Equation 1 becomes:

x = 0 y = −r (4)

And the distance can again be found with equation 1. This
process can be repeated as many time as wished until the
desired precision is achieved.
To determine the position on the Zw axis from center of
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rotation is assumed that after the precision is achieved on the
Xw and Yw, the laser source is aligned on the Zw-axis with
the Tool. Now to measure the distance between the tool and
the laser source, the laser source is rotated on the Xt-axis
from the previous position to α and −α as depicted in figure
11. The distance on the ZW -axis after the rotation is the same
as cos(α) = cos(−α). So the distance on the ZW -axis will
create a translation on the XW - and YW -axes which can be
measured with the camera. From the translation the distance
dtool from the laser source can be determined with the formula
1.

Figure 11. Distance between Tool and laser source in Y-Z plane from
workspace

E. Contact detection

To detect a contact of the laser source and the photonic
chip, the piezoelectricity of the Nanocube is used. When the
laser source encounter an obstacle during its motion, a force
F is applied to the nanocube against its direction of motion
following the formula:

∫ p2

p1

Fxdx =

∫ v2

v1

1

2
mv2dv (5)

The article [12] show a piezo-motor with a self-sensing contact
detection using impedance. But the nanocube from PI doesn’t
allow for the measure of the impedance. Instead the variation
of the voltage applied by the PID controller to the nanocube
to keep the position constant will be measured. With a pulley
system the sensitivity of the nanocube’s voltage to a force can
be determined.The voltage sensitivity determined for the initial
nanocube setting on its X-axis is:

∆V

∆F
= −0.000 82V/mN (6)

The average and standard deviation of the nanocube with and
without force applied to it are measured as well:

axis X
Average without force[V] -9,0067

Standard-deviation without force [V] 0,0074
Average with 97.36 mN [V] -8,9271

Standard-deviation with 97.36 mN [V] 0,0031
Table I

AVERAGE AND STANDARD-DEVIATION OF NANOCUBE

Using the average and standard deviation determined in
table II-E, the normal distribution law of the nanocube’s
voltage can be determined and used to predict the voltage
probability depending on the applied force. Then a voltage
threshold is determined to differentiate between no forces
applied and a force of 2 grams applied to the laser source,
and so to the nanocube. The voltage threshold taken on the
bench is 0.15 Volt.
The voltage variation of the nanocube is measured with the
formula:

Verr =
i=3∑

i=1

Vi −Averagei (7)

With Vi the current voltage of the nanocube on axis i, and
Averagei the average on the i-axis until the current Voltage.
Then the contact detection can be tested, the flowchart in figure
12 describe the algorithm to know if there is a contact during
motion or not.

Figure 12. Flowchart of contact detection

F. Bench manipulation and characterization

After the Bench set-up and the laser source and photonic
chip are installed on the bench, the characterization can start.
The IQA is used to align the photonic chip and the laser
source, then the orientation of the laser source is measured
and the position of the laser source from the hexapod origin
is measured. The workspace and tool coordinate system are
put on the laser source when all the linear actuator are at mid
length. The hexapod is then used to put the laser source face to
the photonic chip while detecting contact with the nanocube,
and the orientation measured previously is corrected without
translation with the tool coordinate system of the hexapod.
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The nanocube is then used to find the position where optical
power is transferred and which position as the best output
power for the photonic chip. From the coordiante system used
on the bench point of view, this would correspond when the
Tool coordinate system put on the laser source is superposed
with the photonic chip (pc) coordinate system from figure 5.
The relation between the different coordinate system until the
coupling is summarized in figure 13

Figure 13. Summary of coordinate system

III. RESULTS

The test of the characterization bench were realized with
an optical fiber as laser source, without divergent and elliptic
beam, and a photonic chip which was not an OPA.

A. IQA

The clarity of the image compared to the hexapod position
fro the Fourier IQA can be seen in figure 14. The frame with
the maximum focus according to the IQA is shown in figure
15.

Figure 14. Focus against position
with Fourier IQA from [9]

Figure 15. Frame with maximum
focus found

The clarity of the image compared to the hexapod position
for the entropy IQA can be seen in figure 16. The frame with
the maximum clarity is shown in figure 17.

Figure 16. Focus against position
with entropy IQA from [8]

Figure 17. Frame with maximum
focus found

The time it takes each IQA to compute the quality of the
image depending on the resolution is shown in table II.

size of the image time with IQA fourrier (s) time with IQA enthalpy (s)
768*1024 0.169 0.053
2048*536 0.356 0.176

Table II
TIME TO COMPUTE IQA

B. orientation

The picture of the optical fiber used as laser source is shown
in figure 18.

Figure 18. Image of the laser source

The edges found on the image are shown in figure 19, and
the corresponding lines are shown in red in figure 20

Figure 19. Edges of the laser source
image Figure 20. Line from the edges

The sensitivity of the angle found depending on the Gaus-
sian filter size and the step angle are summarized in tables:
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size Gaussian filter (σ) Angle step (°) Angle found (°)
2 0.1 -3.98
2 0.01 -3.960
5 1 -3.9
5 0.1 -3.75
5 0.01 -3.679
8 1 -3.3
8 0.1 -3.81
8 0.01 -3.719

10 0.01 No angle found
Table III

ANGLE FOUND VARIATION DEPENDING ON ANGLE STEP AND GAUSSIAN
FILTER

The time it takes the algorithm to find the angle depending
on the angle step, the angles search and the size of the
Gaussian filter are summarized in table IV for angles between
-21 and 21°, and in table V for angles between 0 and 180°

size Gaussian filter (σ) Angle step (degree) time to compute (sec)
5 0.1 0.972
5 0.01 1.874
5 0.001 12.638
8 0.01 1.935

Table IV
TIME TO FIND ANGLE BETWEEN -21 AND 21 DEGREES

size Gaussian filter (σ) Angle step (degree) time to compute (sec)
5 0.1 1.314
5 0.01 6.347
5 0.001 130.073

Table V
TIME TO FIND ANGLE BETWEEN 0 AND 180 DEGREES

C. Laser source position in 3D

The laser source distance to the tool is measured by repeat-
ing the process once more after the Tool position is estimated.
The position as been corrected once on the X-, Y- and Z-axes.
The table VI summarize the translation and the distance found
after a rotation of 5° on the corresponding axis.

rotation axis translation on camera [pixel] dtool from equation 1 [µm]
Z [4.02, 0.93] 47.22
X [0.38, 0.30] 5.46

Table VI
DISTANCE FOUND DEPENDING ON THE AXIS

For the same laser source and tool configuration, the sensi-
tivity of the distance found in pixel depending on the rotation
angle is shown in table VII.

angle [°] 0.1 0.2 0.3 0.5 0.6
distance [pixel] 6828.17 6830.49 6832.12 6822.42 6815.37

Table VII
DISTANCE FOUND VARIATION WITH ANGLES

D. Contact detection

The voltage variation measured by formula 7 during motion
of the hexapod between 0 and 20 mm with a obstacle at 17
mm can be seen in figure 21.

Figure 21. Voltage variation of nanocube during hexapod motion with contact

The voltage during motion of the nanocube with a contact
at 25 µm and without contact can be seen in figure 22

Figure 22. Voltage variation of nanocube during motion

E. The characterization
After the tool is put in front of the edge coupler of the

photonic chip, a scan is realized with the nanocube. The result
is shown in figure 23, where the output is measured by an
optical power meter,and the laser position is tested by moving
the nanocube on Y and Z axes.

Figure 23. Scan realized by Nanocube
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The whole characterization happened in one hour starting
from putting the laser source and photonic chip on the bench.

IV. CONCLUSION

A code Python has been developed to manipulate the
characterization bench and the tools necessary to characterize
a divergent and elliptic laser beam. Even if the bench could
not yet be tested on a laser source and OPA, it showed
it’s edge coupling capacity with another laser source and
photonic chip combination. By using the tool developed for the
bench, the different approximations allow for a more precise
approximation of the laser position and orientation, as well as
it’s position in respect to the edge coupler. The Fourier IQA as
shown itself to be the most reliable of the 2 IQA methods and
the setting for laser source orientation are a Gaussian filter of
size 5 and a step of 0.1° for the angles searched between -21
and 21°.

V. DISCUSSION

This paper layout the basis of how to do a edge coupling
characterization bench for a laser source elliptic and divergent.
But to fully automatized the bench, a detection method to
automatically find the laser source and edge coupler on the
image is still needed. The entropy IQA probably failed to find
the best focus due to the strange nature of the image used,
even if the time taken for each IQA is consistent with the
algorithm complexity from the articles. For the laser source
position found after one cycle, it is important to note that
the laser source diameter is 100 µm, making the error in
measurement still inside the optical fiber. Furthermore the
distance found on the ZW -axis correspond more likely to
an error in measurement more than an actual distance. The
distance found with this method on the ZW -axis should be
compared with another method to see if the results is really
reliable. The force detection method should be improved as
well, or another piezo-motor used. Ideally 1.96 mN should be
enough to detect a contact, as it is the force used to manipulate
laser source and photonic chip in laboratory. A GIU should
be developed as well to make the bench more easy to use.
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Abstract—Measurements on gravity-driven mass
movements in nature is a complex task, moreover, real-
scale test sites and gathered data are rare. Considering
mass movements as granular flows, scaled laboratory
experiments are often used to investigate parameters of
the dynamics and the flow behaviour. Therefore the goal
of the work is to generate automated 2D velocity field
and flow depth information in a scaled mass chute.
Two optical measurement techniques are investigated
and compared with previous done analogue measure-
ment techniques. Optical Flow (OF) is used to infer
the velocity field, which is compared to Optical Speed
Measurement (OSM) sensors using UV-diode pairs.
The flow depth is estimated using Structured Light
Illumination (SLI) technique along a laser line and
reference is taken from distance measuring point lasers.
A high-resolution 4K camera with a framerate of
160 fps is installed perpendicular to the chute surface.
Custom codes are developed for controlling, data ac-
quisition and post-processing. Further components like
customizable LED lighting, an electronic tilt mechanism
to change the chute angle and an automated granulate
inlet are installed. The later reduces the oscillations of
the chute to a minimum and ensures the synchronisation
of the measurement system.
The OF algorithm enables to track velocities up to
31m s−1. The evaluation of the SLI shows that flow
depths in the order of 5 to 10mm can be resolved.
However, a minimum of 100mW laser power is
needed to retrieve continuous depth readings of the dark
granulate material.
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The developed measurement system is able to determine
the spatio-temporal flow behaviour (velocity field, depth
information) of granular flow on a laboratory scale. To
compare scaled experiments with real mass movement
event, the dimensionless Froude number is an indicator.
With the performed experiments, a Froude number
of 7.09 can be obtained that is in the range known
from cohesionless cold-dry dense flow regimes to even
fluidized flows within the denser parts of powder snow
avalanches.

Index Terms—Avalanche Chute, Granular Flow Dy-
namics, Optical Flow, Structured Light Illumination,
Particle tracking.

I. INTRODUCTION

TO determine the flow behaviour of gravitational
driven natural hazards like snow avalanches and

soil flows, real scale field measurements, simulations
and laboratory scaled experiments are carried out
[1]. In such a scaled environment, different granular
material must be used to substitute for the snow in
an real avalanche, as the flow rheology can not be
matched with real snow in such small scales [2].
For comparing laboratory scale and real scale mass-
movements, dimensionless scale quantities have to
be fulfilled [3]. The Froude number as the ratio of
the flow inertia to the external gravitational field is of
high importance. When the Froude number is similar,
scaled granular flows can be used to investigate the
interaction with obstacles like nets or dams and the
results can indicate the effectiveness of such retarding
structures.
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Throughout this work a laboratory measurement
chute is developed that is named AvaChute. The
already existing chute designs and tests are described
in [4] and [5]. Measurement equipment like Optical
Speed Measurement (OSM) sensors, point lasers and
a camera are used already in the previous chute
designs. The original camera with 24 fps was not able
to fully track the flow, but the front velocity could
be extracted from the frames manually. The OSMs
and the point lasers were evaluated with a LabView
software, giving local flow velocity and flow depth
information at single points.
The aim of the new chute setup is to get a automated
spatial 2D velocity field instead of only the front
velocity by means of Optical Flow (OF) analysis, as
well as estimate flow depth information over larger
areas of the chute with the method of Structured
Light Illumination (SLI). For this purpose a high-
resolution 4K camera with 160 fps is used. An optical
flow algorithm evaluates consecutive frames and in-
fers the velocity field. Further for the flow depth line
lasers are used to apply in the post-processing SLI
technique. From the initial chute the OSM sensors
and point lasers are kept in the current setup as ref-
erence, but a new post-processing program is applied.
The overall goal of the measurement chute setup is
to verify a Froude number ranging between 3 and 8
as this range includes cohesion-less cold avalanches
[6].

II. METHODS

A. AvaChute Setup

The redesigned chute is shown in Figure 1a, wherein
the used components are marked and listed in Table I.
All dimensions of the 4.5m long and 1m wide chute
are shown in Figure 1b, also indicating both angles
α and β of the lower and upper chute segments,
respectively. All electrical components are routed to
a central control box mounted to the wall. This box
contains the distribution of the DAQ, the relays and
the voltage supplies. This box is further connected to
the DAQ card, and some USB ports of the control

PC. A custom Python program is made to control
the sensors and data acquisition as well as the post
processing.

TABLE I: AvaChute components and sensors

Nr Components Type
1 Camera Z-Cam E2
1 Camera lens Panasonic Lumix G

Vario 7-14mm
2 LED Strobe light Stairville xBrick Quad

16 · 8W RGBW
3a Point Laser 2 Balluff BOD

63M-LA04-S115
3b Point Laser 1 Balluff BOD

63M-LA04-S115
4 Line Laser Pos 1 LLMiHybrid

12mm 20mW / 100mW
5 Granulate inlet Spiral duct d450mm

45° / Flap: checker plate
with electrical door lock

BEFO 11211MB
6 Line Laser Pos 2 LLMiHybrid

12mm 20mW
7 OSM 1 Developed by [7]
8 OSM 2 Developed by [7]
9 Control Box HENSEL 6547

The analogue to digital conversion of the OSMs and
point laser is performed with the NI-DAQ 6024e,
which is placed in a 32-bit PC with a Windows
operating system. The NI-DAQ 6024e is placed in-
side the PC and a terminal block NI-CB-68LPR is
used and situated in the central control box that
connects all peripherals. All sensors are sampled
with 20 kHz and are measured as Referenced-Single-
Ended (RSE). The sampled data is stored into an
HDF5-file for further processing.
All measurement systems can be divided into two
main groups: the flow depth and flow velocity. Fur-
thermore, each group divides into point measure-
ments from the previous setup and into the spatial
measurements that are developed throughout this
work. These measurement systems and their working
principles are discussed in the following sections.
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(a) Picture of the experimental setup with components 1-9,
that are listed in Table I.
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(b) Schematic drawing of the chute with the
relevant dimensions.

Fig. 1: Overview of the new AvaChute, that is basically a short version of the original chute setup. Not only
renewed is the measurement equipment, but also the release and tilt mechanism are automatic.

B. Chute Lighting

Two Stairville xBrick Quad modules with each
16 · 8W RGBW LEDs are installed above the chute
on both side to minimise shadows. The lighting of the
chute can be can be controlled by software (QLight-
Controller+). For the experiments several lighting
schemes with the colours blue, green and RGBW,
and always on and pulsed light state are tried to
find the optimum for all methods. In the case of
the pulsed lighting scheme, OF is applied during the
bright phase whereas for the SLI the dark phase are
necessary for extraction of the line laser reflections.
Since the ZCam uses a rolling shutter some frames
are not usable when the shutter is partly closed
or opened during a light change. These frames are
therefore excluded from the flow velocity calculation
as well as for the flow depth estimation. If the light is
pulsed for the experiments, the bright phase TL−on

is set to 210ms and the dark phase TL−off is set to
40ms equating to 4 cycles a second.

C. Point Laser Measurements

Reference flow depth measurements are taken with
the Balluff BOD 63M-LA04-S115 point laser sen-
sors. These sensors work by the principle Time-of-
Flight (TOF). The calibration of the sensors are done

by taking reference objects on the chute and back
calculate the conversion factor which is then applied
to the analogue signal of the laser sensor. This factor
is found to be 0.02V cm−1.

D. Optical Speed Measurement Sensors

The Optical Speed Measurement (OSM) sensors
were developed by [7]. The measuring principle is
that emitted Ultraviolet (UV) light is reflected by a
passing object and further sensed by a photo diode.
Two pairs of UV-LED and photo diode are needed
to measure the velocity and placed with a separation
of 11mm inside one OSM. The analogue signals
of both diodes are then cross correlated to find the
associated velocity [7]. Previous work with the gran-
ulate chute already showed, that the diodes are not
well suited for dry granulate since they were mainly
tailored for wet snow reflectance properties, thus, the
cross-correlation mostly returns only a reliable value
for the passing of the flow front [4].

E. Camera and Image Calibration

The camera frames have two distortions. The first dis-
tortion is caused by the camera and the lens and can
be described by the intrinsic and extrinsic distortion
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matrix following the pinhole model [8]. The second
distortion is due to the geometrical arrangement of
the camera in respect to the AvaChute surface. Note,
the chute contains two elements with the specific
angle α and β as shown in Figure 1, thus, for each
element a different correction is applied.
In this work the intrinsic and extrinsic matrix are
found by searching chessboard corners using func-
tions from the openCV library. Once this distor-
tions are corrected, there is still the need to address
the perspective and scaling of each frame. ArUcos
marker symbols are glued to all four edges of each
chute element. Each of the ArUcos markers has an
individual ID giving the advantage to know which
one is placed at which corner on the chute. With
this information the frames perspective are corrected.
Scaling the image, e.g. matching the pixel size to a
real world length scale, is done by searching again
the chessboard corners but now in the undistorted
frames that contain the correct perspective. Therefore
the mean distance between the chessboard corners for
the width and length of the image is used to find the
scaling factor for both dimensions.

F. Optical Flow

For the Optical Flow (OF) calculation the Gunnar–
Farnebäck algorithm is used [9]. Basically, the OF
method is better suited for continuous moving mate-
rial without discrete tracer particles compared to par-
ticle image velocimetry [10]. In Python the openCV
function calcOpticalFlowFarneback is ap-
plied to two consecutive frames. The quality of the
optical flow calculation depends mainly on the input
parameters beside the image quality. In this work the
main focus is set to six input parameters, namely:

• pyr_scale: Image scale to build pyramids
• levels: Number of pyramid layers
• winsize: Average window size
• iterations: Iterations performed at each

level
• poly_n: Pixel neighbourhood
• poly_sigma: Standard deviation of Gaussian

filter

The mentioned declaration and description of the
input parameters are taken from [11] and will be
described throughout this section.
In the AvaChute a maximum velocity of 5m s−1 is
assumed, therefore the granulate front jumps over
many pixels in consecutive video frames. Algorithms
like the one from [9] are having troubles with large
pixel offsets, therefore multi scale displacement esti-
mation [9] is used. [11] provides a technique named
Image Pyramid to observe down-scaled copies of the
input image to calculate the flow. With such down-
sampled images the flow can be determined easier
for big movements of objects. With the outcome of
the down-sampled image the algorithm is stepping
one level higher and has a initial flow velocity to
track the movement in the true image resolution [12].
Here the scaling factor pyr_scale and the levels of
scaling levels are taken as a input of the function
calcOpticalFlowFarneback.
In addition, the stability of the result can be influ-
enced by setting the parameter of the window size
winsize. On the one side with a growing window
size increases the stability but on the other side
the output is more blurred over the whole velocity
field. The algorithm implemented in [11] also takes
iterations as an input parameter, which defines
the maximum iterations performed in each pyramid
level to reach the convergence. By increasing the
neighbourhood size poly_n the velocity field gets
more smoothed but in addition the algorithm will
be more stable and robust. This parameter is used
to find a polynomial expansion in the pixels for
the Farnebäck algorithm [9][11]. The last parameter
poly_sigma defines the standard deviation for the
Gaussian filter which is applied over the neighbour-
hood to reduce noise in the images.

TABLE II: Input parameter of optical flow algorithm

Parameter Value Parameter Value
pyr scale 0.7 poly n 7

levels 10 poly sigma 1
winsize 16 flags 0

iterations 3
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Combinations of these parameters were tried and
their results are discussed in the accompanying mas-
ter thesis [13]. The found optimal parameter set
is listed in Table II, and are used for all velocity
calculation mentioned in subsection III-A.

G. Structured Light Illumination

The Structured Light Illumination (SLI) principle is
shown in Figure 2. The red line laser is placed with
a defined angle ϕ sideways to the chute. Whenever
a object passes through the projected line, the line
seems diverted when seen from a different angle. The
camera is perpendicular to the chute and shows the
diverted laser line as an offset ∆s from the top view
as sketched in Figure 2. The depth di

di =
∆s

tanϕ
(1)

of the moving object is evaluated from ∆s with a
trigonometric relation for each pixel i where the laser
beam is identified [14].

Laser

Camera

Top view

+

+

Fig. 2: Principle of SLI

The development process in [13] shows that HSV
- thresholding method gives the best results when
creating a binary mask to extract the red laser of an
image. The colour space HSV stands for hue, satu-
ration and value and is chosen because all red-like
colours can be more easily identified by thresholding
compared to using for example RGB - colourspace
where a mixture of all RGB create the red-like colour
spectrum of different intensity.

III. RESULTS

Throughout this section, the main results of the
velocity estimation and the depth calculation are
presented, but only a selection of all performed
measurements are shown. The granulate material
used for all the experiments is Neopor particles, that
are graphite coated plastic spheres with a diameter
of 1.3-6.5mm, in a mixture with glass spheres
of diameter 1.5-2mm [4]. Roughly a volume of
approximately 0.007m3 is used for the experiments.

A. Velocity Profile

The input parameters for the optical flow algorithm
that gives the best results throughout the whole flow
evaluation are listed in Table II and are used here.
The result of the OF algorithm is shown in Figure 3,
that gives one snapshot of the 2D velocity field of
the flow at the specific timestamp of 550ms after
the granules are released. The image is calibrated as
mentioned in subsection II-E, and here only shows
the upper chute segment. Panel a) is showing the first
input images with the grayscale intensity igray , panel
b) is the absolute velocity vabs field that originates
from the resolved horizontal velocity vx and vertical
velocity vy field as shown in c) and d), respectively.
The granulate is released from the granulate inlet
at the right side in the middle and the granulate is
flowing to the left, therefore the horizontal velocity
is negative.
The red dot plotted at the grayscale image in Fig-
ure 3a) indicates the point where the velocity evo-
lution over time of the passing granular flow is
evaluated. The absolute velocity vabs, the velocity
in x direction vx and the velocity in y-direction vy
over time t are shown in Figure 4 together with
the reference velocity from the OSM vOSM . For the
first granules passing the OSM, the front velocity is
calculated from the analogue signal. Note, that later
in the flow any correlation is not well defined for the
OSM and no other reference velocity values can be
estimated. This velocity is plotted at the time 0.56 s,
whereas the front in the OF calculation reaches the
image point at 0.69 s.
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Fig. 3: Velocity field of the granular media resolved
with the optical flow method at timestamp 550ms.
Panel a) shows the first of both input images. Panel
b) shows the absolute velocity vabs calculated from
the horizontal velocity vx in Panel c) and vertical
velocity vy in Panel d)

This time gap is on one hand caused by the synchro-
nisation error of the DAQ and the camera. Out of the
log files in python it shows that the synchronisation
error of the camera and DAQ is about 50ms. On the
other hand slightly spatial difference in the optical
flow algorithm coordinates and the OSM analogue
response time adds further up to the time shift.
The velocity of the OSM from the cross-correlation
of the analogue signal and the front velocity are in
the same order of magnitude of 2–2.5m s−1. A small
difference is always expected due to the difference
between the surface and slip velocity of a granular
flow, e.g. between the OF-derived surface velocity
from the camera above to the slip velocity measured
with the OSM from below.
Obviously, the velocity signal behind 1.5 s appears to
contain noise. But the flow is very thin towards the
tail and sometimes only single granules slide down
the chute that can lead to different velocities. These
fluctuating velocities can be realistic for single par-
ticles that undergo individual collisions, but also the

optical flow algorithm is not well suited for several
single particles inside a window size winsize that
is chosen optimal for the dense flow.

Fig. 4: Velocity evolution at point [l = 500, w =
815] over time. Shown is the absolute velocity vabs,
velocity in x direction vx and the velocity in y
direction vy derived from the OF algorithm. Further
velocity vOSM at location of the OSM 1 sensor is
plotted as reference.

B. Depth measurements

Two line lasers with 20mW and 100mW output
power and a aperture-angle of 120° are investigated.
They are mounted on the chute in a way that the
lines are projected parallel to each other on the
chute surface. Needless to say, that the thin red
laser line is only visible when the strong light for
the OF analysis is turned off. Four methods were
investigated to convert the camera image into a binary
mask containing pixels with the laser light. This
comparison is not shown here, but is given in the
accompanying master thesis [13]. Most robust is the
laser line extraction using HSV-thresholds, which is
used for the following analysis.
The laser line is a couple of pixels wide on the glossy
surface texture of the white chute material, therefore
several depth values di are resolved for each pixel at
the same chute length l. We defined the spread of the
line orthogonal to the orientation of the original line,
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e.g. spread of the binary mask in cross-slope direction
of the chute, as the standard deviation std over all
di. The mean depth d and the standard deviation std
over chute length l are shown for the chute surface
and the granular flow in Figure 5.

Fig. 5: Depth measurement with no lightning and
granular material at upper chute with 20mW and
100mW laser. Granular media is flowing from right
to left and has reached approximately 390mm.

The granular front at 400mm divides the data into
purely the chute surface for small and granulate cover
for larger length l values. For the chute surface, the
average depth is 0mm with an uncertainty of about
±3mm. The 100mW laser causes more reflections
and the binary mask is wider giving a std of up to
3mm, thus an average width of the laser line of about
6mm or pixels.
On the black matte granulate, the spread of the laser
line diminishes for the 100mW laser and is similar
to the 20mW laser line as the std for both is
comparable. However, there are a couple of sections
along the granulate where the 20mW laser line
can only be detected sporadically causing data gaps.
Such gaps are for example at length l of 450 to
530mm, 610 to 790mm and above 970mm. The
stronger 100mW laser gives a more continuous set
of depth measurements along the granulate flow and
defines the minimal required laser line strength for

this particular SLI application. The depth resolution
is about 5mm which is basically the granule size.
As reference, the Balluff point laser gives depth
information at one specific coordinate in the chute
throughout the measurement. Comparison of the Bal-
luff point laser and the 100mW line laser depth d
over time t is shown in Figure 6. The point laser’s
raw analogue signal is depicted as the gray area, from
which a moving average with a window size of 500
samples is calculated to smooth out the noise in the
data and results in the blue dashed line. The line laser
is evaluated at the same length but at a different width
in the image plane since the line and point laser can
not be focused to the same location. This means the
line laser and point laser measure slightly different
parts of the flow with a gap of approximately 10 cm,
but at least the order of magnitude in flow depth
should be comparable.

Fig. 6: Depth information of Balluff laser sensor and
100mW line laser. The two lasers are evaluated for
one specific coordinate in the chute, but with a gap
of 10 cm in width to each other.

The granular media reaches the point laser at a time
of 0.78 s. Here the point laser increases to the frontal
depth of the granulate. After that a negative depth is
reached, this is caused by a paper background on the
chute that is not totally flat and the granulate flow
may depress the paper. The line laser response shows
that the granular media front reaches the coordinate at
time 0.84 s. Also here some negative measurements
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are visible after the front at 1.4 s.
Comparing the depth results of the point laser with
the depth derived from the line laser, it shows that
they differ a little from each other. The line laser
detects a depth about 10mm for the front at ap-
proximately 0.87 s, whereas the point laser shows a
depth of about 14mm. This difference is likely be
caused since the sensors are measuring a different
front due to the sensors offset in chute width, thus,
the flow depth or mass distribution must not be the
same. Similar argument explains the time difference
when the granulate front reaches the sensing location.
However, a second reason is the synchronisation error
which also has to be taken into account by means of
post-processing.

IV. DISCUSSION & CONCLUSION

The main motivation to carry out small scale labora-
tory chute experiments are to gain more knowledge
about real world mass movement events and study
the interaction with for example mitigation structures.
Therefore the dimensionless Froude number is a ap-
propriate approach to check the scaling behaviour of
these laboratory flows with the real-scale equivalents.

Using the above derived values for the mean flow
depth H and the mean flow velocity vx, we find a
Froude number

F =
vx√
g ·H

=
2.22m s−1

√
9.81m s−2 · 0.01m

= 7.09

(2)
at the upper end of the desired range for the Froude
numbers between 3 and 8, that correspond to a rather
turbolent and fluidized flow. Such a Froude number
indicates that cohesion-less cold snow avalanche or
even more agitated flows inside of a powder snow
avalanche can be replicated in this scaled chute.
The adjustablility of the chute, e.g. angle, chute
surface, granulate material and volume, allows to
adjust the Froude number in both positive or negative
directions.
Note, that the mean flow depth H is taken from Fig-
ure 5 at the length 400mm and the mean velocity vx
from Figure 4 at the specific timestamp of 693.75ms,

thus, from two different experiments. As a first
approximation, this should be giving valid results,
since flow repeatability can be assumed throughout
the experiments, e.g. two experiments with the same
chute angle and release volume should give the same
flow field. This step is necessary, since the velocity
estimation with OF and the depth estimation with
SLI have basically opposite lighting requirements.
The work on the new optically-based sensing equip-
ment for the chute setup reveal that a very spe-
cific lighting is crucial for successfully processing
the video data for the two methods. Basically, the
main result here is that both methods can not work
simultaneously together, and certain drawback have
to be accepted. OF needs very bright light to capture
the fast moving granules, SLI needs basically no
light to best see the faint reflections of the red laser.
Therefore, a tradeoff is found with a pulsed lighting
scheme even though the measurement of SLI and OF
can only be done alternately. However, the pulsed
light completely saturates the analogue signal of the
diodes and turn the OSM signal unusable.
Nevertheless, the two herein developed sensing meth-
ods that base on a high-resolution 4K camera with
a sufficient high framerate of 160 fps improves the
AvaChute significantly. Now, either a complete spa-
tial 2D velocity field or the flow depth along a
laser line can be resolved with 160Hz. Or if using
the pulsed lighting setup, one alternates between
measuring flow velocity and flow depth four times
a second.
There is still room for improvements for all devel-
oped methods and continuing work will enhance the
data quality. The time synchronization need to get
investigated in more detail, however, the analogue
sensors (Balluff and OSM) are already less important
compared to only camera data. The flow depth mea-
surement with the line laser should improve when
either increasing the laser power further, or by testing
differently reflecting granulate material.
This work presents the successful implementation of
two spatio-temporal methods to assess the granular
flow behaviour in a scaled laboratory environment.

40



The new measuring system of the AvaChute is a
powerful and reliable tool to model mass movements
and compare the results with the real world and with
numerical simulations. Future plans are to include
3D terrain contours into the chute to work on terrain
dependent questions, to use the lower angled chute
segment for studies on deposition and entrainment,
and to add a conveyor belt or similar granulate feeder
to enable steady state flows and virtually extending
the 4.5m long chute, to make the AvaChute truly
unique.
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Design of a Neural Network to Determine the
Number of Turns and Jumps of Mountain bike

Descent
Maximilian Karl Freiheit, and Bernhard Hollaus (supervisor)

Abstract—The following paper describes the neural
network approach with a CNN-LSTM architecture
which is adapted for the estimation of the number
of turns and air time on a mountainbike descent,
determined out of mobile phone sensor data. Due to the
possibility of the data acquisition with mobile phones,
personal tracking of a bicycle activity can be brought to
a next level, which is why this thesis uses data generated
with mobile phones.

Currently, training data is most widely based on
GPS data. Recorded GPS based track data can only
deliver data on duration, distance, velocity and elevation.
However, this does not represent the whole difficulty
of a track since the number of turns, as well as the
airtime, are not measured. With the use of accelerator,
magnetometer and gyroscope data, generated by a
mobile phone, a neural network can transform the
sensor information of a recorded session. This makes it
possible to both evaluate and compare different tracks
at a whole new level.

To enable this improvement, an algorithm is de-
termined. This is done by means of research to find
the algorithm best suited to determine the number of
turns and airtime from mobile phone sensor data. Next,
predefined mountainbike tracks are used to acquire
the track data with the rider carrying a mobile phone
with him, which records sensor data. This phone can
be attached to the mountain bike stem or carried in
various pockets. Further, the data that is recorded on
this route is accurately labelled, in order to learn, train
and test the algorithm. This is done manually with a
self written matlab application and video material of
the ride. The CNN-LSTM based neural network is then
optimized in regards to its accuracy with the batch size,
the window length of the sliding window approach and
Savitzky-Golay filter is used. This filter did not improve
the accuracy of the network. Finally, the prediction of
the trained algorithm is evaluated. The final output of
the neural network is post processed and compared to

the labelled input. Further, results are discussed and an
outlook and suggestions for future improvements are
given.

The obtained data and tested neural network show
that it is possible to determine a tendency for specific
features, like a turn or a jump out of the data collected.
However, with the for this thesis acquired amount of
data, the algorithm could not be trained efficiently
enough to lead to a clear classification of the data. The
result of seeing the capability of a neural network spurs
the motivation to collect and label more data and train
the algorithm further. This would make the algorithm
more precise and enable a deeper comparability of
different mountainbike tracks in terms of their difficulty.

In conclusion, it can be said that with the help of a
neural network, the next level of training evaluation can
be obtained. But to gain a real precise prediction out of
a trained network, a larger amount of data is needed
for the training. Apart from the lack of data, it can be
seen, that the approach described in this master thesis
works in the real application of a mountainbike ride,
which also enables the rider to store his mobile phone
independently.

Index Terms—neural network, sports tracking, track
estimation, personal tracking, downhill parameter es-
timation, mobile phone data processing, LSTM, RNN,
CNN, multi label classification, activity classification
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I. INTRODUCTION

AT the beginning, the motives for a curve and
jump detector by means of mobile phone data

are described. Then, the current situation is shown
and finally, the procedure and methodology used is
explained. In general, the usage of a mobile phone
for the data acquisition is applied to make it possible
to easy generate data sets. Further, this enables the fi-
nally trained algorithm to be used by every mountain
biking mobile phone owner.

II. STATE OF THE ART MOUNTAIN BIKE TRACKING

In first instance, it is to mention that the kind of
tracking is divided into two groups: The tracking
with special devices and the tracking that can be
established with a mobile phone application. Hard-
ware tracking can be conducted with a variety of
devices. The mainly used ones are GPS bike com-
puters and wearables such as smart or sport watches.
The manufacturer of navigation hardware, Garmin,
already gives a solution to the need of comparability
of tracks with its special devices. For this, Garmin
implemented the MTB Dynamics Parameters in some
of its wearables and bike computers. Besides tracking
through specific hardware, there is also the possibil-
ity of software solutions for mobile phones. These
well known cycling tracking applications for mobile
phones, e.g. strava, runtastic mountain bike, trailforks
and komoot do not provide any function for evalua-
tion apart from the main parameters as previously
defined. One application, the author found during
his research provides deeper analyses of the ride.
This application is named MTBHangtime. The same
called app delivers the airtime and the inclination of
a mountain bike while riding [1]. However, it does
not provide the count of turns. At the same time,
the mobile phone has to be mounted to the mountain
bike which restricts the user cases as it does demand
the rider to again purchase specific hardware, even
though only used to mount the phone .

III. METHODOLOGY

The chapter Methodology explains all the relevant
steps conducted to determine an algorithm that can
extract maneuvers out of mobile phone sensor data
of a mountainbike ride. First, the arrangements for
the acquisition of the relevant data is given. Next,
the exact labelling procedure is detailed. Completing
this section, the relevant steps of preprocessing for a
neural network are described. The determined Neural
Network and its structure is shown in Figure ??. The
at the moment common mobile phones are mostly
smart phones, which have three built-in sensors [2].
These sensors include a sensor to measure the ac-
celeration in three axis, a magnetometer to measure
the orientation of the mobile phone according to the
location on the earth and a gyroscope to measure the
angular velocity. This sensor data is recorded during
several experiment rides and saved in a comma
separated values file, short - .csv-file. All the sensor
data is mainly recorded with a frequency of 100 Hz
due to the fact that this is the maximum possible
recording rate of the author’s mobile phone. Artificial
Neural Networks have the ability to analyse big data
sets and find specific events within them [3]. Hence,
these Artificial Neural Networks are able to clas-
sify completely unknown data sets into predefined
classes. Due to this attribute, a Neural Network is
chosen for the task of classification of mobile phone
sensor data into different riding maneuvers.

A. Data acquisition

As said, the data acquisition is done with a general
mobile phone. For the propose of the experiment,
a mobile phone is positioned on the stem of the
bike or in the riders pocket. The data set collected
and used for the algorithm training encompasses
781.687 samples with 12 features of pure descending
track data. The gathered sensor data is recorded
using a frequency of 100 Hz. Using the highest
possible sampling frequency is of great advantage,
as it also generates the highest amount of data
possible. Generation of a higher amount of data also
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generates a higher amount of training data, which
can be used for the neural network. Therefore, a
more accurate algorithm can be developed. For the
recording, as mentioned, the hardware of a mobile
phone is used. Using the open source application
”phyphox”, developed by the RTWH Aachen, sensor
data is recorded during the experiment. The applica-
tion is set to record with a sampling rate of 100Hz.
This is due to the maximum capability mobile phone
mostly used within this experiment being an iPhone
11 Pro. To ensure a uniform data set of all recordings
and to add simplicity, all acquisition is done with
100Hz. Whilst recording, the mobile phone is stored
in different positions during the various rides. This is
done in order to generate an overall more universal
data set.

Fig. 1. Mobile phone mounted to the stem

Figure 1 shows the acquisition set up on the stem
of a mountain bike. This is one of three used mounts.

B. Video processing and Data labelling

As machine learning is driven by the amount of
data acquired as well as the quality of the obtained
data, the larger the data set and the more precise the
labelling, the more efficient the algorithm can per-
form. When labelling the acquired data, it is crucial
for each sample to be given a label for the case of

the used supervised learning method. This means that
every recorded data point, which is represented by
one row with up to 12 features, has to be assigned to
one of the investigated maneuvers. At the same time,
events may not be mislabeled, as this would lead
to wrongful weighting in the training of the neural
network and decreases its accuracy in the prediction
of unseen data. It is the objective of this thesis to
develop an algorithm which classifies the obtained
mobile phone data into curves and jumps and counts
all amounts of these maneuvers. Therefore, the ride
is recorded with an action camera. The video footage
enables the data points to later be assigned its correct
maneuver classification manually. The following four
classes have been decided to be labelled on the data:
neutral, jump, left turn and right turn. To assign a
label to every data point, the footage of the action
camera, in its initial state, has to be synchronised
to the sensor data. This is done by cutting of the
video to the start of the sensor data acquisition,
which is visibly in the video through filming the
click on the mobile phone. Additionally, the video
end is cut off when the rider starts to rest. The
validation application will append the given labels
to the sensor data. It must be mentioned, that no
personal information of the rider is stored. This
ensures ethical correctness for the experiment.

Fig. 2. Screenshot of the Labelling GUI

To guarantee process stability in the labelling
process, a matlab app is used. This application was
designed specifically to ensure the manual labeling
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process to be as precise as possible. A screenshot
throughout the process can be seen in Figure 3.
Therefore, a GUI, see in Figure 2, enables the data
processor to mark the start and end position of the
specific maneuver according to the timestamp of the
video.The label for neutral is given to all data points
that arise from normal riding influences without turns
or jumps. To label the data, the matlab application
V alidationApp V 1 reads in the cut video file and
plays it frame by frame. All the videos were recorded
with a framerate of 30fps. In the end, the output of
the labeling application consists of four labelled -csv
files. Each of these contains one row of holding the
time stamp, the X,Y,Z data of the according sensor
and a column of the according label. The application
further ensures that an event can only be started out
of the neutral position. This means, when the button
right turn is clicked, only the button to end the right
turn can be clicked next.

Fig. 3. Screenshot of the Labelling application

For the usage of the labelled data set it is of
high importance to ensure no mislabeled values. To
minimize the risk of human error the labeled data
set and especially the amount of turns and jumps is
checked with a second view of the rides video.

C. Preprocessing for Neural Network

One essential step in working with neural networks
is the preprocessing of the data. To do so, the data,
as it contains more than one feature, has to be

normalized. This helps the gradient descent converge
more quickly. Further, it ensures that test values
bigger than values from the training set are still in
range of the network. And it helps the network to
learn appropriate weights for the individual features,
without giving more attention to features with a wider
range [4].

To scale the data in the right range, the best
approach would be to normalize the data in the range
of the sensors capability. Due to the fact, that there
is no information about the in mobile phones used
sensors, the data has been checked for its range. The
complete data set has been investigated regarding to
the span of the values. This showed values between
±80m/s2,±80rad/s,±80µT . Therefore, the nor-
malization is done in the following manner: 100 is
added to all values to make them positive. Finally, to
receive values in a positive range between 0 and 1,
all values are divided by 200. This normalization step
is carried out in a google colab script. Each scaling
factor, in this case the scaling variables 100 and 200,
can be adjusted separately for each input. In this case
however, there was no need to do so. Figure 4 shows
the signal of all sensors in a sequence of 18.000 data
points. The last three graphs in this Figure show the
binary onehotencoded label.
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Fig. 4. Overview of all data

It is common practise for Neural Networks that the
available dataset is split up. This is done due to the
fact that the Neural Network has to be trained. And
the trained Neural Network has to be evaluated. The
Neural Networks uses a training set of data to orga-
nize its weights. When the weights are set, it checks
these against the validation set. This is done over
several loops to minimize the loss. The repetition of
this training is called epoch. The training is finished
when the loss does not decrease any more or an early
stopping criteria is reached to prevent overfitting.
When the Neural Network converges or stops, the
trained network is checked for its performance with
a previously not used data set, the so-called test set.
In used ratio of training, to validation, to test set is
70%, 15% and 15% of the available labelled data.

The data split is executed in a google colab script.

IV. ALGORITHM

With labelled data, a Neural Network can be
trained to fulfill specific tasks. An algorithm solves
this by learning from the data that is provided to it
[5]. To classify turns, as well as jumps as the air
time out of data, a neural network is designed. In
the following, the structure and parameters of the
network used in this paper, are described. Figure
5 explains the working principle of this algorithm.
Using labelled data, a Neural Network is trained and
able to predict on new sensor data. These predictions
are evaluated with a tool called peakfinder.

Phone Data NN Class. Data- -

Fig. 5. Basic working principle of estimated system

Based on the structure and the use of CNNs and
LSTM in one network, classifying human activity,
in the work of Wang et. al. [?], a model out of
convolutional and one LSTM layer is built. In consid-
eration of the usage of acceleration data, this model
is adapted to the case of this study. Additionally in
the according thesis to this paper of the same author
also the prediction of a CNN GRU model with the
same parameters is evaluated.

The used model consists of CNN layers to extract
features out of the sensor data, which are relevant
for the specific maneuver. The LSTM layer is imple-
mented to generate a memory over the whole data
set to be able to generalize future data. The final, in
colab implemented approach, can be seen in Figure
6.
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Fig. 6. Model parameter

The implemented model has been optimized re-
garding its performance with the parameters of batch
size and window length of the sliding window ap-
proach. In the end, a batch size of 1.375 and a
window size of 100 or 200 is used. Further, the
models performance to different configurations of
sensor input was tested. The test’s outcome is that
the model works best when all sensors are used.

A. Teaching Neural Network

The previously described model has been trained
with all sensors from the stem data. Stem data is the
data that is recorded with the mobile phone mounted
to the stem. Figure 7 shows that the model reached
its maximum accuracy after 12 epochs. It has been
stopped to train to prevent overfitting. It has to be
stated that it more data would be needed to achieve
more satisfying and precise results.

Fig. 7. Accuracy, Validation Accuracy and Validation loss
over the epochs

The following confusion matrix, see Figure 8
shows a comprehensive version of the prediction of
the model. As can be seen from this graphic, the
model does not deliver satisfying values. Therefore,
no useful prediction on air time, as well as the
amount of turns can be evaluated.

Fig. 8. Overview of all data

V. RESULTS

This final chapter leads through all results of the
author’s work and provides an outlook into future
possibilities, as well as thoughts and suggestions on
areas to improve and develop further. Figure 9 shows
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an overview of the prediction of the model on all
data.

Fig. 9. Overview of prediction of all data

To see the performance of the model in each
maneuver in a more detailed version, a zoomed in
sequence is shown in the following three Figures 10,
11, 12.

Fig. 10. Jump prediction

Figure 10 shows in black the prediction of the
model in the sequence of the first 2.200 data points.
The label is visible in red, this way the indication for
the correct event is given. It is clearly visible, that
there are jumps which are predicted very accurately
by the model, which is the case for example on the
peak seen on the right half of the figure. On the other

hand, the jump on the left could not be identified
with peakfinder due to its under average height of the
other predictions of jumps. Additionally, in between
these two peaks, the model suggests a jump where
no jump is labelled. As seen from the graph, a clear
determination of a jump and therefor, the estimation
of the airtime is not possible. To determine the
air time, the model’s prediction has to delivery a
prediction more likely to the right jump seen in
Figure 10. Such results would make it possible to
determine the edge peak points of the jump. Out of
these, the air time would be calculated by the distance
of the left and right data point.

Fig. 11. Left turn prediction

To evaluate the quality of the prediction regarding
left turns, the same procedure as for the jumps is
applied. The parameters for the peakfinder have been
determined out of Figure 11. It has to be stated, that
the prediction regarding left turns is more accurate
than the prediction on jumps. The prediction does
not reach a satisfying level, but it does demonstrate
a good indication of the network. Same as for the
jumps, the prediction shows different peaks for dif-
ferent labels. There are peaks that fill up the label
very well, but on the other hand, there are also
peaks that do not point out as much as needed. With
more data, the right peaks should develop a more
precise characteristic and peaks outside the labelled
zone should decrease. In case further training with
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additional data would still generate predictions out
of the labelled range, the labelled data would need
to be rechecked for a missing label.

Fig. 12. Right turn prediction

To evaluate the prediction on the right turns, the
same procedure as in the previous two sections is
applied. Figure ?? shows the same characteristics as
Figure 12. There are turns in the data set that are
predicted quite accurately (turn around data point
1.500) and there are also turns without such good
characteristics. Compare to turn around data point
500.

VI. CONCLUSION

Throughout the optimization process, the author
recognized the tendency of the algorithm to optimize
either on jumps or on turns. Concluding, to improve
the algorithm’s success, the whole algorithm should
be split in two. One algorithm trained to detect
jumps, and the other one trained upon detecting
turns. Further, the algorithm trained on turns can
potentially also be separated into right and left turns.
Concluding from the discussion and the results, it
can be said that a mobile phone is capable to record
sensor data in the manner that different maneuvers
can be classified. This thesis derives an algorithm,
that shows the tendencies to do so. To be able
of doing so in a manner that provides satisfying
results, more data needs to be generated. Further,

it is shown that generating and correct labelling of
the data is absolutely essential for the quality of
the algorithm and therefore a control loop needs to
be implemented. At the same time, it again needs
to be drawn into attention, that the data generation
was and needs to be done in an as realistic setting
as possible, in order to generate the most realistic
data set. Whilst a simplified version of the ridden
track could potentially increase the performance of
the algorithm, it would at the same time not satisfy
the aim of the development of a universal solution
for mobile phones.
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Analyse eines Mikroschweißprozesses für
MEMS-basierte Sensoren

Thomas Giuliani, Felix Gennrich (Betreuer) und Bernhard Hollaus (Gutachter)

Kurzfassung—Beschleunigungssensoren auf der
Grundlage von mikro-elektromechanischen Systemen
(MEMS) sind in der Unterhaltungsindustrie sowie
der Automobilindustrie weit verbreitet. Um die
Empfindlichkeit solcher MEMS pro Fläche zu erhöhen
und damit die Baugröße zu verringern, wird derzeit ein
Verfahren zur nachträglichen Spaltreduktion entwickelt.
Dieser Prozess umfasst das Schweißen von zwei
Siliziumverbindungen über Aluminiumleiterbahnen.
Die aktuelle Prozessführung führt dazu, dass
Material von den Aluminiumleiterbahnen in die
Schweißregionen fließt und die Silizium-Verbindung
im Schweißpunkt kontaminiert, was die mechanische
Stabilität drastisch reduziert. Im Rahmen dieser
Arbeit soll der Schweißprozess im Detail analysiert
und ein vereinfachtes Modell zur Beschreibung des
Mikroschweißprozesses aufgestellt werden. Es gilt
Verbesserungsvorschläge für den Schweißprozess sowie
die Schweißgeometrie auszuarbeiten und die Grundlage
für weitere simulative Untersuchungen zu schaffen.

Durch die Messung der U-I-Kennlinie wird das Wi-
derstandsverhalten der Schweißstrecke vor dem Ver-
schweißen bestimmt. In einer Literaturrecherche kon-
zentriert sich der Autor auf die thermischen bzw. elek-
trischen Eigenschaften von Silizium und Aluminium.
Im weiteren Verlauf wird die betrachtete Schweiß-
strecke diskretisiert und ein verhältnismäßig einfaches
Modell in Simulink entwickelt. Die Validierung des
vorgeschlagenen Modells umfasst den Widerstandsver-
lauf während des Schweißprozesses. Zur Bewertung der
erzielten Schweißergebnisse werden Rasterelektronen-
mikroskopie (REM) und energiedispersive Röntgenspek-
troskopie (EDX) eingesetzt.
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Während des Schweißpulses stimmen die Simula-
tionsergebnisse gut mit den Messergebnissen überein,
wobei die Dynamik der Messung etwas höher ist. Mes-
sungen mit REM und EDX bestätigen gute Schwei-
ßergebnisse mit dem optimierten Schweißprozess, ob-
wohl ein Aluminiumfluss in die Schweißregionen nicht
vollständig verhindert werden konnte. Darüber hinaus
werden auf Grundlage der gewonnenen Ergebnisse ei-
nige Verbesserungsvorschläge aufgegriffen.

Schlagwörter—Mikroschweißen, Silizium, Modellie-
rung, MEMS, Beschleunigungssensor

SYMBOLVERZEICHNIS

A Querschnittsfläche µm2

b Breite µm
Cp Wärmekapazität J mol−1K−1

d Schichtdicke nm
Em Schmelzenergie kJ mol−1

λ Thermische Leitfähigkeit W m−1 K−1

l Länge µm
pMEMS MEMS Innendruck Pa
σAl Spezifischer Al-Widerstand S m−1

σSi Spezifischer Si-Widerstand S m−1

T Temperatur K
Tamb Umgebungstemperatur K
Tm Al Al-Schmelztemperatur K
Tm Si Si-Schmelztemperatur K
U Elektrische Spannung V

ABKÜRZUNGSVERZEICHNIS

Al Aluminium
EDX Energiedispersive Röntgenspektroskopie
FEM Finite-Elemente-Methode
MEMS Mikro-elektromechanisches System
MSP Mikroschweißprozess
REM Rasterelektronenmikroskopie
Si Silizium
SP Schweißpunkt
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I. EINLEITUNG

D IE Entwicklung des ersten mikro-
elektromechanischen Systems (MEMS) geht

auf das Jahr 1967 zurück, wobei der erste ausgereifte
Beschleunigungssensor 1979 entwickelt und getestet
wurde [1], [2]. Heutzutage sind MEMS-Sensoren
aufgrund ihrer hohen Sensitivität bei geringer
Größe und Gewicht fester Bestandteil unseres
täglichen Lebens und finden beispielsweise in der
Automobilindustrie sowie Unterhaltungsindustrie (in
z.B. Smartphones) Anwendung [3], [4], [5].

Fix 1 Fix 2 Fix 1 Fix 2

Federelemente

Anker

Shuttle

Fixierpunkte
i (t)wld

Anker

Federelemente

bewgl. Struktur
fixe Struktur

a) b)

Abbildung 1. Der MSP schematisch dargestellt [6]. a)
Initiale Position. b) Während dem Schweißprozess.

Ein Forschungsbereich für die Weiterentwicklung
von MEMS betrifft das Erhöhen der Sensitivtät
pro Fläche. Da das übliche Verfahren zur MEMS
Fertigung eine Limitierung hinsichtlich des Aspekt-
verhältnisses aufweist, soll ein nachträglicher Pro-
zessschritt eingeführt werden, der eine Erhöhung der
Sensitivität verspricht. Mittels Feldspannung wird der
Spaltabstand reduziert und per Mikroschweißprozess
(MSP) fixiert. Damit ist es möglich, die Grundkapa-
zität des MEMS Differentialkondensators zu erhöhen
und folglich auch dessen Sensitivität [6], [7], [8].
Eine schematische Darstellung dieses Vorgangs ist in
Abbildung 1 ersichtlich. Der Innendruck der betrach-
teten MEMS liegt bei pMEMS = 5mBar.

Da für einen industriell tauglichen Prozess, im
Gegensatz zu den Forschungsarbeiten [6], [7], [8],
das Einbringen des Schweißstroms nicht direkt an
den Schweißpunkten (SP) erfolgen kann, ist die
Verwendung von Zuleitungen erforderlich. Hierfür
kommen oberflächlich aufgebrachte Al-Leiterbahnen
zum Einsatz. Dies birgt die Gefahr, dass es unter

Anwendung des MSP, wie er in [6] beschrieben wird,
zum Aufschmelzen der Al-Leiterbahnen kommt. Im
Extremfall kann es, wie in Abbildung 2 ersichtlich,
durch den MSP zur Ausbildung einer Al-Brücke
kommen, die allerdings nur eine begrenzte mecha-
nische Festigkeit verspricht.

Abbildung 2. REM-Aufnahmen eines Mikroschweißkon-
taktes mit ausgebildeter Al-Brücke. Die hellgraue Struktur
zeigt die Al-Leiterbahnen. Die dunklere Struktur stellt das
Grundmaterial, den Si-Einkristall, dar

Im Rahmen dieser Arbeit soll der MSP im Detail
analysiert und simulativ untersucht werden. Hierzu
wird das verwendete Material (Al, Si) über einen
Temperaturbereich von 300K bis über den Schmelz-
punkt hinaus modelliert und ein vereinfachtes Modell
in der Entwicklungsumgebung Simulink erstellt.

II. SYSTEMANALYSE & MODELLBILDUNG

Im Folgenden wird die Vorgehensweise bei der
Erstellung des Simulink-Modells betreffend die
Schweißstrecke, die Materialeigenschaften und das
Simulationsmodell beschrieben.

A. Die Schweißstrecke

Das Layout der Schweißstrecke der untersuchten
MEMS wird in Abbildung 3 gezeigt. Infolge der
eingebrachten elektrostatischen Spannung lenkt die
bewegliche Struktur in Richtung der fixen Struktur
aus. Somit wird an den beiden SP ein elektrischer
Kontakt hergestellt.

B. Materialeigenschaften

Da im Bereich des Schmelzpunktes von Al und Si
sprunghafte Änderungen im Materialverhalten auftre-
ten, steigt der numerische Aufwand für die Berech-
nung des transienten Modells so stark an, dass in
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Traverse

fixe Struktur 2fixe Struktur 1

Kontaktpads

bewegl. Struktur
Schweißpunkt 1 Schweißpunkt 2

Federaufhängung

Bewegungsrichtung 
infolge des MSP

Abbildung 3. Layout der Schweißstrecke. Die hellgraue
Struktur besteht aus Si-Einkristall. Die schwarze Struktur
zeigt die Leiterbahnen auf Al-Basis. Die Kontaktpads die-
nen zum Einbringen des Schweißstroms. Die bewegliche
Struktur ist über eine Feder aufgehängt.

diesem Bereich das Modell nicht gelöst werden kann.
Daher wird das Materialverhalten in diesem Bereich,
wo es notwendig ist, linearisiert. Der Verlauf des
spezifischen elektrischen Leitwerts von Si mit einer
Linearisierung von ±70K um den Schmelzpunkt
Tm Si = 1687K [9] findet sich in Abbildung 4.
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Abbildung 4. Elektrischer Leitwert von Si von 300 K bis
1800 K basierend auf den Daten von [10], [11], [12]. Der
intrinsische Bereich von Si wird bei etwa 800 K erreicht.

In Tabelle I finden sich die Werte des konduk-
tiven Leitwert von Si linearisiert mit ±30K um
den Schmelzpunkt. Nach [13], [14] ist der radiative
Anteil bis hin zum Schmelzpunkt vernachlässigbar,
da dieser maximal etwa 2 % des Gesamtanteils der
thermischen Leitfähigkeit ausmacht. Der konvektive

Term wird aufgrund des sehr geringen Innendrucks
vernachlässigt.

Tabelle I
KONDUKTIVER THERMISCHER LEITWERT VON SI [9].

T (K) λ (W m−1 K−1) T λ
293 139,4 1173 24,8
373 105,8 1273 23,7
473 82,4 1373 22,3
573 65,6 1473 20,1
673 50,3 1573 20,4
773 42,4 1657 19,2
873 36,7 1717 57,0
973 30,9 1724 57,4

1073 27,4

Weiters wird die Schmelzenthalpie von Si nach
[15] mit Em = 50,66 kJ mol−1 angegeben und
über die Wärmekapazität im Temperaturbereich von
1687K ± 70K modelliert. Nach [16] kann die
Wärmekapazität mit

Cp = 23,698 + 3,305 · 10−3 T

−4,354 · 105 T−2 (1)

definiert werden.
Die elektrische Leitfähigkeit bzw. die Wärmeka-

pazität von Al finden sich linearisiert mit ± 70K um
die Schmelztemperatur Tm Al = 933K in Tabelle II
und III [17]. Die thermische Leitfähigkeit wird nach
[18] über das Wiedemann-Franz Gesetz

λ = σAl LT (2)

von der elektrischen Leitfähigkeit abgeleitet, wo-
bei L ≈ 2,445 10−8 V2 K−2 die Lorenz-Zahl defi-
niert.

Die Grenzschicht im SP wird durch einen ge-
schalteten elektrischen Widerstand modelliert und so
gewählt, dass er über die Schweißstrecke bei einer
umgesetzten Leistung von 300mW bei 7 kΩ (vgl.
Abschnitt IV-A) liegt. Der Widerstand wird beim
Erreichen von T = Tm Si kurzgeschlossen und bleibt
folglich in diesem Zustand. Nach dem Erreichen der
Schmelztemperatur werden die fixe Struktur und die
bewegliche Struktur im Modell thermisch verbunden.

52



Tabelle II
SPEZIFISCHER ELEKTRISCHER LEITWERT VON AL [18].

T (K) σ (S m−1) T σ
298 36,9·106 773 11,6·106
384 30,5·106 823 10,8·106
373 27,5·106 863 9,0·106
473 20,3·106 1003 4,1·106
573 16,2·106 1023 3,9·106
673 13,7·106

Tabelle III
WÄRMEKAPAZITÄT VON AL [19].

T (K) Cp (J mol−1 K−1) T Cp

298 5,8 700 7,0
300 5,8 800 7,4
400 6,2 863 7,7
500 6,5 1003 7,6
600 6,7 1700 7,6

Die Übergangsschicht zwischen Al und Si wird als
sehr dünn eingeschätzt, da in den elektrischen Mes-
sungen kein ausgeprägter p-n-Übergang nachgewie-
sen werden konnte. Der eindimensionale thermische
Widerstand, wie er bei den betrachteten Strukturen
beim Übergang von Al zu Si angenommen werden
kann, wird in [20] mit

RL =
d

λA
(3)

definiert. d entspricht der Schichtdicke, A der
Fläche und λ der Wärmeleitfähigkeit. Da die Schicht-
dicke als sehr gering und die Fläche im Vergleich
dazu als relativ groß angenommen werden kann, wird
der resultierende thermische Widerstand klein und
daher vernachlässigt.

C. Energiequelle

Nach [21] gibt es für einen Schweißprozess stets
eine obere und eine untere Grenze der Leistungsdich-
te. Daher liegt der Versuch nahe, die eingebrachte
Schweißleistung zu kontrollieren. Folglich wird zum
Schweißen eine Leistungsquelle verwendet, die durch
das gezielte Schalten von Vorwiderständen und der
Spannungsversorgung generiert wird.

D. Diskretisierung

Die Diskretisierung der Geometrie erfolgt im Be-
reich um die SP in x- und y-Richtung mit rela-
tiv hoher Auflösung, da dieser Bereich im Detail
untersucht wird. Für die Schweißstrecke kann eine
Symmetrieebene zwischen den fixen Strukturen und
der beweglichen Struktur entlang des in Abbildung
3 eingezeichneten Pfeils gefunden werden. Daher
wird nur ein Teil der Schweißstrecke modelliert und
somit der numerische Aufwand reduziert. Die Zulei-
tungsstrecken werden mit vergleichsweise geringer
Auflösung modelliert. Das gesamte Modell ist in
Abbildung 5 dargestellt.
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Abbildung 5. Diskretisierung der Schweißgeometrie. Die
grauen Strukturen bestehen aus Si-Einkristall. Die schwar-
zen Strukturen bilden die Al-Leiterbahnen.

In z-Richtung erfolgt die Modellierung in vier
Schichten, die aus praktischen Überlegungen heraus
wie folgt gewählt wurden:

1) Die Al-Leiterbahnen weisen eine Dicke von
etwa dAl = 1,5µm auf. Die Leiterbahnen
werden thermisch sowie elektrisch modelliert.

2) Die erste Schicht im Si wird mit einer Dicke
von dSi 1 = 3µm definiert. Sie wird thermisch
und elektrisch modelliert.

3) Die zweite Schicht mit einer definierten Dicke
von dSi 2 = 17µm wird rein thermisch betrach-
tet.

4) Die dritte Schicht mit einer definierten Di-
cke von dSi 3 = 55µm an den beweglichen
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Strukturen bzw. dSi 3 = 65µm an den fixen
Strukturen wird rein thermisch betrachtet (sie-
he Abbildung 3).

E. Gesamtmodell

Im Gesamtmodell wird, wie bereits in Abschnitt
II-D erläutert, nur die halbe Schweißstrecke mo-
delliert. Das elektrische Modell ist schematisch in
Abbildung 6 ersichtlich. Das thermische Grundmo-
dell wird in Abbildung 7 gezeigt. Jedes modellier-
te Element besitzt eine Wärmekapazität sowie n
Eingänge und m Ausgänge, die es mit den jeweiligen
benachbarten Elementen verbindet. Die elektrischen
Widerstände sowie die thermischen Eigenschaften
der modellierten Elemente sind temperaturabhängig
und dadurch mit der Temperatur gekoppelt, welche
in der Wärmekapazität des jeweiligen Elements ge-
speichert ist.
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Abbildung 6. Elektrisches Schweißmodell im Überblick.
Der SP wird elektrisch durch einen Schalter modelliert.
Die thermische Modellierung erfolgt für alle Elemente
im betrachteten Modell. Elektrisch werden nur die Al-
Leiterbahnen und die erste Si-Schicht, die zum elektrischen
Stromfluss beiträgt, modelliert.

Das Gesamtmodell besteht aus der modellierten
Schweißstrecke und einer Leistungsquelle, die einen
Leistungsverlauf nach Abbildung 8 generiert.

Die Randbedingungen für das beschriebene Mo-
dell werden wie folgt definiert:

• Die Modellränder, welche an die umliegende
Niederdruck-Atmosphäre grenzen, werden als
adiabatische Wände definiert.

Out_1

Out_m
T

In_1

In_n

Abbildung 7. Struktur des thermischen Modells für ein
einzelnes diskretes Element.
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Abbildung 8. Leistungsverlauf über die gesamte Schweiß-
strecke in der Simulation. Die Daten werden mittels gleiten-
dem Mittelwert über 35 Datenwerte gemittelt. Somit können
Flanken aufgrund der Schaltvorgänge reduziert werden.

• Die Modellränder, welche an das umliegende Si
angrenzen, werden mit Tamb = 300K angenom-
men.

III. MESSAUFBAU & SCHWEISSELEKTRONIK

Zur Validierung des Simulationsmodells werden
Messungen an realen Komponenten vorgenommen,
welche durch den optimierten MSP geschweißt wer-
den. Der Aufbau zu den praktischen Untersuchungen
findet sich in Abbildung 9. Hierbei wird die Schwei-
ßelektronik mit einer Leistungsquelle von +Vcc nach
Masse versorgt. Über einen Shuntwiderstand wird
der zugeführte Strom bestimmt. Dafür kommt für
den statischen Fall ein Multimeter zum Einsatz. Im
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dynamischen Fall werden die Messergebnisse über
ein Oszilloskop mit Differentialtastkopf generiert.
Der Spannungsabfall über die gesamte Schweißstre-
cke wird ebenfalls dynamisch über das Oszilloskop
gemessen und protokolliert. Für die Schweißung und
die Messung wurde das gelistete Equipment aus
Tabelle IV verwendet.
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Abbildung 9. Schweißelektronik und Messaufbau.

Tabelle IV
EQUIPMENT FÜR DIE PRAKTISCHEN UNTERSUCHUNGEN

Gerät Hersteller Bezeichnung
Oszilloskop RIGOL DS1054Z
Tastkopf TESTEC TT-SI 9002
Multimeter KEITHLEY 2000
Prober Cascade PA200 ”BlueRay
LCR-Meter Keysight E4980AL

IV. ERGEBNISSE

A. Experimentelle Schweißergebnisse

Um das Verhalten der Schweißstrecke an mehreren
Proben zu untersuchen, wurde zunächst die in Ab-
bildung 10 dargestellte U-I-Kennlinie aufgenommen.

Es zeigt sich ein sehr reproduzierbares Verhalten bei
einer zugeführten Leistung von 300mW. Der Wider-
stand liegt bei etwa 7 kΩ vor dem Verschweißen.
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Abbildung 10. Strom-/Spannungsmessung zur Voruntersu-
chung an vier zufälligen Proben an einem Wafer. Über die
gesamte Untersuchung wird die bewegliche Struktur mittels
elektrostatischer Kraft an die fixe Struktur gepresst.

Während der Schweißung zeigt sich für die Pro-
ben in Abbildung 11 wiederum ein sehr reprodu-
zierbares elektrisches Verhalten. Die Oszilloskop-
bedingte Messung am Shuntwiderstand ist bei hohen
Widerständen im kΩ-Bereich deutlich verrauscht,
weswegen die initialen Widerstandswerte bei dieser
Messung deutlich von den zuvor bestimmten 7 kΩ
abweichen. Infolge des Schweißimpulses sinkt der
Gesamtwiderstand innerhalb von 0,12µs um über
zwei Größenordnungen. Nach dem Impuls steigt der
Widerstand aufgrund der Abkühlung im Si stark an
und liegt für die untersuchten MEMS am Ende bei
etwa 200Ω.

Abbildung 12 zeigt die REM-Aufnahme einer
Schweißung, die im Zuge der praktischen Untersu-
chungen durchgeführt wurde. Zu sehen ist, dass es an
der Verjüngung der Al-Leiterbahn zu augenschein-
lichem Al-Fluss gekommen ist. Daher ist auch der
niedere Widerstand nach der Schweißung erklärbar.
Nach analytischen Berechnungen sollte der Wider-
stand über die Schweißstrecke ohne Al-Beteiligung
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Abbildung 11. Widerstandsverlauf in den praktischen Un-
tersuchungen. Die Daten werden mittels gleitendem Mittel-
wert über 10 Datenwerte geglättet.

bei etwa 1 kΩ − 2 kΩ liegen. Mittels EDX-Analyse
konnte nachgewiesen werden, dass der Al-Gehalt in
der Nähe des Schweißpunktes bei etwa 6% liegt und
somit deutlich geringer ist als bei der ursprünglichen
Prozessführung.

Abbildung 12. REM-Aufnahmen eines erfolgreich ge-
schweißten MEMS. Die hellgrauen Strukturen stellen die
Al-Leiterbahnen dar. Die dunkelgrauen Strukturen bestehen
aus Si-Einkristall.

B. Simulationsergebnisse

In Abbildung 13 werden die simulativ bestimmten
Temperaturverläufe in ausgewählten Si Elementen
dargestellt. Im Verlauf zeigt sich, dass am Anfang des
Impulses besonders die beiden Elemente FE6 1 und
MS1 1 aufgeheizt werden. Dies ist insofern nach-

vollziehbar, da der Schweißpunktwiderstand maßgeb-
lich ist. Nach dem Erreichen der Temperaturspitze
wird der Schweißpunktwiderstand kurzgeschlossen.
Dadurch sinkt die in diesem Bereich abfallende Span-
nung und damit auch die generierte Leistung deutlich
ab. Mit fortschreitender Impulsdauer gleichen sich
die benachbarten Elemente FE6 1 und FE5 1 bzw.
MS1 1 und MS2 1 immer näher an.

Wenn man nun jedoch den Fokus auf die beiden
Elemente FE6 2 und MS1 2 legt, so zeigt sich ein
gravierender Temperatursprung zwischen der ersten
und zweiten Schicht. Dies deutet daraufhin, dass das
thermische Verhalten nur unzureichend abgebildet
werden kann.
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Abbildung 13. Temperaturverläufe im Si simulativ be-
stimmt. Die genaue Beschreibung zu den simulierten Ele-
menten findet sich in Abschnitt II-D.

In Abbildung 14 wird der Widerstandsverlauf der
simulierten Schweißstrecke dargestellt. Der Wider-
stand nimmt infolge des Schweißimpulses um über
zwei Größenordnungen ab. Der Widerstand im Si
bleibt jedoch über den gesamten Schweißprozess
deutlich größer als jener im Al und ist daher maß-
geblich für den Gesamtwiderstand.

V. DISKUSSION

Um der sehr hohen Änderungsrate des Si-
Widerstandes zu begegnen, ist die Ansteuerung mit-
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Abbildung 14. Widerstandsverlauf simulativ bestimmt. Min
und Max beschreiben hierbei das lokale Minimum und
Maximum des Widerstandes nach dem Abkühlen des Si.

tels Leistungsquelle die beste Wahl. Damit ist es
möglich, einen entsprechenden Parametersatz zu de-
finieren, mit dem ein reproduzierbarer Prozess gefah-
ren werden kann. Im MSP selbst kann beispielsweise
der Widerstandsverlauf als Indikator zum Einsatz
kommen, ob eine Schweißung erfolgreich ist. In der
Modellvalidierung konnte gezeigt werden, dass mit
dem relativ einfachen vorgeschlagenen Modell der
MSP in seiner Grundcharakteristik abgebildet werden
kann. Allerdings wurde auch deutlich, dass es für
eine genaue Systembeschreibung einer Modellierung
auf z.B. FEM Basis bedarf. Besonders das thermische
Modell weist hinsichtlich der Temperaturverläufe
entsprechende Schwachstellen auf - die Dynamik
wird unterschätzt.

Um feststellen zu können, ob es während dem
MSP zum Al-Fluss in die Schweißstellen gekommen
ist, erweist sich die Impedanzmessung als Mittel der
Wahl. Besonders niedere Realteile mit etwa 300Ω
und weniger weisen auf einen solchen Fluss hin.
Prinzipiell ist es wünschenswert, dass die SP einen

möglichst hohen Anteil an Si aufweisen, da hier von
einer sehr steifen Verbindung ausgegangen werden
kann, die nur sehr wenig Bewegung infolge von
Beschleunigungen entwickelt.

Als alternative Möglichkeit zum Widerstands-
schweißprozess kann beispielsweise das Laser-
schweißen gesehen werden. Hierbei wird von [22]
berichtet, dass die Laserschweißmethode die güns-
tigste Möglichkeit sei, Schweißungen im kleinen
Maßstab durchzuführen. Der große Vorteil des vorge-
stellten Schweißverfahrens besteht jedoch darin, dass
der MSP als eigenständiger Prozess nach vollständi-
ger Waferfertigung angewendet werden kann.

VI. SCHLUSSFOLGERUNG

Aus den gewonnenen Erkenntnissen kann einer-
seits die Notwendigkeit einer Verbesserung der Lei-
terbahgeometrie zur Vermeidung von Kontamination
durch Al im SP abgeleitet werden. Hierfür soll-
te das Layout so angepasst werden, dass die Al-
Leiterbahnen nicht zu nahe am SP liegen. Ande-
rerseits wurde deutlich, dass breitere Leiterbahnen
aufgrund der höheren Wärmekapazität und besse-
ren thermischen Leitung weniger aufschmelzen als
schmale Leiterbahnen.

Um den MSP simulativ besser beschreiben zu
können, wird eine Simulation auf z.B. FEM Basis
nötig sein. Insbesondere gilt es zu kontrollieren,
dass Temperatursprünge zwischen einzelnen Elemen-
ten vermieden werden. Hierfür wird besonders im
Schweißbereich eine sehr feine Granularität des Git-
ters nötig sein.

Im Rahmen der Forschungsarbeit konnte ein tiefes
Verständnis über den MSP erlangt werden. Es konnte
gezeigt werden, dass eine Leistungsquelle eine gute
Ansteuerungsmöglichkeit für einen MSP im Si bildet.
Für nachfolgende FEM-Untersuchungen ist beispiels-
weise die Bestimmung des Strompfades interessant
und kann somit zur Optimierung der Schweißgeo-
metrie herangezogen werden.
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Evaluation of Electrical Influences on Li-ion
Batteries with Alternative Cell Arrangement in

Parallel Connection
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Abstract—Developing durable and high-performance
Li-ion battery systems is a challenge. However, the
requirements are similar for many applications: Maxi-
mum performance with minimum package volume. This
can be achieved by an unsymmetrical arrangement of
cells. At high performance and poor design, there is a
risk of increased cell aging.

Therefore, a literature review on the effects of battery
aging and interconnection concepts is done. Further-
more, a simulation model is used to ensure the battery
performance. Finally, the battery simulation model is
also validated by test results. The test setup is based on a
minimal example of a battery for an electric motorcycle.
In addition, the test results are used to optimize the
development process for cells and batteries. A load
cycle corresponding to that of an electric motorcycle is
selected for the battery. This test concept ensures that
the cells in the battery pack are loaded similarly to those
in a real motorcycle battery.

In addition, the simulation model is validated us-
ing two different methods (electrical impedance spec-
troscopy and the pulse method). The simulation results
of both measurement methods are compared with each
other. Thus, it is ensured to use the correct method for
the simulation of a load cycle in the future. In this way,
the methods developed (simulation and test by minimum
test setup) ensure at an early stage that unsymmetrically
built battery systems achieve the required service life.
Furthermore, no expensive battery prototype is neces-
sary to draw conclusions about the performance of the
battery.

Index Terms—Li-ion battery, Cell arrangement, Bat-
tery simulation, Electromobility, Parallel connection,
Internal resistance, EIS measurement;

M. Hausladen study at MCI,
e-mail: hausladen.markus@web.de

I. INTRODUCTION

AN unsymmetrically connected battery offers
a number of advantages, especially since the

available installation space for batteries in motor-
cycles can be optimally utilized. In this work, an
unsymmetrical motorcycle battery concept is consid-
ered that allows a 14s10p interconnection, while a
conventional design with symmetrical cell arrange-
ment would only allow an interconnection of 14s8p.
This corresponds to a higher capacity of 140 Ah
in the same installation space with a 5 Ah cylin-
drical cell. The disadvantage of the unsymmetrical
battery concept is that free-space cell connectors
cause an unsymmetrical load on the cells in the
parallel connection. Whether this unsymmetrical cell
arrangement has major disadvantages in terms of
unsymmetrical cell aging and battery performance
remains to be investigated. [1], [2]
For this purpose, a possible test setup and measure-
ment methods for the cell behavior will be examined
in more detail. Furthermore this test results can be
also used in simulation models. Thermal influences
on the test setup can also be optimized and analyzed
during test operation by temperature sensors. How-
ever, the electrical influences on the individual cells
connected in parallel are difficult to analyze. One
reason for this is that cells connected in parallel are
usually joined by welding methods. [3] To investigate
these influences at cell level, only non-destructive
measurement methods are suitable. [4]
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II. METHODS

The operating mode of batteries and its influences
are reflected in the cell aging. [5] Therefore, the aging
of a single cell is a good indication of the extent to
which an unsymmetrical cell distribution will have
a negative impact in a real application. Furthermore
the internal resistance is a valuable indicator for the
aging state of a Li-ion cell. [6] To determine the inter-
nal resistance value of a cell, three different methods
(GEIS, AC-IR, DC-IR) are considered in more detail.
All three methods are suitable for measuring cell
resistances. The test cell is a cylindrical 21700 NMC
cell with a capacity of 5 Ah. Before characterizing
the test cells, two full cycles are performed with
the cells. This initial cycling is used to complete
formation processes. [7] Moreover the cell status is
evaluated before and after the load profile with a
GEIS measurement. The behavior of the cell can
be different for the discharge and charge behavior.
[8], [9] In this paper, only the discharge behavior
of the cell is considered. For all measurements it
is important that the open-circuit voltage (OCV) of
the specific state of charge (SOC) is reached. This
is ensured by a defined relaxation time of the cell
after a load. The duration of the relaxation time is
based on experience from preliminary tests which is
at least one hour. Shorter relaxation times can falsify
the measurement results. [10]

Direct Current Internal Resistance (DC-IR)
DC-IR or pulse testing is used to determine the
internal resistance of Li-ion cells with a short current
step. Also, this method is used in the ISO 12405-
1 standard to determine the internal resistance of
batteries. [11], [12]

The DC-IR method is well suited for modeling
long-term effects. [13] For example one long-term
effect is the relaxation of cell voltage over time. Out
of the voltage drop and relaxation of the cell the
characteristics of cells can be determined. This is
also displayed in Fig. 1. [14] By using a pulse width
of 90 s, the internal resistance and the behavior of
the RC element are calculated. For a 2 C discharge
pulse with a duration of 90 s, this corresponds to a
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Fig. 1. Voltage response during excitation by a 2C current
pulse of a Li-ion cell.

discharge of 5 % SOC of the cell.
Galvano Electrochemical Impedance Spec-

troscopy (GEIS) By using the GEIS measurement
method, it is possible to characterize Li-ion cells for
specific frequencies. Therefore a small sinusoidal AC
current is used as the excitation signal of the Li-ion
cell. [15] In addition the setting of the GEIS measure-
ment can be seen in Tab.I. [16] During excitation,
the system under test responds with a sinusoidal
voltage signal shifted by the phase angle ϕ. Based
on the current excitation and the voltage response,
the behaviour of a Li-ion cell can be determined for
the different excitation frequencies. [17] Moreover
the excitation currents for the GEIS measurement
method should be selected small, since too high
excitation currents cause a too large change in con-
centration of the electrolyte. This then results in
inaccuracies of the impedance model. [18] A major
advantage of this measurement method is that the cell
effects can be measured for very fast load dynamics.

This frequency response of a Li-ion cell is usually
shown in a Nyquist diagram. Various physical effects
can then be seen, such as mass transport or the
frequency behavior of the electrochemical double
layer (SEI). All of these effects can be seen in the
shape of the Nyquist plot, shown in Fig. 2. [4]

Alternating Current Internal Resistance (AC-
IR) The AC-IR method applies a small AC sig-
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TABLE I
SETTINGS OF THE GEIS MEASURMENT

Description Settings

Amplitude 50 mA
Start frequency 10 kHz
End frequency 50 mHz
Points per decade 10
Averaged measurements 5

HzkHz mHz / uHz
f

RCTRi

Effects caused by the charge transfer 
and the electrochemical double layer

Effects caused by mass transport

Fig. 2. Nyquist plot and a representation of the physical
effects in a Li-ion cell. (according to [4])

nal to the cell or battery system to measure the
internal resistance. This method is similar to the
GEIS measurement, the main difference being that
only one frequency is excited. For the used AC-
IR measurement a measuring frequency of 1 kHz is
used. The measured resistance RAC at a frequency
of 1kHz is almost equal to the pure ohmic resistance
Ri for unaged cells. [19] In addition, the pure ohmic
resistance is a good indicator of whether the cells
are from the same batch. [20] In order to build an
accurate simulation model, the response of a single
frequency is too small. The advantage of this method
is that there are also portable measuring systems
on the market that provide a result of the battery
resistance in a few seconds. If AC-IR measurement

is used to compare internal resistance of cells before
and after tests, it is important that the cells have
the same SOC before and after the measurement.
Furthermore different SOC of cells lead to different
internal resistances. [21] All set parameters of the
AC-IR measurement are shown in Tab.II.

TABLE II
SETTINGS OF THE AC-IR MEASUREMENT

Description Settings

Amplitude max. 160 mA
Measured frequency 1 kHz
Measurement range 30 mΩ
Averaged measurements 5

Based on the Nyquist plot, a simulation model
can be created. Thereby, an important indicator for
the simulation model is the load type of the cell,
as shown in Fig. 3. The load for the simulation is
a driving cycle, which lie in the medium frequency
range. In other words, the Skin effect behavior at very
high frequencies and cell behavior of more than a
few hours are not interesting for the simulation of an
off-road drivecycle. So a simulation model with two
RC element is sufficient to simulate the cell behavior.
Furthermore the simulation model is based on a look
up table where all parameters are saved. [22]
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Fig. 3. Typical battery applications, classified according to
the dynamics of their electrical workload. (according to [1])

For the design of the test setup, it is important that
the electrical load is comparable to the unsymmetri-
cal concept battery. With increasing number of cells
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connected in parallel, the load on the individual cells
decreases due to Kirchhoff’s law. In order to increase
the electrical effects of cells with different loads, a
1s3p connection is chosen for the tests. Here, each
cell is loaded differently due to the different contact
resistances. This described test setup can be also seen
in Fig. 5. In addition, the contact resistance value is
determined by the length of the leads between the
cells. Moreover, the current in battery systems can
be several hundred amperes. [23] Therefore, contact
resistance is a non-negligible parameter in battery
systems. For this reason, the contact resistances in
batteries should be as low as possible. To ensure a
realistic load on the cells during the test, the distance
between two cells in the battery is used to calculate
the contact resistance. The material parameters of
Hilumin, the cell spacing and material thickness
result in a theoretical contact resistance between the
cells of 3.6mΩ. Hilumin is a weldable cell contact
material with a low contact resistance that is used in
the battery. [24]

The next step is to reduce the environmental influ-
ences to ensure that the cell aging is mainly caused
by the different cell loading. One goal is to reduce the
thermal influences. Also cooling is also provided in
real Li-ion batteries. Therefore, all experiments are
carried out in a climatic chamber with a constant
temperature of 25 °C. In addition, a fan provides
simulation of the air-stream and additional cooling.
In fact, too high contact resistances lead to a higher
power dissipation, which is reflected in a stronger
heat development than in a Li-ion battery for automo-
tive applications. Therefore, the contact resistances of
the cell holder, which can also be seen in Fig. 4, are
investigated. The contact resistances are measured by
AC-IR method. Additional, the contact resistance is
reduced by using an conductive antioxidant. Besides,
a larger wire diameter of 2.5mm2 is used in the test
setup than 0.2mm2 in the real battery also to reduce
the heat generation in the wires.

Another important point is the kind of load during
the test. This experimental test setup aims to show
the electrical effects of differently loaded cells under

Fig. 4. Selected single cell holder used for parallel con-
nection of cells.

Fig. 5. Defined test setup 02 in 1s3p configuration with
different resistances in parallel circuit to simulate the effects
of different cell loading in parallel circuit. The resistances
are determined by the cable length between the cells and
also checked with a micro ohmmeter. Also a temperature
sensor Typ K is mounted in the middle of each cell.

real conditions in a parallel circuit. For this reason,
a real driving cycle of a motorbike is used. During
this load profile, the test setup is discharged for 446
seconds with maximum current pulses of 59.05A.
This corresponds to a discharge pulse per cell of
approximately 4 C. Furthermore, the load profile is
repeated per cycle until 0 % SOC of the test set up
is reached. In order to age cells, the driving cycle is
repeated 177 times. [25]
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III. RESULTS

The primary objective is to show whether un-
symmetrically loaded cells also lead to very severe
unsymmetrical aging of the cells. This is done by an
1s3p cell configuration where the condition should
be similar to a real battery. Therefore the effects of
the chosen cell holder (Contact resistance, change
in resistance over time and repeatability of contact
resistance) are investigated.

A good way to compare the aging state of a cell is
the Nyquist plot. Here all changes of the resistance
behavior (SEI layer, ohmic internal resistance) are
represented over the frequency behavior of the cell.
This Nyquist plot can be observed with the GEIS
measurement method.
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Fig. 6. Temperature behavior of the cells during a complete
test cycle with final charging of the cells.

Similarly, cell temperatures are recorded during the
test to ensure that unsymmetrical aging is mainly
caused by differently loaded cells. The largest de-
viation between the cell temperatures is shown by
the cell at the positive pole with 1.5 °C higher tem-
perature, which is also visible in Fig. 6. Aluminum
is used for the anode and cooper for the cathode,
since aluminum is a poorer conductor than copper,
a higher temperature at the positive pole is to be
expected. [26]

Already an unsymmetrical loading, triggered by a
deviating cell connector resistance of 1.2 mΩ, shows
effects of different cell aging. This is determined in

the first test setup. In the next section, the results
of test setup 02 with a deviating cell connector
resistance of 5.9 mΩ are evaluated.

As shown in Fig. 7, the capacitive behavior of
the cell is lower than at the beginning. Actually, the
semicircles should grow with time. It is assumed that
after two standard cycles the formation processes of
these cells are not yet completed. [27] Therefore,
the impedance curves shown are also plausible. For
all three cells, the largest change is found in the
increase of the pure ohmic response of the cells.
In addition, the aging rate for the ohmic response
of each test cell is shown in Tab. III. This is also
reflected in the power taken from the experimental
setup. Thus, a power of 48.80 Wh could be drawn at
the beginning and only 33.74 Wh after 177 cycles.
Moreover, this corresponds to a power loss of more
than 30 %. With a power loss of 30 %, the End of
Life (EOL) criteria of the test setup is also fulfilled.
Based on the result of this tests, too large deviations
in the contact resistances lead to unsymmetrical cell
aging.
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Fig. 7. Analysis of the aged cell based on the GEIS
measurement data. These measurement data are based on
a SOC of the cell of 60 % after 177 cycles.

For the simulation part, a characterization of the
cell is required. For this purpose, two methods are
used and compared: the GEIS measurement and the
DC-IR technique. Their simulation results are shown
in Fig. 8. There, a section of the selected driving
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TABLE III
EVALUATION OF THE TEST RESULTS FOR TEST SETUP 02.

Description Value

Name MHA BA CG011
Position in test setup minus
Start resistance 14.69 mΩ
Increase of resistance 31.08 %after 177 cycle

Name MHA BA CG006
Position in test setup middle
Start resistance 14.46 mΩ
Increase of resistance 27.10 %after 177 cycle

Name MHA BA CG009
Position in test setup plus
Start resistance 14.74 mΩ
Increase of resistance 18.66 %after 177 cycle

cycle with a three second pause can be seen. It can
be seen that the simulated GEIS data doesn´t reflect
the actual relaxation process of the cell. This is in
contrast to the simulation with the DC-IR method,
where the relaxation process during the pause is
better represented.
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Fig. 8. Comparison between the simulated data and the real
measurement

Two methods (DC-IR and EIS) are used to obtain
the parameters for the simulation model. The simu-
lation model is based on RC elements. In order to
obtain the cell properties for the simulation model,
it is necessary to check them at different cell SOCs.
Since the cell behavior changes over the SOC. This
can also be seen in the Fig. 9. In addition the cell
characterization procedure is described in Tab.IV.
Also the voltage profile for the cell characterization
is shown in Fig. 10. At the end of each discharge
step a GEIS measurement is done followed by the
discharge pulse.

0 10 20 30 40 50 60 70 80 90 100

12.8

13

13.2

13.4

13.6

13.8

14

14.2

14.4

Fig. 9. Real resistance RE behavior of a cylindrical 21700
NMC Li-ion cell over the SOC at 1 kHz.

TABLE IV
DETERMINATION OF CELL PARAMETERS

Step Description Parameter and Conditions

1 full charge @0.5C, CC+CV
2 2 standard cycle @1C, CC+CV
3 rest 15 min
4-8 dch to 90 % SOC @2 % SOC + 2.5 h pause
9-25 dch to 10 % SOC @5 % SOC + 1 h pause
26-30 dch to 0 % SOC @5 % SOC + 2.5 h pause
30 ch to 30 % SOC @1C, CC+CV

It is shown that a simulation for the driving cycle
both methods are suitable to obtain the parameters of
the RC elements. The simulation results show that
the DC-IR method reflects the long-term behavior
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Fig. 10. Cycle for characterization of lithium ion cells

Fig. 11. Open Circuit Voltage over the capacity of the Li-
ion cell

of cells better than the simulation with the GEIS
parameters.

IV. CONCLUSION

These findings lead to the conclusion that aging
due to differentially loaded cells in parallel con-
nection leads to accelerated and unsymmetrical cell
aging. In addition, similar tests should be performed
during charging operations. A slightly different heat-
ing of the individual cells is also observed; it must
be identified whether this effect is amplified in a real
battery system.

In my opinion, the advantages are outweighed
by the 30 % higher capacity of the unsymmetrical
battery compared to the symmetrical battery design.
Of course, further research is needed on how to define
the voltage limits of the individual battery modules
and whether a lower EOL criterion should be applied
in order to operate the unsymmetrical battery safely.

In developing the RC element model, one also en-
counters other mathematical descriptions that reflect
cell behavior. One possibility for the cell simulation
model is the constant phase element. Here it is
interesting to see how it compares to the RC element
in terms of simulation time and simulation accuracy.

In summary, the tests with the minimal test setup
cannot replace any test standards for a Li-ion battery.
Rather, the test results serve to map the environ-
mental impact of the system over the course of the
product’s life and to identify any weak points already
in the development phase.
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TABLE V
LIST OF SYMBOLS

Symbol Name Unit
Ri series internal cell resis-

tance
Ω

RCT Resistance caused by the
SEI layer

Ω

tpulse Discharge pulse duration s
tfit Duration for the character-

ization of RC elements
s

Ipulse Discharge pulse A
RAC Measured resistance at

1 kHz
Ω

RE Real resistance of the cell Ω
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Concept Design and Evaluation of isolated
DC/DC Converters in mid power DC charging

stations
Andreas Hofer, Maurizio Incurvati (supervisor), Tizian Senoner (supervisor)

Abstract—Mid power DC charging stations are re-
cently gaining popularity, as high power DC charging
is not suitable for every customer. High power DC
charging is associated with high cost due to the needed
equipment and infrastructure. Thus, a trend towards
mid power charging stations with charging power up to
50kW can be seen. As the market is still evolving and
not many products can be found in this segment yet,
general knowledge of how to implement such charg-
ing stations is still not established. Therefore, DC/DC
converters which are to be employed in such systems
are analyzed and compared to gain deeper knowledge.
An LLC and a dual active bridge (DAB) converter
are compared by modelling and design calculations.
Basic topology simulations are performed in LTSpice
to validate the design concept and examine qualitative
properties of waveforms on key components. Ultimately,
measurements on real hardware are performed in order
to determine their advantages and disadvantages in the
context of mid power DC charging. The gathered data
is used to suggest improvements on examined hardware
and ultimately decide which topology is better suited for
the application. Reasoning for opting for the LLC topol-
ogy is provided by means of power density, efficiency
and electromagnetic interference (EMI) evaluation in
comparison to the analyzed DAB stage.

Index Terms—Mid Power DC Charging, LLC, DAB,
Dual Active Bridge, Resonant Converter Design, Electric
Vehicle, Electric Vehicle Supply Equipment

ABBREVIATIONS

AC-charging convetional single or three phase AC
charging

DAB dual active bridge
DUT device under test
EMC electro-magnetic compatibility

EMI electro-magnetic interference
e-mobility electromobility
EV battery electric vehicle
EVs battery electric vehicles
HPDC high power DC fast charging
MPDC mid power DC charging
SiC silicon carbide

I. INTRODUCTION

RECENT developments in electromobility
(e-mobility) show a drift of charging power

levels [1].

Figure 1. Trends in DC EV Charging Power [1]

Extremely high charging power of up to 350 kW
is seeked for in fast battery electric vehicle (EV)
refueling in high power DC fast charging (HPDC)
applications. A modular converter design approach
is implemented in order to facilitate modularity and
scalability of chargers and charging powers. Discrete,
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silicon based semiconductor switches are ousted by
wide band gap technology switching modules, such
as silicon carbide (SiC) modules [2]. On the other
hand, a trend towards charging power levels below
50 kW is visible in mid power DC charging (MPDC)
applications for battery electric vehicles (EVs) [1].
Reasoning can be found in the elevated cost of
HPDC units and their corresponding infrastructure.
On-board AC chargers are becoming less powerful
and might be obsolete in future due to developments
in MPDC [1]. In contrast to HPDC, MPDC devices
are not readily available as the market is still evolv-
ing. A general understanding of optimum charger
implementation is yet to be established. HPDC is
tailored for fast EV refueling in charging parks
or at gas stations, where charging speed is of the
essence. High cost of equipment and infrastructure is
secondary due to the high utilization and on-charging
of the elevated costs to customers. convetional single
or three phase AC charging (AC-charging) is more
suitable for charging at residence, where individuals
spend a significant amount of time and charging
can take several hours, even a whole night. MPDC
is oriented towards business locations and shopping
centers, where customers on average will spend up
to 3 hours [3], therefore tolerating the increased
charging times which arise compared to HPDC. Fur-
thermore, it features a practical alternative for accom-
modation businesses which intend to offer faster EV
refueling to their customers. Cost of infrastructure,
although being comparably high in comparison to
AC-charging, is secondary as a high power grid con-
nection along with according cabling might already
be present in many business due to elevated energy
demand of other terminal devices. Currently, only a
very limited amount of MPDC chargers is available
for retail. Data on implemented DC/DC converter
topologies is scarce. Recent studies [1] [2] show
an equal market share of both the LLC resonant
converter topology and the dual active bridge (DAB)
converter topology in MPDC. Both the DAB and the
LLC topology offer promising features for MPDC
applications, further elaborated in the course of this

thesis. Hard switching topologies are usurped by
resonant and soft switching topologies due to their
higher efficiency and higher power density along with
lower electro-magnetic interference (EMI) [2].

Figure 2. Prevailing DC/DC Topologies in MPDC [1] [2]

Gaining deeper knowledge in the efficient design
and implementation of such chargers could pose
future advantages in terms of competitiveness in
the segment. An early entry into this evolving mar-
ket might grant a significant head start. Knowledge
gained in MPDC development might be transferable
to other energy conversion appliances.

II. METHODS

Existing MPDC are evaluated according to their
charging characteristics and employed DC/DC con-
verter topologies. An LLC and a DAB stage MPDC
are selected and subjected to a number of tests.
First, key operating points related to MPDC are
defined based on data from over 3.9Million real
world charging sessions [4]. The design process of
both topologies is evaluated. Basic topology simu-
lations are performed to validate the proposed de-
sign. Waveforms on key components in the DC/DC
stage of both device under test (DUT) are captured
along with their efficiency, EMI spectrum and power
density. Optimization suggestions for the examined
hardware are elaborated based on gathered data. For
converter design, lossless models for both the DAB
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and the LLC stage are presented. The model used for
observations in the LLC converter design is shown
below.

Figure 3. Lossless LLC model [5]

After determining fundamental equations for LLC
design, losses in switching components are evaluated
and key component values are optimized following
[6].

Similarly, the DAB is analyzed using the lossless
model shown in Fig. 4.

Figure 4. Lossless DAB model [5]

The resulting equations are again used in combi-
nation with loss calculations for designing a DC/DC
stage featuring a maximum operating area at mini-
mum losses in components.

Both designs are simulated in LTSpice for prelim-
inary validation and further theoretical understanding
of converter behaviour.

The simulation setup for the examined LLC stage
is shown in Fig. 5.

Figure 5. LLC Simulation Setup

The simulation setup for the examined DAB stage
is shown in Fig. 6.

Figure 6. DAB Simulation Setup
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The measurement setup used during evaluations is
shown in Fig. 7.

Figure 7. Measurement Setup

Measurements and simulations mentioned above
are established at output voltages of 333V, 420V
and 900V, all commonly used charging voltages
in field [4]. Each measurement and simulation is
taken at maximum output power of the DUT. For
presentation of results in this document, 420V output
voltage is used as it is currently the most used
in field [4]. Waveforms and other data captured in
simulations and measurements on real hardware is
evaluated and used to decide on an optimum topology
for MPDC DC/DC converters. Furthermore, it is
used to provide optimization suggestions for the
implemented converters. Results of previous work [5]
[7] and similar studies [8] are considered.

III. RESULTS

Waveforms simulated for the LLC stage at an
output voltage of 420V are shown in Fig. 8.

Figure 8. LLC: Simulation results at 420V output voltage

Simulated LLC waveforms show soft turn-on of all
switches along with moderate current gradients due
to the resonant nature of the LLC stage. Expected
EMI is low due to overall smooth transitions in
switching operations. The measured counterparts are
shown in Fig. 9
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Figure 9. LLC: Measurement results at 420V output
voltage

In comparison to the previously simulated results,
the secondary transformer voltage v2 and the resonant
inductor current iL of the LLC stage feature sub-
stantial ringing, probably caused by parasitic effects.
Soft switching is also observed in measured results
in form of voltages across switches falling to nearly
zero before switching operations. The frequency of
the observed ringing lies in the high kHz to low MHz
range and is expected to appear in the EMI spectrum
at DC output terminals. The captured conducted EMI
spectrum at the DC output is shown in Fig. 10

Figure 10. LLC: Conducted EMI at 420V output voltage

As required by European standard [9], the con-
ducted EMI spectrum is evaluated at 20% and 80%
output power. Although being expected to feature
decent electro-magnetic compatibility (EMC) perfor-
mance, the LLC stage is still in need of EMI filtering
in order to achieve EMC. Due to the absence of
EMI filtering in the examined LLC stage, it is non-
compliant to EMC regulations [9]. Exceeding of the
defined limits in the lower kHz range is caused by
lower switching frequency harmonics, with both odd
and even harmonics of the switching frequency ap-
pearing in the spectrum. Peaks of the odd switching
frequency harmonics are however more pronounced.
The non-compliance in the upper kHz and lower
MHz range is likely caused by appearance of the
parasitic ringing as stated above.
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Waveforms simulated for the DAB stage at an
output voltage of 420V are shown in Fig. 11.

Figure 11. DAB: Simulation results at 420V output voltage

When compared to the examined LLC stage, cur-
rent gradients in the DAB are drastically increased,
also visible in measured and simulated results, where
current transitions in the LLC resemble sinusoidal
shapes while DAB currents feature steep trape-
zoidal transitions. Although soft-switching is again
achieved, the expected EMI performance is inferior

to the LLC stage. This is due to faster transients and
increased gradients in observed currents and voltages.

The measured counterparts are shown in Fig. 12

Figure 12. DAB: Measurement results at 420V output
voltage

The steep transients in switch-voltages mentioned
above most likely cause the slight overshoot at switch
turn-on and turn-off in the observed DAB stage. As
in the LLC stage, parasitic impedances along with the
fast transitions in captured waveforms cause ringing
of the inductor current iL. The captured conducted
EMI spectrum at the DC output is shown in Fig. 13
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Figure 13. DAB: Conducted EMI at 420V output voltage

Even though the DAB stage is expected to have
inferior EMI performance due to its high current
gradients and fast switching transitions, it achieves
EMC at 20% and 80% output power. This is due
to the extensive EMI filtering implemented withing
the DUT. The power density of the examined LLC
stage is nearly 4 times higher than the power den-
sity of the examined DAB stage. Not only is this
related to topology characteristics, but also to the
switching frequency, which is up to 4 times higher
in the implemented LLC. Key characteristics of the
two examined DC/DC stages are evaluated. Their
performance is assessed based on soft switching
performance, component stresses, current gradients,
expected EMI and control complexity, as-well as
power density and efficiency.

Key evaluated criteria are summarized in Fig. 14.

Figure 14. Radar Plot of evaluated Characteristics

IV. CONCLUSION

Based on results in Sec. III, the LLC stage is
deemed more promising for MPDC implementation.
Although measured EMI is higher in the examined
LLC stage, EMI performance is still expected to
be superior due to the absence of EMI filtering
in the examined LLC stage, while the examined
DAB features extensive EMI filtering. By employing
wide band gap technology switches such as SiC,
the performance of the LLC stage could be further
enhanced. Due to the paralleling of several phases in
the examined LLC converter, deviations in resonant
tank frequencies might lead to major challenges in
system control. Optimization of the examined DAB
stage by increasing switching frequency is possible
only to a certain extent, as optimization simulations
[10] show a peak performance of the DAB at the
chosen switching frequency. Furthermore, the switch-
ing frequency was chosen to avoid the appearance of
its low harmonics in the conducted EMI spectrum
and thus further challenges in achieving EMC. Even
though the bidirectionality of the DAB stage might
be advantageous in some applications, it is not ex-
pected to be commonly used in MPDC. Furthermore,
bidirectional energy transfer can also be achieved
by modifying LLC stage [11], also increasing its
performance due to synchronous rectification [12].
As a follow-up of the performed investigations, a SiC
based LLC converter will be developed and tested in
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order to for it to be considered as the optimal DC/DC
converter stage for future MPDC related projects.
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Entwicklung einer Ausbildungsplattform
für parallele

Industrieroboterkinematiken
Serafin Kollegger, Benjamin Massow (supervisor)

Kurzfassung—Für die Automatisierung von in-
dustriellen Produktionen ist der gezielte Einsatz
von Robotersystemen wichtig. Auf Grund der
Anzahl an unterschiedlichen Anforderungen exis-
tieren viele Bauweisen von Manipulatoren, und
Steuerungsstrategien. Um eine optimale Auto-
matisierungslösung für spezifische Anwendungen
entwickeln zu können, ist ein vertiefendes Know-
How über Roboterkinematiken und Steuerungs-
strategien notwendig. Die in dieser Arbeit ent-
wickelte Ausbildungsplattform stellt die Möglich-
keit zur Verfügung, vertiefende Einblicke in die
Auslegung und Umsetzung von Parallelkinematik-
Robotern für industrielle Anwendungen zu er-
langen. Die Ausbildungsplattform wird durch die
Kombination aus Ausbildungskonzept und zu-
gehöriger Hard- und Software entwickelt. Die
Steuerung und Regelung des Manipulators wird
durch eine Modell basierte Entwicklungsstrategie
mit Hilfe der Entwicklungs- und Simulations-
software MATLAB/Simulink, und der integrier-
ten Toolbox Simscape entwickelt. Durch ein In-
terface zum Datenaustausch zwischen Simulink
und TwinCAT können Anwender eigenentwickel-
te Funktionen und Regler ohne Schwierigkeiten
implementieren. Dafür wird eine Steuerung für
den Roboters entwickelt, wodurch die gesamte
Programmstruktur ohne Barriere zugänglich ist.

S. Kollegger studiert am MCI Management Center Inns-
bruck, e-mail: se.kollegger@mci4me.at

B. Massow ist Hochschullektor am Studiengang Mecha-
tronik, MCI, Innsbruck, Austria.

Durch ein Simulationsmodell ist es für Anwender
möglich die eigenentwickelten Funktionen in ei-
ner sicheren Simulationsumgebung zu entwerfen
und zu testen. Die Ausbildungsplattform inklu-
sive Simulationsumgebung wurde anhand einer
Ausbildungsaufgabenstellung getestet, und konnte
durch die einfache Anwendung und Umsetzung
überzeugen.

Schlagwörter—industrielle Automatisierung,
Parallelroboter, Ausbildungsplattform, Modell
basierte Entwicklung

I. EINLEITUNG

D IE Notwendigkeit der Automatisierung
für produzierende Unternehmen im eu-

ropäischen Raum ist eine große Herausforde-
rung. Zum einen gibt es für viele industrielle
Güter starke Konkurrenz aus nicht europäischen
Ländern, und andererseits herrscht ein großer
Mangel an Facharbeitskräften in Europa. Diese
Kombination hat zur Folge, dass immer mehr
Unternehmen verschiedener Größen und Bran-
chen ihre Produktion, durch den Einsatz von au-
tomatisierten Anlagen, effizienter und effektiver
machen müssen.

Dabei spielen Roboter eine zentrale Rol-
le in der Prozesskette von automatisierten
Produktionsanlagen durch Werkstückmanipula-
tion, Montage zweier Bauteile, Bearbeitung des
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Werkstücks, und ähnliches. Diese unterschiedli-
chen Aufgaben von Roboter erzeugen komplexe
und häufig gegensätzliche Anforderungen an
die Mechanik, Kinematik, und Steuerungssys-
teme. Somit ist eine gezielte Entwicklung und
Auswahl von Robotersystemen erforderlich, um
eine optimale Automatisierungslösung zu gene-
rieren. Der Entwicklungsprozess erfordert ei-
ne ganzheitliche Analyse der Prozessanforde-
rungen, wofür der Produktionsprozess, sowie
die Automatisierungsmöglichkeiten verstanden
werden müssen. Um letzteres Wissen und die
erforderlichen Fähigkeiten zur Umsetzung er-
langen zu können, ist eine praxisnahe Ausbil-
dung unumgänglich.

A. Motivation

Im Bereich der Parallelkinematik-Roboter
wurden in den letzten Jahren viele neue Kon-
zepte entwickelt, welche bisher vielverspre-
chende Ergebnisse liefern. Somit ist es möglich,
viele Anwendungen welche bislang nur schwer
mit herkömmlichen seriellen Industrierobo-
tern umzusetzen sind, durch Parallelkinematik-
Roboter zu ersetzen. Dadurch kann sowohl eine
höhere Effektivität erreicht werden, als auch In-
vestitionskosten gesenkt werden [1]. Jedoch be-
finden sich viele der vorgeschlagenen Konzepte
noch im Prototypenstadium und sind noch nicht
industriell einsetzbar. Dabei besteht eine große
Wissenslücke in der Entwicklung von idea-
len Parallelkinematik-Konfigurationen im Zu-
sammenspiel mit Lagerarten und deren Mate-
rialkompositionen für spezifische Anforderun-
gen. Zusätzlich besteht Forschungsbedarf in der
Modellierung für starre und elastische Modell-
simulationen, um dynamischen Effekte besser
verstehen zu können und somit die Entwicklung
neuer Kinematik-Bauweisen zu ermöglichen.

Des Weiteren gibt es bei der Integration beste-
hender industrieller Parallel-Roboter vergleichs-
weise wenig Dokumentationen und Fallstudien.
Weshalb viele Betriebe die Möglichkeiten der
Automatisierung mittels dieser Roboter nicht
einsetzen können.

Mit Hilfe der in dieser Arbeit entwickelten
Ausbildungsplattform soll es möglich sein eine
ganzheitliche Betrachtung für Robotersysteme
mit paralleler Kinematik zu schaffen. Dazu
wird eine Ausbildungsaufgabe formuliert, an-
hand welcher die Auszubildenden einen struk-
turierten Entwicklungsprozess von Robotersys-
temen durchführen. Um dies realisieren zu
können, soll ein virtuelles Modell des Mani-
pulators erzeugt werden. Die Steuerungsfunk-
tionen können während der Entwicklung am
Modell validiert und getestet werden. Zusätzlich
soll den Auszubildenden ein Analysewerkzeug
für parallele Mechanismen zur Verfügung ge-
stellt werden, womit die Anforderungen an die
zu entwickelnde Bewegungssteuerung ermittelt
werden können. Durch die Kombination aus vir-
tuellen und realen Komponenten soll es möglich
sein, die Ausbildungsplattform für Remote La-
boratories verwenden zu können, ohne dass der
Praxisbezug verloren geht.

Damit dieses Ziel erreicht werden kann, ist
die Ausbildungsplattform nicht nur eine physi-
sche Anlage, sondern umfasst die zusätzlichen
Komponenten,

• ein virtuelles Modell,
• eine Softwareentwicklungsumgebung und
• eine Softwaresimulationsumgebung.

Durch diesen Ansatz der modellbasierten Ent-
wicklung ist es für einen Auszubildenden
möglich, durch geführte Eigenentwicklungen
von Modellen, Steuerungen und Regelungen, ei-
ne Roboterbewegungssteuerung selbstständig zu
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entwickeln und an der realen Anlage durch eine
Pick and Place (P&P) Anwendung zu testen.
In Abbildung 1 ist das Konzept der Plattform
schematisch dargestellt. In [2] wurde bereits ein
ähnlicher Ansatz umgesetzt.

Systemplanung

Kinematik Analyse
-Positionsebene
-Geschwindigkeitseben
-Arbeitsraumanalyse
-Singularitäten

Anwendungsanalyse
-Zykluszeit
-Arbeitsraumlayout
-User-Interface
-Ablaufplan

MATLAB Simulink

Systemsteuerung

Sequenzsteuerung
-Systemzustand
-Zustandsänderungen

Robotersteuerung
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-Kinematikmodell
-CAD Dateien
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  messung
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 Werkzeuge

Sicherheitssteuerung
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-Sicherheitslogik
-Reset
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-MoveL 
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-Vorwärts- / Inverskinematik
-Jacobi Matrix
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-Trajektorienregelung
-Sicherheitssteuerung
-E/A Steuerung
-HMI 

Roboter

Abbildung 1. Konzeptdarstellung der Ausbildungsplatt-
form.

II. GRUNDLAGEN UND ANFORDERUNGEN

Um effektiv und effizient automatisierte An-
lagen zu entwickeln, ist der Ansatz einer mo-
dellbasierten Systementwicklung laut [3] mit
vielen Vorteilen verbunden. Einerseits gibt es
die Möglichkeit, Modelle, Software und Steue-
rungshardware testen zu können bevor diese
in der Anlage integriert sind. Zum anderen ist
für die Modellierung eine detaillierte und ganz-
heitliche Betrachtung der Komponente erfor-
derlich. Durch diese können bereits zu Beginn
des Entwicklungsprozesses Abweichungen der
Anforderungen entdeckt und korrigiert werden.
Eine mögliche Vorgehensweise der modellba-
sierten Systementwicklung ist von [2] aufge-
stellt worden. In dieser müssen fünf Phasen
durchlaufen werden, beginnend mit der ersten
Phase der Definition von anwendungsabhängi-
gen Spezifikationen. In Phase Zwei wird das

System modelliert, und in eine Simulationssoft-
ware eingebunden. Die dritte Phase beschäftigt
sich mit der Auswahl der Aktuatoren und Sen-
soren. In der vierten Phase werden Regelungen
für das System entwickelt und zuletzt behandelt
die fünfte Phase die Simulation des gesamten
Systems mit Verifizierung durch Prototypen und
reale Komponenten.

A. Kinematikanalyse

Die Kinematikberechnungen werden
benötigt, um die Anwendung analysieren
zu können und prozessrelevante Anforderung
mit quantitativen Werten zu beschreiben.
Erster Schritt der Kinematikanalyse ist die
Mobilitätsanalyse. Hier werden Eigenschaften
eines Delta 360 Manipulators durch wenige
Kennzahlen beschrieben. Die Dimensionen des
Roboters können der Tabelle I entnommen
werden.

Tabelle I
DIMENSIONEN DES MANIPULATORS.

Komponente Zeichen Wert Einheit
virtuelle feste
Plattform rb 222.106 mm

virtuelle bewegliche
Plattform rm 42 mm

Stäbe l 400 mm
Antriebsreichweite r 150 mm
Antriebsanordnung θ 120 °
Anstellwinkel ϕ 45 °

Die Kennzahlen der Mobilitätsanalyse wer-
den später zum Aufstellen des Gleichungssys-
tems zur Berechnung der Kinematikfunktionen
benötigt. Die Ermittlung der Freiheitsgrade und
somit die Anzahl der angetriebenen Achsen
kann durch die Kutzbach-Grübler Gleichung für
räumliche Mechanismen aus [4] mit

m = λnmb − (5j1 + 4j2 + 3j3)) (1)
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durchgeführt werden, wobei λ die Anzahl der
möglichen Freiheitsgrade des Arbeitsraumes
sind, d.h. für räumliche Manipulatoren sechs.
Die Zahl nmb beschreibt die Anzahl der Beweg-
lichen Bauteile, welche in diesem Fall sieben
sind, und ji beschreibt die Anzahl an Frei-
heitsgrade der Gelenke mit i Freiheitsgraden.
Somit kommt der Delta 360 Manipulator auf
drei Freiheitsgrade und benötigt drei angetriebe-
ne Achsen. Mit der Summe der Freiheitsgrade
jtot und der Anzahl der beweglichen Bauteile
kann die Anzahl nikl der unabhängigen Ki-
nematikschleifen (engl. indepentent kinematic
loops)(IKL) durch

nikl = jtot − nmb = 9− 7 = 2 (2)

bestimmt werden. Danach können die Zu-
sammenhänge zwischen den Gelenkkoordinaten
und den kartesischen Koordinaten mit

fi(a,b) =
VFPξTCP (3)

beschreiben werden. Die Funktionen fi können
nach [5] aufgestellt werden, welche die Lage
des Endeffektors (TCP) zum Mittelpunkt der
virtuellen festen Plattform (VFP) beschreiben.
Die Berechnung der kartesischen Koordinaten
aus gegebenen Gelenkkoordinaten ist für paral-
lele Kinematik durch die Lösung der kinemati-
schen Schleifen möglich [6][7]. Für einen Ma-
nipulator mit zwei IKL’s können zwei Schlei-
fengleichungen aufgestellt werden, diese sind

g(a,b) =

[
g1(a,b)
g2(a,b)

]
=

[
f2(a,b)− f1(a,b)
f3(a,b)− f1(a,b)

]
= 0.

(4)
Mit a den primären Variablen beschreiben die

Achskoordinaten der Linearachsen [s1, s2, s3]
T

und b als sekundäre Variablen beschreiben die
Winkel [δi, µi]

T der Stäbe. Die Endeffektor

Pose für den Fall, dass kein Werkzeug mon-
tiert ist, liegt deckungsgleich dem Ursprung
der virtuellen beweglichen Plattform (VMP).
Die virtuellen Plattformen sind durch einen
Kreis, welcher durch die Kugelgelenksmittel-
punkte verlauft, während die Achsen in ihrer
Nullposition stehen, definiert und in Abbildung
2 dargestellt.

Abbildung 2. Delta 360 Manipulator mit eingezeichneten
virtuellen Plattformen.

Die Inverse Kinematik für Parallelkinematik-
Roboter ist anders als bei seriellen Manipula-
toren eindeutig [5] durch die Posture Modes
of Inverse Kinematic (PMIK) beschrieben. Mit
Hilfe der Gleichungen aus [5]

qk = ψ(VFPξTCP) für i = 1, 2, ..., nPMIK(k)

(5)
können die möglichen Lösungen der inversen

Kinematik mit der Anzahl nPMIK für die ki-
nematische Kette k ermittelt werden. Nachdem
der PMIK bekannt sind, kann die dazugehörige
Lösung einfach ausgewählt werden.

Um mögliche Singularitäten steuerungstech-
nisch vermeiden zu können, muss die Kine-
matik durch eine Positions- und Geschwindig-
keitsanalyse weiter untersucht werden. In dieser
kann für den eingesetzten Manipulator bestimmt
werden, dass Singularitäten in der vorwärts
Kinematik, auf Grund der Antriebsreichweite
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nicht erreicht werden. Gleiches gilt für Singu-
laritäten der Inverskinematik.

B. Aufbau von Bewegungssteuerungen für P&P
Anwendungen

In dieser Betrachtung von Robotersteuerun-
gen sind Bedieninterface, Prozessablauf und
Zustandsdefinition nicht berücksichtigt. Die
Funktionen von Interesse beziehen sich auf die
unmittelbare Ansteuerung des Roboters, und
die dafür notwendigen Bahninterpolationen und
Regelung. Um eine P&P Anwendung umsetzten
zu können, werden prinzipiell zwei Bewegungs-
formen benötigt. Einerseits, soll das Annähern
an die Werkstücke geradlinig sein, anderer-
seits soll die Bewegungsbahn zwischen den
Aufnahme und Ablege Positionen so schnell
wie möglich abgefahren werden. Diese Bewe-
gungsanforderungen können durch kartesische
Interpolation für die Annäherung, oder durch
Punkt zu Punkt (PzP) Interpolation für eine
schnellstmögliche Bewegung, umgesetzt wer-
den. Hierfür sind mehrere Parameter zu defi-
nieren um eine Trajektorie mit trapezförmigen
Geschwindigkeitsprofil zu generieren:

• Startposition pStart

• Zielposition pZiel

• Geschwindigkeit v
• Beschleunigung a
• Bewegungstyp (kartesisch, PzP)
In Abbildung 3 sind die Positions-,

Geschwindigkeits-, und Beschleunigungsprofile
für trapezförmige Geschwindigkeitstrajektorien
dargestellt. Diese können sowohl für kartesische
als auch für Punkt zu Punkt (PzP) Bewegung
eingesetzt werden. Je nach dem welcher
Raum zur Interpolation genutzt wird,
müssen unterschiedliche Randbedingungen
zur Berechnung verwendet werden. Eine

Ta

Ta
amax

q0

q1

h
z

vmax

Abbildung 3. Trajektorie mit trapezförmiges Geschwindig-
keitsprofil.

genaue Beschreibung zur Herleitung
der Interpolationsfunktionen kann in [8]
nachgeschlagen werden.

Für (PzP) Bewegungen ergeben
sich abhängig der größten Distanz
hs, i = si,Ziel − si,Start unterschiedliche
Bewegungsdauern Ti. Diese können
synchronisiert werden, so dass alle Achsen
zur gleichen Zeit zum Stillstand kommen.
Dafür werden die Werte der Beschleunigung
und Geschwindigkeit auf die größte
Bewegungsdauer Tmax bzw. längste Distanz
hs,max nach [8] angepasst durch

ai =
hi

Ta(Tmax − Ta)
, vi =

hi
Tmax − Ta

.

(6)
Wobei die Gelenkkoordinaten s für die Start-
und Zielposition durch die inverse Kinematik
mit s = ψ(p) berechnet werden.

Bei der geradlinigen Bewegung ist ähnlich
wie zuvor die Distanz hp = pZiel − pStart
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zu ermitteln, jedoch in kartesischen Koordi-
naten. Durch Normierung dieses Vektors kann
die TCP-Geschwindigkeit und Beschleunigung
in die drei kartesischen Komponenten zerlegt
werden durch

vtcp = ||hp|| · vtcp, atcp = ||hp|| · atcp. (7)

Durch diese Aufteilung müssen die Basiszei-
ten nur für eine Komponente bestimmt werden,
da alle drei Bahnen die gleichen Zeiten besitzen,
solange die Distanz ungleich 0 ist. Die Interpo-
lation erfolgt nun mit den x,y und z Koordinaten
durch das trapezförmige Geschwindigkeitspro-
fil. Zuletzt muss jeder Zeitschritt der Trajektorie
durch die inverse Kinematik in Gelenkkoordina-
ten umgerechnet werden.

C. Anforderungen an die Ausbildungsplattform

Die Anforderungen an die Ausbildungsplatt-
form können grundsätzlich in zwei Teilbereiche
aufgeteilt werden. Zum einen sind die Anfor-
derungen zu definieren, welche ermöglichen,
dass die Auszubildenden in der Lage sind die
Aufgabestellung durchführen zu können. Diese
Anforderungen umfassen,

• der Arbeitsablauf muss sinnvoll und
verständlich strukturiert werden,

• die Inbetriebnahme der Anlage muss durch
geringes Vorwissen von Industriesteuerun-
gen durchführbar sein,

• es dürfen auf keinen Fall Personen verletzt
werden,

• der Aufwand, um die Ausbildungsaufgabe
durchführen zu können muss angemessen
sein,

• die Dokumentation muss vollständig
Verfügbar sein,

• eine virtuelle Inbetriebnahme der Steue-
rung muss möglich sein, und

• die Aufgaben müssen dem theoretischen
Wissen angepasst sein.

Die zweite Anforderungsgruppe bezieht sich auf
die technische Umsetzung der Ausbildungsauf-
gabe. Die wichtigsten Anforderungen sind

• die Systemsteuerung muss in einem
gängigen Entwicklungsprogramm entwi-
ckelt werden,

• die virtuelle und reale Steuerung muss
identisch sein,

• die Antriebsachsen dürfen angemessene
Geschwindigkeiten nicht überschreiten,

• der Arbeitsbereich der Aufgabe muss
durch den Roboter erreichbar sein,

• der Funktionsbereich soll erweiterbar sein,
• die Applikation soll durch ein simp-

les Analysewerkzeug analysiert werden
können.

III. AUFBAU UND AUSBILDUNGSAUFGABE

A. Aufbau einer semi-virtuellen P&P Anwen-
dung

Die Ausbildungsaufgabe ist die Entwicklung
einer Bewegungssteuerung für eine P&P An-
wendung. Um hier auch andere Anwendungs-
beispiele wie z.B. sortieren in stationären Boxen
oder Entnahme von einem Förderband umsetz-
ten zu können, ohne an der Ausbildungsplatt-
form präsent sein zu müssen, wird ein semi-
virtueller Aufbau verwendet, siehe 4. Alle An-
wendungsfälle werden mithilfe eines Touchs-
creens umgesetzt und visualisiert. Somit können
die vielseitigen Anwendungen auch für Remote
Laboratories eingesetzt werden. Die Interak-
tion zwischen Manipulator und virtueller An-
wendung erfolgt durch einen Touchpen. Um
den Bildschirm nicht beschädigen zu können,
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Abbildung 4. Semi-virtueller Aufbau.

ist der Touchpen federnd gelagert, und eine
Sicherheitsfunktion implementiert, welche es
nicht erlaubt, dass sich der Roboter durch die
Bildschirmebene bewegt.

B. Trajektorien Regelung
Um es zu ermöglichen , dass die Antriebe

den vorgegebenen Trajektorien folgen, wird ein
Geschwindigkeitsregler mit Positionsrückgabe
entworfen. Dieser basiert auf dem Feedforward
Regelungsprinzip, welches durch seine einfache
und effektive Regelung ideal für diese Anwen-
dung ist [9]. Das System wurde mit Hilfe einer
Schrittantwort als PT2-System mit

A =

[
−22, 4417 0

1 0

]
, B =

[
1
0

]
, C =

[
0 22, 118

]
(8)

identifiziert. Durch Transformation der Übertra-
gungsfunktion in den Zustandsraum und Inver-
tierung der Gleichungen mittels Pseudoinverse
kann die Vorsteuerung für den Trajektorienein-
gang aufgestellt werden. Das Blockdiagramm
der Regelung ist in Abbildung 5 gezeigt mit
einem PI Regler zum Störgrößenausgleich.

x⃗r
B+( ˙⃗xr −Ax⃗r)

C

PI-Regler

yr

ur

∆u Motor/Roboter
y

Abbildung 5. Blockdiagramm der Feedforward Regelung
mit PI-Störgrößenregler(Kp = 10, Ki = 0.01).

C. Ausbildungsaufgabe

Ziel der Aufgabenstellung ist das Entwickeln
einer P&P Anwendung durch Verwendung des
Delta 360 Manipulators. Die Ausbildungsaufga-
be ist so formuliert und strukturiert, dass wich-
tige Schritte der modellbasierten Entwicklung
durchgeführt werden. Der Aufbau der P&P An-
wendung besteht aus einem Rüttelbehälter mit
zwei unterschiedlichen Bauteilen (Muttern und
Zahnräder), zu sehen in Abbildung 6. Die Po-
sitionen der Bauteile sind zufällig im Behälter
verteilt und werden durch die Pixelkoordinaten
an die Steuerung weitergegeben. Ablegepunkte
der Bauteile sind zwei Bauteilträger mit jeweils
zehn Ablagemöglichkeiten. Aufgabe des Robo-
ters ist es die unsortierten Bauteile aus dem
Rüttelbehälter zu entnehmen und sortiert in die
Bauteilträger abzulegen.

Damit dieser Prozess gesteuert werden kann
wird eine Bahnplanung benötigt mit linearer
und Punkt-zu-Punkt (PzP) Bewegung. Die Li-
neare Bewegung wird bei der Annäherung der
Aufnahme und Ablegeposition benötigt. Die
Punkt-zu-Punkt Bewegung kann zwischen den
Offsetpositionen verwendet werden, womit die
Zykluszeit des Roboters gesenkt werden kann.
Dafür müssen notwendige Kinematik Funktio-
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nen in die Bahnplanung der Systemsteuerung
implementiert werden. Zusätzlich benötigt die
Bahnplanung echtzeitfähige Interpolationsfunk-
tionen, um die nächste Zielposition der Tra-
jektorie zu berechnen. Um dies realisieren zu
können, soll die Validierung der entwickel-
ten Funktionen durch einen virtuellen Mani-
pulator erfolgen. Des Weiteren ist die Monta-
gehöhe des Manipulators zu ermitteln und eine
überschlagsmäßige Auslegung der Motorenge-
schwindigkeiten durchzuführen.

y

x

300

2
4

0

Abbildung 6. Pick und Place Anwendung der Ausbildungs-
aufgabe.

1. Delta360 CAD-Modellierung
Die Aufgabe beginnt mit der Modellie-

rung eines CAD-Modells des Delta 360 Robo-
ters. Gegeben sind die Bauteile in Unterbau-
gruppen zusammengefügt. Diese müssen durch
Abhängigkeiten verbunden werden. Die Aus-
wahl der Abhängigkeiten ist so zu treffen, dass
das Modell die korrekten kinematischen Eigen-
schaften besitzt.

2. Delta360 Simscape-Modellierung
Das generierte CAD-Modell muss in Sims-

cape importiert und aufbereitet werden. Dafür
steht das Simscape Multibody Plugin für Au-
todesk Inventor zur Verfügung. Als Austausch-
format wird eine XML-Datei aus der Baugruppe
mit den dazugehörigen STEP-Dateien generiert.

Diese soll in MATLAB eingelesen und in ein
Mehrkörpermodell umgewandelt werden. Für
die weitere Verwendung müssen Achsrichtun-
gen, Endeffektorpositionsmessung und Solver-
einstellungen angepasst werden. Des Weiteren
müssen Bewegungsbefehlblöcke erzeugt und in-
tegriert werden, so dass die Linearachsen ange-
trieben werden können.

3. Applikationsanalyse
Um passende Geschwindigkeiten und Ar-

beitsbereiche definieren zu können, soll die
Applikation analysiert werden. Dafür kann die
zur Verfügung gestellten Toolbox verwendet
werden. Modifikationen bzw. Erweiterungen der
Toolbox können entwickelt werden um ein ge-
naueres Analyseergebnis zu bekommen bzw.
um die Verwendung der Toolbox zu verein-
fachen. Ziel der Analyse ist die Bestimmung
der notwendigen Achsgeschwindigkeiten, um
die vorgegebenen zehn Zyklen pro Minute zu
erreichen, und die Ermittlung der Montagehöhe
um den gegebenen Arbeitsbereich der Anwen-
dung abzudecken.

4. Generieren Vorwärts- und Inverskine-
matik Funktionen

Erster Schritt für die Modifizierung des Pfad-
planungsblockes ist die Entwicklung eigener
Vorwärts- und Inverskinematik Funktionen so-
wie die Herleitung der Jocobimatrix der In-
verskinematik als Grundlage der Geschwindig-
keitstransformationsfunktion. Diese können mit
Hilfe der Berechnungen im Anhang II-A gene-
riert werden. Nachher sollen sie in die Steue-
rung eingebunden und getestet werden.

5. Generieren Interpolationsfunktionen für
lineare und PzP Bewegungen

Der zweite Schritt der Modifikation ist, dass
zwei Funktionen zur Interpolation der Bewe-
gungen aufgestellt werden. Die erste Funktion
dient der Achsrauminterpolation und die zweite
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der Arbeitsrauminterpolation. Wie bereits an-
gesprochen werden für eine P&P Anwendung
beide Bewegungstypen benötigt.

6. Inbetriebnahme des virtuellen Roboters
mit eigener Systemsteuerung

In diesem Arbeitsschritt sollen alle generier-
ten Funktionen anhand der Systemsteuerung mit
eigens entwickelten Mehrkörpermodell getestet
werden. Somit können Fehler ausgebessert und
Optimierungen durchgeführt werden, ohne dass
es zu Schäden der Anlage kommen kann.

7. Inbetriebnahme der realen Steuerung
Sobald alle Funktionen auf der virtuellen

Steuerung getestet wurden, können diese in die
reale Anlage integriert werden. Die Inbetrieb-
nahme umfasst das Überspielen der entwickel-
ten Funktionen auf die Simulink-Steuerung am
IPC der Anlage. Anschließend muss die Steue-
rung der SPS aktiviert werden und die Schnitt-
stelle zwischen Simulink und TwinCAT verbun-
den werden. Sofern diese Tätigkeiten durch-
geführt wurden, müssen die Anwendungspara-
meter in der HMI angepasst, und anschließend
kann die P&P Anwendung getestet werden.

IV. SOFTWARE &
HARDWAREIMPLEMENTIERUNG

Zur Implementierung von Kinematik- und In-
terpolationsfunktionen wird eine Robotersteue-
rung mit ähnlicher Architektur wie in [10] ent-
wickelt. Die Steuerungsarchitektur ist in Abbil-
dung 7 zu sehen. Eingaben vom Bediener erfol-
gen über die HMI Schnittstelle, wodurch zum
Beispiel die Applikation gestartet oder gestoppt
werden kann. Die zentrale Logik der Steuerung
ist die Applikationssteuerung, in welcher der
Zustand des Roboters definiert und die P&P
Anwendung abgearbeitet wird. Ausgang dieser
Steuerung sind die Bewegungsbefehle an die

Bewegungssteuerung. Diese Befehle enthalten
Daten wie zum Beispiel Zielpositionen und
Bewegungseigenschaften, wodurch die Bewe-
gungssteuerung den Roboter gezielt antreibt.
Damit Endeffektor oder Peripheriegeräte ge-
steuert werden können, ist eine E/A Steue-
rung integriert. Die Überwachung des siche-
ren Zustandes erfolgt durch die Sicherheits-
steuerung, welche bei Aktivierung der Sicher-
heitsfunktionen die Motoren stromfrei schaltet
und die Applikationssteuerung in einen Fehler-
modus zwingt. Diese eigenentwickelte Steue-
rung ermöglicht es die Funktionen der Bewe-
gungssteuerung aus II durch die entwickelten
Funktionen der Auszubildenden zu ersetzten.
Sicherheitsfunktionen bleiben weiterhin funk-
tionsfähig, wodurch eine sichere Implementie-
rung und Inbetriebnahme sichergestellt ist.

HMI bzw. 
Programmier-
schnittstelle

Sicherheits-
steuerung

Bewegungsstrg.

E/A Steuerung

Manipulator

Endeffektor

Peripheriegeräte

Safety Hardware

Applikations-
steuerung

Sichere E/A Strg.

Netzwerk-
schnittstelle

Robotersteuerung

Abbildung 7. Architektur der Robotersteuerungskomponen-
ten.

A. Integration der Funktionen
Die Berechnungen und der dahinterstehende

Code der Kinematik- und Interpolationsfunktio-
nen sind aus der Toolbox bekannt. Einzelne Co-
desegmente können deshalb eins zu eins über-
nommen werden. Alle Segmente mit Schleifen
bzw. Vektoren für den zeitlichen Verlauf mit n
Einträgen müssen in abgeänderter Form über-
nommen werden. D.h. Schleifen über die Zeit
werden aus der Berechnung entfernt, und Vek-
toren mit n Einträgen werden auf 1 reduziert.
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trajectory. q1.

q2. ...
q3. ...

v max
a max
tolerance

start
stop

t
moveType

v
p

a
reached

[1 x 1]
[1 x 1]
[1 x 1]
[1 x 1]
[1 x 1]
boolean

[1 x 1]
[1 x 1]
[1 x 1]
[1 x 1]
MoveType

Abbildung 8. Diagramm der Trajektoriestruktur.

Um die Daten des vorhergehenden Interpola-
tionsschrittes zu speichern, werden persistente
Variablen verwendet. Für die Funktionen der
Vorwärts- bzw. Inverskinematik müssen keiner-
lei Änderungen durchgeführt werden, um sie in
der Steuerung einsetzen zu können.

Zu Beginn der Integration müssen die Funk-
tionseingänge und -ausgänge der verschiede-
nen Funktionen geklärt werden. Nachdem die
Datensignale zwischen den Simulink-Blöcken
durch Busstrukturen aufgebaut sind, müssen
die Strukturen der relevanten Signale bekannt
sein. Die Trajektorienstruktur ist in Abbildung 8
dargestellt. Diese wird innerhalb der MoveJ und
MoveL Bereiche verwendet und ist somit für die
Inverskinematik, als auch für die Interpolations-
funktionen relevant. Welchen Raum die Daten
widerspiegeln, hängt also von der vor- bzw.
nachgeschalteten Inverskinematik ab. Wann die
Inversekinematik zum Einsatzt kommt, ist durch
den Bewegungstyp in der Variable MoveType
definiert.

Die zweite relevante Struktur ist die Joint-

space bzw. Taskspace Struktur. Hier werden die
vom Roboter zurückgeführten Achspositionen
durch die Vorwärtskinematik in Endeffektor-
positionen umgerechnet. Dies ist notwendig,
um zu überwachen, ob der Endeffektor seine
Zielpostion erreicht hat, um somit den nächsten
Wegbefehl in der Bewegungssteuerung abzu-
arbeiten. Die Strukturen besitzen den gleichen
Aufbau wie in Abbildung 9 dargestellt, nur die
Werte beschreiben unterschiedliche Koordina-
ten.

Jointspace./
Taskspace.

q1./x.

q2./y. ...
q3./z. ...

error

v
p

a

[1 x 1]
[1 x 1]

[1 x 1]

ErrorType

Abbildung 9. Diagramm der Jointspace bzw. Taskspace
Struktur.

B. Lineare Interpolation

Die hier verwendete Trajektorienstruktur
beinhaltet alle relevanten Daten, um die Inter-
polation durchzuführen. Jedoch werden in den
einzelnen Funktionen nicht alle Daten benötigt,
weshalb je nach Funktionstyp unterschiedliche
Daten aus der Struktur zur Berechnung verwen-
det, und die Ergebnisse der Funktion in die
Struktur geschrieben werden. Somit können die
benötigten Daten und berechneten Ergebnisse
der Interpolation im kartesischen Raum aus
Tabelle II gelesen werden.
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Tabelle II
EINGÄNGE UND ERGEBNISSE DER LINEAREN

TRAJEKTORIEBERECHNUNG.

Funktionseingang Beschreibung Einheit
pstart(x,y,z) kartesischer Startpunkt m
pstop(x,y,z) kartesischer Zielpunkt m

vmax maximale Geschwindigkeit ms−1

amax maximale Beschleunigung ms−2

t Zeit seit Trajektorienstart s
MT Bewegungstyp MoveType
Ergebnisse Beschreibung Einheit
p(x,y,z)(t) interpolierte Position m

v(x,y,z)(t) interpolierte Geschw. ms−1

a(x,y,z)(t) interpolierte Beschl. ms−2

Nach dieser Berechnung erfolgt die Transfor-
mation in den Achsraum, um den Roboter steu-
ern zu können. Dafür werden die kartesischen
Position p(x,y,z)(t) durch die Inverskinema-
tik in Achskoordinaten s(1,2,3)(t) umgewandelt.
Ebenfalls können die kartesischen Geschwin-
digkeiten v(x,y,z)(t) mittels der Jacobimatrix
der Inverskinematik in Achsgeschwindigkeiten
ṡ(1,2,3)(t) umgerechnet werden. Durch Befüllen
der Jointspace Struktur können die Daten an
die Motorsteuerung des Roboters weitergegeben
werden, um den nächsten Punkt auf der linearen
Trajektorie anzufahren.

C. Achsraum Interpolation

In der Achsraum Interpolation erfolgt ei-
ne umgekehrte Reihenfolge der oben ver-
wendeten Funktionen. Zu Beginn werden die
Start- und Zielpunkte vom Arbeitsraum in
den Achsraum transformiert. Die maximalen
Geschwindigkeits- und Beschleunigungsanga-
ben sind in diesem Fall maximale Achsge-
schwindigkeiten bzw. Achsbeschleunigungen.
Anschließend werden die nächsten Achsraum-
werte durch die Interpolationsfunktion berech-
net. Tabelle III listet die relevanten Funktions-
eingänge und Ergebnisse auf.

Tabelle III
EINGÄNGE UND ERGEBNISSE DER PZP

TRAJEKTORIEBERECHNUNG.

Berechnungseingang Beschreibung Einheit
sstart(1,2,3) Startpunkt Achse m
pstop(x,y,z) kartesischer Zielpunk m

vmax maximale Geschwindigkeit ms−1

amax maximale Beschleunigung ms−2

t Zeit seit Trajektorienstart seconds
MT Bewegungstyp MoveType
Ergebnisse Beschreibung Einheit
s(1,2,3)(t) interpolierte Position m

ṡ(1,2,3)(t) interpolierte Geschw. ms−1

s̈(1,2,3)(t) interpolierte Beschl. ms−1

V. DURCHFÜHREN DER
AUSBILDUNGSAUFGABE

Zu Beginn der Aufgabendurchführung muss
definiert werden, welche Daten, Dokumenta-
tionen und Softwarezustände den Auszubilden-
den zur Verfügung gestellt werden. Die für
die Umsetzung des CAD Modells notwendigen
Datenblätter und Stücklisten des Manipulators
können von Igus direkt bezogen werden. Bedi-
enanleitungen für Simscape und den Simscape
Multibody Link können bei Mathworks bezo-
gen werden. Des Weiteren erhalten die Aus-
zubildenden die komplette Toolbox mit Quell-
code um primäre Analysen durchführen zu
können. Sollten während der Arbeiten Opti-
mierungsmöglichkeiten identifiziert werden, so
können diese mit Hilfe der Quellcodedateien
umgesetzt und getestet werden. Für die Um-
setzung der virtuellen und realen Inbetrieb-
nahme wird die Systemsteuerung bereitgestellt,
jedoch ohne Simscape-Modell. Zuletzt müssen
die Strukturen und Variablen innerhalb der Be-
wegungssteuerung bekannt sein, so dass diese
richtig durch ihre eigenentwickelten Funktionen
bearbeitet werden können. Beispiele für diese
Dokumentation sind die Abbildungen 8 und 9.
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Die Aufgabe 1 ist mit Hilfe des Simscape
Multibody Link Manuel & User Guide oh-
ne größere Schwierigkeiten durchzuführen. Es
müssen nur zwei Punkte näher erläutert werden,
ohne welche viel Aufwand betrieben werden
muss, um die resultierenden Fehler zu lösen.
Zum einen ist in Inventor die Verwendung der
Funktion Verbindungen zu vermeiden, da die
Abhängigkeiten und Freiheitsgrade mit dieser
Funktion bei komplexeren Strukturen, wie dem
Delta 360, nicht mehr korrekt übersetzt werden
können. Andererseits ist darauf aufmerksam zu
machen, dass eine deutsche Inventor Version
ein Komma als Dezimalseparator verwendet.
Damit kann MATLAB nicht umgehen und der
Importprozess wirft Fehler auf. Dieser Fehler ist
schlecht beschrieben und es ist nicht verständ-
lich wie dieser behoben werden kann.

In der Aufgabe 2 werden die Auszubildenden
zum ersten Mal das Identifikationsproblem der
Kinematikketten sehen. Hier muss eine kurze
Beschreibung zur Verfügung stehen, in der die
Schritte der Identifikation der Kinematikketten
beschrieben wird. Ansonsten können Move De-
mand Blöcke integriert, und eine Transformati-
onsmessung zur Bestimmung der Endeffektor-
position erstellt werden. Nach diesen Schritten
ist das Simulationsmodell einsatzbereit.

Für Aufgabe 3 müssen überschlagsmäßige
Berechnungen der notwendigen Achsgeschwin-
digkeiten, und der optimalen Montagehöhe des
Manipulators durchgeführt werden. Dafür kann
die zur Verfügung gestellte Toolbox verwendet
werden. Zur Ermittlung der Geschwindigkeiten
können die durchschnittlichen Distanzen der
P&P Aufgabe in der Task-Klasse simuliert wer-
den. Die entstehenden Simulationszeiten wer-
den anschließend in Zykluszeiten umgerechnet
und mit den vorgegebenen zehn Zyklen pro

Minute verglichen. Durch Wiederholen dieser
Analyse mit unterschiedlichen Geschwindigkei-
ten, können die Geschwindigkeiten gezielt aus-
gewählt werden. Da die Beschleunigungswerte
ebenfalls Einfluss auf dieses Ergebnis nehmen,
können diese als Faustregel mit zwei bis dreimal
die Geschwindigkeitswerte angenommen wer-
den. Jedoch sollten Beschleunigungen größer
als 0.2m s−2 vermieden werden, da der Regler
und die Motoren ansonsten überlastet werden.
Um die vorgegebenen zehn Zyklen pro Minute
abfahren zu können, ergibt sich eine Mindest-
geschwindigkeit von 0.09m s−1 bei einer Be-
schleunigung von 0.18m s−2 heraus.

Um die Aufgabe 4 umsetzten zu können,
müssen eigenentwickelten Funktionen der
Vorwärts- und Inverskinematik, sowie die
Geschwindigkeitstransformationsfunktion
zwischen kartesischen Raum und Achsraum in
die vorhergesehenen externen Funktionen
integriert werden. Dabei ist auf die
Datenstrukturen aus Kapitel IV-A zu achten.
Diese sind bereits in den Platzhaltefunktionen
zu sehen. Prinzipiell müssen in der
Inversekinematikfunktion die Daten der
Trajektorienstruktur des Stopppunkts und
des aktuellen Punkts, sowie die aktuellen
Geschwindigkeiten transformiert werden.
Bei der Vorwärtskinematik können die
zurückgeführten Daten des Manipulators
einfach in den kartesischen Raum transformiert
werden.

In Aufgabe 5 werden die Bewegungsfunk-
tionen in die Steuerung integriert. Dabei kann
für beide Bewegungsformen die gleiche Inter-
polationsfunktion für trapezförmige Geschwin-
digkeitsprofile verwendet werden. Nur die Be-
rechnung der Randbedingungen muss durch un-
terschiedliche Berechnungen erfolgen, je nach
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Bewegungsart. Wie diese Berechnungen auf-
gestellt sind kann direkt aus dem Quellcode
entnommen werden.

Die Aufgabe 6 ist das Simulieren der eigen-
entwickelten Funktionen, um diese zu validie-
ren. Für einen effizienteren Validierungsprozess,
können die externen Funktionen einzeln getestet
werden. Dadurch ist die Fehlersuche um vieles
einfacher, als beim Testen der wesentlich kom-
plexeren Gesamtsteuerung.

In der Aufgabe 7 wird die reale Anlage in
Betrieb genommen. Dazu müssen die externen
Funktionen mit Hilfe eines Datenträgers auf
die Hardware der Ausbildungsplattform gespei-
chert werden. Auf der Ausbildungsplattform ist
die identische Steuerung gespeichert und kann
daher gleich wie in der virtuellen Steuerung
betrieben werden. Der einzige Unterschied ist,
dass die SPS-Steuerung bei einem Neustart der
Anlage kompiliert werden muss. Dazu ist Twin-
CAT zu öffnen und das Programm Ausbildungs-
plattform Agent.sln muss geladen und durch
Konfiguration aktivieren kompiliert werden. Im
Anschluss kann das MATLAB-File RunAusbil-
dungsplattform.m ausgeführt werden und mit
der TE 1410 Variante gestartet werden. Nun
ist der Roboter einsatzbereit und kann über die
HMI betrieben werden.

VI. ZUSAMMENFASSUNG & AUSBLICK

Abschließend werden die einzelnen Punkte
der Aufgabenstellung mit den Resultaten der
Arbeit verglichen, um sicherzustellen, dass al-
le relevanten Anforderungen zur Durchführung
einer Robitiklehre anhand der Ausbildungsplatt-
form umgesetzt wurden. Im zweiten Teil die-
ses Kapitels wird Aufgezeigt, welche weite-
ren Potentiale zur Ausbildung in der Robotik
noch vorhanden sind, und welche erweiterten

Themengebiete mit der Plattform erschlossen
werden können.

Durch die Anforderungsanalyse wird aufge-
zeigt, welche Funktionalitäten für die Ausbil-
dungsplattform gegeben sein müssen, um ei-
ne praxisnahe Ausbildung für Analyse, Ent-
wicklung und Umsetzung von Robotersystemen
durchzuführen. Aus diesen Erkenntnissen kann
ein ganzheitliches Konzept der Plattform mit
virtuellen und realen Komponenten, sowie pas-
senden Schnittstellen aufgestellt werden. Die
Umsetzung dieses Konzepts kann in vier Haupt-
punkte aufgeteilt werden. Beginnend mit der
Ausbildungsaufgabenformulierung, gefolgt von
der Hardwareauswahl und dem Hardwarede-
sign, der Toolboxentwicklung mit Simulations-
modell, und der abschließenden Steuerungsent-
wicklung.

Die Ausbildungsaufgabe ist modular auf-
gebaut, so dass die einzelnen Aufgaben un-
abhängig voneinander durchgeführt werden
können. Durch die modulare Aufgabenstellung
ist es immer möglich den realen Roboter in-
betriebzunehmen, und somit ein wirkliches Er-
folgserlebnis zu generieren. Als Ausgangspunkt
der Aufgabe dienen die HMI und MATLAB Da-
teien mit blanken externen Kinematik und Be-
wegungsfunktionen, sowie dem Vorlage Simu-
link-Bibliotheksblock des Simulationsmodells.
Ebenfalls werden die CAD-Daten des Manipu-
lators in Form von Baugruppen der beweglichen
Komponenten zur Verfügung gestellt.

Der semi-virtuelle Aufbau ist in Abbildung 4
dargestellt und kann die Anforderungen an den
Bauraum, und die Abgrenzung des Manipula-
tors nach außen gewährleisten. Die getroffene
Auswahl der Hardwarekomponenten stellt si-
cher, dass beide Displays gleichzeitig durch den
IPC betrieben, und die notwendigen Software-
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systeme gleichzeitig verwendet werden können.
Eine angemessene Sicherheit ist durch die Si-
cherheitskomponenten von Pilz und Beckhoff
gegeben.

Um es den Auszubildenden zu ermöglichen,
eigenentwickelte Funktionen der Steuerung in
die reale Anlage implementieren zu können,
ist eine Simulink basierte Robotersteuerung ent-
worfen worden. Der Quellcode und die Bi-
bliotheken der gesamten Steuerung werden den
Auszubildenden zur Verfügung gestellt, wo-
durch es ihnen ermöglicht wird, ihre Funktionen
zu implementieren und virtuell am eigenen Si-
mulationsmodell zu testen. Nach erfolgreichem
verwenden des virtuellen Modells kann die
Steuerung auf den IPC der Anlage übertragen
werden. Die reale Steuerung ist so aufgesetzt,
dass eine Kompilierung in Simulink genügt um
den Roboter zu steuern. Dafür ist eine Kommu-
nikationsschnittstelle zwischen MATLAB und
TwinCAT integriert. Die TwinCAT-Steuerung
bekommt die Bewegungsdaten aus Simulink
und steuert den Roboter über einen integrier-
ten PI-Regler. Eine weitere Variante zur Übert-
ragung der, von den Auszubildenden entwi-
ckelten, Steuerung auf das reale System ist
mittels automatischer Codegenerierung, wie in
[3] dokumentiert. Diese Methode ist jedoch
komplizierter und erfordert vertieftes wissen
in der Automatisierungstechnik mit TwinCAT-
Steuerungen. Somit kann diese Variante, ob-
wohl leistungsfähiger als die Simulink-TwinCAT
Schnittstelle, nicht als Standardaufgabe gestellt
werden, da der Fokus von Robotik auf Automa-
tisierungstechnik verschoben wird.

Ein weiteres Zukunftsziel der Anlage ist die
Einsatzmöglichkeit in Remote-Lab Applicati-
ons. Dafür müssen Kameras in der Anlage
befestigt und Netzwerkschnittstellen definiert

werden. Die Verbindung auf den IPC und die
Videodaten sollte über eine Benutzeroberfläche
funktionieren, sodass die Arbeit während der
Online-Inbetriebnahme übersichtlich bleibt und
die Auszubildenden sich auf das Wesentliche
konzentrieren können.
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DQ-Sensor-Less Control Implementation on a
Multi-Phase High-Speed Direct Drive Motor

Martin Maier, and Maurizio Incurvati (supervisor)

Abstract—Modern motor drives are not only power
electronics. Advanced control techniques need to be
implemented into microcontrollers in order to achieve
high-level performances. In particular, detection of po-
sition and speed is a topic of primary importance. In
this work, a sensor-less control technique for a high-
speed multi-phase axial flux motor is developed. It is
implemented and tested in an automotive grade micro-
controller. For this purpose, a field-oriented control is
designed. This is done with a cascaded control structure
with an inner current loop and an outer speed loop. For
the controller of this, PI controllers are used. The back-
EMF of the motor is estimated using a model-based
control method. For this purpose, a full-order sliding
mode flux observer (SMO) is designed. For the rotor
speed and angle estimation an improved quadrature
phase-locked loop (PLL) is used. The system with the
designed controllers is implemented in Matlab/Simulink.
For a realistic simulation all relevant parameters of the
circuit, ADCs, data acquisition and calculation are con-
sidered. Furthermore, the controllers are implemented
on an Aurix microcontroller and the simulations are
evaluated and compared with measurements on the real
system. When evaluating the measurement results, the
system shows a very robust behavior over a wide speed
range.

Index Terms—High-speed multi-phase axial flux mo-
tor, cascaded PI-controller, full order sliding mode flux
observer, improved quadrature phase-locked loop, Aurix
microcontroller

I. INTRODUCTION

AXIAL flux permanent magnet synchronous
motors (AFPMSMs) have the advantage

over radial permanent magnet synchronous motors
(PMSMs) in that they have a compact axial structure

M. Maier study at the MCI, e-mail: martin-
maier94@gmx.at.

and high power density [1]. In the controller design,
the techniques of PMSM can be used.

The system is usually a combination of an inverter
and the motor itself, what has high efficiency and,
with a suitable controller, high performances in terms
of position, speed or torque control. A commonly
used control technique is the field-oriented control
(FOC), which is essentially a cascaded controller in
the rotor flux reference plane, also called dq-plane
(direct quadrature) [2].

To control the motor in the dq-plane, the controller
needs accurate feedback of the rotor position and
speed for the speed control. The sensors for this
can be expensive and bulky, and especially at high
speeds, the manufacturing of the motor can lead to
inaccuracies in the position and speed measurements
[3], [4].

Since mechanical sensors are unwanted, sensorless
control techniques are widely used. Sensorless con-
trol techniques can generally be divided into low-
speed methods and high-speed methods. Low-speed
methods use high frequency injection to calculate
motor position via motor reluctance. Model-based
methods are used to calculate position and velocity at
high-speeds. This often involves estimating the back-
EMF or flux of the motor, from which the speed and
angle can be calculated. This can be done with a
sliding mode observer (SMO), an extended Kalman
filter (EKF), or a Luenberger state observer, among
others. [3], [5].

This paper presents the design of cascaded PI
controllers for the FOC using common tools such as
pole-zero cancellation and loop shaping technique.
In addition, a design method for a full-order sliding
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mode controller is proposed, where the switching
gain is designed with the Lyapunov stability theorem
and observer poles are selected when the sliding
mode occurs. A disadvantage of this method is the
chatter phenomenon that occurs, which comes from
the switching function that pushes the estimated
current onto the sliding surface. The undesirable
chattering phenomenon is reduced using a saturation
function instead of the signum function. Using the
estimated back-EMF of the observer, the speed and
position of the motor are calculated with a quadrature
phase-locked loop. The system is simulated with
the ADC delays and the SPVM update delays. To
evaluate the system, the simulation is compared with
measurements of the real system, where the motor
control is implemented on an Aurix microcontroller.

II. SYSTEM OVERVIEW

A block diagram of the overall system with the
FOC, the speed and angle estimation, and the motor
and its inverter is shown in Fig. 1.

--

AFPMSM

Inverter

Sliding
mode

observer

PI

SVPWMPI
PI+-

PLL

+-

+-

++

Fig. 1. Block diagram of the control algorithm including
the FOC and the sensorless SMO based control technique.

III. FIELD-ORIENTED CONTROL

The field-oriented control (FOC) approach is used
for the speed control of the system. An overall block
diagram of this approach is shown in Fig. 2. From

the block diagram, it can be seen that there are two
PI controllers nested in two loops. The outer loop
is the speed loop and the inner loop is the current
(torque) loop.

PI

PIPI+- +-

+- +
+

+

+

Decoupling terms

PI controller design

Fig. 2. Block diagram of the FOC with the decoupling
network.

For the controller designs, the differential equa-
tions of the currents must be transformed into the dq-
coordinate system. For this purpose, the AFPMSM
can be considered as a non salient permanent magnet
synchronous motor (PMSM) with a sinusoidal back
EMF. The differential equation for the currents is thus

i̇a(t) = −R

L
ia(t)−

1

L
ea(t) +

1

L
va(t)

i̇b(t) = −R

L
ib(t)−

1

L
eb(t) +

1

L
vb(t)

i̇c(t) = −R

L
ic(t)−

1

L
ec(t) +

1

L
vc(t),

(1)

where e(t) is the back electromotive force induced
by the rotation of the permanent magnet rotor, R is
the stator resistance, L is the inductance of the motor
and v(t) are the phase voltages [2], [6].

Applying the Clarke-Park transformation [2], [5],
[7] to Eqn. 1 yields

i̇d =
1

L
vd − R

L
id + ωel iq

i̇q =
1

L
vq −

R

L
iq − ωel(id +

Ke

L
)

(2)

for the currents in the dq-plane. In Eqn. 2, additional
cross-coupling terms appear due to the Clarke-Park
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transformation. These terms include the electric an-
gular speed ωel and the back-EMK constant Ke. [2],
[6].

For PI controller design, this cross-coupling term
can be neglected, but at a later stage of the design
it can be added as a feed-forward term as shown in
Fig. 2. [6], [7].

A cascaded control structure is used for speed
control. Two control loops are used for this purpose,
an outer speed control loop and an inner current
control loop. Both control loops are controlled by
PI controllers. An advantage of the FOC is that the
same PI controller can be used for flux and torque
control (dq currents) [6], [8].

The controller of the inner current loop is de-
signed by the pole-zero cancellation method and
the controller of the outer speed loop is designed
with the loop-shaping technique. These methods are
commonly used in automatic control and are given
in [8], [9]. Since this is a cascaded controller, the
bandwidth of the outer loop must be at least 10 times
smaller than the bandwidth of the inner loop.

IV. FULL-ORDER SLIDING MODE OBSERVER

The current equation of all three phases is given in
Eqn. 1. Transforming this equation with the Clarke
transformation gives the state equation in the αβ-
coordinate system.

˙⃗
iαβ(t) = A⃗iαβ(t) +B(v⃗αβ(t)− e⃗αβ). (3)

The back-EMF based on the active flux linkage is

e⃗α,β(t) = Ke ωel

[
− sin(θel)
cos(θel)

]
. (4)

Thus, the circuit equation in αβ-coordinates has a
nonlinear term containing trigonometric functions.
Assuming that the mechanical time constant of the
system is much larger than the electromagnetic one,
the angular speed can be considered as a constant
in one control cycle ω̇el = 0. Moreover, the property
that the back-EMF constant Ke is not time dependent
can be used to linearize the circuit equation [4], [5],
[10].

By extending the circuit equation with the back-
EMF yields the full order state equation

˙⃗x =

[
A11 A12

0 A22

]
x⃗+

[
B1

0

]
v⃗αβ

y⃗ = C x⃗,

(5)

where

x⃗ = [iα iβ eα eβ ]
T, y⃗ = [iα iβ ]

T,

A11 = −(R/L)I, A12 = −(1/L)I,

A22 = ωelJ, B1 = (1/L)I,

I =

[
1 0
0 1

]
, J =

[
0 −1
1 0

]
.

(6)

The sliding mode observer is based on the prin-
ciple of a disturbance observer, however due to the
extension of state space model with the back-EMF
it can be categorized as full-order observer. For the
sliding mode observer first the sliding surface has
to be defined. Therefore, the state variables of the
current are used. Thus, the sliding hyperplane is
S⃗ =

ˆ⃗
iαβ − i⃗αβ =

˜⃗
iαβ . With the state Eqn. 5 the full-

order sliding mode control law can be established as

˙̂
x⃗ =

[
A11 A12

0 Â22

]
ˆ⃗x+

[
B1

0

]
v⃗αβ

− 1

L
K sgn(S⃗),

(7)

where ˆ donates the estimated values and

Â22 = ω̂el J,

K =


kS 0
0 kS

−m 0
0 −m

 ,
(8)

with kS as switching gain and m as observer poles
[4], [5], [11].

Fig. 3 shows the block diagram of the observer.
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Fig. 3. Block diagram of the full order sliding mode
observer.

A. Switching Gain

Determining the switching gain kS is done with
the help of the Lyapunov stability analysis [4]. There-
for the Lyuaponov function is

V =
1

2
S⃗T S⃗ =

1

2
(̃i2α + ĩ2β). (9)

For sure V > 0, then with the stability decision
theorem the observer reaches a stable state if V̇ < 0.
The time derivative of the Lyapunov function is

V̇ = S⃗T ˙⃗
S = ĩα

˙̃iα + ĩβ
˙̃iβ . (10)

With the error equation build by subtracting Eqn. 5
from Eqn. 7 and substituting this in Eqn. 10 leads to

V̇ = −R

L
(̃i2α + ĩ2β)

+
1

L

[̃
iα(ẽα + kSzα) + ĩβ(ẽβ + kSzβ)

]
,

(11)

where z = sgn(̃i) is the switching function. From
this it can be seen that the first term of this equation
is always smaller than 0. The switching gain kS can
then be derived to meet the criteria of

kS > nmax(|eα|, |eβ |), (12)

with n as safety factor, which can be set to 2 [4],
[5], [11].

B. Observer Poles

When the current reaches the sliding mode region,
the estimated current converges to its actual value.

Thus, in the error dynamics the time derivative of the
current error becomes zero, i.e. ˙̃iα = ˙̃iβ = 0. Then
the error dynamic equation reduces to a second order
system

˙̃eα = −ẽβ ω̂el +
1

L
mzα

˙̃eβ = ẽα ω̂el +
1

L
mzβ ,

(13)

and the estimation error of the back-EMF is

ẽα = −kS zα

ẽβ = −kS zβ .
(14)

Rearranging Eqn. 14 and inserting it into Eqn. 13
yields

˙̃eα = −ẽβ ω̂el −
1

L

m

kS
ẽα

˙̃eβ = ẽα ω̂el −
1

L

m

kS
ẽβ .

(15)

From this set of equations the unknown parameter m
can be determined. For this purpose, the eigenvalues
of the system must be calculated, from which the
characteristic equation of a second-order system with
conjugate complex poles in the left half-plane results.
These poles can be set by the usual means of control
theory [4], [5].

C. Saturation Function

An undesirable inherent phenomenon called chat-
tering occurs in the current estimation due to the
switching function. By replacing the signum function
with a sigmoid, hyperbolic or saturation function,
the chattering effect is reduced. In this work, the
saturation function is used to increase the thickness of
the boundary layer. The saturation function is shown
in Fig. 4 with δ as the boundary layer thickness.
The value for δ can be determined empirically in
the simulation [5], [12].
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Fig. 4. Saturation function.

V. SPEED AND POSITION ESTIMATION

In a traditional way the position can be determined
by applying the arctan function to the estimated
back-EMF. Calculating the time derivative of the
position results in the speed. The drawback of this is
that the position and speed estimation is vulnerable
to noise. For a more robust estimation a phase-locked
loop (PLL) is used. The used structure is shown in
Fig. 5 [13].

PI--

-+

Fig. 5. Block diagram of the PLL.

From the block diagram the estimation error can
be determined by

ε =
1√

ê22α + ê22β

(−ê2α cos 2θ̂el − ê2β sin 2θ̂el),

(16)
where ê2α and ê2β are modified back-EMF signals
defined as ê2α = 2êαêβ and ê2β = ê2α−ê2β [13]. Due
to the normalization of the modified back-EMF the
closed loop transfer function of the PLL simplifies
to

GPLL =
kp,PLL s+ ki,PLL

s2 + kp,PLL s+ ki,PLL
. (17)

The poles of the system can be set on the real axis
by kp,PLL = 2ρ and ki,PLL = ρ2 [5].

VI. DISCRETIZATION DELAY COMPENSATION

Since the control of the system is executed on
a microcontroller and the phase currents have to
be measured, delays occur due to the discretization.
These occurring delays are shown in principle in
Fig. 6. There, the duration of the control cycle in
which all calculations are performed is 50µs. In
parallel with the execution of the control, the ADC
samples the currents sequentially at 200 kHz. At the
beginning of the control cycle, these sampled currents
are read from the ADC register. The currents read
from the register were measured in the previous
cycle, so the currents used in the controller are de-
layed by a maximum of one control cycle. The same
applies to the PWM high/low side output. So in the
worst case, the discretization delay is about 100µs
or 2 control cycles. This results in a phase shift of
the input current that depends on the motor speed.
To compensate for this phase shift, the phase shift
is simply added to the Clarke-Park transformation of
the input currents:

θcomp = nTc ω̂el, (18)

where n is an integer for the time delay measured in
control cycles, Tc is the period of the control cycle,
and ω̂el is the estimated electrical speed.

Delay

Control cycle

Sampling of currents

PWM 
high-/low-side 

output

Currents  
are read from 

register
Sampling of currents

PWM 
high-/low-side 

output

Currents  
are read from 

register

Fig. 6. Basic overview of the timing for data acquisition,
output updating and the control execution.
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VII. RESULTS

The used motor is an AFPMSM with the pa-
rameters listed in Tab. I. The controller parameters
are listed in Tab. II, which are calculated with the
methods presented in the previous sections. Here
is to note that the parameters are designed in the
continuous time domain. For the discretization the
Euler discretization rule is used.

TABLE I
MOTOR PARAMETERS

Item Value Description

Vdc 24 V DC-link voltage
V 5.56 V Rated voltage
Iph 15 A Rated current
fout 1250 Hz Rated fundamental frequency

fcontrol 20 kHz Control frequency
fsw 200 kHz Switching frequency
R 12 mΩ Motor resistance
L 4µH Motor inductance
p 5 Pole pairs
kt 0.0237 Nm

A
Torque constant, four systems

J 291.27·10−6 kg m2 Moment of inertia

TABLE II
CONTROLLER PARAMETERS

Item Value Description

kp,c 0.01 P gain for current control
ki,c 30.15 I gain for current control
kp,s 1.22 P gain for speed control
ki,s 5.39 I gain for speed control
kS 16 Switching Gain for SMO
m 1.14 Feedback gain for SMO
δ 80 Boundary layer thickness

kp,PLL 200 P gain for PLL
ki,PLL 10000 I gain for PLL

A. Simulation

The simulation is performed only for one system
out of 4 thus all results are valid for one system
but can be transferred to 4 systems. Fig. 7 shows
the simulation results for the tracking performance
at steady state an no-load expect of a simulated
bearing of the observer at a mechanical shaft speed
of 10000 rpm. In the first subplot the actual alpha

current and the estimated one is depicted, where at
this speed a small chattering is present. However, in
the other subplots it can be seen that the tracking
of the back-EMF, electrical angle and the electrical
rotational speed works with the used parameters. The
ripple in the current is due to the high switching
gain. However in the back-EMF the chattering is not
present due to state space extension by the back-EMF
and the observer pole design.

Fig. 7. Simulated steady state observer tracking perfor-
mance at a mechanical shaft speed of 10000 rpm.

Fig. 8. Speed controller performance with the estimated
values.

To validate the speed and current controller pa-
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rameters a speed profile is simulated with no-load.
This speed profile is shown in Fig. 8. As it can be
seen at low speeds the estimated speed is oscillating
and also the estimated angle error is quite high. The
reason for that is that the system is not observable
at zero speed. Furthermore, at low speeds the back-
EMF is to small so that the back-EMF estimation
error is relatively high. For this, in the simulation
a startup is needed where at low speeds the motor
dynamics are used to measure the angle and speed
and after a certain threshold the system switches to
the sensorless control algorithm.

B. Measurement

In this section, the measurement results on the
motor are presented for one out of four systems. For
the aforementioned startup, an I/f startup method
is used up to a speed of 500 rpm. Fig. 9 shows
the step response of the shaft speed from a set
point of 3000 rpm up to 3300 rpm. Also shown are
the estimated speed ω̂mech, the step response calcu-
lated from the designed transfer function ωmech,TF ,
and the speed calculated from the fundamental fre-
quency of the current ωmech. It should be noted
that ωmech,TF is designed for one system and is
implemented for four systems in the microcontroller,
resulting in a deviation by a factor of 4.

Fig. 9. Step response of the estimated speed, the measured
speed and the calculated one from the transfer function.

Fig. 10 shows the tracking performance of the ob-
server as described in the previous section of the sim-
ulation. Comparison of simulation and measurement
shows that they match, except for the angle, which
is in the other direction in the measurement. This is
due to the implementation on the microcontroller.

Fig. 10. Measured steady state observer tracking perfor-
mance at a mechanical shaft speed of 10000 rpm.

The observer performance is quantified in terms
of the percent speed error εω̂ in Tab. III. Therefore,
the estimated speed is subtracted from the reference
speed and divided by the reference speed. This cal-
culation can be considered valid, as it is shown in
Fig. 9 that the actual and estimated shaft speed are
in the same range.

TABLE III
OBSERVER PERFORMANCE.

ωmech,ref / rpm εω̂ /%

2000 ±0.30
4000 ±0.13
6000 ±0.05
8000 ±0.06

10000 ±0.05
12000 ±0.05
14000 ±0.03
15000 ±0.06

The motor is also tested using 2 systems and the
results are as expected. Furthermore, with this imple-
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mentation the motor can be accelerated to 15000 rpm
in 4 s and 1 system so that the current limits are
not exceeded. So, if 4 systems are used the motor is
capable of accelerating to 15000 rpm in 1 s.

VIII. CONCLUSION

It is shown that with the proposed observer and
deceleration compensation, the speed of 15000 rpm
is achieved. The system shows robust performance
over a wide speed range from 500 rpm to 15000 rpm.
Moreover, the use of 4 systems works while the full-
order position observer is applied to only one system
and the angles for the other systems are adopted
by knowing the phase shift between them. From the
measurements it can also be seen that the motor can
be accelerated up to 15000 rpm in 4 s, if one system
is in use and the current limits are not exceeded. In
the proposed method, only the estimated speed and
angle are used in the FOC, this could be extended
to the estimated current in further work for more
sophisticated delay compensations. For a more robust
startup method, especially for startup under load,
a more sophisticated startup method, i.e., a high-
frequency injection method, can be used.
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Abstract—The increasing number of electric vehicles raises
the question about an efficient field failure analysis for high-
voltage batteries. If one fails after the vehicle being delivered
to the customer, it is sent back to the manufacturer for
comprehensive failure analysis. To reproduce sporadic faults
as well as permanent faults, a load test is used. For high-
voltage batteries, this includes a corresponding test bench with
temperature control. The results from the test bench should
provide the responsible engineer with information about the
faulty component. An appropriate system for processing the
test bench data is imperative for the analysis of the defective
parts. The case of the field failure analysis must be considered
separately to have as much information as possible about the
faulty component. An implementation of this problem is based on
the development method of the V-model for mechatronic systems.
Through a survey for stakeholders and the corresponding results,
a catalog of requirements for the data evaluation is provided. The
survey yields important insights into what exactly stakeholders
want, which are included in the presentation of the protocol. The
catalog of requirements also serves as a basis for the criteria
of the weighted sum model for the selection of a tool. The
result of the analysis is that a data evaluation implementation
with the Python programming language is the most sensible
method. Oriented at the V-model a high level system draft is
developed which is broken down in the further process on the
individual components. Based on system design and component
specification, a fundamental framework for data evaluation is
implemented using the Python programming language. This
receives the measurement data in a special National Instrument
format via the interface to the test bench. As a final result,
the evaluation program transfers a structured protocol with the
presentation of all relevant results in a document. This helps
the responsible engineer to evaluate the measurement data from
the test bench and to find the defective component. The Python
program serves as a fundamental framework for the evaluation
of the results from the load test bench since it has not yet been
completely put into operation. Further test steps in the program
must be implemented into the evaluation during the respective
commissioning of these steps.

Index Terms—High-voltage batteries, Data evaluation, Python,
Field failure analysis

I. INTRODUCTION

IN the course of a climate-neutral society, politicians and the
automotive industry are increasingly focusing on electric

cars. Since electric vehicles do not emit any pollutants like
conventional combustion vehicles, this technology should help
to achieve the required climate targets. Companies such as the
Mercedes-Benz AG, among others, are focusing on vehicles
with electric drives. In addition to the electric motor, the core

J. Mohr study at MCI, e-mail: mj0677@mci4me.at

components of an electric vehicle include the high-voltage
battery, which stores the electric energy to operate the motor.
As with any other component of a technical system, it can
always happen that something does not work properly and
therefore the defective component must be replaced. At this
point, the process of the damaged parts analysis field starts
within the Quality Engineering Center of Mercedes-Benz AG.
Customers have defective parts replaced within a workshop
and the vehicle manufacturer goes in search of the cause of
the fault. In the case of purchased parts, the supplier is usually
responsible for analyzing the failed components. In the case
of high-voltage batteries, this is an internal product of the
Mercedes-Benz AG, so the latter is also responsible for the
analysis and the fault rectification process. The analysis of
field defective components follows the predefined process of
the Association of Automobile Manufacturers, which is also
followed by the Stuttgart-based group. Thus, within a standard
analysis of the defective high-voltage battery, permanent faults
are to be detected that indicates the defective component.
There are cases in which this standard test is not sufficient
and the battery must be subjected to a load test. In the case
of the battery, this is done within a special load test bench
in which the battery can be tempered so that test sequences
can be carried out under extreme conditions. This is currently
being commissioned at the Mannheim plant by an external
supplier. For this, it is being conceptually worked out how the
data from the test bench can be handled. The research question
of how and with which program the results from the test bench
can best be processed and presented is to be clarified. In the
course of the implementation, the point will also be addressed
as to how far the evaluation is adapted to the needs of the
field failure analysis.In the course of the development, a tool
is selected using a user survey and the subsequent weighted
sum model. With the resulting tool, a program is created that
provides the basic framework for the subsequent evaluation of
the data. After the complete commissioning of the test stand,
this only has to be edited according to the missing test steps.

II. METHODS

A. General Approach

To evaluate the test bench data from a load test bench
for high-voltage batteries, a system is required that has been
developed for this purpose. As a development methodology a
logical approach is the V-model for mechatronic systems after
the guideline 2206. This model makes it possible to maintain
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an overview over the system even of a complex one. The
following graphic 1 shows the V-model, adapted to the specific
use case of this project.

Requirement Analysis

System Design

Component Specification

Implementation

Module Tests

System Integration Testing

System Acceptance

Verification

Verification

Validation

Fig. 1. V-Model as a development method for mechantronic systems modified
to the present application.

The starting point is the requirements analysis, in which it
is clarified what the program should implement and what the
users would like to have in detail. In the system design, the first
high level design of the program is sketched. The customer’s
requirement are further refined in the following steps until
they are ready for implementation. After the implementation
of the components, these must be verified first, to find possible
errors in the program. This procedure is repeated as long as all
components of the program are verified. Subsequently, during
the system integration, the individual modules are integrated
into a system and verified as a whole. It can be seen, therefore,
that the V-model not only takes the straight path from start to
finish but also allows for iterations to correct any error made in
previous stages of design. Finally, the system is released with
the validation testing. Thereby, it is checked again whether
the entire program corresponds to the requirements. Since the
program is a conceptual design, the main focus is on the
requirements analysis to meet the needs of the users for a
later implementation and to address the research question.

B. Requirement Analysis

To meet the requirements for the end user of the evaluation,
a survey is used. Forced by the current circumstances of
a global pandemic and the associated working from home,
the survey is conducted exclusively online. An online survey
mainly reduces the time effort of the respective employees.
The survey targets only a small number of employees since
the test bench is used exclusively by this group of people for
the specific case of field failure analysis within the quality
engineering center. Among these stakeholders are on the one
hand quality engineers, whose main field of activity is the
support of the high-voltage batteries, and on the other hand
worker from the same field of activity, who are responsible
for the logistic and technical processing of the batteries. The
individuals will be contacted individually and personally with
a request to complete the online survey. However, to filter out
random other participants, they are still asked once again about
their work area and function, but these do not play a role in the
further results. The following closed and open-ended questions
are part of the survey:

1) What is your department?
2) What is your function?

3) How important is a structured presentation of results
from the test bench to you?

4) How important is it to you that it is easy to use the tool
that is supposed to display the results of the test bench?

5) Assuming all tests were passed: Is it important to you
to get more detailed information from the test steps?

6) Is a graphical representation of results helpful in trou-
bleshooting?

7) You have problems displaying the results, do you want
a quick solution to the problem or can it take longer?

8) If you have new suggestions for the protocol/evaluation,
how would you like to implement them?

9) What else is important to you when presenting test bench
results?

The answers to the survey are included in the requirement
catalog. The survey shows that all users want a structured
presentation of the results. The answers to the next question
also show that users prefer the program to be easy to use. On
the other hand, the users have a neutral attitude to the question
of whether further information should be provided when all
tests are passed. Furthermore, most users would like to see a
graphical representation of the results, if possible. When it
comes to the time it takes to solve problems, users say that
it does not have to be done immediately. Nevertheless, they
would like to be able to approach a contact person in their
team if they have problems or suggestions for improvement.
In the last openly formulated question, aspects should come
up that have not yet been considered. Once again, it became
clear that the users find it important to have a clear and
concise presentation of the data and, if possible, to be able to
compare the results with others.

The survey results in a catalog of requirements for the data
evaluation. This includes the following points:

• Purpose - The data evaluation shall be used to process
the data from the load test bench in such a way that a
protocol is created which presents the results from the test
steps in a structured manner and the test procedure can
be identified. This should help to identify the defective
component from reproduced fault patterns.

• Target group - The target group of the application are the
quality engineers and workers of the quality engineering
center at Mercedes-Benz AG, in whose area of responsi-
bility the analysis of the high-voltage batteries lies.

• Functionality - In terms of purpose, the application must
output the read-in measurement data in a clear protocol.

• Performance - Only one evaluation will take place at a
time on a test run. A load test can last several hours
or days, so the evaluation does not have to be available
immediately. However, if an evaluation is desired, the
application must be working.

• Accuracy - The application must be able to correctly in-
terpret and output all relevant data from the test sequence.
Important data must be shown and not lost in the process.

• Reliability - The application must be available after each
test run and if problems occur, they must be fixed.

• Security - Since the tested high-voltage batteries are
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faulty field returns, their analysis results must also be
handled confidentially.

• Maintainability - If errors occur in the application, they
must be fixed within the team in a few days to a week
from a person within the team.

• Testability - It must be possible to test the function of
the application using test data from a golden sample or
other batteries.

• Flexibility - As the number of new battery types and
generations increases, a high degree of flexibility is
important to insure the use of the system in the future.

• Portability - It is possible to provide additional hardware
specifically for the load test bench. However, in terms of
cost savings, it is advantageous if the application could
run on each user’s personal computer.

• Interfaces - The software interface of the application is
to the test bench, which outputs the measurement data in
a TDMS format. The application must be able to process
these. The other interface is to the engineer or worker,
who will look at the protocol afterward. For easy display
and sharing of the data, the output to them must be a
PDF document.

• Documentation - Documentation must be available for
the use and further development of the application.

• Technical support - The application must be able to run
on its own once it is up and running. However, a team of
internal experts must be available for queries, problems,
or further development.

• Technical requirements - The application must be able
to run on a Daimler AG computer without administrator
rights or further requirements.

• Costs - In the course of many cost-cutting measures
within the company, the focus should be on an application
that is free or as inexpensive as possible.

In a pre-selection of tools, one application each was chosen
from the categories internal application, external application,
and open-source solution. In the internal application category,
the Excel template AWP, which was designed in the devel-
opment department and is already being used on production
test benches, is evaluated. As an external application, the
software vSignalyzer of the company Vector Informatik GmbH
is evaluated, since the Mercedes-Benz AG cooperates strongly
with this company. As an open-source solution, an evalua-
tion with the programming language Python in an integrated
development environment is evaluated. These three tools are
evaluated in the weighted sum model in the following table I.

Weight AWP Value
Presentation of results 5 6 30
Flexibility 3 2 6
In-depth analysis 3 1 3
Maintainability 3 5 15
Technical support 4 10 40
Dependency 5 3 15
Portability 1 4 4
Interfaces 5 2 10
Security 2 9 18
Costs 3 4 12
Sum 153

Weight vSignalyzer Value
Presentation of results 5 10 50
Flexibility 3 8 24
In-depth analysis 3 10 30
Maintainability 3 5 15
Technical support 4 3 12
Dependency 5 8 40
Portability 1 6 6
Interfaces 5 10 50
Security 2 10 20
Costs 3 6 18
Sum 265

Weight Python Value
Presentation of results 5 10 50
Flexibility 3 10 30
In-depth analysis 3 6 18
Maintainability 3 7 21
Technical support 4 1 4
Dependency 5 9 45
Portability 1 10 10
Interfaces 5 10 50
Security 2 10 20
Costs 3 10 30
Sum 278

TABLE I
COMPLETED WEIGHT SUM MODEL FOR SELECTING THE TOOL.

From the weighted sum model, after the evaluation, it is
concluded that a solution with the programming language is
the most suitable for this application.

C. System Design

Following the V-model, the next step is the system design.
The following flow chart 2 shows the high level design of the
program to be built.

Read in header data

Start

End

Read in measurement 
data

Evaluate data 
according OK/NOK 

and search for 
relevant data

Write data in PDF 
document

Protocol output

Fig. 2. Rough system design of the evaluation, shown in a flow chart.
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First, the header data of the battery are to be read into the
program by a graphic surface, since these are not transferred
over the measured data. After reading in the measurement data,
it is necessary to evaluate for passed and failed tests and thus
to select the relevant data for the protocol. Finally, the data is
written to a PDF document that is to be output to the user as
a protocol.

D. Component Specification

In the previous high level design, the flow of the main
program was described. In the next level of detail, the in-
dividual components are specified. Based on the result of the
weighted sum model and the requirement catalog the evalua-
tion in Python is selected. The view of the high level design
shows that the implementation of the individual functions in
Python needs different program libraries as Import, which are
explained in the following and applied in the implementation.
The general information, also called header data, is read by a
user input via a GUI. For this, the program library TKINTER
is available in Python. In a separate window, a GUI can be
created with it, which makes it possible to display forms and
provides a template for the input of the header data. These
then can be read in and used for further processing. To load a
TDMS file into a Python program, another program library is
needed. With NPTDMS it is possible to read files in TDMS
format and store them in data frames. To access the different
groups and channels within the file, it must be iterated through.
The program library PANDAS also helps to evaluate the mea-
surement data. It is a tool for the management of data and their
analysis, especially for access to numerical tables. The next
step from the high level design is to plot the data and write it
into a PDF document. For the graphical representation of data
in Python, the program library MATPLOTLIB is available. It
allows the creation of diagrams and plots in different formats.
This is essential for the creation of a protocol. For writing the
data and graphics into a PDF document the library PYFPDF
is available. It is the basis for the creation and output of PDF
documents.

E. Implementation

Based on the requirements profile, the high level design,
and the component specification, an implementation with
Python is target. The implementation takes place analogously
to the V-model. That means that after the implementation of
the individual components these are verified and afterward
the integration tests take place. The first component to be
implemented is the graphical user interface based on TKINTER
for reading the header data. The program flow chart of this
subprogram is shown in the following graphic 3. The correct
input is checked by an internal query for the correct string
length and characters so that the user cannot make any
mistakes here. The data is transferred to the main program
via a button.

Start

Create GUI 
window

Check button

Check 
correctness

Insert header 
data

Display window 
with error 
message

Request to 
enter again

Communicate 
correctness & 
close windows

Transfer data 
to main 
program

End

Yes

No

Fig. 3. Program flow of the function for calling up the header data via the
graphical user interface.

The main program of the evaluation starts with the call of
the header data from the component described before. The
flow chart in the graphic 4 shows the superior flow of the
data evaluation. First, the measurement data must be fed to
the program. To get the path to the measurement data, a
GUI opens to select the file. This time TKINTER is not used
for this, because it has problems with calling files. Instead,
another program library EASYGUI is used for reading the
file path. Then the measurement data is read with the help
of the NPTDMS library and the measurement properties are
stored in a PANDA data frame. This data contains all general
information about the device under test, such as the minimum
and maximum cell voltages or the number of cells in this
battery. From now on, the creation of the PDF document,
which will later represent the protocol, already begins. Here
the evaluated results are copied step by step. The file name
results from the previously filled in header data. Before the
first data is written to the document, the PDF document is
first defined, such as page size and font. Once this is done,
the data that has already been readout, such as the header
data and properties, can be written to the document. By the
way, these are included in all checks as general information.
The writing of the document is implemented with the library
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PYFPDF and the methods cell and multi cell. With these
methods, the content of the previously generated data frame
is retrieved and written into a cell with a predefined size on
the PDF page.

Start

Open over EasyGUI
Measurement 

data path

Store properties in 
fata frame

Define PDF protocol

for row in 
header data

for row in 
properties

Start for 
loop

Output PDF 
document

Write header 
data in PDF 
with PyFPDF

Write properties 
in PDF with 

PyFPDF

End

True

False

True

False

Header data 
GUI

Read in TDMS file

Fig. 4. Program flow of the main program for data evaluation of test bench
data.

As can be seen in the previous program flow diagram, the
main task of the evaluation is located within a loop sub-
function. This has to do with the structural design of the
measurement data files, which are divided into higher-level
groups and lower-level channels in which the data are located.
This sub-function can be seen in the next graphic 5. There it
can be seen that by different queries the program falls into
different scenarios, depending on the group name and the test
result. The test result of the respective test is read from the
measurement data and the variable belonging to it is changed
accordingly to react to it during the evaluation.

Start

for group 
in TDMS 

file

if "result" 
in group 

name
counter + 1

for 
channel in 

group

Yes

No

if NOK 
in dataTrue

test_result 
= 0Yes

if "test 
step name" in 

group 

Data 
processing 

depending on 
test step

True

Yes

No

False

End

False

counter = 0 
test_result = 1

No

Fig. 5. Program flow diagram for the internal loop for evaluating the data.

Over different inquiries after the group names, the further
process of the program is determined in the sub-function of
data processing. First for every result group the test step
properties are read from the measurement data and stored in
the document using cell and multi cell methods. Next, the
results are read from the measurement data. These are located
in the individual channels within a group. Not all channels
are relevant for the later output in the protocol, therefore it
must be determined before, which information is important
and which is not. This is essentially done to ensure that the
protocol, as desired in the survey, presents the relevant data in
a structured manner and in a scope that is not too large. Even
within a group, a loop is used to iterate through the individual
channels. In doing so, the channels that are not relevant to the
protocol are skipped. This is done within the data processing
and ultimately represents the evaluation of the data from the
test bench. In the end, this results in a finished PDF document
that contains the corresponding evaluation from the test bench
data. This is output at the end of the program.

F. Verification

The Python program described in the previous chapter
serves as the fundamental framework for the data evaluation
of the load test bench and must be edited accordingly for
further tests apart from the light profile of the EB200 when
they are put into operation. The verification of the individual
components and the system serves the purpose of determining
whether the results of the respective development step meet
the specifications. This is always done step-wise in terms of
the V-model and is primarily used for finding errors and for
quality assurance. To adhere to the V-model from figure 1, the
bottom-up principle is used here. In other words, the individual
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components are verified first, followed by system integration,
and finally, the system is validated with system acceptance.
With the verification of the individual components, which are
to be seen graphically again in the diagram 2, there is on the
one hand the static procedure and on the other the dynamic
testing. With the static one the program is not executed,
but only the code is inspected. In the dynamic method, the
program is executed and its results are inspected. In the case
underlying here, the dynamic method is used, since first test
data are already available to test the evaluation. The aim of
testing should be to detect as many errors as possible within
the tests and to offer the end-user software without any bugs.
Since the V-Modell can be seen as a perpetual cycle, the tests
described in the following are already partly carried out in
parallel with the implementation.

III. RESULTS

A. Protocol

The Python program, described for the evaluation of test
bench data from a high-voltage load test bench has as result
a protocol. To validate the results, a comparison is made with
the requirements of the users and the requirements catalog.
In the following, individual excerpts from a protocol with
example data are shown to explain the presentation method.
The company logo is used as a standard on all Mercedes-
Benz AG protocols. To remain within the corporate identity
of the company, this can also be found on the test protocol
of the load test bench for high-voltage batteries. Below the
headline are the header data for the tested battery, which the
user has previously entered via the GUI. This part should be
clearly distinguished from the rest of the data, as this in itself
initially has nothing to do with the test, but is only used for
assignment. The following figure 6 shows a section of the
protocol header.

Test Protocol EB200

QEC Reference Number 502100158

Battery ID 555666

A-Part Number A2053403700

VIN 2052141F999999

Test Bench ID 1

Battery Type EB200

Employee Employee 1

Date (Test Date) 01/01/2021

Step Step Time Result

Start 7,9 i.O.

Güte Profil 63,1 i.O.

Ende 17,1 i.O.

Fig. 6. Excerpt from the protocol on the header data of the battery test.

In the next step, the properties of the battery were added to
the program. These are structured from the representation in
the same way as the header data. A section of it can be found
again in figure 7.

Properties:

Name IBN_20210602_2_20210602_084557

Min. system voltage [V] 240.000

Max. system voltage [V] 403.200

Min. cell voltage [V] 2.500

Max. cell voltage [V] 4.200

Amount of cells [-] 96

Fig. 7. Excerpt from the protocol on the properties of the battery test.

According to the survey, it is very important to the users
that the data is presented in a structured way in the protocol.
To reduce the information to the essential, the descriptive
statistical method of a presentation in tabular form is used.
Thus, in the section in figure 8, it can be seen which steps
and results are involved. Likewise, a clear demarcation was
required to see whether a test was passed or not. Using a
quality contrast and the color green, which generally stands
for okay, the result of the test step is once again highlighted.
If a test step is not passed, the result is highlighted in red.

Step: Start

Step Actual Value Unit Set Value Set Value LL Set Value UP Result

Result step "Start" 0 0 0 0 OK

Step time 7.9 s 7.9 7.9 7.9 No findings

Step result: OK

3

Parameter Description

Max. duration

Set whitelist fault memory global [-]

Set voltage LV [V]

Set max. current LV [A]

Parameter Value

90

13.8

Fig. 8. Excerpt from the protocol on the one test step of the battery test.

Here, a test step with a positive result is shown as an
example for the protocol. The final protocol is composed of
the parts described above and the results from further test
steps. As described in the program flow, the display of the
test step is reacted to differently depending on the result of the
test. If, for example, a test step turned out negative, graphical
representations of voltage and temperature curves are used
here.

B. Validation

In the implementation of the program, the verification of
the software was carried out continuously according to the
V-model to see if the program is implemented correctly.
The validation of the program must take place afterward
and gives information on whether the program fulfills its
purpose or not. For this purpose, the needs of the customer
are considered, as well as the catalog of requirements and the
applicability of the program. The applicability can be tested
only by the users themselves. However, since the test bench
has not yet been put into operation, there is currently no acute
need for this. Nevertheless, it is made as simple as possible
for the user to operate the evaluation by the application of a
GUI and the simple execution of the program without further
actions. The general purpose of the program, according to
the requirements catalog, is to output a protocol that presents
the results from the test steps of the load test bench in a
clear and structured manner. By looking at the protocol in the
results, it can be seen that the program fulfills this purpose
for the target group. Most of the customer needs have already
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been matched within the presentation of the results, such as
the structural and graphical representation of the protocol.
With the selection of Python for implementation, out of the
weighted sum model, the program can also remained within
the team. Thus, there is direct access to the person in charge.

With enough prior Python knowledge and the documentation
on the program, users can also make changes to the analysis in
consultation with the team. A further look at the requirements
catalog should confirm whether the other requirements have
also been met. Most of these requirements, such as the
cost, portability, flexibility, system requirements, and security
have already been met by the selection of the programming
environment with Python. The resources for queries and
maintenance of the system must still be provided by the
department. Furthermore, the program serves the input
interface with the reading of the measurement data files and
the output interface with the output of a PDF protocol. This
also fulfills the requirements. Repeated testing with different
data sets from the load test bench shows that the program
also repeatedly outputs what is required of it. Thus, it can
be said that the program provides the required functionality
and is classified as valid according to the ISO 9000 series of
standards.

IV. CONCLUSION

The load test bench for high-voltage batteries, which is
currently being commissioned at the Mannheim plant, runs
through various test sequences to reproduce sporadic faults in
high-voltage batteries. This is intended to identify the faulty
component within the battery. The output of the test bench is
a series of measurement data. The research question is, what
is the best way to process and present the results from the
test bench. To get to the bottom of this question, a survey
has also been created in the spirit of the sub-hypothesis.
This should give the direction for the elaboration to meet
the special needs of the quality engineering center. Using the
weighted sum model, the best tool for implementation was
selected and finally, an evaluation was implemented with it.
As a result of this, the user receives a structured protocol that
reflects the results of the load test.

Requirements from the employee survey were “that it
should be clear which tests were passed and which were not”
and that ”the relevant results should include the minimum
and maximum values allowed”. Thus, in the output of the
protocol, attention is paid to the partial hypothesis that
this should be adapted to the field of field failure analysis.
These expectations are met with the result. Concerning the
research question, it turned out that the best possibility for
the representation of the data is an implementation with the
programming language Python. With the implementation
of the analysis and a structured protocol as output, this
expectation was also fulfilled.

The implementation of data evaluation with Python offers
users in the quality engineering center much more than just

the simple display of results. Here, the user’s wishes can
be individually catered for. This can be done, for example,
with an additional display of the limits from different test
steps. Viewed across the entire company, it naturally depends
on the use case which evaluation method is the best. The
classification of this solution is designed especially for the
use case of field failure analysis. However, also possibilities
for other areas can be derived from this, because Python
has many possibilities for displaying results, which can be
adapted very individually in each case.

The data evaluation is currently still limited by the low
progress in the commissioning of the load test bench. The
fact that this has a rather high time delay, is noticeable in
the implementation of the different tests. The fundamental
framework of the evaluation, as well as the first tests, have
already been integrated. To display the results of further and
more extensive test sequences with the evaluation by Python,
these must first be implemented in the evaluation. With
several embedded test steps in the system, it can be adapted
to the user requirements in a different way by performing
another round of tuning after the overall implementation.
Thus, the evaluation can be further optimized.

An implementation with Python has many advantages,
but also involves work when considering the technical
support. There must be a responsible person in the team
who supervises the data evaluation and expands the system.
For this, in addition to the knowledge of the programming
language, above all, there must be the necessary manpower.
The lack of manpower of the team in the current situation
could mean difficulty in the further operation of the evaluation.
Furthermore, the evaluation is currently designed in such a
way that the user receives a structured protocol that provides
him with the relevant information from the test run and
leaves him room for interpretation. However, if more in-depth
analyses of the measurement data are required, this is possible
with Python, but in this case, the effort is considerable. Thus,
for this case, it is always necessary to create a separate
environment in Python or to fall back on another tool that is
specialized for a deeper analysis. Nevertheless, according to
the requirements of the users, the evaluation with Python is
the best for this use case. With the current results, there is still
room for improvement. One possible improvement would be
to integrate the evaluation directly into the test bench so that
the step of reading the files into the program is automated. As
well as the complete process of the evaluation. Here it would
be advantageous if this were to start automatically directly
after the load test is done. With the integration of further
test steps and the execution of further tests, conclusions
can also be drawn about previous results, as was the wish
of a user during the survey. To do so, a certain amount of
basic data must first be available to take this further step. If
enough data sets are collected from the testing processes, it
is conceivable that neural networks can be used to conclude
certain fault patterns. With sufficient data, it is possible to
continue research in this direction.
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Anyhow the solution with Python is primarily only an
isolated solution. Although this is the best solution for the
area in the current situation, Markus Schäfer, a member of
the board of management at Daimler AG, is also in favor
of standardization within the company. Thus, standardized
solutions for the load test bench in the quality engineering
center are also conceivable. First approaches for standardized
evaluations of test benches in the company already exist
through the internal system UNIPAS. This is already used in
some test benches in production but requires some hardware
changes to the test bench itself for implementation, which
the current test bench in the quality engineering center does
not have. For the acquisition of the next test bench, which
is currently in the brainstorming phase, the inclusion of
this system would be worth considering and should have
to be checked for its possibilities. Another system that is
currently under discussion in the area of data evaluation is the
MORPHEE software from FEV Software and Testing Solution
GmbH. However, before committing to a standard here, a
decision must first be made on this topic at the management
level.
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Non-invasive wide-bandwidth current sensor for
wide-bandgap devices

Stefan Moser, and Maurizio Incurvati (supervisor)

Abstract—Modern power electronics devices like
wide-bandgap semiconductors allow for higher switch-
ing frequencies compared to existing silicon devices.
Measuring the switching currents in those systems
requires a wide-bandwidth current measurement sensor.
However, available measurement systems require mod-
ifications of the PCB due to their size and introduce
therefore parasitics into the system or are limited
in bandwidth. This paper deals with the design and
development of an Rogowski coil based current sensor,
which allows for a low parasitic measurement of the
switching current in an semiconductor device. The
sensor is mounted on an adapter board, which is placed
between the component and the PCB. Shielding and
the geometry of the windings provide good suppression
of interfering adjacent currents. Together with an wide-
band integrator, fast transients in the nanosecond range
can thus be measured. Experimental verification shows
good agreement with the simulation. In future appli-
cations, the system can be implemented in integrated
solutions allowing an on-chip measurement.

Index Terms—GaN, WBG, Current Sensor, Rogowski
Coil

I. INTRODUCTION

CURRENT is one of the most important mea-
surement quantities in power electronics. For

this reason, some form of current measurement is
implemented in almost every power electronic circuit.
The measured current is used for control, monitoring
and protection purposes. Besides this applications, it
is also used in the laboratory to determine switching
losses and efficiency.

In Fig. 1 a three-phase inverter is shown as an
typical example for an power electronic circuit. Ten

S. Moser and M. Incurvati are with the Emerging Appli-
cations Lab, e-mail: stefan.moser@mci.edu.

different current measurement points are available.
One measures the current out of the DC link supply.
Three of them, IU to IW measure the load currents.
The other six, I1 to I6, measure the switching cur-
rents.

The requirements for the measurement of the load
currents are lower, since the current can be assumed
to be continuous due to the load inductance or
filtering. It is often in the form of a sine wave and the
period duration is usually in the millisecond range,
therefore a sensor capable of a bandwidth of some
kilohertz is suitable. As this wires are often fed to
another component like a motor, no limitations in
size of the sensor are given.

The switching currents are in the form of a trape-
zoid, with two steep switching edges in the order of
nanoseconds and a on-time of some micro seconds.
Due to the steep switching edges, the measurement
of those is demanding and requires a high bandwidth
with DC capability. To satisfy this, different sensing
technologies are linked.

The use of current sensors has so far always
entailed a change to the PCB, therefore changing
the properties of the PCB in terms of parasitic
inductance. Since these measurements are no longer
needed in later operation, it is appropriate in terms
of manufacturing and cost optimization if the mea-
surement system can be removed at the end of the
prototype phase without causing serious changes to
the circuit characteristics.

To achieve this goal, a current sensor based on a
Rogowski coil is designed. The transducer is made
in such a way that it can be placed as an adapter
between the footprint on the PCB and the component
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Fig. 1: Three-phase inverter with typical signal char-
acteristics of the current at the measuring points I5
and IW .

itself. The signal induced in the Rogowski coil is fed
to an integrator. The integration allows the original
current waveform to be restored. The measurement
system is designed in such a way that an adaptation
for DC capability can be made later.

II. SENSING METHODS

A. Shunt

One of the most popular and easiest ways to
measure current is the shunt resistor method. In this
approach, the measurement circuit is interrupted and
a resistor is inserted. A voltage drop is caused by the
current flow, which is linear according to Ohm’s law.

U = RShunt · I (1)

This inserted resistor generates losses in the sys-
tem. In non-ground referenced measurements, ad-
ditional circuits are required. For small currents to
be measured, the resistance value must be adapted
accordingly.

Coaxial shunts are used for measuring higher fre-
quency currents. The design of these shunts is chosen
in such a way, that the currents are distributed sym-
metrically and the area spanned by the conductors is
minimized. Thus a high bandwidth of over 400MHz

can be achieved. Downside is the big size of the
resistors and the complexity of mounting them on
the PCB.However, shunt resistors are not preferred
in power electronics, since losses shall be minimized.
[1][2]

B. Hall effect

Hall effect sensors generate a measurable voltage,
which is proportional to the magnetic field and the
bias current. The bandwidth is typically limited to
frequencies below 500 kHz [3]. [2] The Lorentz force
acts on a particle with the electric charge q moving
with the velocity v in the electromagnetic field. For
a given bias current I , the Hall sensor measures the
magnetic field value, in which the sensor is situated.
This field value represents the current in the area.
[4] To increase the sensitivity and selectivity, the
sensor is often mounted in the air gap of a magnetic
core, since it is sensitive to external magnetic fields
and electric currents. [1] The resolution is limited by
offset errors, due to the remanence of the field in the
magnetic core and noise, due to the small voltages
generated. [1][4]

C. Fluxgate

Fluxgate sensor measures current under the influ-
ence of magnetic field. Due to its construction, it
ensures galvanic isolation. It consists of two ferro-
magnetic cores, which are periodically brought into
and out of saturation by excitation windings. Due
to the anti-parallel positioning of the cores, both
voltages V1 and V2 cancel each other and Vsense

remains zero. When an external magnetic field is
applied, the induced voltages are imbalanced, since
one of the cores saturates faster than the other,
leading do a rectangular signal with a certain pulse-
width. By demodulating and integrating the sum of
the voltages, the signal waveform of the current to
be measured can be reproduced.

High sensitivity can be achieved, but the band-
width is limited to small values below 75 kHz due
to saturation and signal processing. [2]
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D. Current Transformer

Current transformer are popular devices to measure
current, as their build-up is simple and robust, they
do not require external power, have high galvanic
insulation and provide a long lifetime while being
cheap.

Depending on the structure, it consists of only one
or multiple primary windings, as shown in Fig. 2a.
On the secondary side, the current on the primary
side is reduced with the inversely proportional ration
of primary to secondary winding (Eq. 2).

I2 =
N1

N2
· I1 (2)

The secondary side has either to be shortened or
the measurement device has to be mounted, since
otherwise high voltages can appear on the secondary
side. Depending on the frequency of the measured
current, the optimum number of turns differs. The
magnetizing current, which is inversely proportional
to the frequency requires a high permeable core
material and an increasing number of turns. At higher
frequencies, parasitic capacitance is the dominant
source of errors. As the capacitance rises with the
number of turns, an increasing number of latter
would increase the error. [1]

E. Rogowski coil

A Rogowski coil is an air coil, which is wound
around the current conductor, on which measure-
ments are to be performed. The mutual inductance
between the primary and secondary side determines
the operating principle, where the output voltage is
proportional to the derivative of the current.

V (t) = M · dI
dt

(3)

Together with an integrator circuit, the ac current
waveform can be obtained.

VImeas(t) =

∫
V (t) =

∫
M · dI

dt
= M · I (4)

Since the coupling M is weak, a return wire loop
in the opposing direction is needed, to minimize the
impact of fields induced by nearby inductors. The
return wire can be a simple wire or can consists of
another winding, which must be wound in opposing
directions. Latter winding scheme leads to a doubled
induced voltage. [5]

As no ferromagnetic materials are used, linearity
and a large dynamic range is given. The self in-
ductance and parasitic capacitance form a resonant
circuit which limit the bandwidth. [1] For long term
measurements the drift of the integrator circuit and
noise is a limiting factor. An illustration is given in
Fig. 2b.

The performance characteristics are favorable
when compared to conventional current transformer,
due to the high measurement accuracy and the wide
operating current range, as no saturable iron core is
present.[5]

III. DESIGN OF SENSOR

A. Rogowski coil

Unlike commercially available coils, which are
placed around the current-carrying cable to be mea-
sured, this coil is placed in a PCB due to the dimen-
sions of the package. The medium-voltage switches
from Infineon used on this board have a width in
the order of the diameter of smaller commercially
available coils.

In Fig. 3 the lumped-element model of a coil is
given. This shows which parameters can be adjusted
in principle in the design. This is the inductance Lpar

of the primary side, where the signal path of the
power circuit is located. This path has an resistance
RSR. The coil Lcoil is coupled to the primary side
via the coupling factor M , which indicates how good
the primary side with the secondary side is coupled.

Rser is the resistance of the traces along the coil.
Cpar is the inter-winding capacitance together with
the capacitance to the ground of the system. The
damping resistor Rdamp is not part of the coil itself,
but is necessary at the input of the system.
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A

(a) Current Transformer with a single primary turn
(conductor) and five secondary turns.

I(t)

(b) Rogowski coil with the conductor in the center, the
windings on the air core and the dashed return wire.

Fig. 2: Illustration of two current measurement prin-
ciples, providing different physical output quantities.

VDC

RSR

Lpar Lcoil

Rser

Cpar Rdamp

M

Fig. 3: Lumped model of a rogowski current sensor

When designing the coil, care has to be taken to
find a trade-off between the required system band-
width and the coupling factor. Therefore increasing
the number of turns would lead to a higher coupling
factor, but lowers the bandwidth, since the inductance
of the secondary side rises.

Besides the design of the winding structure itself,
care has to be taken to surrounding signals, which
have to be prevented from coupling to the system.
Besides that, high voltage differentials, which appear

Fig. 4: Adapter PCB with the SMA connector for
the measurement output and the solder pads for the
GaN-switch.

in switches, can be coupled via parasitic capacitance.
Since the coil is not build differential, capacitive
coupling is not canceled out, leading thus to mea-
surement errors.

In the design, a four-layer approach is chosen,
where the windings are placed on the internal layers.
On the external layers, the source-potential is placed
symmetrically to act as a shield to the surrounding.
Internally, a second internal screen prevents the ear-
lier mentioned capacitive coupling.

The produced prototype of the adapter PCB and
the integrator can be seen in Fig. 4.

B. Integrator

1) Methods:
a) Passive Integration: One simple method to

integrate signals is to use a passive integrator con-
sisting of an resistor and a capacitor. Integration
takes place only for frequencies well above the cutoff
frequency.

The limiting factor of using this kind of integrator
is that higher frequency signals have a very low mag-
nitude, when using this integrator for wide bandwidth
applications. Limiting factor in the design itself is the
availability of passive components. [6]
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b) Inverting amplifier: To overcome the issue
with amplification, an active integration circuit is
preferred. The simplest circuit is shown in Fig. 5. The
output voltage is described by following equation:

vout = − 1

RC

∫ t

0

vindt+ v(0) (5)

The feedback resistor R2 limits the amplification
for DC values, reducing amplification of noise.

R1

−

+

C

R2

Vin
Vout

Fig. 5: Inverting op-amp integrator with feedback
resistor.

This structure has a disadvantage when measuring
fast transients. Due to the fast rising current, a voltage
step appears at the input, which will be passed trough
the capacitor due to the finite response time of the
operational amplifier. The result is a voltage peak in
the opposite direction, a so called pre-shoot. [7][8]

c) Non-inverting integrator: Better results pro-
vides a non-inverting operational amplifier circuit,
shown in Fig. 6, with the output voltage being, if
R1C1 = R2C2 = RC is full filled:

vout(t) =
1

RC

∫ t

0

vin(t)dt+ v(0) (6)

This shows, that the output voltage shows the same
behavior as the inverting integrator, but with opposite
sign. Due to the passive filter structure in the input,
the pre-shoot effect cannot appear, since the capacitor
C1 is charged first.

2) Description: The principle circuit used, is
shown in Fig. 7. A non-inverting integrator 1 is

R1

+

−
C1

C2

R3

R2

Vin
Vout

Fig. 6: Non-inverting op-amp integrator with feed-
back resistor.

implemented with the operational amplifier U1. Ad-
ditionally U1 acts as a subtracting amplifier, subtract-
ing the low-passed input voltage from the feedback
voltage. R4 helps to decouple the load capacitance
from the output.

2 is a non-inverting amplifier, where the am-

plification is set via R7 and R8. 3 amplifies the
feedback signal. As the feedback has to be subtracted
from the input, an inverting amplifier structure is
used. R12 and R10 set the gain. R11 is used to
compensate the input bias current. The feedback is
low-pass filtered in 4 before fed back via the
coupling resistor R14. Together with the capacitor of
the input filter C1, the time constant for the feedback
can be set.

The produced prototype is depicted in Fig. 8.

IV. RESULTS

A. Measurement setup

To test the sensor, fast rising currents have to be
provided. An evaluation board, featuring a half bridge
with GaN switches is therefore designed. A so-called
double pulse test can then be performed, where the
circuit is connected as shown in Fig. 9.

This allows to switch on and off high currents,
which imitates the behavior in the applications.

Since the power supply has to provide high power
in short time, additional capacitors are placed to keep
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vin
R1

+

−
U1

R2

R3

C2

R4 R6

+

−
U2

R5

R7

R8

R9

R10

−

+

U3

R11

R12

R14

R13 C3

C1 vout

1

2

34

Fig. 7: Principle circuit used for the integrator.

Fig. 8: Prototype of the integrator circuit.

VDC

IDC S1

S2

RShunt

Vcoil

D1

D2

CBank

L1

Fig. 9: Principle circuit to conduct the double pulse
test circuit.

Fig. 10: Series inductance of secondary side of the
Rogowski coil.

the bus voltage at the desired value. The capacitors
are located near to the switches to minimize the
inductance in the power loop.

The signals for the drivers are generated by the
XMC4400 drive card, where different on-times can
be set. The measured signals are compared to a
reference current sensor, which is a coaxial shunt
resistor with a bandwidth of 400MHz.

B. Measurement Results

Fig. 10 shows the series inductance of the sec-
ondary side of the Rogowski coil. The measured
values show good agreement with the simulated
values from Ansys. At 150MHz, a series resonance
can be found.

The mutual inductance between the primary and
secondary side of the Rogowski sensor is depicted
in Fig. 11. It can be seen that the mutual inductance
has a nonlinear behavior due to a resonance effect
at 43MHz. Thus this limits the bandwidth of the
sensor.

The switching currents in a double-pulse measure-
ment are depicted in Fig. 12, where the blue colored
waveform shows the reference current measurement,
measured with the coaxial shunt resistor, and the blue
colored waveform shows the output of the proposed
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Fig. 11: Mutual inductance measured with the VNA.

sensor. The dc link voltage is selected 24V. During
this measurement, an additional capacitor was placed
in parallel to the high side switch, to lower the oscil-
lation frequency. This allows a characterization of the
sensor below the nonlinearities in the inductance. The
measurement result of the complete result is shown in
Fig. 12a, where despite the noisy output signal a good
matching with the current waveform can be seen.
When the first peak is shown in more detail in Fig.
12b, a good matching of both current measurements
can be seen. Also the smaller oscillations at 29 µs are
captured. In Fig. 12c, the second pulse is plotted in a
close-up. It can be seen, that the pulse is covered in a
good matching result for the whole length. However,
after the transient is occurring, the output of the
sensor has not an sharp change as the reference
current measurement shows. In Fig. 12d, the first
oscillations of the pulse can be seen, which show
good matching. Since the scaling of the figures 12 (b)
and (c) is the same, a small offset voltage appears at
the beginning. Considering this, both covered signals
show the same amplitude.

In Fig. 13, the frequency characteristics of the
system are plotted. The integrating behavior of the
magnitude shows a −20 dB behavior up to 160MHz.
However the phase shift drops earlier, having already
−100° at 35MHz, which limits the bandwidth of the
integrator.

V. CONCLUSION

This paper analyzes an PCB integrated Rogowski
coil to measure the switching current into an GaN-
switch. The basic principle in forming a Rogowski

(a) Complete double pulse test.

(b) Close up of the first peak at 28 µs.

(c) Close up on the on-time of the second pulse.

(d) Close up on the oscillations

Fig. 12: Comparison between shunt measurement and
the developed sensor at a double pulse test. A addi-
tional capacitor with 10 nF is placed in parallel to
the high side switch to shift the switching frequency.

current sensor are described. Different aspects in the
design of the coil are shown. Limiting factors, which
have to be considered during the design are listed.
Properties of different integration methods are shown,
from which the most suitable variant is chosen. The
structure of the integration circuit is shown, which is
necessary to handle the small voltages.

First tests of the prototype have been discussed.
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(a) Transmission characteristics of the system.

(b) Phase response of the forward transmission.

Fig. 13: Frequency characteristics of the integrator
circuit.

Experimental verification shows good behavior of
the tests for frequencies below 30MHz. In future
designs, the inductance of the secondary side of the
Rogowski coil has to be adapted, so that resonance
effects due to parasitic capacitances appear at higher
frequencies, thus allowing a wider bandwidth. Addi-
tionally, a better measurement setup for higher fre-
quencies, like placing the components on a common
metal surface can improve the bandwidth. Digital
integration can also increase bandwidth.
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[4] S. Tumański, Handbook of magnetic measurements,
online-ausg ed., ser. Series in sensors. Boca
Raton: Taylor & Fracis, 2011. [Online]. Available:
http://lib.myilibrary.com/detail.asp?id=325744

[5] A. K. Ljubomir, R. Beresh, M. T. Bishop, R. Javora,
B. Magruder, P. McLaren, B. Mugalian, and A. Offner,
“Practical aspects of rogowski coil applications to re-
laying.”

[6] Y. Shi, Z. Xin, P. C. Loh, and F. Blaabjerg, “A review
of traditional helical to recent miniaturized printed
circuit board rogowski coils for power-electronic ap-
plications,” IEEE Transactions on Power Electronics,
vol. 35, no. 11, pp. 12 207–12 222, 2020.

[7] W. F. Ray and R. M. Davis, “High frequency improve-
ments in wide bandwidth rogowski current transduc-
ers,” Lausanne.

[8] Lei Ming, Zhen Xin, Changqing Yin, Manxin Chen, and
Poh Chiang Loh, ECCE 2019: IEEE Energy Conversion
Congress & Expo : Baltimore, MD, Sept. 29-Oct.
3. Piscataway, NJ: IEEE, 2019. [Online]. Available:
https://ieeexplore.ieee.org/servlet/opac?punumber=8897530

Stefan Moser is working in the
Infineon Emgering Applications
Lab in Innsbruck/Austria.

113



Entwicklung einer Ausbildungsplattform zum
modellbasierten Entwicklungsprozess von

Automatisierungslösungen am Beispiel von
Industrieroboterkinematiken

Julian Muigg und Benjamin Massow (Betreuer)

Kurzfassung—Handelsübliche Industrieroboter sind häufig
für anspruchsvolle industrielle Anwendungen ungeeignet,
weshalb spezialisierte Eigenentwicklungen notwendig sind.
Dafür benötigen Ingenieure profundes Wissen über Robotik,
Automatisierungs- und Antriebstechnik, welches mit anwen-
dungsnahen Ausbildungsmöglichkeiten vermittelt werden soll.
Ziel dieser Arbeit ist die modellbasierte Entwicklung eines
Software Frameworks für die Steuerung und Bedienung einer
Ausbildungsplattform für serielle und parallele Roboterkinema-
tiken. Nach der Definition der Anforderungen und der Ausarbei-
tung eines Systementwurfs folgt die modellbasierte Entwicklung
und Integration des Software Frameworks mit der X in the
Loop (XiL) Methode. Die Anwendungsfälle des Delta360 und
SCARA Roboters zum Testen des resultierende Software Fra-
meworks zeigen die virtuelle Systemsimulation, die Integration
und Verwendung von erarbeiteten Lösungen der Kinematik und
Trajektorienplanung sowie die Steuerung der Ausbildungshard-
ware. Die Bedienoberfläche ermöglicht eine manuelle Steuerung
des Roboters sowie die Kalibrierung und Abarbeitung einer
virtuellen Pick & Place (PP) Aufgabenstellung.

Schlagwörter—Ausbildungsplattform, Entwicklungsprozess,
System, Modell, Modellbasierte System-Entwicklung, X
in the Loop, Virtuelle Inbetriebnahme, Digitaler Zwilling,
Industrieroboterkinematik, Automatisierungstechnik, Robotik,
SCARA, Delta360

I. EINLEITUNG

F ÜR industrielle Anwendungen gibt es am Markt ver-
schiedene Modelle von Industrierobotern. Häufig sind

diese Industrieroboter für anspruchsvolle Anwendungen so-
wie komplexe Produktionsanlagen ungeeignet und können für
die Lösung der Aufgabenstellung nicht verwendet werden.
Dafür werden spezialisierte Robotersystem benötigt, welche
durch Eigenentwicklung erarbeitet und hergestellt werden. Für
die Durchführung dieser Entwicklungen benötigen Ingenieure
profundes Wissen über Robotik sowie Automatisierungs- und
Antriebstechnik. Themengebiete wie direkte und indirekte
Kinematik, Trajektorienplanung, Dynamik und Applikations-
steuerung von Robotersystemen sind anspruchsvoll und mit
rein theoretischen Ausbildungen schwer zu vermitteln. Des-
halb werden anwendungsnahe Ausbildungsmöglichkeiten mit
Laborhardware benötigt.

J. Muigg ist Student am MCI für Mechatronik & Smart Technologies,
Innsbruck, Österreich, E-Mail: mj4468@mci4me.at.

Benjamin Massow arbeitet am Studiengang Mechatronik, MCI, Innsbruck,
Österreich, E-Mail: benjamin.massow@mci.edu.

Manuskript eingereicht am 28. September 2021; revidiert am 28. September
2021.

Damit die notwendigen Kenntnisse der zuvor erwähnten Be-
reiche anwendungsnah übermittelt werden können, befasst sich
diese Arbeit mit der Entwicklung einer Ausbildungsplattform
für serielle und parallel Roboterkinematiken. Dabei liegt der
Fokus auf der Entwicklung eines Software Frameworks für
die Ansteuerung des Robotersystems sowie der Bedienung der
Ausbildungsplattform. Des Weiteren soll diese Steuerungsap-
plikation ein Robotermodell mittels virtueller Systemsimula-
tion und die Laborhardware über eine Programmable Logic
Controller (PLC) steuern können. Das Software Framework
soll die Möglichkeit bieten, erarbeitete Lösungen zu den zuvor
erwähnten Themen sowohl virtuell als auch real zu integrieren
und zu testen. Ebenso soll diese Ausbildungsplattform für De-
monstrationszwecke ohne zusätzlichen Aufwand vollständig
funktionsfähig sein und als Beispiel einer industriellen An-
wendung dienen.

Der Aufbau dieser Arbeit ist in mehrere Phasen unterteilt,
beginnend mit der Definitionsphase. In dieser werden die
Systemanforderungen definiert und analysiert. Anschließend
wird in der Konzeptphase ein Systementwurf mit Hardware-
und Softwarekomponenten ausgearbeitet. Darauf folgt die
Entwicklungs- und Integrationsphase, welche mit Hilfe der
virtuellen Inbetriebnahme (VIBN) und der X in the Loop
(XiL) Methode durchgeführt wird. Des Weiteren wird für die
Ausbildungsplattform eine Human-Machine Interface (HMI)
Applikation für die Anlagenbedienung entwickelt sowie Tes-
tapplikation für die Validierung und Verifizierung des Sy-
stemmodells. Die resultierende Steuerungsapplikation wird
schlussendlich in eine Beckhoff Steuerung integriert und damit
die reale Anlage gesteuert.

II. DEFINITIONSPHASE

Die Ausbildungsplattform dient als anwendungsnahe Lern-
plattform für Ingenieure. Diese Ausbildungsplattform besteht
aus einem SCARA Roboter, als Vertreter der seriellen Kinema-
tik, und einem Delta360 Roboter, als Vertreter der parallelen
Kinematik. Die Abbildungen 1 und 2 zeigen die realen Aus-
bildungspalttformen, deren Entwicklungen in [1] und [2] zu
finden sind.

Dieser dritte Teil der Ausbildungsplattformen beschäftigt
sich mit der Entwicklung der Steuerungssoftware sowie einer
HMI zur Bedienung der Anlage.

Abbildung 3 zeigt die Anforderungen an die Ausbildungs-
plattform. Dabei werden drei Verwendungsvarianten definiert,
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ausgearbeitet und implementiert. Mit der ersten Variante wird
es dem Bediener ermöglicht, eine extern, zum Beispiel in
MATLAB, generierte Trajektorie zu verwenden. Nach dem Ex-
port in eine *.csv Datei kann diese über die HMI Applikation
geladen und dem System übermittelt werden.

Abbildung 1. 3D-Darstellung der seriellen Kinematik als SCARA Roboter.

Abbildung 2. 3D-Darstellung der parallelen Kinematik als Delta360 Roboter.

Die zweite Variante ermöglicht die Steuerung der Roboter-
zellen direkt über Simulink. Dabei wird die TE1410 Schnitt-
stelle zwischen Simulink und Beckhoff verwendet [3]. Das
Simulink Modell kommuniziert über diese Schnittstelle mit
der HMI und ist direkt mit den Variablen der Motorsteuerung
verbunden.
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Abbildung 3. Anforderungsanalyse der Roboterapplikation.

Bei der dritten Variante wird das Steuerungsmodell von
Simulink über die TE1400 Codegenerierung in ein TcCOM
Module exportiert [4]. Dieses kann anschließend direkt in der
Steuerung integriert werden.

III. KONZEPTPHASE

Das Blockschaltbild in Abbildung 4 zeigt den Systement-
wurf für die Ausbildungsplattform. Dieser Systementwurf teilt
sich in drei Hauptkomponenten auf:

• HMI Applikation
• Simulink Steuerungsmodell
• PLC
Dabei ist das Laden von externen Trajektorien über die

Eingabe des Bedieners in der HMI ersichtlich sowie die An-
bindung eines Touch-Displays. Die HMI besitzt zudem noch
Anwendungen zur Kalibrierung des Roboters mit dem Touch-
Display und zur Ausführung einer virtuellen PP Aufgabe.
Zusätzlich beinhaltet die HMI eine TCP/IP Schnittstelle zur
Kommunikation mit dem Simulink Modell und eine Automa-
tion Device Specification (ADS) Schnittstelle zur Kommuni-
kation mit der PLC.

Das Simulink Steuerungsmodell besteht aus einer Applika-
tionssteuerung und einer TCP/IP Schnittstelle. Die Applikati-
onssteuerung ermöglicht die Durchführung der zuvor erklärten
Anwendungsvarianten. Die TCP/IP Schnittstelle wird für die
Kommunikation zur HMI bei der virtuellen Systemsimulation
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benötigt. Die TE1410 ADS Schnittstelle ermöglicht die direkte
Ansteuerung der Motoren aus Simulink.
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Abbildung 4. Systementwurf der Ausbildungsplattform mit den notwendigen
Schnittstellen und Softwarekomponenten.

Für die PLC wird eine Beckhoff Steuerung verwendet.
Die PLC Implementierung besitzt das Simulink Modell als
TcCOM Objekt und eine ADS Schnittstelle. Bei den grauen

Blöcken handelt es sich um die Sicherheitssteuerung und die
Motorsteuerung, welche nicht Teil dieser Arbeit sind.

IV. ENTWICKLUNGS- UND INTEGRATIONSPHASE

Die Ausarbeitung, Entwicklung und Integration des Syste-
mentwurfs erfolgt über drei Schritte und dabei wird die VIBN
und eine abgeleitete Form der modellbasierten XiL Methode
verwendet. Abbildung 5 zeigt die Definition der XiL Methode
aus der Richtlinie VDI/VDE 3693 ”Virtuelle Inbetriebnahme
- Modellarten und Glossar”.
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Abbildung 5. Stufen der XiL Entwicklung abgeleitet von der VDI/VDE 3693
[5].

Diese Automatisierungstechnik Konfiguration setzt sich aus
der HMI, Steuerung, Kommunikationsperipherie und der An-
lage zusammen. Model in the Loop (MiL) behandelt die
entwicklungsbegleitenden Tests von Systemmodellen, welche
meistens in derselben Simulationsumgebung laufen. Software
in the Loop (SiL) dient zum Testen des Seriencodes auf einer
emulierten Steuerung mit einem Anlagenmodell. Hardware in
the Loop (HiL) beschreibt das Testen des Steuerungscodes auf
der Zielhardware, welche ebenso gegen das Anlagenmodell
getestet wird [5]. Weitere Anwendung dieser Methode sind in
[6], [7] und [8] zu finden.

Abbildung 6 zeigt die drei abgeleiteten Entwicklungsschrit-
te. Der erste Schritt ist die Entwicklung und deckt die
MiL Methode ab. Dabei wird die Applikationssteuerung der
PLC als Modell in Simulink ausgearbeitet. Zusätzlich werden
in [1] und [2] virtuelle Robotermodelle in Simscape zur
Verfügung gestellt, womit die virtuelle Systemsimulation mit
MATLAB/Simulink ermöglicht wird. Die HMI wird in C++
mit Visual Studio 2019 und der Bibliothek Qt programmiert
[9].

Der zweite Schritt beinhaltet die VIBN. Dabei wird das
Steuerungsmodell mittels TE1400 Codegenerierung in einer
Beckhoff Steuerung integriert. Anschließend wird der Da-
tenfluss zwischen der HMI, dem TcCOM Objekt und der
Motoransteuerung in der PLC implementiert. Darauf folgt die
Ausarbeitung der ADS Schnittstelle mit QAds [10] in der HMI.
Das virtuelle Robotermodell kann anschließend über die reale
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Steuerung in der PLC gesteuert und über die HMI bedient
werden. Dieser Schritt wird mit der SiL Methode validiert.

Abbildung 6. Definition der Entwicklungsschritte.

Der dritte Schritt deckt abschließend noch die reale Inbe-
triebnahme der Ausbildungsplattformen ab und verwendet die
HiL Methode. Damit die Ergebnisse der Entwicklungsschritte
gegenüber gestellt werden können, wird in Simulink eine
Testapplikation entwickelt. Diese ermöglicht die Ausführung
der selben Abläufe in allen XiL Testdurchläufen.

A. Entwicklung (MiL)

Das Systemmodell in Simulink ist in Abbildung 7 zu finden.
Dieses Modell der MiL Entwicklung besitzt

• ein HMI TcpInterface,
• eine SafetyHardware Simulation,
• einen Delta/SCARA Controller und
• ein Delta/SCARA Robot Model
und ermöglicht eine virtuelle Systemsimulation. Das

Herzstück des Modells ist der Controller. Dieser beinhaltet
drei Zustandsmaschinen und die Pfadplanung für die Roboter-
bewegung.

SafetyHardware
Simulation

HMI
TcpInterface

Delta/SCARA
Robot Model

SafetyHardware
Simulation

HMI
TcpInterface

Delta/SCARA
Controller

hmiOut

hmiIn

external
Trajectory

Delta/SCARA
In

Delta/SCARA
Out

error
TwinSAFE

errorQuit
TwinSAFE

Abbildung 7. Systemmodell in Simulink mit HMI Schnittstelle, Sicherheits-
modell, Applikationssteuerung und Robotermodell.

Abbildung 8 stellt die Zustandsmaschine der Applikations-
steuerung dar. Diese nimmt Befehle von der HMI entgegen
und leitet Bewegungsbefehle an die RobotControl Zu-
standsmaschine weiter. Bei allen Zustandsmaschinen handelt
es sich um Mealy Automaten [?], die mit der Stateflow
Toolbox von MATLAB/Simulink ausgearbeitet werden [11].
Der Einstiegspunkt befindet sich beim Zustand Stopped.

Dieser Zustand kann von jedem anderen Zustand über den
Zustandswechsel Stop erreicht werden. Anschließend wird
über Home der Roboter über die Zustände HomingRobot
und WaitForRobot auf eine definierte Heimposition bewegt
und der Automat landet beim Zustand Idle.

Über die Start...-Zustandswechsel können die Anwen-
dungen

• Jogging,
• Calibration,
• Automatic und
• External Trajectory

gestartet werden. Bei einem sicherheitskritischen Fehler,
welcher beim realen System durch die Sicherheitssteuerung
und beim virtuellen durch das SafetyHardware-Modell hervor-
gerufen wird, erzwingt der Zustandswechsel safetyError
den Zustand SafetyError. Nur wenn kein Fehler mehr
vorhanden ist und der Zustandswechsel errorQuit durch-
geführt wird, kann dieser Zustand wieder verlassen werden.
Mehr zur Sicherheitsvorrichtung ist in [1] und [2] zu finden.

Anwendungen

Stopped

WaitForRobot

SafetyError

Jogging
Idle

ErrorQuit

Calibration

Automatic

External
Trajectory

HomingRobot

Home
Stop

Stop

robotState == Idle

safetyError

safetyError

safetyError

safetyError

Start...

Jogging
Calibration
Automatic
ExternalTrajectory

Abbildung 8. Stateflow Modell der SequenceControl Zustandsmaschine.

Die RobotControl Zustandsmaschine, dargestellt
in Abbildung 9, nimmt Bewegungsbefehle von der
SequenceControl entgegen und gibt den aktuellen
Befehl an die Pfadplanung weiter. Der Eintrittspunkt liegt
hier wie zuvor beim Zustand Stopped, welcher über
den Zustandswechsel Stop von jedem anderen Zustand
erreicht werden kann. Nach dem Heimfahren befindet sich
der Automat bei Idle. Über den Start Zustandswechsel
landet der Automat bei Busy. Dort werden alle vorhandenen
Bewegungsbefehle abgearbeitet und anschließend erfolgt der
Wechsel zurück auf Idle. Sollte der Roboter während der
Ansteuerung einen Fehler melden, erfolgt der Wechsel auf
Error. Mit Stop und Home wird der Fehler zurückgesetzt
und der Roboter ist wieder einsatzbereit.
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StoppedHoming Error

BusyIdle
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errorRobot
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Home

curMoveType == Undef.

Stop

Abbildung 9. Stateflow Modell der RobotControl Zustandsmaschine.

Neben den Zustandsmaschinen besteht der zweite Teil des
Robotercontrollers aus der Pfadplanung. Abbildung 10 zeigt
ein vereinfachtes Blockschaltbild des Aufbaus in Simulink.
Die Eingangsdaten werden von den Zustandsmaschinen be-
reitgestellt und im Inputhandler weiterverarbeitet. Zusätz-
lich zu den Eingangsdaten werden die aktuellen Roboter-
daten sowie die Ergebnisse der direkten Kinematik an den
Inputhandler weitergereicht. Der Inputhandler stellt
die benötigten Startwerte für die Berechnung der Trajektorie
zur Verfügung.

Je nach Bewegungsbefehl wird in der Trajektorienberech-
nung mit MoveL, MoveJ oder MoveExtern der aktuell
notwendige Wegpunkt mit Geschwindigkeit und Beschleu-
nigung ermittelt und dem Outputhandler weitergeleitet.
Dieser bearbeitet die Daten nochmals und stellt dem Roboter
schlussendlich die Soll-Daten zur Positionierung der Achsen
zur Verfügung. Die Ausarbeitungen der einzelnen Blöcke
sind vom Robotertyp abhängig, weshalb auf die detaillierte
Implementierung in [1] und [2] verwiesen wird.

Trajektorienberechnung

Inputhandler Outputhandler

direkte
Kineamtik

MoveL

MoveJ

MoveExtern

Eingangs-
daten

Roboter 
Ist-Daten

Roboter
Soll-Daten

Abbildung 10. Vereinfachtes Blockschaltbild der Pfadplanung.

Nach der Entwicklung des Steuerungsmodels folgt
die Ausarbeitung der HMI, welche in Abbildung 11
ersichtlich ist. Die Hauptansicht besitzt eine Toolbar mit
verschiedenen Buttons, womit die einzelnen Zustandswechsel
der SequenceControl getriggert werden können.
Beginnend von rechts handelt es sich um Home,
Stop, StartJogging, StartCalibration,
StartAutomatic, StartExternalTrajectory

und ErrorQuit. Die Combobox ermöglicht die Auswahl
verschiedener Automatikaufgaben.

Abbildung 11. Anzeige des Hauptfensters der HMI.

Im Hauptfenster selbst sind die Bedienelement für Jogging,
Parametereinstellung und externe Trajektorie ersichtlich. Je
nach Zustand der SequenceControl werden diese akti-
viert und deaktiviert. In der Statusbar befinden sich aktuelle
Informationen der verbundenen Ausbildungsplattform.

Die Parameter dienen zur Begrenzung der Geschwindigkei-
ten und Beschleunigungen sowie der maximalen z-Position.
Ebenso wird die Heimposition des Roboters definiert. Mit
Jogging kann der Endefektor des Roboters linear über eine
auswählbare Distanz im Raum bewegt werden. Das ermöglicht
eine manuelle Steuerung des Roboters. Die Kalibrierung be-
rechnet den Abstand zwischen der Heimposition des Roboters
und dem linken oberen Bildrand des internen Touch-Displays.
Ebenso wird die Ausrichtung ermittelt, wodurch eine Positio-
nierung des Endefektors am Display möglich ist.

Abbildung 12. Darstellung der Automatikanwendung Gears and Nuts to Tray.

Abbildung 12 zeigt eine mögliche PP Aufgabe des Auto-
matikmodus. Dabei werden die Muttern und Zahnrädern im
hellgrauen Kreis den beiden Rastern auf der linken Seite
zugeordnet. Durch die Touch-Eingabe des Endefektors am
Display kann ein Objekt selektiert werden. Durch ein weiteres
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Touch-Event wird ein selektiertes Objekt auf die neue Position
verschoben, wodurch das Aufnehmen und Ablegen simuliert
wird.

Die Verwendung der externen Trajektorie greift ebenso auf
die Automatikanwendung zurück. Dabei werden dem Bedie-
ner die aktuellen Achspositionen sowie die PP Positionen
zur Verfügung gestellt. Dieser kann anschließend anhand der
Daten die Trajektorie berechnen, laden und starten. Stimmt
die externe Trajektorie mit den gegebenen Positionen überein,
wird das Objekt wie im Automatikablauf aufgenommen und
im Raster abgelegt. Diese externe Trajektorie ist mit 1000
Wegpunkten limitiert und die Spalten in der notwendigen *.csv
Datei besitzen die Variablen t, q1, q2 und q3 in genau dieser
Reihenfolge.

Für die Kommunikation mit dem Steuerungsmodell besitzt
die HMI einen TCP/IP Server. Beim Starten des Simulink
Modells verbindet sich dieses als Client mit diesem Server
und ermöglicht den Datentransfer.

B. VIBN (SiL)

Bei der VIBN wird das Modell in eine ausführbare Software
umgewandelt und die Funktionalität auf der PLC getestet.
Dafür wird die TE1400 Codegenerierung verwendet, wodurch
aus dem Modell ein TcCOM Objekt erzeugt wird. Diese wird
in die Steuerung integriert und mit einer definierten Zykluszeit
ausgeführt.

Anschließend wird der Datenfluss, zu sehen in Abbildung
13, ausgearbeitet und implementiert. In der Mitte befinden sich
die globalen Variablenstrukturen Control und Maestro.
Über die Control Struktur werden die Daten zwischen
Simulink, HMI Applikation und dem PRG_Controller
ausgetauscht. Die Maestro Struktur wird für den Austausch
der Achsdaten zwischen Simulink, PRG_Controller und
PRG_Maestro verwendet.

Der MAIN Task kümmert sich um den Aufruf der drei Pro-
gramme. Dabei beinhaltet das PRG_GenAds die notwendige
ADS Schnittstelle zu Simulink. In Simulink selbst wird das
TE1410 Interface für diese ADS Kommunikation benötigt [3].
Der Datenaustausch erfolgt dabei über Array-Variablen.

Simulink
AdsInterface

PRG_GenAds

Joint
Daten

HMI 
Daten

Control PRG_Controller

HMI
Daten

Joint
Daten

TcCOM
Object

MAIN

HMI Applikation TwinSAFE

error errorQuit

Maestro

PRG_Maestro

MAIN

MAIN

Joint
Daten

Joint
Daten

HMI
Daten

HMI
Daten

VAR_GLOBAL

VAR_GLOBAL

HMI und 
Joint Daten

Abbildung 13. Blockdarstellung des Steuerungsaufbaus inklusive der Daten-
flussmöglichkeiten.

Das PRG_Controller ist für die richtige Zuweisung der
HMI und Joint Daten, je nach Verwendung, verantwortlich.
Dabei wird unterschieden, ob die Ansteuerung der Achsen
über Simulink oder das TcCOM Objekt durchgeführt wird.

Abschließend beinhaltet der MAIN Task das
PRG_Maestro. Dieses ist für die Ansteuerung der
Achsen verantwortlich und tauscht dementsprechend mit der
Maestro Struktur die Achsdaten aus.

Diese Implementierung des Datenflusses ermöglicht ver-
schieden Anwendungsmöglichkeiten der Ausbildungsplatt-
form. Fürs Erste kann über die HMI Applikation das TcCOM
Objekt und somit der Roboter gesteuert werden. Des Weiteren
wird mit der Simulink Schnittstelle die Steuerung des Robo-
ters inklusive HMI über das Steuerungsmodell in Simulink
ermöglicht.

Für die SiL Überprüfung wird mit dem TcCOM Objekt über
eine HMI Testapplikation in Simulink das Robotermodell in
Simscape gesteuert. Diese HMI Testapplikation wird ebenso
im vorherigen Schritt verwendet, wodurch die Ergebnissen
gegenübergestellt werden können.

C. Reale Inbetriebnahme (HiL)

Als Ergebnis der VIBN und der SiL Überprüfung steht
ein getestetes Software Framework mit HMI zur Verfügung,
welches das virtuelle Robotermodell steuert. Für die reale In-
betriebnahme fehlt noch die Ansteuerung der Achsen, welche
im PRG_Maestro implementiert ist.

Dabei werden die Achsen über die NC Motion Imple-
mentierung in der PLC mit einer Geschwindigkeitsregelung
integriert. Die Positionsregelung zur Trajektorie mit gegebener
Geschwindigkeit wird mit einem Feedforward Regler in der
Steuerung selbst hinzugefügt. Mehr zu diesen Entwicklungen
ist in [1] und [2] zu finden.

Abschließend wird die reale Hardware in der HiL Über-
prüfung mit der HMI Testapplikation über Simulink gesteuert,
wodurch die Ergebnisse mit MiL und SiL gegenübergestellt
werden können.

V. ANWENDUNGSFÄLLE ZUM TEST DES FRAMEWORKS

Mit den Anwendungsfällen des Delta360 und SCA-
RA Roboters werden die entwickelten Anwendungsvarian-
ten getestet. Für die Bedienung der Ausbildungsplattform in
MATLAB/Simulink steht ein RunAusbildungsplattform
Skript zur Verfügung. Dieses ermöglicht

• die virtuelle Systemsimulation,
• die XiL Überprüfung,
• die Steuerung des Roboters über Simulink,
• die Codegenerierung und
• die Durchführung einer Sprungantwort.

Bei der virtuellen Systemsimulation wird abhängig vom
Robotertyp das zugehörige Simulink Modell und die HMI
gestartet. Anschließend kann die virtuelle Anlage bedient
und verwendet werden. Abbildungen 14 und 15 zeigen diese
Systemsimulation während der Automatikanwendung.
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Abbildung 14. Virtuellen Systemsimulation des Delta Roboters.

Abbildung 15. Virtuellen Systemsimulation des SCARA Roboters.

Abbildung 16. Vergleich der Positionen der XiL Testdurchläufe des Delta
Roboters.

Abbildung 17. Vergleich der Positionen der XiL Testdurchläufe des Delta
Roboters.

Abbildung 18. Positionierung im Kalibrier- und Automatikablauf des realen
Delta Roboters.

Abbildung 19. Positionierung im Automatikablauf des realen SCARA Ro-
boters.

Die Ergebnisse der XiL Überprüfung in den Abbildungen
16 und 17 bestätigen dieselbe Funktionalität des Modells und
der Steuerung. Die Delta360 Ergebnisse weichen nur gering
voneinander ab. Beim SCARA ist der Offset des HiL Resultats
von 2π rad sowie die zeitliche Verzerrung erkennbar. Diese ist
auf die Initialisierung der Achsen und der Positionsregelung
der Motoren zurückzuführen.

Die Steuerung des realen Roboters über Simulink erfolgt
über die TE1410 Schnittstelle und ermöglicht dieselben An-
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wendungen wie jene vom Systemmodell beim virtuellen Robo-
ter. Diese Funktion ermöglicht das Testen von Entwicklungen
am realen System ohne Codegenerierung.

Über die TE1400 Codegenerierung wird die Verwen-
dung der realen Ausbildungsplattform ohne MATLAB/Simulink
ermöglicht. Dabei wird die Steuerung der Beckhoff PLC über
TwinCAT aktiviert und gestartet. Durch das Starten der HMI
über den Shortcut wird diese richtig mit der Steuerung ver-
bunden, da über den Shortcut die Route zur PLC definiert ist.
Die HMI aktiviert beim Starten das PRG_Controller und
PRG_Meastro. Darauf folgt die Initialisierung der Achsen
und die Anlage ist betriebsbereit. Abbildungen 18 und 19
zeigen Ausschnitte der Positionierungen der Roboter.

VI. ZUSAMMENFASSUNG UND AUSBLICK

Diese Arbeit zeigt die schrittweise und modellbasierte Ent-
wicklung des Software Frameworks für die Steuerung der
Ausbildungsplattform mit serieller und paralleler Kinematik.
Dieses Software Framework besteht aus einer Simulink Bi-
bliothek mit Systemmodellen, einer Steuerungsapplikation in
TwinCAT für eine Beckhoff PLC und einer HMI entwickelt in
C++ mit Qt.

Die Entwicklung des Systemmodell, über die Integration in
die PLC bis hin zur Ansteuerung des realen Robotersystems
ist getestet und die Funktionen sind verifiziert. Das resultieren-
de Anlagenmodell ermöglicht die virtuelle Systemsimulation,
wodurch erarbeitete Lösungen von Kinematik und Trajektori-
enplanung ortsunabhängig getestet werden können. Ebenso ist
die Bedienung dieser Systemsimulation mit der resultierenden
HMI möglich.

Das Steuerungsmodell wird über die TE1400 Codegenerie-
rung in TwinCAT integriert. Dadurch besitzt das reale System
dieselben Anwendungsmöglichkeiten wie das virtuelle. Nach
erfolgreicher VIBN der erarbeiteten Lösungen können diese
mit der Ausbildungshardware getestet werden.

Grundsätzlich ist das Software Framework ohne
zusätzlichen Aufwand vollständig funktionsfähig. Die HMI
ermöglicht die Bedienung der Ausbildungsplattformen
und bietet eine manuelle Jogging-Funktion, eine
Automatikanwendung mit Kalibrierung und das Laden
externer Trajektorien an.

Prinzipiell eignet sich die Entwicklung dieser Ausbildungs-
plattform als Demonstrationsbeispiel der XiL Methode. Vor-
aussetzungen sind gute Kenntnisse in der Verwendung von
MATLAB/Simulink und TwinCAT . Sind diese Kenntnisse ge-
geben, kann die Ausbildungsplattform ebenso für die Entwick-
lung einer Applikationssteuerung für Automatisierungsanlagen
inklusive Roboterkinematik verwendet werden.

Eine Schwäche des Systems liegt in der Anwendung von
Beckhoff selbst. Die Steuerung muss bei der Verwendung der
Anlage über TwinCAT aktiviert und gestartet werden. Wenn
Ingenieure diese Schritte in TwinCAT nicht selber erledigen
sollen, müsste diese über die Automation Interface, zu finden
in [12], automatisiert durchgeführt werden.

Der nächste Schritt besteht in der Anwendung der Ausbil-
dungsplattform. Dabei wird Feedback zur Bedienung und An-
wendbarkeit gesammelt und auf Basis dessen Verbesserungen
abgeleitet.

Mögliche Erweiterungen zum System wären die Integration
eines Bildverarbeitungssystems sowie die Erweiterung der PP
Anwendungen um eine Förderbandsimulation. Ebenso das
Zeichnen von Vektorgrafiken mittels Laser und fluoreszieren-
der Folie wäre eine zusätzliche Funktionserweiterung.
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Design, Simulation and Analysis of a Permanent
Magnet Synchrounous Motor

Lukas Nuschele and Davide Bagnara (supervisor)

Abstract—Due to the ongoing climate change and rising CO2

emissions, sustainable drive systems for all kinds of vehicles have
become increasingly important. Within the whole construction
machine sector, a high demand for more sustainable paths and
investments arises.
In this specific master thesis an electric motor of a crawler tractor
was designed, simulated and analyzed using the software Ansys.
The interior permanent magnet synchronous motor (PMSM) was
designed with similar torque/speed characteristics as the existing
crawler tractor, powered by a diesel engine. Therefore, it was at
first important to analyze the alternative drive system, in order to
define the extended operating range. After that, the motor was
designed on an analytical basis. This enabled to create a first
geometrical design with the free online software JMAG. With
the analysis results from JMAG, more accurate designs could be
generated in an iterative process, using Ansys Electronics.
After the motor was designed, an electromagnetic simulation,
on the basis of finite element analysis, was carried out. This
allowed to analyze all important characteristics of the motor. In
order to optimize the performance of the motor, many different
design features and excitation strategies were simulated. On top
of that, the thermal properties of the motor were investigated by
a coupled simulation with Ansys Mechanical.
In the end, the outcome together with future related possibilities
in electric motor design is discussed and concluded.

Index Terms—PMSM, Motor design, Electromagnetic simula-
tion, Thermal analysis, Ansys Electronics, FEM

I. INTRODUCTION

ACCORDING to MAHB (Millennium Alliance for Hu-
manity and the Biosphere), initiaded by the Stanford

University, the worldwide oil resources will end up in the year
2052 [1]. Obviously the development of electrified means of
transport is inevitable. The faster this electrification process
is happening, the better it is for the global climate and
environment.
Therefore an efficient design for alternative drive systems
of heavy duty vehicles has to be developed. This comprises
the research in productive battery systems and green energy
provision, for example with fuel cells. One very important
part in the electric drive development is the motor design. An
accurate and appropriate motor design is crucial to save costs,
reduce environmental pollution and maximize its characteris-
tics. In this thesis, a permanent magnet synchronous machine
(PMSM), as part of an electrification process for an electric
crawler tractor, was designed, simulated and analyzed.
The design of a proper model of a motor is very complex and
can’t be fulfilled by following straight forward standards, as
there are too many parameters effecting the outcome. In order

Lukas Nuschele studies at the Management Center Innsbruck, e-mail:
lukas.nuschele@gmx.de

to design a motor model with satisfying characteristics, the
whole design phase is an iterative process. Lots of simulations
were carried out in order to analyze different settings and
according outcomes. Therefore it is very important to keep
different factors in mind. Especially economic factors , such as
manufacturing costs, energy consumption, choice of material
and performance, influence the design process. Also material
limitations always have to be considered [2].
The starting point of the motor creation was based on the
torque/speed characteristics of the diesel driven engine. Fol-
lowing curve 1 determines these characteristics.

Fig. 1. Performance characteristics of the hydrostatic power train output for
one drive chain [3]

A maximum torque of 1.6 kN up to approximately 480
rpm had to be achieved for one side of the drive chain.
The operating range was defined to 3100 rpm at a minimum
torque of 230 kN . These parameters enabled to define first
geometrical parameters, such as the the outer diameter of the
machine.

II. ANALYTICAL MOTOR DESIGN

Due to space and weight limitations the motor shall be kept
as small and as light weighted, as possible. As a constraint,
a maximum outer diameter Dst of 600 mm with a maximum
height of 160 mm is considered. The outer diameter of the
stator is strongly affected by the number of poles in the
motor. When using higher number of poles, the stator and
rotor yoke thickness can be decreased [4]. A reduction of the
outer diameter goes along with the advantages of lower space
requirement and less motor weight. In image 2 the relation of
poles to the outer stator diameter is depicted.
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Fig. 2. Effect of different number of poles to the outside diameter of the
stator [4]

The lower the pole numbers, the higher is the outside
diameter of the motor. Because of the space limitations in
the heavy duty vehicle, the 8 pole configuration is considered
as a starting point.
Further important design features of the interior permanent
magnet synchronous machine were based on analytical calcu-
lations. Since the maximum output voltage of the battery is
constrained to V̂DC = 800 Volts, the maximum phase peak
voltage can be calculated as follows:

Êph =
V̂DC√

3
= 461.88V (1)

Since the number of poles is set to 8 and the maximum
mechanical speed is also known, the magnetic flux value is

ψ̂M =
Êph

pω̂M
= 0.356Wb. (2)

This quantity is very important to determine the magnet sizes
and also stands in relation to the maximum occurring phase
currents. This property is calculated with following equation.

îphase =
2τ̂m

3pψ̂M

= 749, 06A (3)

In order to define further geometrical sizing parameters, next
step was to select the motors materials. The material of choice
for the stator and rotor was set to laminated electrical steel,
M800-65A. The biggest advantage of this material is a high
heat resistance, due to its laminated structure. Additionally
M800-65A convinces by a high permeability and low core
losses [5]. The substance for the magnet was set to N42-
H (NdFeB, Neodynium Iron Boron), which is one of the
strongest materials for permanent magnets worldwide. Very
high remanence and coercivity distinguishes it as the perfect
suited magnetic material, creating a strong magnetic flux [6].
The winding of the electric machine can either be developed
out of copper or aluminum wire. Copper is one of the
best suited and common materials for the creation of motor
windings, since it has a high electric conductivity and good
thermal heat conductivity properties. However, aluminum is
much cheaper in terms of material prices and also lighter
compared to copper [7]. In this thesis both configurations were
analyzed and compared.
Furthermore, the number of slots has to be defined. According
to an investigation on different slot designs for a motor with
similar power characteristics in [8], a configuration with 48
slots was chosen.

With the knowledge of the material properties and further
assumptions the rest of the most important geometrical quan-
tities could be calculated. One important calculation was the
determination of the air gap flux density Bg , which is

Bg =
ψm4p

DrπLstackNturns
= 0.9373T (4)

The parameter Dr stands for the rotor diameter of 403 mm
and Nturns, for the number of winding turns. This value was
set to 30 according to a study on the influence of different
number of winding turns in a PMSM [9]. The calculation of
the air gap flux density enabled to determine the magnet size.
The length of the mangent can be calculated as

hm =
BgπDr

4pBm
= 78.1mm (5)

whereas the width is defined as

tm =
Hg2g

Hm
= 11.9mm. (6)

The operating quantities Bm and Hm are defined due to
the magnet materials hysteresis curve. The parameter Hm

stands for the operating magnetic field strength, whereas Bm

indicates the operating flux density. The variable g is the air
gap distance and was assumed to be 2 mm. The property
Hg is the magnetic field strength in the gap and can be
interpolated out of the magnetic flux density in the gap. All
these calculations were necessary to generate a first digital
pre-design.

III. PREDESIGN WITH JMAG

For a first pre-design of the motor, the free online software
JMAG was used. This software is provided by the japanese
JSOL corporation and offers parameter based motor design.
The target values and initial sizing parameters for the simu-
lation in JMAG were calculated analytically and are listed in
the following table I.

TABLE I
TARGET VALUES AND INITIAL SIZING PARAMETERS IN JMAG

Parameter Definition Value Unit

Target
P Rated Power 80 kW
τ Max. torque 1600 Nm
ωmech Max. rev. speed 3100 rpm

Sizing

p Number of poles 8
Nslots Number of slots 48
iRMS Max. current (RMS) 530 A
Dst Outer stator diameter 600 mm
Lstack Max. motor height 160 mm

In the next table II the most important dimensional settings
are shown.
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TABLE II
DIMENSIONAL SETTINGS FOR THE JMAG DESIGN

Parameter Definition Value Unit

Stator

g Air gap length 2 mm
DinnerSt Inner Stator Diameter 403.1 mm
dth Tooth width 12.7 mm
Bs0 Slot opening width 3.879 mm
dcbw Core back width 30.14 mm
Hs0 Tooth tangular depth 4.018 mm

Rotor

Dr Outer Rotor Diameter 399.1 mm
Dshaft Shaft Diameter 240 mm
tm Thickness of the magnets 11.9 mm
hm Length of the magnets 40 mm
φ Angle of the magnets 120 deg

Following table III includes the settings for the winding
configuration.

TABLE III
SETTINGS FOR THE WINDING CONFIGURATION

Parameter Definition Value Unit

Winding

Npar Number of parallels 4
Nturns Number of turns 30
η Slot fill factor 70 %
Rph Phase resistance 0.0118 Ω
Npitch Winding pitch 5

With these settings the initial JMAG design could be gen-
erated. This is shown in image 3.

Fig. 3. Initial PMSM design in JMAG

This simulation gave important insights in the design struc-
ture, which had to be created afterwards in Ansys Maxwell.
Furthermore, it approved that the motor reaches the necessary
torque-speed characteristics and information about the occur-
ring voltage ranges could be plotted. In order to accelerate
the design process, this simulation was only conducted with a
copper winding configuration. With the initial JMAG design,
it was possible to generate a PMSM design with the Ansys
embedded software tool called Rmxprt.

IV. RMXPRT DESIGN

Beginning with the machine type selection, necessary pa-
rameters for the stator, rotor, windings, core and slots are

selected. In table IV, the rest of the main sizing parameters
are listed.

TABLE IV
GEOMETRICAL VALUES FOR POSITIONING THE MAGNET AND SLOT

DESIGN

Parameter Definition Value Unit

Magnet Position

dmag Magnet position 150 mm
O1 Inner clearance 18 mm
Rib Outer clearance 15 mm
Hrib Flux barrier width 12.7 mm
Φ Angle of the magnets 129.6 deg
dcbw Core back width 30.14 mm

Slot

Hs0 Tooth tangular depth 4.01 mm
Bs0 Slot opening width 3.9 mm
Bs1 Inner slot distance 17 mm
Bs2 Outer slot distance 21 mm

Together with the parameters from table I, II and III, the
Rmxprt design could be generated as shown in image 4.

Fig. 4. CAD drawing of a quarter of the PMSM

Next image 5 allows to get a more detailed view of the slot
geometry and geometrical position of the magnet flux barriers.

Fig. 5. Detailed view of slot geometry and magnet position

After the Rmxprt geometry was designed successfully, main
simulation parameters have to be set in order to generate
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a Maxwell design for a detailed electromagnetic simulation.
Following settings depicted in table V were chosen for the
first simulation.

TABLE V
Rmxprt SIMULATION SETTINGS

Definition Value Unit
Load Type Constant Speed
Rated Output Power 80 kW
Rated Voltage (RMS) 179 V
Rated mechanical Speed 500 rpm
Operating Temperature 75 ◦C

The RMS voltage value is defined, using the results from
JMAG. The operating temperature is set, according to the
demagnetization curves of the N42H magnets. The maximum
temperature is 120 ◦C but at an operating temperature of
75◦C, proper magnetic characteristics are guaranteed [6].
In order to create a Maxwell design, it is necessary to run
an analysis in Rmxprt at first. With this analysis the phase
inductances, resistances and also the weight of the motor can
be determined. Following table VI compares the motor weight
of a winding configuration with copper to a configuration with
aluminum.

TABLE VI
WEIGHT OF THE SINGLE MOTOR PARTS

Part Copper Design Aluminum Design
Stator Winding 121.624 kg 36.611 kg
Stator Core Steel 108.843 kg 108.843 kg
Rotor Core Steel 81.826 kg 81.826 kg
Rotor Magnet 10.628 kg 10.628 kg
Overall weight 322.921 kg 237.908 kg

The Rmxprt design comes close to the final motor design
but has to be optimized regarding excitation, winding and
geometry. One very important factor in motor design is the
selection of the winding material. As already described by
table VI, the weight of the motor depends highly on the stator
winding. Also the manufacturing price is affected strongly
by this selection. According to [10], the price for copper in
July 2021 was 3.8 times higher as for aluminum. Since the
motor shall be used for the production of a series of heavy
duty vehicles, this goes along with immense costs. Way more
mass in copper would be needed, compared to aluminum
since it is way lighter. On the other hand the drawbacks
of an aluminum winding are higher losses, due to higher
material resistivity and less thermal conductivity [11]. If an
identical design for both winding configurations would be
used, excessive power losses in the aluminum winding would
result. Therefore, it makes sense to use a slightly different
design for the aluminum winded motor in order to reduce the
current in the stator. Due to these circumstances, two final
designs with copper winding and aluminum winding were
configured with Maxwell. Both results were satisfying but
as the configuration with aluminum is the more cost saving
variant, it was chosen as the final design. In next chapter the
solution of the electromagnetic analysis is described in detail.

V. ELECTROMAGNETIC SIMULATION WITH MAXWELL

Next part of the thesis was to create a 2D Maxwell design of
the motor, using the Rmxprt model. Maxwell is an embedded
software of Ansys Electronics, used for simulating and solving
electromagnetic fields of electrical machines. The solver is
based on the concept of finite element analysis (FEM), en-
abling to analyse all important properties such as the flux,
current, torque or power.
At first a magnetostatic analysis was conducted in order to
check the distribution and range of the flux density in the
motor. Therefore, the PMSM is analysed statically without
any excitation. This is performed to determine the distribution
of the flux lines and the amount of flux density in certain areas
such as the air gap. In image 6 the magnetostatic plot of the
whole PMSM is depicted.

Fig. 6. Distribution of flux density with according scale

The amount of the air gap flux density ranges approximately
from 0.5 T up to 0.7 T . The average flux density in the rotor
core ranges from 0.8 to 1.3 T . The average flux density in the
stator core varies from 0.5 T up to 0.8 T . The magnets itself
emit magnetic flux at 1.3 T , indicated by the green color. The
highest value of 2.0922 T occurs in between the magnet duct
channels, as this is the area where the magnet flux lines are
bundled up most. In the iron sector with flux densities above
1.3 T , the iron losses result, since the material is consigned
by magnetic saturation. These areas are depicted in red and
yellow color.

Most of the iron area is below the value of magnetic
saturation. This confirms an equally distributed magnetic flux
in the electric machine. The next step in the design phase of
the PMSM was the conduction of a transient analysis.
In the transient analysis, the PMSM can be excited with a si-
nusoidal distributed current, respectively a sinusoidal voltage.
This leads to a revolution of the motor and enables a detailed
analysis of all important parameters. Therefore, the excitation
of the phases has to be set.
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At first the simulation at nominal speed is described shortly.
The motors phases are excited by a current at nominal speed
of 500 rpm. The amplitude of the current signal was evaluated
in an iterative process. With an increased magnet size, a
maximum current amplitude of imax= 450 A, is necessary
to get to the required torque limit. For the phase A, following
excitation formula is generated :

IA = imax sin(2πf · t+ γ) (7)

The excitation formula for the phases B and C are the same,
only the phase is shifted by +120 degree, respectively -120
degree. The parameter t indicates the simulation time, f
the frequency and γ the initial excitation angle of 55◦. The
initial excitation angle was determined by an analysis with
the Maxwell embedded software tool, called Optimetrics. The
frequency of the transient simulation can be calculated as

f = ωmech
p

2
=

500rpm

60s

8

2
= 33.33Hz. (8)

The simulation time was set to 300 ms with a sampling
time of ts = 0.0001s. For a better visibility the generated
current signal is depicted over 60 ms and shown in following
plot 7.
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Fig. 7. Input Current signal for 500 rpm, nominal speed simulation

The input current leads to a revolution of the motor at
constant speed with a certain magnitude of torque. The output
torque signal is depicted in following image 8.
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The average output torque of the current excitation is at τ =
1.658kNm. It gets clear, that the output torque reaches the
desired limit of 1600 Nm at nominal speed. The torque ripple
can be approximated to ± 130 Nm to the average torque. The
dominant torque ripple harmonic during simulation is the 12th.
This can be noticed in the plot, since 12 full torque ripple
cycles are present during one excitation cycle. According to
[12], the 12th harmonics, followed by the 6th harmonics , are
the most dominant occurring torque ripple harmonics in an
electric motor. The resulting frequency of torque ripple acting
on the vehicle can be calculated as

fripple =
500

60
p · 12 = 400Hz. (9)

At a ripple frequency of 400 Hz, the heavy duty vehicle
won’t have problems with machine performance, since it
is constructed out of heavy steel parts. Furthermore, these
vehicles normally operate on soft ground like earth or gravel,
acting as a damping factor during operation.
According to [13], the undesirable effect of torque ripple is
caused by deviations of the sinusoidal flux density distribution
in the airgap. Furthermore, the selection of the winding
geometry and variable magnetic reluctance in the airgap, affect
the ripple of the torque signal. The reluctance, or magnetic
resistance, in the airgap alternates periodically when the stator
teeth pass the edges of the rotor magnets. Reducing the ripple,
due to this effect, is possible by skewing the stator slots
or by the implementation of a current control structure with
additional torque ripple controller.
In order to implement a proper current control system, follow-
ing data has to be extrapolated from the digital simulation in
Maxwell.

• Phase resistance Rph

• Rotor position θ
• Stator inductances Ld(θ) and Lq(θ)
• Flux linkages ψd and ψq

The phase resistance is determined by Rmxprt to
Rph=16.2mΩ, whereas the rest of the signal data has
to be evaluated digitally. The position of the rotor is normally
measured by a sensor and can be plotted in Maxwell. The
values of Ld(θ) and Lq(θ) can be plotted during the transient
simulation and are depicted in image 9.
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Fig. 9. Ld and Lq over the rotor position at nominal speed of 500 rpm
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The average inductance value of Ld is at 2.74 mH , whereas
Lq is 4.19 mH . These values depend on the total flux linkage
and the current of id and iq .
The values of the phase resistance, Ld and Lq allow to adjust
the parameters of PI current controllers for d and q axis
currents. These controllers are used to create a q-axis current
step of a certain magnitude, producing a torque.
The flux linkage signal of the phases describes the interaction
between the coils and the permanent magnets. These are
depicted in plot 10.
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Fig. 10. Flux linkage of the phases A,B and C at nominal speed of 500 rpm

The maximum amplitude of these plots reach 0.915Wb.
This value corresponds to the total flux linkage and describes
the sum of the permanent magnetic flux and the product of
phase inductance and current. The equation is:

ψtotal = Lphaseiphase + ψM (10)

With the knowledge of these parameters, the fluxes ψd and ψq

can be evaluated by Maxwell. In table VII the average values
of these quantities are depicted.

TABLE VII
D AND Q FLUX LINKAGE QUANTITIES AT NOMINAL SPEED

Definition Value Unit
ψd -0.128 Wb
ψq -0.841 Wb

With the knowledge of the described signal data, a control
structure for the motor can be implemented.
It can be concluded that the simulation at nominal speed was
successful. It verifies that the motor is able to reach the desired
torque in the range of nominal speed up to 500 rpm. The
amount of torque ripple lies in an acceptable range for a heavy
duty vehicle, but could be reduced by the implementation of
an additional torque ripple controller.
Furthermore, it was important to simulate the motor at maxi-
mum speed. According to plot 1, the alternative driven diesel
engine has to reach a minimum torque of approximately
230N , at maximum speed of 3100 rpm. At maximum speed,
the initial excitation angle is different to the simulation at
nominal speed. Another Optimetrics simulation led to an initial
excitation angle of 22◦, in order to achieve maximum torque
values. Equally as in the first simulation, a sinusoidal current

excitation signal is generated for the 3 phases. The phases are
excited with 70 A at a frequency of 206.67 Hz. The simulation
time was set to 60 ms, with a sampling time of 0.0001 s. For
better visibility of the generated signal curves, only 29 ms of
the excitation signals are shown in plot 11.
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Fig. 11. Input Current signal for 3100 rpm simulation

Again the signal curve is sinusoidal and the phase shifts
are distributed correctly. The simulation period of 60 ms
corresponds to approximately 3 full revolutions of the rotor.
The simulation at maximum speed led to following output
torque signal, depicted in plot 12. For a better signal resolution
only 10 ms of the signal is visualized.
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Fig. 12. Output torque signal at 3100 rpm

The average output torque reaches 241.8 Nm. The torque
ripple at high speed is approximately ± 30 Nm. This amount
of torque ripple is acceptable and won’t affect the performance
of the electric machine. From the control point of view it
is enough to design a controller with the inductance and
flux linkage results from the simulation at nominal speed. To
this reason the results of Ld,Lq and ψd,ψq won’t be further
described.
Another important simulation has to be conducted in the case
of no load at maximum speed. The no load simulation is
performed by a current excitation of 1 A. This simulation pro-
vides information about the permanent magnetic flux linkage
and resulting back emf (electro motive force) values. These
properties are important parameters, necessary to evaluate the
impact on the battery and the inverter for safety reasons [14].
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The flux linkage in this simulation varies between -0.52 Wb
and +0.52 Wb. It can be understood as the permanent magnetic
flux ψM during operation and enables to determine the back
emf using following equation [3].

Eph = pωMψM (11)

The resulting signal quantities are shown in following plot 13.
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Fig. 13. Emf signal at 3100 rpm at no load

Due to the winding configuration and sinusoidal current
excitation the resulting emf signal is also sinusoidal. The back
emf reaches a maximum amplitude of 675 V at full speed. This
leads to a DC link voltage of

VDC = Eph

√
3 = 1169V, (12)

exceeding the maximum phase peak voltage of 800 V. This
means that the back emf exceeds the power supply voltage
of the battery. Without any control structure, the emf signal
could damage the battery if the inverter fails. This can occur
due to overheating, since the inverter is not able to handle
this amount of current. Furthermore, a power supply failure is
always a possibility. In order to avoid damage on the battery,
a suitable control strategy is mandatory to reduce the DC link
voltage. By the control of the amplitude and angle of id and
iq , a decreasing voltage results from the id current [15].
It can be concluded that the motor reaches the desired param-
eters of speed, torque and power. The problem of back emf
excess can be solved by the implementation of a proper control
strategy. Furthermore, it is important to analyse the efficiency
of the motor on the basis of power loss calculations and
thermal properties. This topic is handled in the next chapter.

VI. THERMAL ANALYSIS

In order to investigate the thermal behaviour of the motor
a thermal analysis has to be carried out. This also includes
an investigation on power losses and the motors efficiency.
According to [16], power losses result from resistive losses in
the windings, iron losses in the magnetic circuit of stator and
rotor and mechanical losses. The losses in the windings occur
because of the conductor resistance and can be calculated as

PAl = mi2Rphase. (13)

The parameter m stands for the number of phases, i is the
stator current and Rphase, is the phase resistance. In this

equation it gets clear that the power losses in the aluminum
winding increase exponentially with the current. These losses
increase with the temperature as the conductor resistance gets
higher with the operating temperature.
Magnetic losses in the iron circuit result mainly from hys-
teresis losses and eddy current losses. These losses occur
because of magnetization and demagnetization of the core,
as a reason of alternating current. Due to a current flow
in the winding, the magnetic flux increases up to a point
of saturation. Since the iron keeps its magnetization, unless
the magnetizing force is applied in the opposite direction
(alternating current), this process isn’t reversal and leads to
power losses. The area included by the magnetic hysteresis
loop, indicates the required power for this process, in other
words, the power losses. These losses can also be calculated
analytically using the Steinmetz formula:

Phys = ηBnf (14)

The quantity η is the material constant, B the peak flux density
and f the frequency. The parameter n is an empirical constant
and varies between 1.8 and 2.2. As a matter of simplification
the eddy current losses are neglected in this project work.
With core loss settings in Maxwell, the losses of the PMSM
can be plotted in a transient analysis. These losses were
analysed during the simulation at nominal speed. In plot 14
the power loss curves of the rotor and the stator are visualized
over 150 ms.
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Fig. 14. Power losses in the rotor and stator at nominal speed of 500 rpm

The average loss of the rotor is at 0.02 kW , whereas
the average loss in the stator is 0.29 kW . These losses are
relatively small, indicating that the magnetic properties of the
iron aren’t saturated, due to the magnetic flux distribution and
temperature distribution.
The main losses during operation occur in the windings, due
to the conductor resistance. These losses also rise with temper-
ature, since the material resistivity increases with temperature.
In following plot 15, the power losses in the aluminum
winding are compared with an identical simulation, using a
copper winding, over a simulation period of 300 ms.
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Fig. 15. Power losses in the aluminum winding compared to copper losses
at nominal speed of 500 rpm

With an average loss of 3.18 kW , the aluminum losses
build the main part of the overall losses. At nominal speed
with equal excitation the copper losses are 2.08 kW . The
losses with copper are of course lower, since this material has
lower resistivity and higher thermal conductivity compared to
aluminum [11]. If all the losses are summed up, the motor
with aluminum winding looses 3.49 kW at nominal speed.
This leads to a motor efficiency of 95.98 %. The motor with
copper winding would have an efficiency of 97.2 %, assuming
that the stator and rotor losses are equal as in the aluminum
configuration.
With the power loss results at nominal speed, a steady state
thermal analysis of the PMSM can be conducted. Therefore, it
was necessary to develop a coupled simulation between Ansys
Maxwell and Ansys Mechanical. In the Mechanical block it is
necessary to import the loss data from the 2D Maxwell model.
Based on these losses and the material data, the temperature
distribution is created.
The main heat evolves in the winding of the motor, due to
resistive losses. In order to cool the motor, a heat exchanger
can be built around the outer stator surface. In image 16, this
construction is depicted for one slot of the winding.

Fig. 16. Thermal model for one slot [3]

This construction can be seen as a thermal circuit. The
circuit contains two energy sources, the heat generation from
the winding and the cooling from the heat exchanger. The
temperature is conducted by thermal resistances and conduc-
tors, modelling the inner stator iron, the outer stator iron and
the heat exchanger. The resistances depend on the convective
heat transfer coefficient λ, in W

m2K . For a correct distribution
of the temperature, this quantity can be modelled in Ansys
Mechanical by the application of convection zones. These
convection edges simulate the heat transport in between the
motor parts and have to be applied at the outer surfaces of the
single parts. The thermal circuit and according formulas are
depicted next to the thermal circuit in image 17.

Fig. 17. Thermal model with according thermal circuit of one slot [3]

Since the numerical effort for a thermal transient analysis is
immense and goes along with very long simulation times, only
a steady state thermal analysis is conducted. The results of this
analysis don’t deliver information about the heat evolution
over time and can’t be seen as a fully conducted thermal
analysis. Nevertheless, the results give a rough insight in the
thermal behaviour of the motor at a steady state. In following
table the resulting temperatures are listed for a configuration
with copper and aluminum winding.

TABLE VIII
THERMAL ANALYSIS RESULTS OF THE PMSM WITH COPPER AND

ALUMINUM WINDING

Motor part Min. temperature Max. temperature
Stator core 38.8 ◦C 39.1 ◦C

Copper Winding 122.54 ◦C 122.9 ◦C
Rotor core 45.4 ◦C 45.7 ◦C
Stator core 42.8 ◦C 45.7 ◦C

Aluminum Winding 166.40 ◦C 165.97 ◦C
Rotor core 57.36 ◦C 57.51 ◦C

The reason for higher temperature results in the copper
winding is a higher thermal conductivity and lower electrical
resistivity of the material. Since the power losses are lower in
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the copper winding this result makes sense.
It has to be mentioned that the whole simulation was carried
out in full torque mode. To this reason, the thermal results
are upper limit temperature values. Since it is never required
to operate a heavy duty machine constantly in full torque
mode, the operating temperatures won’t be that high as the
result testified. On the one hand, this result enables to conduct
further, more accurate, analysis in Maxwell with adjusted
operating temperatures. On the other hand this result goes
along with new optimization possibilities. With the conduction
of the thermal analysis, the project work of the PMSM design,
simulation and analysis could be completed.

VII. CONCLUSION AND FUTURE OUTLOOK

The presented work in this thesis showed that it was possible
to design, simulate and analyze a PMSM model. The iterative
design process led to proper torque-speed characteristics in a
sufficient range of current and voltage. The basic parameters
for control strategies could be evaluated precisely for two
different winding configurations with aluminum and copper.
Furthermore, it was possible to determine back emf properties
of the PMSM model for safety aspects. Besides that, a basic
thermal analysis was carried out successfully with a compar-
ison between copper and aluminum winding configurations.
The satisfying result opened further optimization possibilities.
This goes along with geometrical modifications, in order to
reach higher efficiency at lower thermal energy consumption.
Therefore, it makes sense to implement a complete control
strategy for the motor in a coupled analysis. This is possible
using the Ansys products of Maxwell, together with Simplorer
or Matlab/Simulink. In Ansys Workbench, it would be possible
to generate a real life operating environment using a coupling
with Mechanical or Fluent. With higher computational power,
it would be even possible to implement an extensive transient
analysis with coupled 3D PMSM models, similar to a digital
twin model. It follows, prototypes of this highly customized
motor can be built in a cost saving procedure with low risks
as the whole machine was investigated digitally.
Since this motor is operating above the average voltage ranges
of 230/400V , it requires specialized components in the entire
power train. The creation of the whole power train goes
along with the development of customized components such
as the battery or inverters. This could open a wide range of
possibilities for mid-sized companies in the future, as the
electrification of heavy duty vehicles will be an important
topic in the next few years. Since large companies, such as
Siemens, might not be interested in the development of these
niche products, big opportunities for new start ups can arise.
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Edge-AI State Classification using a
Supervised-Deep-Learning CNN with an

Automated Measurement System Interface
Philipp Roch and Martin Pillei (supervisor)

Abstract—To ensure the profitability of processes at
diverse operating systems, down times must be mini-
mized, efficiency increased, and a high quality level en-
sured. Thus, implementing an automated and universal
condition monitoring (CM) and predictive maintenance
(PM) system is necessary. Hence, the Edge-Cloud-AI sys-
tem is presented focusing the on the edge artificial intel-
ligence (AI) and its deep learning (DL) implementation
regarding universal applicability. The innovative kind of
CM and PM by the presented Edge-Cloud-AI prototype
system is the real-time prediction of the current operat-
ing state on the edge, detecting changing operating states
and variations during the process. To achieve this, a
modular system is established controlled by a graphical
user interface (GUI) considering data acquisition, data
preparation, neural network (NN) training, and real-
time state classification by the developed and trained
NN model. The modular software architecture and
the measurement device ensured the evaluation by a
preliminary test application incorporating 1D and 2D
NN model classification methods. The focus is set to
match the complexity of the data while achieving the
highest efficiency at the real-time state classification
by tailored workflows of software and hardware. By
the use of ordinary and manipulated test datasets, the
implemented NN methods for state classification are
evaluated. As a result, convolutional neural networks
(CNNs) as 2D model and in combination with long short
term memory as 1D model exhibit a high accuracy for
the investigates application at a sufficient efficiency. Fur-
ther trial runs with the functional prototype approved
the established workflow to be easy to use, efficient, and
highly functional. This indicates that the Edge-Cloud-
AI system can be a suitable, innovative alternative for a

P. Roch is with the Department of Mechatronics, MCI,
Austria, e-mail: ph.roch@mcie4me.at and M. Pillei is with
the Department of Industrial Engineering, MCI, Innsbruck,
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multitude of application. Further tests of more complex
real applications by the finalized prototype are yet to be
conducted.

Index Terms—Predictive Maintenance, Deep Learn-
ing, CNN, Classification, Edge-AI, Fluid Flow

I. INTRODUCTION

REAL-time CM and PM enables the monitoring
of conditions and states in a certain process

or manufacturing environment. Down times and less
efficient production processes are the result of unde-
tected disturbances and failures in the processing cir-
cle that are not different to certain patterns during the
operation. [1] These patterns differentiate at different
process states and can be detected by various 1D
and 2D sensors. DL algorithms are effectively able
to learn patterns extracted from the data gathered by
the sensors and generalize to the system in order to
predict a certain state that is currently operating at the
process or the machine. [2], [3] Thus, classification
of conditions and states is not trivial but necessary
to get the most out of a complex system. [4]
The motivation for the research and development
presented in this thesis, is the Edge-Cloud-AI system
as a universal application for CM and further for PM
independent of the system or process. The system
is a extension of the system proposed by [1], [5],
and [6], including the deployment of AI at the edge
according to [7] and [8]. This will give a real-
time insight to what state the machine is operating
over the time of use, what states or changes in the
operation process caused failures, and what measures
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and actions must be taken. [9] The aspects of on
the edge data processing, cloud computation, and
intelligence directly at the process can set the trend
for future CM and PM. More precisely, the future of
data driven CM and PM is based on anomaly and
pattern detection by DL models. [10]

II. METHODS

Within the research and development ensuing
methods are split in system development, measure-
ment setup, and the NN design. Several subtasks are
to be distinguished in order to match the requirements
of the system.

1) Data acquisition
2) Modular sensor se-

lection
3) Variable batch

sizes
4) NN training

5) Edge-Cloud inter-
face

6) State classification
7) State visualization

The presented Edge-Cloud-AI system comprises
of all stated operations. Hereby, hardware and soft-
ware are the main parts and thus considered for
the software architecture. The accordingly developed
measurement device is shown in figure 1.

Fig. 1. Measurement Device

A. System Architecture

The system components are displayed divided in
edge and cloud components. The graphical user inter-
face (GUI) and the measurement device describe the
Edge-AI part, whereas the server defines the cloud
component of the developed system. The high level
software structure including all main components

implemented at the measurement device is depicted
in figure 2.

Fig. 2. High level system overview

The system architecture ensures the capability of
the system to operate right on the edge alongside the
computational power of the server for the training
of the implemented 1D and 2D NNs. The GUI pro-
vides the front-end interface for inputs and outputs
alongside according back-end functions to control the
entire system. All functions despite parts of the data
preprocessing and the NN training are executed by
the system-on-a-chip (SoC) and as stated headed by
the GUI.

B. Hardware

The inside of the device comprises of the raspberry
pi SoC, a breadboard and its analog-digital converter
(ADC) for prototyping, six printed circuit boards
(PCB) for the connection of the sensors by JST-
XH connectors, and a radiator for device cooling.
A simplified schematic of the inside structure is
depicted in figure 3.

Fig. 3. Hardware schematic of the measurement device
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C. Software

For the software a system of several scripts and
components is developed in python. Additionally,
system files for the SSH interface to the server
are implemented and controlled by the main python
scripts. The basic flow of the developed software
architecture is displayed in figure 4.

Fig. 4. Flow chart of the software architecture

First, the data acquisition is executed. With all de-
sired states gather and processed, the data preparator
concatenates the states by their labels, removes non-
selected or non-detected input features and uploads
the datasets to the server. The modular architecture of
the system allows the user, additionally to the regular
1D and 2D sensors, to stand-alone train the algorithm
by the 1D sensors or the 2D sensors. On the server,

the NN model is trained with defined parameters and
sensors and afterwards flashed to the measurement
device. Here, the SoC executes the state classification
by the flashed NN models.

D. Measurement Framework

The measurement setup simulates a minimal work-
ing example of the overall system. Therefore, mea-
sured and generated data are designed to be learned
and differentiated well. Further, by setting up a
proper real-time prediction setup, the system is vali-
dated in order to work for more complex systems.
The real-time prediction setup consists of unseen
data extracted of the datasets before training and
additional manipulations at several sequences.

The test rig for the real-data measurement data
to validate the 1D NN model is depicted in figure
5. According sensors are marked as multi-axial ac-
celerometer, pressure, and sound sensor.

Accelerometer 1

Accelerometer 2 Pressure 

Sound

Fig. 5. Schematic of the measurement setup

In order to validate the 2D NN model by an image
classification dataset, generic flow simulation data is
used considering varying velocities v.

E. Data Preprocessing

As the data acquired by the measurement device
is not normalized, labeled, split, or shuffled, several
steps are mandatory to feed the data to the NNs.
Therefore, the first step is the data preparation on
the SoC. Further, the labeling, shaping, shuffling, and
splitting of the uploaded dataset is carried out directly
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at the NN model training script. The data split is
defined as:

• Training data: 0.72
• Validation data: 0.18
• Testing data: 0.1

F. Neural Network

Within the context of NNs, two different ap-
proaches are considered to be suitable architectures.
For the time-series classification (TSC) a custom 1D
CNN is designed, whereas for the image classifi-
cation (IC) both a custom 2D CNN and pretrained
models are designed. The method of transfer learning
is implemented by the pretrained models of the Keras
library. [11] The procedure for training implemented
NN models is shown in figure 6.

Fig. 6. Flow chart of the NN training process

All considered models for TSC and IC are
adjusted not to over-, or underfit and increase the

ability to generalize to unseen data. Further, the
hyperparameters are adjusted according to the grid
search method. [3], [12], [13]

For the TSC, the best performing FCN - LSTM
architecture is implemented according to [14] and
[15]. It unites the feature extraction for time-series
of fully convolutional network (FCN) and the
capability of the long short term memory (LSTM)
to memorize what features are important at the
long-term. [16], [13], [3]
The preprocessed segments vector ~x for the data
sequences is fed to the NN as a 2D vector and
reshaped by a reshape layer to a 3D vector
comprising of the segment length and the number of
features. In this context, a multivariate model with
8 features. Subsequent, the data sequence is fed to
two dense layers with a dropout layer in between.
The fully connected layers of filter size 128 and
64 neurons define a first neuron sequence that
matches the input shape size besides the dropout for
deactivating insignificant neurons. [12] Afterwards,
the model splits to a FCN feature extraction line
and a LSTM sequence with two preceded 1D
convolutional layers for feature extraction. All 1D
convolutional layers are activated by the rectified
linear unit (ReLU) activation function to detect
nonlinear patterns at a sufficient efficiency. [3],
[12] The FCN line consists of three blocks of 1D
convolutional layers, batch normalization and a
ReLU activation function. Filter sizes narrow down
to 32 in both the FCN and the LSTM line ensuring
a sufficient complex feature extraction by not
overfitting the NN model. [14], [15] Furthermore,
the kernel size for each feature map regarding the
first 1D convolutional layer at the FCN line is set
to 50 in order to start with a good range for pattern
detection. Advancing in the NN deepness, the kernel
size decreases to detect more detailed patterns.
[3] Implemented layers like dropout and batch
normalization prevent the model from overfitting
and improve the regularization process. [17], [12] At
last, the FCN feature extraction line is global average
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pooled to get a 2D vector shape and subsequent,
both feature extraction lines are concatenated and
fed to the final dense layer outputting the shape
of defined states. Hereby, the softmax activation
function calculates the neurons activation to an
absolute range of 0 to 1. Adequate hyperparameters
of the FCN - LSTM are defined as follows:

• Epochs: a maxima of 50 epochs to prevent
overfitting

• Batch size: 10 segments at a time
• Learning rate and optimizer: 0.0001 (adam op-

timizer)

For the IC, the best performing 2D CNN architec-
ture is implemented according to [18], [19], [2] to
match the complexity of the dataset. More complex
structures stated as the XCeption, the ResNet, or
the EfficientNet are considered at the evaluation, but
exceeding the sufficient NN complexity for the data
fed.
The preprocessed segments vector ~x for the data
sequences is fed to the NN as a 4D vector and the
pixel values normalized by a rescale layer. Subse-
quent, the vector ~x is fed to three consecutive blocks
consisting each of a 2D convolutional, a dropout, and
a 2D maxpooling layer. All 2D convolutional layers
are activated by the relu function to detect nonlin-
ear patterns at a sufficient efficiency. [3], [12] To
mention, dropout and maxpooling layers are added
to each block to prevent overfitting and increase
the regularization process. Filter and kernel sizes
of implemented 2D convolutional layers range from
16 up to 64 and from 5 down to 3. The increased
filter size up to 64 at a narrowed kernel size allows
the NN to detect a higher variety of features at
a more complex level. [3], [12] Simultaneous, the
increase of the dropout ensures the deactivation of
less significant neurons at categorized features. At
last, the output shape of the last block is flattened
to get a 2D vector shape and fed to a final dense
layers. Hereby, the softmax activation function of the
last calculates the neurons activation to an absolute
range of 0 to 1. Adequate hyperparameters of the 2D

CNN are defined as follows:
• Epochs: a maxima of 50 epochs to prevent

overfitting
• Batch size: 5 2D images at a time
• Learning rate and optimizer: 0.001 (adam opti-

mizer)

The procedure for the real-time state classification by
sufficiently trained NN models is shown in figure 7.
Here, the NNs output is reviewed and analyzed by a
voter outputting the best real-time state classification.

Fig. 7. Flow chart of the NN real-time state classification
process

III. RESULTS

To evaluate the distinguished NN architectures
by gathered 1D and 2D data, measurement data is
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presented and particular metrics analyzed and sum-
marized by the performance-efficiency index (PEI)
PEI1 and PEI2.
The F1 score defines as a measure of accuracy as
stated in [3]. Further, the inference step time ti, the
prediction step time tp, the standard deviation σ,
the NN parameters, and most important the real-time
classification (RT) score as a metric of classification
and generalization ability of the NN to unseen and
unseen manipulated data are considered. Here, the
data is split to 2 categories by their degree of manip-
ulation. Subsequent, stated metrics are computed to
weighted sums defining the PEI1 and PEI2. The F1
score is calculated by the precision p and the recall
r according to

F1 =
2pr

p+ r
(1)

and the RT score according to

SCORERT =

(N+,C0 · 1 +N+,manipulated,C1 · 3
+N+,manipulated,C2 · 5

+
∑

N+,C,P<0.9 · P+)

−(N− · 5 +N−,manipulated · 3)

(2)

where

N ... the amount of right (+) and
wrong (−) predictions

P ... the probability in %
C ... the manipulation category.

A. Measurement Results

For the 1D TSC, the normalized data sequences of
the four defined states regarding the the multi-axial
accelerometers, the pressure sensor, and the sound
sensor are acquired. The multi-axial accelerometer
data is plotted in figure 8 displaying states 1 to 4
from sample 0 to 2× 106.

Fig. 8. Multi-axial accelerometer data - state 1 (left) to 4
(right)

For the 2D IC, two sample plots for the lowest and
highest velocity v are shown in figure 9.

Fig. 9. Flow at various velocities v - 0.4m
s

(left) and 1m
s

(right)

For both the 1D and 2D data clear differentiations
between the states are exposed. In figure 10 the sum
of 1D and 2D data gathered for each state and the
overall balance of the dataset is visualized.

Fig. 10. Data split of the used datasets

B. Neural Network Performance

The performance metrics of the most suitable FCN
- LSTM and the 2D CNN model show great progress
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over the 47 or 49 trained epochs. The defined batch
size of 10 segments at the time-series and 5 at the 2D
images trained in parallel show great convergence to
the training and validation dataset. The NN models
performance assessment by the validation loss at the
validation dataset shows equally great convergence
towards the 47th and respectively 49th epoch of
training. Hence, the models are not overfitting nor un-
derfitting, resulting in a good regularization process
and therefore good generalization towards unseen
data. The training and validation process described
is shown in figure 11 for the TSC and in figure 12
for the IC.

Fig. 11. Model parameters of the FCN - LSTM - Perfor-
mance on the testing dataset

Fig. 12. Model parameters of the 2D CNN - Performance
on the testing dataset

The indicated ability to generalize and therefore
to perform well at unseen data is approved by the
testing dataset. The output is depicted in a confusion
matrix in figure 13 for the TSC and 14 for the IC,
both stating an outstanding accuracy of 99.5% and
100% at unseen data by comparing the true label
with its according predicted label.

1

1

4

2

3

2 3 4

Fig. 13. Confusion matrix of the FCN - LSTM - Perfor-
mance on the testing dataset
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Fig. 14. Confusion matrix of the 2D CNN - Performance
on the testing dataset

The described PEI summarizes the characteris-
tics of all evaluated NN models and indicates the
best suitable to be implemented in the final system.
PEI1 considers the NN model metrics for training,
evaluation, and real-time prediction, whereas PEI2
describes the efficiency of each NN model.
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Hence, the PEI1 and PEI2 for all compared NN
models are depicted in table I and II. The smaller
the PEI score, the better is the suitability for the
developed system. The real-time prediction (RT) and
F1 score are hereby computed according to equation
1 and2.

TABLE I
PERFORMANCE EFFICIENCY INDEX 1 (PEI1)

TABLE II
PERFORMANCE EFFICIENCY INDEX 2 (PEI2)

As it can be seen, the previous described best
suitable NN models outperform residual ones by the
most important RT score at a sufficient efficiency.

C. System Results

To conclude, the developed software system works
as expected. GUI, data acquisition by controlling all

connected sensors, server interface, model training,
and real-time state classification are fully functional
and perform without failures. The implemented
modular architecture ensures the system to process
data dependent on the system states and necessary
sensors. Further, the system is able to operate
stand-alone by 1D or 2D sensors.

Considering the performance of the NN, the
PEI 1 goes in line with the theoretical research.
The accordingly designed NN models perform as
desired and achieve > 99% at the testing set and
a RT score percentage of > 90% including highly
manipulated and varying data. The FCN - LSTM
for TSC is optimized and adjusted for both the FCN
and the LSTM feature extraction line. For the FCN,
optimizations especially for the filter and kernel
size proofed to be significant, whereas at the LSTM
feature extraction line, the influence of the before
extracted feature by the preceded convolutional
layers showed valuable improvements.
Regarding the 2D CNN, adjustments to the kernel,
the filter size, and the depth of the NN showed a
significant improvement in generalization ability.
Rather simple structures outperform more complex
NN architecture indicating the matching complexity
of the 2D CNN in contrast to pretrained and more
complex NN models. In general, due to the grid
search hyperparameter optimization and adjustments
to the NNs complexities, the desired generalization
and invariance in terms of reproducibility at
varying datasets of the NN is achieved, ensuring the
applicability of the software system to other systems.

The developed measurement device including
the SoC, the ADC, the sensors and its connectors,
the input device and the server architecture work
as expected. The hardware limited sampling rate
works sufficiently well and achieves the desired
sampling rate throughout the process flow of
200Hz to 250Hz. The PEI 2 states that storage
and performance of the SoC are adequate to process
and display data, build the interface to the server,
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and to real-time predict the current state of the
operating system. The prediction step time of the
SoC ranges from 558ms for the TSC up to 956ms
for the IC and is therefore suitable to the interval the
system is predicting the operating state. Considering
the performance of the server, needed resources are
given and the training executed on the GPU. As
a result, the inference step of the training process
amounts to 13ms for the FCN - LSTM and to 9ms
for the 2D CNN. The training process can therefore
be processed sufficiently well.

IV. CONCLUSION AND OUTLOOK

The research and the presented results considering
this thesis define an auspicious prospect for the future
of CM and PM. The developed system demonstrates
a prototype of the Edge-Cloud-AI system for the
particular and universal use at production sites or
laboratories. The innovative kind of CM and PM
by the presented system is the real-time prediction
of the current operating state on the edge, detect-
ing changing operating states and variations during
the process. To achieve this, a modular system is
established controlled by a GUI considering data
acquisition, data preparation, NN training, and real-
time state classification by the developed and trained
NN model. The modular software architecture and
the measurement device ensured the evaluation by a
preliminary test application incorporating 1D and 2D
NN model classification methods. The focus is set to
match the complexity of the data while achieving the
highest efficiency at the real-time state classification
by tailored workflows of software and hardware. By
the use of ordinary and manipulated test datasets,
the implemented NN methods for the real-time state
classification are evaluated. Conclusive, CNNs as 2D
NN models and in combination with LSTMs as 1D
NN models exhibit a high accuracy for the inves-
tigated application at a sufficient efficiency. Further
trial runs with the functional prototype approved the
established workflow to be easy to use, efficient,
and highly functional. The critical review of the
simplifications, assumptions, and the general proof

of concept clarifies that the developed Edge-Cloud-
AI system can be stated as a cost efficient system
real-time classifying the current operating state of a
particular learned system at a high performance. The
base for the application as a universal CM and PM
device is elaborated, thus the functional prototype
can be considered to as an innovative alternative
to state of the art approaches and processes. In
order to optimize and extend the functional prototype
Edge-Cloud-AI system to a standardized, industrial
product, several areas of improvement are stated that
are not specifically considered in more detail at the
presented research
Stated as SoC and processing hardware, data and
preprocessing, NN enhancement, and the general
approach of DL, several areas of improvement are
considered. Dependent on the application, the impor-
tance of each area varies.
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Abstract—Future regulations on modern gas engine power
plants enforce a further reduction of already low exhaust gas
emissions, such as NOx, CO and HC. This requires novel ap-
proaches in engine control methods and exhaust aftertreatment.
Most large bore gas engines are operated in a lean burn
operation principle to meet emission regulations. Here an alter-
native approach is investigated, which relies on a stoichiometric
combustion principle.
The work focusses on optimising the control of the system of
engine and exhaust aftertreatment unit - the three-way catalyst
(TWC). Different control methods are developed using a catalyst
model that reproduces the oxygen storage capability of a TWC.
Performance and robustness criteria are compared for an H∞
robust control and a classical cascade PID control method.
Catalyst parameters are further estimated online using adaptive
control techniques.
The developed control concepts allow stable operation of the
engine up to full load and ensure, that the catalyst is kept in a
favourable range of operation. Thereby tailpipe exhaust emission
targets can be fulfilled and the ability to comply with future
emission regulations is demonstrated.

Index Terms—Large bore gas engine, stoichiometric combus-
tion, three-way catalyst, robust control, parameter estimation.

I. INTRODUCTION

THE precise control of the air-fuel ratio AFR is important
in modern engine control systems. Not only does it

manipulate the rather delicate quantity of fuel injected into
the engines combustion chamber, it also plays a distinct role
in exhaust gas emissions. The regulations on the latter are
becoming more and more stringent [1], which results in lower
tolerable margins for control deviation. On the other hand,
catalysts contain noble metals, which are getting increasingly
expensive due to ceasing natural resources and in turn leads
to tight dimensioning of components with little reserve and
more fragile constructions. Despite those challenging bound-
ary conditions, engine manufacturers must guarantee stable
operation of their products to ensure customer satisfaction and
are interested in low service costs and simple diagnostics.
These aspects all influence the design of a controller and
especially the requirements on its robustness and reliability.
To this end, a H∞ robust controller should be designed to
control the AFR of a large bore gas engine equipped with a
three-way catalyst (TWC). The operating point of the TWC
must be kept in a tight range, where its conversion efficiency
is high and exhaust gas emissions can be effectively reduced.
Different approaches have been reported for efficient control

M. Schmid is with the Department of Mechatronics, MCI, Innsbruck,
Austria, e-mail: sm1211@mci4me.at.

of the air-fuel ratio of an engine equipped with a three-way
catalyst. Schallock et al. [2] demonstrate model predictive con-
trol (MPC) with a relay controller, Trimboli et al. [3] describe
an MPC approach with delay compensation, Shafai et al. [4]
report online system identification of fuel path time delay
and Ingram et al. online system parameter estimation of the
catalyst oxygen storage capacity [5]. This work is motivated by
the demonstration of a robust H∞ control method by Roduner
et al. [6] and subsequent work by collaborators on adaptive
control methods, Shafai et al. [7] and Ammann et al. [8].
The paper is organised as follows. In Section II the used
catalyst model, H∞ controller design methods and TWC
parameter estimation are presented. Section III demonstrates
measurements and simulation results of AFR control and
adaptive control for parameter estimation. Conclusions are
summarized in Section IV.

II. METHODS

A. Overview

The key quantity to be controlled is the air-fuel ratio AFR.
It is defined via the mass flows of air ṁair and fuel ṁfuel

(in the considered case natural gas) entering the combustion
chamber of a spark ignited reciprocating engine,

AFR =
ṁair

ṁfuel
. (1)

A common derived quantity, widely used in engine control
language, is the lambda coefficient, also called air-fuel equiv-
alence ratio. It describes the ratio of the present AFR with
the air-fuel ratio required for stoichiometric combustion Lmin,

λ =
AFR

Lmin
. (2)

The latter depends on the type of fuel used. If an engine is
operated with excess air, it follows the so called lean burn
principle with λ > 1. In contrast, if the combustion takes place
with air deficit, one speaks of rich operation with λ < 1. At
stoichiometry λ = 1, which is often referred to as rich burn
principle.

B. Fuel Path Approximation

Efficient AFR control of a reciprocating engine requires a
model of the fuel path, where the section from gas injection
valve up to TWC inlet needs to be considered. The fuel flow
is governed by a gas mixing process followed by a substantial
transport delay through the intake manifold, combustion cham-
ber and exhaust pipe. This structure is schematically illustrated
in Fig. 1.
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Fig. 1: Simplified fuel path model of a reciprocating engine
with a three-way catalyst.

The actuating variable of the AFR controller is implemented
as a multiplicative factor uλ on the nominal amount of gas
injected in the fuel path ṁgas,ff . The latter is calculated from
an estimated mass flow composition into the engine as well
as a desired λus,set. Measurements of lambda upstream λus
and downstream λds the catalyst are used for feedback and
the relative oxygen storage level ROL in the TWC is critical
for its conversion efficiency.
Modifying the gas dosage influences the λ value, according to
Eqs. (1) and (2). Taking into account the mixing and transport
delay processes and linearising around the nominal value of
uλ = 1, a plant model for the fuel path is found [6]. Using
∆uλ = uλ − 1 and ∆λus = λus − λus,set, the influence of
∆uλ on ∆λus is expressed as

Gλ =
∆λus
∆uλ

≈ Kfp

sτ + 1
e−δs, (3)

with Kfp being the proportionality constant, τ the mixing time
constant and δ the transport delay time. These parameters
depend on the working point of the engine, i.e. on speed and
power.

C. Three-way Catalyst

1) Modelling: To cover the complexity of reduction and
oxidation processes in a TWC, a system of coupled rate
equations is often used for detailed investigations [9], [10].
However, for control purposes such models would require too
high computational effort to be used effectively, which stresses
the need for a simplified control-oriented model of the TWC
dynamics.
A TWCs main characteristic is the ability to store and release
oxygen. For control purposes it suffices to reproduce this
property. The implementation by Brandt et al. [11], [12]
models the relative oxygen storage level ROL of the TWC
as in Eq. (4). The storage level is limited to a range of
ROL ∈ [0, 1], with 0 corresponding to a fully depleted and 1
to a completely filled O2 storage,

RȮL =

{
0.23 ṁexh

ρ(λus,ROL)
Ccat

(
1− 1

λus

)
0 ≤ ROL ≤ 1,

0 otherwise.
(4)

Here ṁexh denotes the exhaust gas mass flow entering the
catalyst, λus is the lambda upstream catalyst and Ccat the
oxygen storage capacity. The factor 0.23 is the oxygen mass
fraction of air. Oxygen exchange of the exhaust gas with the
catalyst material is influenced by the empirical function ρ,
which reproduces the typically different O2 storage and release
rates of a TWC. Equation (5) indicates the dependency on the

current ROL as well as the exhaust gas being in the lean
(λ > 1) or rich (λ < 1) range,

ρ(λus, ROL) =

{
αLfL(ROL) λus ≥ 1,

αRfR(ROL) λus < 1.
(5)

The intensity of storage and release rates can vary, which
is covered by different αL and αR factors. Furthermore, the
probability functions for storage and release of an oxygen
molecule, fL and fR, are defined in Eqs. (6) and (7),

fL(ROL) = 1− eϕLROL − 1

eϕL − 1
, (6)

fR(ROL) =
e−ϕRROL − 1

e−ϕR − 1
. (7)

The exponents ϕL and ϕR have to be identified from the TWC
response to a step of the upstream lambda from lean to rich
and vice versa.
Emission measurements are performed at the outlet of the
catalyst, for which the lambda downstream catalyst λds is
pivotal. Due to the O2 storage capability of the TWC, short
lambda excursions away from the ideal stoichiometric point
of λus = 1 can be compensated and emissions can be kept
low, with λds remaining close to stoichiometry. This effect is
reflected by the expression in Eq. (8) labelled as GCat,

GCat : λds = λus − (λus − 1)ρ(λus, ROL). (8)

As long as ρ ≃ 1, which is the case for ROL ≈ 0.5, λds
will remain close to 1 as well. If the ROL reaches either
limit, ρ drops to 0 and λds = λus. The target of an AFR
controller that considers the oxygen storage of the TWC is
therefore to keep the ROL in the region around 50%, where
the conversion processes of the TWC work most efficiently.
A direct measurement of the current ROL is however not
possible, which poses a challenging estimation problem from
controls perspective.

2) Sensors: As indicated in Fig. 1, a typical AFR control
setup contains lambda sensors upstream and downstream the
TWC. For the upstream measurement usually a wideband
(WB) lambda sensor is used in order to obtain quantitative
information on the AFR. The engine tested for this work is
equipped with a WB sensor of type Bosch LSU 4.9 TSP CV
upstream the TWC.
The downstream lambda measurement can be set up with
either a second wideband or a narrowband (NB) lambda
sensor. The latter has the characteristic, that the sensor signal
Uλds follows a switch-type curve, as illustrated in Fig. 2. For
lean and rich operation, the sensor signal saturates, and it
only provides qualitative information on whether the engine
is running on a lean or rich AFR. In contrast, close to
stoichiometry the signal gradient is very high, which results
in a good sensor sensitivity. This is beneficial for control
purposes, as it allows a more precise measurement of λds,
given a certain signal-to-noise ratio. For the test engine, both a
WB and a NB sensor of type Bosch LSF 4.2 TSP downstream
the catalyst is used.
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Fig. 2: Narrowband lambda sensor voltage signal Uλds [13].

According to Eq. (8), λds ≈ 1 as long as the TWC oxygen
storage is neither completely filled nor fully depleted. Hence,
the sensor output will only change noticeably if the storage
reaches one of the limits. Therefore, the sensor signal can
be directly used as an approximation for the relative oxygen
storage level [14],

ROLmeas =





1 Uλds ≤ Ulow,

1− Uλds−Ulow

Uhigh
Ulow < Uλds ≤ Uhigh,

0 Uλds > Uhigh.

(9)

Here Ulow and Uhigh denote the saturation points of the sensor
output voltage in Fig. 2. The actual O2 storage level cannot be
measured directly, therefore most AFR control schemes make
use of this approximation.

D. Classical Control Approach

A simple method to form a closed loop λ control can be
implemented with a cascaded structure of PID controllers. A
fast inner loop with the controller Kin acts on the multiplier
uλ of the gas dosage and is designed to suppress a disturbance
d in λus, cf. Fig. 3. The slow outer loop provides a set
point λus,set for the inner loop, which also affects the gas
dosage feedforward function. The corresponding controller
Kout makes use of the feedback signal Uλds of the narrow-
band lambda sensor downstream the TWC and tries to reduce
its deviation to a desired set point Uλds,set.
This approach does not consider the storage dynamics of
the TWC and can therefore only react on an emissions
breakthrough rather than to predict and avoid it.

E. Robust H∞ Control Approach

An improved catalyst conversion efficiency can be achieved
if the oxygen storage capability of the TWC is taken into
account in the controller design. For this purpose, the robust
control approach discussed in [6] is considered in the follow-
ing.
The basic structure of the control problem is illustrated in
Fig. 3. In order to control the output ∆λus of the engine fuel
path Gλ from Eq. (3), a robust H∞ controller K is designed
that suppresses disturbances entering in d or dF. A disturbance
in the fuel dosage dF is damped by the plant dynamics and
is therefore less critical than a disturbance through channel d
that can e.g. be caused by a cylinder misfiring. Due to that,
the controller is optimised for disturbance rejection of input
channel d.

Fig. 3: Basic structure of control problem. The controller K
measures the upstream catalyst ∆λus and corrects the fuel
dosage via a multiplicative factor uλ = ∆uλ+1. An estimate
of the oxygen storage ROL in the TWC is included in the
control design. Figure modified from ref. [6].

As discussed in Section II-C1, the ultimate goal of the
control design is to reduce the influence of a disturbance d
on the stored oxygen mass ROL of the TWC. Hence, the
according transfer function GTWC,d must be optimised for
disturbance rejection,

GTWC,d(s) =
ROL

d
=

1

s (1 +Gλ(s)K(s))
. (10)

An H∞ controller is a promising approach for this purpose,
due to its robustness against model uncertainties and
guaranteed stability margins.

1) Padé Approximation: For the H∞ control design, a
linear plant model is required, which is not fulfilled by Gλ

in Eq. (3) due to the contained delay term. This can be solved
by approximating the delay with a Padé all-pass element.
The Padé approximation expresses the delay by a rational
function in s of chosen order napx that best approximates
the actual exponential behaviour. Equation (11) provides the
instruction for computing the approximation.

e−sδ =

∑napx

k=0 ak(−sδ)k∑napx

k=0 ak(sδ)
k

ak =
(2napx − k)!napx!

k!(napx − k)!(2napx)!

(11)

According to [6], the approximation order napx should be
chosen depending on the delay time δ. For every 40ms the
order should be increased by 1, which can be also formulated
as

napx(δ) =

⌈
δ

40ms

⌉
. (12)

For typical delay times, the approximation order becomes
very large. This is however not an issue, as the controller
design includes an order reduction step at a later stage, as
discussed in Section II-E5.

2) Augmented Plant: In a standard H∞ control setup, the
layout of a control circuit is interpreted in a very generalised
fashion. A standard configuration is depicted in Fig. 4. The
generalized or augmented plant P has two inputs, the gener-
alized input w and the controlled input u. The latter is the
output of the controller K and the former is typically a vector
containing reference values, disturbance inputs, etc.
On the other hand, the plant outputs are the generalized error
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(vector) z and the measured output y that serves as an input
to the controller. Here, a single-input single-output system
(SISO) is considered, therefore y and u are scalars. The aim
of H∞ control is to find a controller K that minimizes the
influence of the disturbance input w on the error signal z.

Fig. 4: Generalised control circuit in a typical H∞ control
setup with augmented plant P and controller K.

For the system structure in Fig. 3, the augmented plant can
be constructed as shown in Fig. 5. It can be seen that the
error vector z is formed with weighting functions Wu,Wy

and We. Those are used to shape the frequency response of
the controller and are further discussed in Section II-E3.

Fig. 5: Augmented plant for TWC control problem. Figure
modified from ref. [6].

The ϵ term in the integrator representing the TWC is used
for numerical stability of the optimization routine that tries
to find the optimal controller K. Accordingly, a very small
value of ϵ = 1 × 10−4 is chosen to limit the low frequency
gain of the integrator without having a negative impact on
the controller design.

3) Weighting Functions: The behaviour of the synthesized
H∞ controller can be tuned by choosing appropriate error
weighting functions. With Wu the controller effort KS can be
penalised, We shapes the sensitivity function S and Wy the
complementary sensitivity function T . S and T are defined as,

S =
1

1 +GK
, (13)

T =
GK

1 +GK
. (14)

For good reference tracking and disturbance rejection, the sen-
sitivity S should be small at low frequencies. Noise attenuation
and robustness can be optimized by making T small for high
frequencies. The functions are connected through S + T = 1.
The controller K determined by the H∞ algorithm achieves a
certain performance level γ. It is measured with the H∞ norm

of the closed loop transfer function Pcl formed between the
augmented plant P and the controller K, cf. Fig. 4,

||Pcl(s)||∞ := sup
ω∈R

σmax {Pcl(jω)} SISO
= sup

ω∈R
|Pcl(jω)| ≤ γ,

(15)
with σmax{Pcl(jω)} being the largest singular value of the
matrix Pcl(jω). In the case of a SISO system, this reduces to
the maximum gain of the transfer function Pcl(jω).
With the achieved performance level, guaranteed margins
for the TWC system can be formulated via the introduced
weighting functions [6],

|GTWC,d(jω)| < γ
∣∣W−1

e (jω)
∣∣ , (16)

|T (jω)| < γ
∣∣W−1

y (jω)
∣∣ . (17)

These relations highlight the importance of the weighting
functions in H∞ controller design. Their inverse serves as
an upper bounds for the controlled system properties and can
therefore be used for shaping the system response.
For the design in ref. [6], the weighting functions Wu, We and
Wy are parametrised as follows,

Wu = ϵ, (18)

We =
1

dmax

s+ ωc

s+ ϵ
, (19)

Wy =
s

kcωc
. (20)

By choosing the small gain coefficient ϵ = 1 × 10−4 for
the weighting function Wu, the controller effort limitation
is effectively disabled. This choice is rather a measure to
guarantee numerical stability of the solution process. The role
of the parameters dmax, ωc and kc in shaping the system
response is illustrated in Fig. 6.
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Fig. 6: Weighting functions of H∞ controller design for TWC
plant [6], [14].

According to ref. [6], the weighting function parameters can
be related to the plant delay δ, cf. Eq. (3). This enables a stable
performance and robustness across a wide parameter range. A
value of kc ≈ 10 is suggested and suitable parametrisation of
dmax and ωc is

dmax = fdmax
δ, (21)

ωc =
fωc

δ
, (22)

with fdmax = 1.9 and fωc = 0.22.
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4) H∞ Controller Synthesis: The process of finding an
optimal H∞ controller for the TWC system is carried out in
MATLAB. For this purpose, the command hinfsyn is used.
The generalised system in Fig. 4 can be expressed by

(
z
y

)
=

(
P11 P12

P21 P22

)(
w
u

)
, (23)

u = Ky. (24)

Closing the loop via the controller K, the transfer function
from w to z is found as

Pcl =
z

w
= P11 + P12K(I − P22K)−1P21. (25)

The algorithm numerically solves the optimization problem of
finding a controller K that minimizes the H∞ norm of Pcl,

γ = min
K

||Pcl||∞ , (26)

which involves finding a solution for two Riccati equations.

5) Order Reduction: Due to the high system order resulting
from the Padé approximation discussed in Section II-E1, an
order reduction step of the determined H∞ controller must
be carried out to allow a practical implementation. A 4th
order system is desired, as it suffices to reproduce the central
aspects of the design [6].
The order reduction step is performed with a balanced model
reduction routine in MATLAB, using the command balred.

6) Implementation Aspects: The fourth order controller
obtained from the H∞ design process results in 7 parameters
G1...G7 that have to be gain scheduled over the engine load.
Two integrators are contained in the controller, therefore the
number of parameters of a general 4th order system reduces
from 9 to 7.
Equation (27) describes the final structure of the controller
and makes use of a maximally parallelized formulation, which
allows a physical interpretation of the structure and the intro-
duction of corrections [6].

K(s) = G1 +G2
1

s
+G3

1

s2
+G4

s(G7s+ 1)

G2
5s

2 + 2G5G6s+ 1
(27)

Fig. 7 shows the final layout of the controller. In the storage
model segment, a modification is made to the TWC integrator.
The controller is designed with the assumption of a normalised
exhaust mass flow ṁexh. In reality the actual mass flow has to
be taken into account to reproduce the integrating behaviour
of the oxygen storage correctly. The lambda deviation ∆λus is
therefore multiplied with the normalised oxygen mass fraction
in the exhaust mass flow 0.23ṁexh/Ccat. For being able to
keep the normalised controller parameters, this correction has
to be renormalised at the end of the storage model segment.
A second modification is the use of the downstream lambda
sensor to obtain a measure for ROL according to the ap-
proximation in Eq. (9). The deviation of this measured value
ROLmeas and the estimated stored oxygen level RÔL is fed
into a PI controller Kcorr that creates a correction in the
upstream λus, which effectively implements a corrector term
for the estimated RÔL. This outer control loop has the effect

of compensating a possible offset in the upstream lambda
sensor or wrong assumptions on the storage capacity Ccat.

+ 
 
 
 
 
 
+ 
 
 
 
 
 
+ 
 
 
 
 
 
+

_

_

_

Fig. 7: Controller layout for the H∞ robust control approach.

In a final step, the controller is discretised using the bilin-
ear transform method. An automatic code generation routine
transforms a MATLAB Simulink implementation of the design
into code that can be run on a programmable logic controller
(PLC) engine control system.

F. Adaptive Control

Over time, the TWC ceramics material might suffer from
ageing and its storage and conversion capabilities can degrade.
The control system should be able to handle such variations
in the TWC system parameters and maintain a storage level
in the optimum region of operation to ensure high conversion
efficiency. A possible approach to solve this issue is the use
of adaptive control techniques. Prior works by Shafai et al.
[7] and Ammann et al. [8] are the basis of the work presented
in the following.

1) TWC Parameter Estimation: The storage behaviour of
the TWC system is primarily determined by the catalyst
capacity Ccat and the storage and release rates KIP and KIN.
The works in refs. [7], [8] suggest to only estimate the storage
and release rates KIP and KIN and to keep Ccat fixed. In an
aged TWC, the capacity Ccat would degrade, but the parameter
estimation algorithm can create the same effect by increasing
KIP and KIN, which is reported to be a more robust option.
From controls perspective, also the estimation of the true
lambda upstream catalyst λus has a strong influence on how
well the TWC model reproduces the actual behaviour. Fur-
thermore, it is known that the wideband lambda sensor tends
to measure a biased λus compared to the true value λ̃us [7],

λ̃us = λus +Kλ, (28)

where Kλ denotes the signal bias.
In combination, the adaptive control algorithm is used to
estimate three system parameters,

θ̂ = (K̂IP K̂IN K̂λ)
T, (29)

with θ̂ being the parameter vector used in the optimization
routine in Section II-F2 and estimated parameters are marked
with a hat symbol.
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Fig. 8 shows the necessary modification in the TWC storage
estimator structure. The estimated signal bias K̂λ is removed
from the measured signal. Depending on whether the resulting
∆λ̃us is in the lean (≥ 0) or the rich (< 0) region, the
according rate coefficient K̂IP or K̂IN is used as integrator
gain.

Fig. 8: TWC storage model with parameter estimation. The
system parameters to be adapted are KIP, KIN and Kλ. Figure
modified from ref. [7].

The adaptation routine is carried out in a discrete event
fashion. By using the downstream lambda sensor the occasions
where a breakthrough in the TWC happens are detected.
Such events are identified by introducing voltage limits for
the narrowband lambda sensor that define a lean or rich
breakthrough. Comparing with Fig. 2, the limits can be chosen
as Uλds ≤ Ulow = 100mV and Uλds ≥ Uhigh = 750mV.
When a limit is exceeded, a parameter estimation update
is triggered at the according timing point tk. In case of a
lean breakthrough ROL(k) = 1 and for a rich breakthrough
ROL(k) = 0.
For the parameter estimation, the TWC storage integrator is
modelled in the time periods between two trigger events. The
estimate RÔL is determined from

RÔL(k) = ROL(k − 1) + (IP(k) + IC1(k)K̂λ)K̂IP+

+ (IN(k) + IC2(k)K̂λ)K̂IN, (30)

with the following integrals having to be calculated online,

IP(k) =

∫ tk

tk−1

(
0.23

Ccat
ṁexh(t)∆λus(t)

) ∣∣∣
∆λus≥0

dt, (31)

IN(k) =

∫ tk

tk−1

(
0.23

Ccat
ṁexh(t)∆λus(t)

) ∣∣∣
∆λus<0

dt, (32)

IC1(k) =

∫ tk

tk−1

(
0.23

Ccat
ṁexh(t)

) ∣∣∣
∆λus≥0

dt, (33)

IC2(k) =

∫ tk

tk−1

(
0.23

Ccat
ṁexh(t)

) ∣∣∣
∆λus<0

dt. (34)

Due to the occurring product terms between K̂IP, K̂IN and
K̂λ, the parameter estimation problem is non-linear.

2) Recursive Gauss-Newton Algorithm: A possible solution
procedure to the non-linear parameter estimation problem is
the Recursive Gauss-Newton algorithm. Between two trigger
events, the change in ROL, y(k) = ROL(k)−ROL(k− 1),
can only take the following values,

y(k) =





1 Ulow → Uhigh,

−1 Uhigh → Ulow,

0 Ulow → Ulow or Uhigh → Uhigh.

(35)

The non-linear parameter identification problem can be stated
as

y(k) = ϕT(k)f(θ̂) + e(k), (36)

where e(k) corresponds to a white noise term whose variance
is estimated online and the remaining terms are defined as
follows,

ϕT(k) = (IP(k) IN(k) IC1(k) IC2(k)), (37)

f(θ̂) = (θ̂1 θ̂2 θ̂1θ̂3 θ̂2θ̂3)
T. (38)

The goal of the recursive Gauss-Newton algorithm is to
numerically search for a zero crossing of the error term

ϵ(k, θ̂(k − 1)) = y(k)− ϕT(k)f(θ̂(k − 1)). (39)

An implementation of the algorithm is presented in Equa-
tions (40) to (46).

ψ(k) =




IP(k) + IC1(k)θ̂3(k − 1)

IN(k) + IC2(k)θ̂3(k − 1)

IC1(k)θ̂1(k − 1) + IC2(k)θ̂2(k − 1)


 (40)

κ(k) =
κ(k − 1)

β + κ(k − 1)
(41)

Q(k) = Q(k − 1) + κ(k)
[
ϵ2(k, θ̂(k − 1))−Q(k − 1)

]

(42)

S(k) = βQ(k) + ψT(k)P (k − 1)ψ(k) (43)

L(k) = P (k − 1)ψ(k)S−1(k) (44)

θ̂(k) = θ̂(k − 1) + L(k)ϵ(k, θ̂(k − 1)) (45)

P (k) =
1

β

[
P (k − 1)− L(k)S(k)LT(k)

]
(46)

As a starting point, the algorithm needs initial values for the
parameter estimation vector θ̂(0) as well as the covariance
matrix P (0). The latter is typically set to a diagonal matrix
with large entries, which indicates low confidence in the initial
parameter guess. Finally, β has the role of a forgetting factor.
If it is set to 1, the recursive algorithm takes all historic
values into account, whereas for a typical value of 0.99 a
slow forgetting rate can be implemented.

III. RESULTS

Due to the conflict of interests and as protection of propri-
etary information, all measurements presented are normalised
to set points or variables of withheld magnitude, labelled by
indices set or ref , respectively.

A. AFR Control

The disturbance rejection properties of the discussed control
approaches in Sections II-D and II-E for AFR control are
tested in steady state by introducing a gas dosage perturbation
via the multiplier uλ, i.e. channel dF in Fig. 3. Moreover, the
transient performance is tested by performing sweeps of the
engine load Pnorm. A comparison of the disturbance rejection
results for the classical PID approach and the H∞ controller
is illustrated in Fig. 9. Results on transient performance are
shown in Fig. 10.
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Fig. 9: Disturbance rejection performance. Left: H∞, right:
cascade PID. The dashed line marks the lambda set point
λ̄us,set. Measurements are aligned with respect to the positive
fuel multiplier uλ disturbance step at tref/16.
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Fig. 10: Transient performance during load ramp. Left: H∞,
right: cascade PID. 1st plot: load ramp of power Pnorm, 2nd
plot: Lambda engine out λus with set point λus,set (dash-
dotted) and catalyst out lambda λds (dashed), 3rd plot: NB
lambda sensor voltage Uλds with set point Uλds,set (dashed),
4th plot: mass concentration emissions Ξ for CO, HC (dashed)
and NOx (dash-dotted).

It is apparent, that the H∞ and PID controllers react
differently to a disturbance. In the H∞ design, a deflection of
lambda in the opposite direction of the disturbance ensures,
that the oxygen storage deviations are balanced, which is
beneficial for the TWC efficiency. On the other hand, the
cascade PID controller achieves lower overshoot and faster
settling time.
The transient test illustrates, that the lambda variation is
comparable in both cases. Also, the damping effect on λds due
to the oxygen storage effect of the catalyst can be observed.
For the H∞ controller the HC emissions are initially relatively
high, whereas a lean NOx breakthrough can be observed for
the PID design at t = 0.4tref , accompanied by a dip in the
NB sensor voltage Uλds. At steady state, both designs achieve
comparable emission levels, hence neither of the two has a
decisive performance advantage.

B. ROL Estimation

Recordings from an engine trial run are used to test the
oxygen storage model used in the H∞ and adaptive control

approaches. The behaviour of the RÔL estimate compared
to the NB sensor approximated measurement ROLmeas from
Eq. (9) is illustrated in Fig. 11.
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Fig. 11: TWC oxygen storage observer. 1st plot: Lambda
upstream λus with inner loop set point λus,set (dash-dotted)
and downstream catalyst λds (dashed). 2nd plot: NB lambda
sensor voltage Uλds with set point Uλds,set (dashed), 3rd plot:
TWC oxygen storage level measurement ROLmeas, observer
estimate RÔL (dashed) and set point ROLset (dash-dotted).

Although lambda is held at a stable operating point λus,set,
frequent toggling of the NB sensor signal Uλds is observed.
This indicates, that small excursions in λus can lead to
saturation and depletion of the TWC oxygen storage. Thus,
the storage capacity Ccat is expected to be relatively small.
The feedback correction to the observer RÔL through
ROLmeas is tuned such, that the measurement is trusted
more than the model. Accordingly, RÔL closely follows the
measurement ROLmeas. As the H∞ controller generates a
gas dosage correction based on the RÔL estimate, a tuning
that weights the NB measurement stronger leads to a more
aggressive control behaviour. The illustrated setting is consid-
ered as a good compromise between controller aggressiveness
and noise suppression.

C. Adaptive Control

In order to test the TWC parameter estimation in a simu-
lation, a sinusoidal excitation is added to the gas dosage to
enforce a cycling of the ROL through the saturation limits.
The results presented in Fig. 12 are obtained for a catalyst
model with KIP = 6.0, KIN = 4.0 and a wideband lambda
sensor bias of Kλ = −3 × 10−4. The forgetting factor β =
0.95, the parameter vector is initialised with θ(0) = (1 1 0)T

and the covariance matrix with P (0) = 0.3I .
Fig. 12 illustrates, that a poorly conditioned adaptive control
scheme requires many excitations to converge towards an
appropriate parameter set. For K̂IP and K̂λ it is observed, that
the estimation error initially increases. When the algorithm has
converged to a stable solution, the parameters are estimated
sufficiently well, but small deviations to the true parameter
values remain. This effect is more pronounced for the storage
and release rates K̂IP and K̂IN than for the sensor bias K̂λ.
The residual deviation is attributed to the simulation model
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for λds in Eq. (8), which is used to derive the narrowband
sensor signal. An influence of the oxygen storage and release
probability functions fL and fR from Eqs. (6) and (7) is not
considered in the RÔL estimator model, which results in a
systematic estimation error for KIP and KIN. As the ROL
behaviour can be reproduced well, this approximation error
can be tolerated.
It is observed that the non-linearity in the parameters of the
model can lead to diverging estimations. Therefore, care must
be taken in properly initialising the system parameters and a
large value for β, i.e. a low forgetting rate, is recommended
to avoid fast parameter drifts.
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Fig. 12: Adaptive control TWC parameter estimation. 1st plot:
Lambda upstream λus and downstream catalyst λds (dashed).
2nd plot: Actual ROL of the TWC and observer RÔL
(dashed). 3rd plot: Estimated value for storage K̂IP and release
rate K̂IN (dash-dotted) with true values KIP (dashed) and KIN

(dotted). 4th plot: Estimated value for upstream lambda sensor
bias K̂λ and true value Kλ (dashed).

IV. CONCLUSION

The presented work demonstrates, that H∞ robust con-
trol is a promising concept for efficient AFR control that
can consider the oxygen storage capabilities of the TWC.
In experiments, a too small storage capacity Ccat prevents
that the ROL can be stabilised at a desired value. Hence,
the potential for emission reduction compared to a classical
approach cannot be observed.
Furthermore, TWC parameter estimation is demonstrated. This
enables an adaptive control setting that keeps track of system
parameters and therefore reflects and incorporates changes to
component behaviour e.g. due to ageing effects.
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Simplified Ultimate Load Calculation of Real
Steel-Structures in Earth-Moving Machinery
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Abstract—Due to time and cost savings mainly linear finite
element analysis (FEA) are performed to determine the structural
strength of components used in earth-moving machinery. This has
the disadvantage that no statement about the actual structural
load limit can be made, since non-linear plastic material be-
haviour is not considered. The latter is explicitly allowed in some
standards applicable to the machine type under consideration.
The reason for this is to provide manufacturers’ with a possibility
to be able to meet the high safety requirements given in the
standards, which guarantee a safety against structural failure.

This paper investigates and compares two approaches on
how to determine plastic material reserves by taking non-linear
material behaviour into account. The more accurate but also
more time consuming approach is to perform non-linear FEA.
The second, more conservative approach is the methodology given
in the FKM guideline. A comparison of both gives an indication
as to whether non-linear FE-analyses are actually necessary or
if the linear approach is sufficient enough.

In the end it can be seen, that the actual load limits of
the investigated components can only be determined by non-
linear FEA. However, it is possible to develop a methodology
to establish pre-defined strength requirements based on the
results of the non-linear FEA. These requirements can then be
translated to similar machine components and problems. This
gives engineers the possibility to estimate plastic material reserves
and guarantee compliance with applicable standards. All without
having to perform explicit non-linear FEA for each component
to be investigated in the future. Furthermore, it was possible to
ensure that all the components examined met the standards and
structural failure is avoided. More generally spoken, it can be
said that depending on the component and load case, enormous
plastic reserves are available. Hence, in some cases the additional
effort of a non-linear FEA is worthwhile, as unexpected material
reserves are discovered.

Index Terms—FEM, earth-moving machinery, linear & non-
linear material behaviour, linear & non-linear FEA, Neuber rule,
FKM guideline, plastic support effect.

I. INTRODUCTION

STRUCTURAL mechanical strength verifications are usu-
ally based on applying the finite element method (FEM)

and the accompanying FEA. Both play an essential role in
the technical development work of earth-moving machinery.
The term earth-moving machinery describes self-propelled
or towed machines on wheels, crawlers or tracks with an
operating weight of at least 4500 kg and mechanical fix-
tures to mount equipment. Examples include crawler tractors,
telescopic handlers and special-purpose machines like pipe
layers. Those types of machines are used in various industries,
e.g. agriculture, construction, oil & gas industry or open-cast
mining, and must meet high safety standards [1].

As a part of a review to check compliance with standards
applicable to the considered machine type, certain points arise
that this paper deals with:
• Necessity of non-linear FEM-analyses.
• Utilisation of plastic material behaviour.
• Detail accuracy of the models used for FEM/FEA.
• Additional work and time expenditure.

International standards like ISO-15818 [2] or ISO-10532 [3]
specify certain safety factors on specific machine components
against structural mechanical failure. These safety factors can
be as high as four times of the initial load applied, before
mechanical failure is allowed. The focus is set on machine
components like lifting & tying-down attachment points or
retrieval hooks and lugs which are used in shipment, loading
or recovery operations, see Figure 1.

(a) Front lashing point. (b) Rear lashing and retrieval point.

Fig. 1. Example of an eyehook serving as a front lashing point (a) and as a
rear lashing & retrieval point (b) of a crawler tractor, both taken from [4].

Generally, and due to time and cost savings mainly linear
FEA are performed to verify machine components compliance
with the applicable standards. This has the disadvantage, that
there is no possibility to determine the component’s actual load
limit, where non-linear plastic behaviour comes into account.
The applicable standards allow this kind of material behaviour
and even presuppose it in order to be able to attain the to-be-
achieved safety factors.

These plastic material reserves are not to be neglected, since
the resulting equivalent stresses σV are allowed to exceed the
material’s yield strength Re significantly. This behaviour is
described with the help of the plastic support number npl. It
gives an indication on how far a component can be loaded
beyond the elastic load limit Lel, where the stress state σV =
Re is reached for the first time.

In order to determine these material reserves non-linear
FEA have to be conducted. The aim of this research is to
investigate non-linear material behaviour of components that
are loaded beyond their material’s Re. The general objective
is to determine the non-linear load limits for multiple machine
components and their compliance with applicable standards. In
addition, the influence of different weld modelling concepts is
also investigated.
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II. COMPUTATIONAL MODELS

The preparation of the computational models for the linear
and non-linear FEA is essential for the quality of the results.
The modelling and abstraction of a real problem always
requires certain assumptions and simplifications, in order to
make the problem accessible to a solution with existing estab-
lished methods like FEM. This chapter describes the prepara-
tion of the 3D volume geometry designed in a computer-aided
design (CAD) program to the volume model used for FEA,
exemplarily shown with one specific component.

A. Weld Modelling

The modelling of welds is based on the nominal stress,
structural stress and notch stress concept mentioned in [5].
The concepts mainly differ in the modelling effort and the
accuracy of the modelled weld. In the course of this work
only fillet welds, see Figure 2, are considered.

root

throat
face

toe

leg

Fig. 2. There are five pieces to a fillet weld known as the root, toe, face, leg
and throat, usually given in technical drawings as weld thickness a [6].

The nominal stress concept does not consider the effects of
a weld, hence there is no actual visual modelling of the weld.
The components that are actually welded together are seen
as one. This is the standard modelling approach for structural
strength assessments and verifications. The structural stress
concept considers welds and their effects. But the weld is
modelled in a simplified manner, in form of a right-angled
triangular cross-section along the contact edges of the two
components. Additionally, a gap is added at where the contact
surface would be. This is necessary to allow the force flow
to pass over the modelled weld, see Figure 3a. The modelling
process of the notch stress concept is similar to the structural
stress concept, see Figure 3b. The difference is that a fictional
notch radius of rnotch = 1mm is added to the weld toes and
other weld edges. The exact modelling of the weld root is only
necessary if the root stresses are of interest or if a failure at
the weld root is assumed. In the course of this work an exact
modelling of the weld root is dispensed.

component

eyehook
gap

weld

(a) Structural stress concept.

component

eyehook
gaprnotch

weld

(b) Notch stress concept.

Fig. 3. Weld modulation according to the structural stress concept (a) and
the notch stress concept(b).

B. Force Determination

The forces to be applied are determined with the help of the
standards and the load cases described therein. In general, the
determination and calculation of the applied load respectively
of the force components is based on trigonometry and vector
calculation. Additionally, the standards specify two factors that
have to be considered in the calculations. The first is the so-
called proof factor Spf = 1.50, which guarantees safety at
the material’s yield strength Re. The second is the so-called
breaking factor Sbf = 4.00 for safety against mechanical
failure. Both factors are used to calculate the proof force
Fproof and the breaking force Fbreak. In Table I a summary
of all proof and breaking factors that have to be considered is
given.

TABLE I
OVERVIEW OF PROOF AND BREAKING FACTORS GIVEN IN [2], [3] AND [7].

Operation Proof factor Spf Breaking factor Sbf

Lashing acc. to [2] 1.25 2.00
Lifting acc. to [2] 1.50 4.00
Retrieval acc. to [3] 1.50 -
Retrieval acc. to [7] - 1.50

For all components and structures investigated, the load is
applied to eyehooks intended for lashing, lifting, recovering or
securing, see Figure 1. The load is transmitted to the eyehook
via a chain, rope, pin or a shackle-pin connection.

C. Investigated Components & Structures

Various components and structures of crawler tractors and
telescopic handlers are investigated, see Table II below. For
the sake of brevity only one component, marked in Table II,
is described in more detail, since it is also used in chapter IV
for a detailed evaluation.

TABLE II
OVERVIEW AND LOCATION OF THE INVESTIGATED COMPONENTS.

Component Machine Location
Counterweight PR726 Rear attachment mounts
Counterweight PR746 Rear attachment mounts
Counterweight PR766 Rear attachment mounts
Fall protection PR776 Welded onto cabin panels
Lifting point PR746 Support frame’s upper front area
Cabin lifting point PR736 Bolted onto cabin roof
Lifting point T55-7 Support frame’s upper rear area
Lashing point T55-7 Support frame’s rear quarter panel

The support frame of the crawler tractor PR746 was sub-
jected to a real structural test to investigate the frame’s be-
haviour during loading operations. More specifically, the lift-
ing point at the upper front area, see Figure 4, was examined.
The behaviour of the eyehook as well as of the substructure is
particularly interesting, especially when applying high loads
like defined in [2]. In addition to this real test, a simulative
approach by applying linear and non-linear FEA is also
conducted. The aim is to create a comparison between the real
structural test and simulative/numerical approach.To keep the
simulation model simple a submodel of the supports frame’s
upper front area is designed, see Figure 4a. The load case
under investigation is an oblique upwards pull, see the detail
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in Figure 4a. Since the eyehook is welded onto the upper steel-
plate, the concepts for modelling of welds must be observed
and applied, see Figure 4b below.

(a) Simplified CAD submodel of the support frame’s front area with
visualization of the investigated load case.

1 2 3

(b) Ansys model of the support frame with applied weld modelling
concepts: nominal h1 , structural h2 , and notch stress concept h3 .

Fig. 4. Simplified submodel of the support frame’s front area used for FEA.

III. APPLIED METHODOLOGY

This chapter describes the way to the actual solution of
the FEM problems. It shows the general approach, modelling
in Ansys and presents selected results of the aforementioned
machine component.

Fig. 5. Ansys Workbench project for one component and load case.

The project overview from Ansys Workbench in Figure 5
above shows the typical structure for a FEA of one component
and one specific load case. At the top left one can see the
imported CAD geometry, which represents the starting point.
The project is then set up with the help of the analysis systems
of the type Static Structural. The top row in the rectangle with
a solid line contains the linear finite element (FE)-simulations.
Below and inside the dashed line are the non-linear FE-
simulations.

A. Linear & Non-linear FEA

Linear FEA forms the basis for investigating the static
strength of all machine components. It provides initial infor-
mation about the effect of a load acting on the component
and serves to determine critical areas. Reaching or even
exceeding the materials Re should be avoided. This guarantees
that the component or structure will withstand the applied
loads. However, depending on where the critical areas are and
the degree of simplification of the modelling, stresses above
Re can also be permitted without any impairment or even
failure being assumed. The disadvantage is that only effects
in the range of linear material behaviour can be considered.
Therefore, no statement about non-linear effects such as plastic
strain and deformation can be made. Standards such as [2] or
[3] allow plastic material behaviour. Hence, it is difficult or
even impossible to make a reliable statement.

Non-linear FEA represent an extended investigation of,
in this case, statically loaded components and structures.
Compared to the static linear FEA, which is in principle
time-independent, the non-linear FEA takes into account time-
dependent effects such as creep. However, since no inertia
effects are taken into account, it can still be counted among the
static analyses. Nonetheless, it is decisive that the character of
the non-linearity should be captured. For this purpose, the load
must be applied in steps or increments [8]. The advantages
of a non-linear FEA are, as also mentioned in [9] and [10],
that the plastic behaviour is taken into account. This is of
great importance, for example, to fulfil standards like [2] or
[3]. The biggest disadvantages, apart from the additional time-
exposure required, are the difficult interpretation of the results
and errors that can arise due to the simplified modelling and
wrong settings.

B. Identifying Critical Areas

The first step of the post-processing procedure is to identify
the critical areas. This is necessary in order to specify where
component failure could occur or at least must be assumed.
The maximum equivalent stress σV in MPa, the deformation
d in mm and the plastic strain εpl in % are used as decisive
variables. In general, the higher the level of model detail,

(a) (b)

Fig. 6. Stress distribution at the support frame’s upper front area after applying
the diagonal upwards pull; shown is the model with applied nominal stress
concept.

the higher the resulting σV . Additionally, the meshing also
has an effect and can lead to very high stresses at corners
and edges, which do not occur in reality. Especially for the
nominal stress concept, it must be taken into account that the
stresses at the 90° transition are due to singularity and should
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not be used for evaluations, see Figure 6. It turns out that the
weld and the eyehook are the areas that experience the highest
stresses. This holds true for all investigated components. In
most cases, the weld and not the eyehook is the component
where a possible failure must be assumed. Therefore, these
two parts in particular are taken into account and evaluated in
the following.

C. Determination of the Plastic Support Number

In order to be able to evaluate the critical areas, the static
strength of the weld and the eyehook is assessed. This gives
the possibility to make a statement about the maximum load
capacity of the examined component. Conclusions can then
be drawn from this about the requirements to be met in the
standards. This component-specific result can then also be
used to draw conclusions and make statements about similar
components from other machine model series. However, this
is the content of chapter IV.

The static strength of the weld and the eyehook are assessed
with the aid of the plastic support number npl. The latter is
determined by considering the elongation criterion K ′p and the
plastic form factor Kp, see formula (1) below. All three weld
modelling concepts as well as both critical areas, weld and
eyehook, are evaluated individually. The evaluation is based
on the results of the linear and non-linear FEA.

npl = min(K ′p;Kp) = min

(√
Eεtol
Re

;
Lpl

Lel

)
(1)

1) Elongation Criterion: This determination of K ′p is based
on the linear FEA and strictly adheres to [9]. This represents
the more conservative approach, which gives little to no
information about the components actual maximum load limit.
It is based on [11] and assumes linear material behaviour.
The calculation process of K ′p is independent of the applied
weld modulation concept. In the first step, σV and σH are
determined from the linear FEA. The former is defined as

σh =
σx + σy + σz

3
(2)

according to [8]. The multiaxiality h can be determined by

h =
σH
σV

=
σx + σy + σz

3σV
. (3)

With the help of the definition εref = A% and h the tolerable
plastic strain εtol at the critical area can be determined, see
formula (4) below.

εtol =





εref for h ≤ 1/3

ε0 + 0.3

(
εref−ε0

0.3

)3h

for h > 1/3
(4)

Table III shows all specified strains in dependence on the
weld modelling concept. The structural stress concept is an
exception, here εtol = 5% always applies. The tolerable equiv-
alent stress according to the elongation criterion is defined as
σtol = K ′pRe.

TABLE III
SPECIFIED STRAINS FOR EVALUATION OF K′

p ACCORDING TO [9].

Nominal Stress Structural Stress Notch Stress
ε0 5% 5% 5%
εref A% A% 17%

2) Plastic Form Factor: The determination Kp is based on
the non-linear FEA and takes [10] into account. This leaves
the engineers a certain amount of leeway in which own limits
can be specified. Kp is determined by definition from the ratio
of the plastic load limit Lpl and the elastic load limit Lel. Due
to the unitlessness it does not matter whether an actual load L
in N or a load factor (LF) is used. Thus, Kp can alternatively
be defined as

Kp =
LFpl

LFel
=
Lpl

Lel
. (5)

The elastic load factor LFel can be determined, thanks to the
linear material law, by applying a simple rule of three. Since
σV used in calculations is taken when applying Fproof , an
additional multiplication with Spf is necessary. Thus LFel is
defined as

LFel =
ReSpf

σV
. (6)

LFpl, on the other hand, is defined as the load factor acting on
the investigated component when εpl = 15% is reached for
the first time in the critical area of the weld or the eyehook.
The decision to limit the maximum allowable plastic strain to
εtol = εpl = 15% is based on a company internal criterion
in order to have sufficient safety up to the materials A%. The
tolerable equivalent stress according to the plastic form factor
is defined as σtol = KpRe.

IV. RESULTS

Due to a confidentiality clause, no concrete values for
stresses or yield strength’s are given. Additionally, all illus-
trations are depicted with normalized legends.

A. Component

The submodel’s critical area under investigation is the eye-
hook, respectively the upper part and the eye itself, highlighted
in Figure 7. The reason for that is that the lifting equipment
only directly acts on the upper part while the lower area
is already influenced by the weld, which does not allow an
influence-free evaluation of the eyehook itself.

Fig. 7. Investigated and evaluated upper part of the lifting eyehook.
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For the calculations necessary to determine K ′p the average
equivalent stress σV,avg and the average hydrostatic stress
σH,avg of all three concepts is used. In Figure 8 σV and σH
are shown with the focus on the detail of Figure 7.

Min

Max

(a)

Min

Max

(b)

Fig. 8. σV (a) and σH (b) taken from the structural stress model.

Table IV below represents all essential results necessary to
calculate K ′p. The notch stress concept is evaluated separately
since εref is defined differently in [9].

TABLE IV
EVALUATION OF THE EYEHOOK ACCORDING TO [9].

Nominal & Structural Stress Notch Stress
h 0.39 0.39
ε0 5.00% 5.00%
εref 22.00% 17.00%

εtol 20.52% 15.40%
K′

p 11.03 9.55

According to K ′p ≥ 9.55 the eyehook is capable of with-
standing over nine times the load which is necessary to reach
σV = Re. Nonetheless, K ′p is the upper limit which is rarely
decisive for determination of npl [12].

For the evaluation by the plastic form factor Kp it is not
necessary to differentiate between all three weld modelling
concepts, as these have no actual influence on the upper part
of the eyehook. Through incorporation of formula (6) into
formula (5) it is possible to obtain

Kp =
σV
Re

LFpl

Spf
. (7)

The high plastic strains and deformations, see Figure 9,
occurring in the non-linear simulations are very local effects. A
reason for this is the type of force application, which seems
to be too conservative. For this reason, and due to the fact
that these extreme strains and deformations will not occur in
reality, LFpl = 4.00 can be guaranteed nevertheless [13].

Min

Max

(a)

Min

Max

(b)

Fig. 9. Plastic strain at the eyehook after applying loads up to Sbf = 4.00.

By inserting LFpl = 4.00 and Spf = 1.50 as well as
the characteristic values for Re and σV into formula (7) it
is possible to determine Kp. In this case Kp = 4.69, which
means the eyehook is capable of withstanding four-point-sixty-
nine times the load which is necessary to reach σV = Re.

B. Weld

The weld concepts are examined individually as each con-
cept leads to different results, due to the different level of
detail in the modelling process. For the evaluation, mainly the
weld toes between the upper and lateral cover plates and the
weld itself are considered. Due to the load case dealt with,
the area highlighted in Figure 10 is of great interest, as the
greatest stresses occur here.

1

2

3

Fig. 10. Critical area of the fillet weld at the front lifting point with eyehook
(1), fillet weld (2) and upper cover plate (3) shown in Ansys (left) and on the
real machine (right) [13].

The evaluation of the weld concepts according to the
elongation criterion leads to the results in Table V below. The
nominal stress concept has the highest value of all concepts
with K ′p = 10.00. Beside that it has also the lowest σV
when Fproof is applied. The reason for this is that there is no
weld which can influence the stress distribution. The structural
stress concept is the most conservative of all concepts with
K ′p = 5.44. Since it is a fillet weld, an additional weld
factor of αW = 0.8 must be considered to determine σV,tol.
Thus σV,tol is defined as σV,tol = K ′pReαW . The result of
the notch stress concept is, despite the highest stresses, with
K ′p = 8.82 between the other two concepts. According to the
evaluation by applying the elongation criterion, the weld with
modelling based on the structural and notch stress concept
would already fail when applying the Fproof and only the
nominal stress concepts would prevail. This can be stated,
since σV,tol determined with K ′p is lower than σV reached
by the linear FEA.

TABLE V
EVALUATION OF THE WELD CONCEPTS ACCORDING TO [9] AND LINEAR

FEA

Nominal Stress Structural Stress Notch Stress
h 0.54 0.59 0.47
ε0 5.00% - 5.00%
εref 22.00% - 17.00%

εtol 16.89% 5.00% 13.15%
K′

p 10.00 5.44 8.82

The plastic form factor Kp for each weld modelling con-
cept is determined by substituting the characteristic values,
obtained by the linear and non-linear FEA, into formula (7).
The more detailed the modulation becomes, the smaller LFpl

gets, which means the earlier εpl = 15% is reached. As with
the elongation criterion, mainly the weld toes in the critical
area are considered. The nominal stress concept reaches the
highest LFpl. It can even be assumed that LFpl ≥ 4.00, since
εpl ≤ 15%. This leads to Kp = 9.00, which means that
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stresses of up to nine times of the material’s Re are allowed
before failure at the weld toe must be assumed. In Figure 11
the plastic strain at the area where the weld would normally
be is depicted.

Min

Max
Max

Min

Fig. 11. Plastic strain εpl of the nominal stress concept at the weld area.

The structural as well as the notch stress concept turn out
to achieve relatively small plastic load factors of LFpl = 1.70
and LFpl = 1.20. These indicate that a failure of the weld
is already possible at a load in the proximity of Fproof . This
does not to correspond to reality, as it has also been proven by
[13]. The resulting form factors of Kp = 6.90 and Kp = 9.23
suggest a high maximum load limit, but this is not the case.
The reason for this is that the elastic load limit Lel is relatively
low, i.e. the condition σV = Re is fulfilled relatively early.
This is confirmed by the high equivalent stresses σV of the
two concepts although only Fproof is applied. These stresses
should not be used as the sole basis for evaluating the weld.

Min

Max

(a)

Min

Max

(b)

Fig. 12. Plastic strain εpl at the weld based on the structural (a) and notch
stress concept (b) after an applied load factor of LF = 2.00.

In Table VI an overview of all aforementioned Kp’s is given.

TABLE VI
WELD EVALUATION BASED ON THE NOMINAL, STRUCTURAL AND NOTCH

STRESS CONCEPT.

Nominal Stress Structural Stress Notch Stress
Spf 1.50 1.50 1.50
LFpl 4.00 1.70 1.20

Kp 9.00 6.90 9.21

C. Result Overview & Explanation

In Table VII an overview of all determined values for K ′p
and Kp is given. Besides that the plastic support number npl,
which is based on formula (1), is also stated. As mentioned in
[10] and [12], in almost all cases the plastic form factor Kp is
the decisive criterion for determining npl. For the eyehook,
npl = 4.69 is the same for all three concepts, since the
modelling of the weld has no influence on the eyehooks load
capacity. The slightly different values of K ′p are due to the
different specifications given in [9]. More interesting, however,

is the evaluation of the weld and its different modelling
concepts. The application of the elongation criterion shows
different values for K ′p for all three concepts. The plastic form
factor Kp is similar for the nominal and notch stress concept
but they may not be compared directly. The same is true for
the structural stress concept, which stands out because K ′p is
significantly smaller than Kp and decisive for the definition of
npl. However, as mentioned before, the structural and notch
stress concept must be viewed very critically in this case.

TABLE VII
DETERMINED VALUES FOR K′

p , Kp AND THE DERIVED npl

Nominal Stress Structural Stress Notch Stress
Eyehook
K′

p 11.05 11.05 9.55
Kp 4.69 4.69 4.69

npl 4.69 4.69* 4.69

Weld
K′

p 10.00 5.44 8.82
Kp 9.00 6.90 9.21

npl 9.00 5.44* 8.82
*additional weld factor αW not included

In order to make a statement about the compliance with the
applicable standards one can not directly use the determined
npl. The reason for this is that npl only provides a statement
about how far the investigated part or component can be loaded
beyond the material’s Re.

V. GENERAL EVALUATION

This chapter is dedicated to the assessment and evaluation
of the FE simulations. It aims to provide a clear and structured
overview of the most important results. The focus is not only
on the explicitly treated component from section II-C and
IV, but takes into account all investigated components and
structures.

A. Plastic Strength Reserves

As the investigations have shown, the plastic strength
reserves of industrial steel are considerable. Regardless of
whether Spf or Sbf specified in the standards are fulfilled,
the elastic load limit Lel can be exceeded many times over
by Lpl without having to assume component failure. If the
elongation criterion, which is rarely decisive for determining
the plastic support number npl, is ignored, the non-linear
FEA consistently delivers high results for npl which indicate
massive plastic material reserves. Nonetheless, the accuracy
of the results should always be questioned and considered
more critically. The reason for this is that the mathematical
representation of a real problem can only be made with sim-
plifications and assumptions, which can falsify the results. This
can already have considerable effects in linear FE-simulations,
but in non-linear FE-simulations such wrong assumptions and
simplifications are even worse and can hugely influence the
results.
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B. Compliance with Standards
The applicable standards specify a proof factor Spf and

breaking factor Sbf that the component or structure has to
fulfil. Since the focus of this work is set on plastic material be-
haviour, the breaking factor Sbf , which allows plastic material
behaviour, plays an essential role. The plastic support number
specified by the standard npl,ISO = Sbf/Spf is determined
by the ratio of both factors. In Table VIII all npl,ISO to be
fulfilled are listed.

TABLE VIII
PLASTIC SUPPORT NUMBERS npl,ISO SPECIFIED BY THE STANDARDS.

Operation npl,ISO

Retrieval acc. to [3] and [7] 1.50
Lashing acc. to [2] 1.60
Lifting acc. to [2] 2.67

With the help of Table VIII, it can be checked whether
the examined components and structures meet the standards
or not. For this purpose, the LFpl obtained from the non-
linear FE-simulation is used, since it corresponds to the factor
that the component can be loaded beyond the materials Re.
Since a tolerable plastic strain of εtol ≤ A% is already
considered during the evaluation process, there is no need
to assume failure. If LFpl ≥ npl,ISO the standard is met,
if LFpl < npl,ISO the standard is not met. In Table IX
this compliance with the applicable standard is shown for the
investigated front lifting point of the crawler tractor PR746.

TABLE IX
COMPLIANCE OF THE CRAWLER TRACTOR’S FRONT LIFTING POINT WITH

ISO-15818.

Nominal Stress Structural Stress Notch Stress
Eyehook

LFpl 4.00 4.00 4.00

Compliance?

Weld
LFpl 4.00 1.70 1.20

Compliance? x x

As already mentioned before, the structural stress and notch
stress concept would indicate that the lifting point does no
fulfil the applicable standards criterion. But as it has also been
proven by a real structural test, this is not true. Once more this
shows that the results of non-linear FE-simulations and the
applied weld modelling concepts have to be viewed critically.
Table X below lists all investigated components, applicable
standards and their compliance.

TABLE X
COMPLIANCE OF ALL INVESTIGATED COMPONENTS WITH THEIR

APPLICABLE STANDARDS.

Component Machine Standard/s Compliance
Counterweight PR726 [2], [3]
Counterweight PR746 [2], [3]
Counterweight PR766 [2], [3]
Fall Protection PR776 [14], [15]
Lifting Point PR746 [2]
Lifting Point PR736 [2]
Lifting Point T55-7 [2]
Lashing Point T55-7 [2]

C. Applicable Methodology

In order to avoid time-consuming calculations and simu-
lations for similar components in the future, npl determined
from these investigations should be able to be converted and
applied on similar components. This methodology is briefly
explained below. With the linear FEA the elastic load limit
Lel is determined by

Lel =
σV
Re

Fabs (8)

where Fabs is the applied load. The next step is to determine
the plastic load limit Lpl with

Lpl = LelKp = Lelnpl. (9)

The final step is then to compare Lpl with the breaking force
Fbreak given by the standard applicable. If the condition Lpl ≥
Fbreak is fulfilled, it can be assumed that the standard is met.
Additionally, one should calculate σV,tol by inserting npl and
the material’s Re into formula σV,tol = nplRe. The resulting
σV,tol gives an indication about the tolerable stresses that can
be reached in the linear FEA.

D. Modelling of Welds

It is hardly possible to make a generally valid statement
about when which concept should be applied. Nonetheless,
some statements about the modelling of welds in general can
be made from the obtained results. From a purely economic,
time-consuming and cost-technical point of view, the nominal
stress concept makes the most sense. It leads to the fastest
computation times, has the lowest modelling effort and con-
sistently delivers results, which allow a good assessment of
the component’s actual behaviour. The structural stress and
notch stress concept, on the other hand, entail a much higher
modelling and computational effort. Furthermore, the results
must be considered more critically, since singularities can
occur due to both the meshing and the geometry itself, which
can lead to a falsification of the results. Nevertheless, these
concepts can help to identify critical areas of the weld and
thus show where possible cracks and fractures can occur. The
usefulness of accurate weld modelling is highly dependent on
the component and load case. For small welded components
such as the cab lifting point or the personal fall protection, the
application of the structural stress or notch stress concept is
useful to obtain more accurate results. For large components
and structures such as the counterweights or the front lifting
point examined above, the effort of modelling the weld more
accurately is not always worthwhile.

E. Improvements of Simulation Inaccuracies

In-depth investigations often reveal points that need to be
improved. In the course of this work it became apparent
that certain modelling approaches that are used for linear
FE-simulations should not be transferred to non-linear FE-
simulations. The force application at the eyehook can be taken
as a concrete example. The application of force used leads
to a result falsification when non-linear material behaviour is
considered. The deformations reached do not occur in reality,
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which is also confirmed by [13]. Due to this, two alternative
methods of force application were modelled and simulated,
see Figure 13 below. These are clearly less destructive than
the initial method, shown in Figure 9, and thus can be brought
closer to the results of the real structural test, see Figure 14.
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(b)
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(d)

Fig. 13. Result comparison of the two alternative methods for force applica-
tion at the eyehook, with little to no effect on the weld area.

(a) (b)

Fig. 14. Results of the real structural test show that the actual deformations
differ from the results provided by the non-linear FE-simulations.

VI. CONCLUSION

The original objective of this work, an investigation of
the non-linear material behaviour under loads surpassing the
materials yield strength and the utilisation of this behaviour to
meet the applicable standards, was successfully investigated
and confirmed. As it turned out, some of the components
examined have immense plastic reserves, which go far be-
yond the standards. The additional investigation of different
concepts for modulation of welds showed that the these results
should be viewed critically and with caution. This is because,
depending on the component being investigated, more accurate
modelling does not always provide more accurate results.
Two questions remain open, namely whether and to what
extent these simulations correspond quantitatively with reality
and to what extent the results obtained can be converted to
similar components and machine types. Nevertheless, these
numerical investigations have resulted in some new findings
and understandings, which in turn have opened up new pos-
sibilities and perspectives. These can in turn be taken into
account and consulted for future investigations and help to
guarantee maximum safety for user and machine, even in
extreme situations.
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Experimental Determination of the Bending and
Torsional Stiffness of an Alpine Ski.

Hannes Alexander Schwendinger and Franz-Josef Falkner (supervisor)

Abstract—The development of alpine skis is currently strongly
dependant on the designers and ski-testers empirical knowledge.
Though, geometrical and mechanical properties are crucial for
skiing performance. A ski is layered from various materials, such
as wood, metals, composites and other polymers to a sandwich
system. This layout provides a complex mechanical structure, and
therefore, the distribution of bending and torsional stiffness is not
readily available. Anyhow, it is still possible to describe bending
and torsion with the basic mechanical concepts. To determine the
stiffness values of a ski, knowledge of deformations and the acting
loads allow an indirect measurement of those parameters. In
order to get rid of the influence of measurement uncertainties, the
mechanical laws are not applied directly. A virtual bending line /
torsion line is fitted on the measurement data, where the stiffness
values are the parameters to be optimized. The outcome of this
procedure provides qualitative and quantitative distribution of
the bending and torsional stiffness. The result of the bending
stiffness is very promising, whereas the outcome for the torsional
stiffness has a chance for improvement, especially regarding the
mechanical measurement.

Index Terms—Alpine Ski, Measurement of Bending and Tor-
sional Stiffness, FEM Validation, Optimization Procedure, Com-
posite Materials.

I. INTRODUCTION

ALPINE skiing is one of the most popular winter sports
in the Austria [1]. Therefore, also the need of the related

gear is high. In 2018/19, around 430 000 pairs of ski where
sold in the Austrian shops. That is why ski manufacturers, such
as HEAD, are steadily developing new alpine skis. Despite
the big market, this procedure is still quite conventional.
Skis are mostly designed based on empirical knowledge of
the engineers and ski-testers, although today‘s possibility of
simulation and design are highly advanced. The performance
of alpine skis is not as empirical as the current development
procedure. It is strongly linked to the geometry and the
mechanical properties, such as bending stiffness (BS) and tor-
sional stiffness (TS) [2], [3]. While the geometry is available
for the designing process, the stiffness values are not. The
current procedure for developing new skis happens iteratively.
Engineers are designing and manufacturing a prototype, which
is then accessed by a test skier. Since it is most of the time
not possible to immediately design a perfect ski, there are
several loops to improve the prototype. With the knowledge
of the stiffness properties of developed skis, more descriptive
methods can be applied for the development. Which means
that the mechanical parameters can be specifically used. In
this way it is most likely possible to speed up the designing
process, save costs and even further improve alpine skis. Also
the validation of finite elements method (FEM) simulations
would be possible.

A. State of the Art

HEAD does several measurements to check the quality of
their products, such as fatigue strength, breaking and ageing
tests. The products provide highest quality. The mechanical
properties are also investigated. The standard ISO 5902 reg-
ulates a “flex”-measurement regarding bending and torsion
of alpine skis. Those measurements do not have to fulfill
any boundaries or given values, they just have to be carried
out. Resulting BS and TS values are just averaged and not
really precise. The results are not used for the development
procedure.

Truong et al. developed a method to measure the distribution
of BS and TS of alpine skis. They make use of the mechan-
ical relation between deformation, a load and the stiffness.
Therefore, the ski is deformed in a combined way with a
force and torque load. The curvature of the ski is measured
in both horizontal directions. With the knowledge of load and
deformation the BS and TS can be determined [4].

The Canadian company Sooth Ski developed a device for
the measurement of BS and TS distribution as well as the
geometry of alpine skis. The measurement is as well based
on deformation. The used sensors are precise lasers. More
details about the data analysis and stiffness computation are
not mentioned. The values for the BS and TS are averaged for
100mm segments [5].

Wikerman developed methods to measure the BS and TS
as well. The BS is determined by measurement of bending-
line (BL) of a deformed ski with image processing and
measurement probes. A constant bending moment is applied
to the ski. The ski length is discretized to finite elements (FE)
and the BS is computed by a least squares minimization. To
measure the TS, the ski is loaded with a constant torque. To
record the torsion angle, lasers are attached to the ski, pointing
on a board to visualize the rotation angle. Again, the length
of the ski is discretized to FE to compute the stiffness [6].

B. Motivation

Currently carried out stiffness measurements at HEAD are
not usable for development of alpine skis. Anyhow, the knowl-
edge of BS and TS distribution can bring the development
procedure of alpine skis to a higher level. Speeding up the
designing procedure, saving costs and further improvement of
alpine skis are just some benefits. Another important aspect
is the validation of FE models, which are currently still in a
development phase. Also the comparison of already existing
ski-models would be possible on a more formal way in
comparison to an empirical opinion of ski testers.
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C. Objective
A qualitative and quantitative measurement, respectively de-

termination, of the BS and TS distribution for alpine skis. The
maximum measurable ski length should be around 2155mm,
which is equal to the longest downhill ski. Maximum width of
the ski should be around 160mm, which can be the case for
freeride skis [7]. The measurement needs to happen without
destroying the skis and should happen in an adequate time
span, without the need of adjustments at the ski itself. It should
be simply put into the device to be measured. A deformation
of the ski for the bending test should be initialized by a force
of maximum 500N and result in a maximum deflection of
100mm. The maximum torque acting on the ski should be
around 75Nm, leading to a maximum torsion angle of 30◦.
Determined values for the BS and TS should have a precision
of ±5% of their maximum value.

II. THEORETICAL BACKGROUND

In order to meet the desired skiing performance, alpine skis
need to have a unique structure. The needed stiffness values of
skis are reached with the layering procedure. Neglecting the
complex structure of the ski, the basic mechanical relations are
still valid. For the determination procedure, some numerical
procedures are needed.

A. Structure of an Alpine Ski
Modern skis are available in countless shapes and styles to

fit users demands. Beside the different geometries also the BS
and TS are strongly variable and important for the performance
[2], [3]. HEAD provided two test skis for the development
procedure of the experiment. Those are standard all-round skis
with a length of 1600mm and a centre width of 70mm, shown
in Fig. 1.

Fig. 1. Exemplary alpine ski, in this case a test ski for BS and TS
measurement.

Modern alpine skis are layered to a sandwich system.
The core is usually a conical wood board covered with
various materials, such as glass reinforced plastic (GRP),
carbon reinforced plastic (CRP), metals rubber and other
polymers. This combination of highly different materials,
regarding the mechanical properties, makes the ski a complex
structure. Isotropic, anisotropic and orthotropic materials are
compounded to generate the needed properties. An exemplary
structure is shown in Fig. 2.

Fig. 2. A HEAD WC CAP Construction: 1 Top Sheet, 2 Glass Fleece, 3
Titanal Layer, 4 Glass Fibre, 5 Wood Core, 6 Graphene, 7 Side Wall, 8 Edge,
9 Dampening Layer, 10 Reinforced Fibre Glass and 11 Base. [7]

B. Bending Beam

Despite the complex structure of alpine skis, the mechan-
ical principle to describe the bending is rather simple. The
conventional Euler-Bernoulli beam theory is applied, because
the shape of a ski can be described by a beam. It is assumed
that rather small bending deflections result in a plane cross-
section which also stays perpendicular to to the beam axis.
For a small deflection, the rotation angle of the cross-section
can be approximated with dw

dx which finally leads to the ODE
for a slender beam [8]

M(x) = −EI(x)d
2w

dx2
= −EI(x)w′′. (1)

Since the BS is the unknown parameter and is additionally not
constant the formulation for a ski reads as

EI(x) = −M(x)

w′′
. (2)

For this inhomogeneous beam the BS, EI(x) has to be handled
as one parameter. The ski is basically simplified to a planar
single-span beam, schematically shown in Fig. 3.

x

w(x)

F

Fig. 3. The Ski is handled as a usual planar single-span beam. It is loaded
with a single force, introducing a bending moment. Deflection of the beam is
denoted as w(x).

To prove the concept of the mentioned theory, a composite
beam example with high similarity to a ski is tested at a three-
point bending test. The difference is a non-changing cross-
section over the beams length. The BS is calculated by

EI =
n∑

i=1

Eibih
3
i

12
+ bihi(zi − zn)

2 (3)

to compare the result of the bending test with the theory. In
comparison to a homogeneous cross-section, the composite
one has a shifted neutral axis

zn =

∑n
i=1AiEizi∑n
i=1AiEi

(4)

calculated with the parallel axis theorem [9]. In this case E
is the Young‘s modulus, b the width, h the hight and z the
centre point of each layer i.

C. Torsional Beam

In analogy to the bending beam, the torsional beam is also
described by the standard differential formulation, reading as

dθ

dx
= θ′ =

Mt

GIt(x)
. (5)

The ski in this case is considered at cantilever beam with a
torque, applied to the free end, shown in Fig. 4.

158



x GIt

θ(x)
Mt

l

Fig. 4. Torsion of a beam suspended as a cantilever with a length l and a TS
GJt. The acting torque Mt rotates the beam with an angle θ(x).

A theoretical calculation of TS for a composite beam is
not possible analytically. Torsion of a composite beam will
always lead to a combined load and tend to have a warping
cross-section [10].

D. Optimization Algorithm

Due to problems with a direct application of the mechanical
laws to the measured data, a least squares minimization pro-
cedure is used to search for the BS and TS. Within MATLAB,
the lsqnonlin(...)-function is used to solve the problem. This
function is based on a trust region method (TRM), which is
basically an iterative procedure to search for the minimum
of a function [11]. Around a starting point, a trust region
is formed. Here, the function is approximated with a second
order Taylor series approximation. With the minimum of the
region, a new point is defined as well as a new trust region
around it. Again the function is approximated and minimized
for the new region. This procedure is repeated as long as a
stop criterion is reached, such as a minimum solution change
[12].

To solve a boundary value problem (BVP) within the opti-
mization procedure, the MATLAB-function bvp5c(...) is used.
Here, finite differences (FD) is exploited to solve differential
equations while approximating derivatives [13]. FD is a rather
old methodology, still is is a quite simple but powerful tool
to solve differential equations [14], [15]. A grid function is
used to discretize the domain, which means that the function
is only defined at discrete points. All needed derivatives are
also available at those points, calculated by divided differences
and Taylor expansion [15].

III. METHOD

A direct measurement of BS and TS is not possible. With
the use of the mentioned mechanical relations an indirect
measurement is carried out. Meaning that the stiffness values
can be determined by known load application and the resulting
deformation. In order to load and measure alpine skis, a
device, the so called ski test bench (STB), is designed and
manufactured. The recorded data needs to be conditioned and
evaluated to compute the desired stiffness distributions.

A. Ski Test Bench
The STB, shown in Fig. 5, basically consists of an alu-

minium frame to which all needed parts and modules are
mounted. A control cabinet is attached within the frame,
housing the data acquisition (DAQ) board, a controlled power
source as well as the control unit for a linear actuator. Supports
for the ski suspension are mounted to the left and right end.
A bending module is attached to apply a bending moment
as well as a torsion module can be used to apply torque.

The measurement head is attached at the top of the frame
to record the introduced deformations. All parts, beside the
control cabinet, are movable. Linear scales are attached to
simplify positioning.1 2 3

4 5 6 7 8

x

yw

Fig. 5. Ski test bench setup: 1 control cabinet, 2 linear guide, 3 measurement
head, 4 front suspension, 5 torsion module, 6 Item frame, 7 bending module
and 8 rear suspension.

Special supports are designed and manufactured to ensure
the suspension of the skis. They consist of pedestal bearings,
ensuring a free rotation of the ski at the support points. The
front suspension, acting as the floating bearing does not allow
a clamping of the ski, where the rear suspension has an
integrated toggle clamp to block horizontal movement. The
rear support also provides the possibility to block its rotation.
In this way it can also be used for the torsional test, which
requires a cantilever beam configuration. Both suspensions are
designed in a way, that the ski is directly positioned at the
rotation point of the bearing.

To apply a force to the ski, resulting in a bending defor-
mation, the bending module is used. It basically consists of
an electrical linear actuator placed in a scissor mechanism. A
force sensor with a range of 0 to 500N is mounted to the top
of the module measuring the load on the ski. The mechanism
provides a lifting hight of 120mm and a maximum force
slightly extending the sensors range. It is slide-able along the
frame to adjust the desired force introduction position.

For the torque application, a torsion module is designed and
manufactured. The main idea is to fix the ski in the module in
a way, that the centre-point of the ski-cross-section is directly
at the rotation-axis. The mechanism is schematically shown in
Fig. 6. A rotating plate connects the ski to three ball bearings,
which allow only one degrees of freedom (DOF), namely the
rotation θ. The torque is applied with a lever. Once the ski
is twisted, the mechanism is blocked by two spring plungers,
which translate the torque to a force sensor.

θ

Ball bearings

F

Force sensor

Ski
Rotation Plate

Fig. 6. Rotation mechanism for torque application. Ski is placed on rotary
plate suspended by ball bearings. A force sensor measures the applied torque.
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To record the BL, respectively torsion-line (TL), a measure-
ment head is attached to the top of the device. It is connected to
the frame with a linear guide, allowing a horizontal movement
in the x-direction. End stops allow adjustment to different ski
lengths. The vertical displacement, w-direction, is measured
with a highly precise optical linear encoder. It provides a
maximum resolution of 2 nm [16]. A probe is fixed to the
sensor, guided by a linear conduction to sense the ski surface.
The mechanism can be arrested in its initial position by a
spring plunger. For the recording of the horizontal position,
x-axis, a rotary encoder is attached to the measurement head.
With a gear-wheel it is connected to a gear-shaft placed at the
frame. With an X4 counting scheme, it is possible to generate
a horizontal resolution of 0.02mm. To record the TL, it is
necessary to measure two traces on the ski-surface for an angle
calculation. For this, the measurement probe can be shifted in
y-direction. Two end-stops ensure precise positioning for the
measurements.

B. Bending Stiffness
The ski is suspended with the front and rear suspension

as single-span beam. Running surface on the top. Shown in
Fig. 7. The bending module is placed in the centre of the ski.
Since the ski commonly provides pretension, it is not flat. The
theory behind a bending beam is based on a straight beam.
To avoid this problem a referenced measurement approach
is carried out. Therefore, the ski is slightly bended with the
bending module. Which means that the applied displacement
is around 10 to 20mm. Now, the measurement head, moreover
the probe, is placed on the running-surface of the ski at
the rear suspension. The probe is moved over the length of
the ski to the front suspension to record a reference BL.
Simultaneously, the applied force is measured. Now, the ski
is further deformed, shown in Fig, 7. The bending module
is, depending on the ski, lifted between 30 and 60mm.
Again the BL and force is recorded. With the calculation of
the differences between both measurements, the final BL is
calculated.

Fig. 7. Bending test: A ski in the deformed measurement configuration within
the STB.

The DAQ happens with MATLAB. A graphical user in-
terface (GUI), shown in Fig. 8, is programmed for the
measurement procedure. By simply selecting a measurement
duration, a filename and pressing a button, the measurement
can be started. After the given time is up, the recorded BL is
plotted. Applied force, torque and displacement is visualized.
Recorded data is saved to the selected filename.

Fig. 8. MATLAB measurement GUI.

The recorded data needs to be conditioned for the determi-
nation of BS. First of all, the offset, coming from the reference
position of the vertical encoder needs to be reduced. Due to
the different resolution of the horizontal and vertical sensors,
one horizontal sample provides several vertical samples. This
data is reduced by averaging. Although the signals are both
digital, a very small ripple occurs, shown in Fig. 9. This may
comes from the measurement itself or from the mechanism.
For the computation of the BS, this leads to problems. The
BL needs to be filtered.
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Fig. 9. Close-up of BL data before and after filtering.

The approach in this case can not be a conventional low-
pass-filtering. The given data is not time dependant. A filtering
procedure over the wavelength is applied. As the ripple pro-
vides a wave length, which is mechanically not possible, it
needs to be excluded. To do so, a wave spectrum analysis
is carried out. For this, the fast Fourier transform (FFT)
is applied. By investigations of the occurring wave lengths,
respectively the corresponding wave-numbers in Fig. 10, it
can be seen that they widely extend the plausible range. To
reduce this unwanted ripple, a maximum wavelength is defined
with 20mm. Everything lower is cut off. The BL is than
recreated by use of the inverse fast Fourier transform (IFFT).
The finished BL is shown in Figure 11 and the comparison of
the filtered and unfiltered signal is shown in Fig. 9.
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Fig. 10. Wave-spectrum of the BL.
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Fig. 11. BL generated out of subtraction of reference measurement from
deformed measurement.

The bending moment is defined as piecewise polynomial.
The conditioned BL, the force data and the bending moment
data is saved to the current folder. For the determination of
the BS, a separate MATLAB script loads the conditioned
data. Since the BL still has some uncertainty in it, it is
not possible to directly apply the mechanical law. Using the
second derivative of w(x) would lead to a high unstable result,
because the already very small fluctuations on the BL will be
amplified. That is why the approach is to fit a virtual BL to
the measured data, as shown in Fig. 12. The main idea is
to set up a least squares minimization procedure, reducing
the error between virtual bending line and measured data.
The optimization parameter is the BS. Within MATLAB, the
function lsqnonlin(...) is used to solve this non-linear least
squares minimization. As objective function, the mentioned
mechanical relation is used. Since this objective function is a
second order ordinary differential equation (ODE), it is solved
with bvp5c(...). The second order ODE must be rewritten as
system of first order ODE to be solvable.

w(x)

x

l

Fig. 12. A virtual bending line (orange) is fitted to the measured data (blue).
The parameter which is optimized is the BS. l is the length of the ski,
respectively the length of the BS determination.

For the determination of BS, the first and last 80mm of
the BL are neglected because the supports may influence the
stiffness. For the optimization procedure, lower and upper
boundary values are needed, as well as initial values. The
boundaries are defined by a range, which easily extends the
possible stiffness range of the ski, but limits the procedure
to a certain area. The initial values are firstly inserted as
a common average stiffness of a ski. At the beginning, the
problem is solved for a constant distribution of BS to generate
an appropriate initial value. Afterwards, the problem is solved
for the distribution of BS. The difference in the solver settings
is just the number of supporting points (SP) and the initial
value. For the constant BS calculation, the number of SP
is 1. For the distribution of BS, the rule of thumb is to
use one SP for every 100mm of measurement length. The
regions in between the points is interpolated with a Hermitian
interpolation polynomial of third order to enable a smooth
transition. Once the determination of BS is carried out, the
BL is recalculated from the determined stiffness and the error
between the measurement and the determined BL can be
investigated.

C. Torsional Stiffness
For the measurement of the TS, the ski is suspended as

cantilever beam with the rear support. The torsion module is
used to create a rotating support at the front end of the ski.
The ski is rotated, depending on the length and stiffness, for
about 10 to 30◦. In order to measure the rotation angle over the
length of the ski, two measurements are required. As shown in
Fig. 13, the measurement probe is used to measure two traces
with a defined distance d in between. For the data recording,
the same MATLAB GUI is used as for the bending test (Fig.
8).

Fig. 13. Torsion test: Cross-section of the ski is rotated around its centre line.
Two traces are recorded during the measurement to recalculate the torsion
angle θ.

The recorded data is again conditioned before the TS
computation. The initial offset to the reference position is
subtracted. Whereas the different traces already provide a
rotation angle at the beginning of the measurement, the initial
position needs to be subtracted with respect to one of the
traces. A data reduction is carried out due to the different
resolution of the horizontal and vertical sensor.

Since the measurement procedure is identical to the one
applied for the BL measurement, it is necessary to filter the
signal again. Basically, an equivalent procedure is applied. The
filtering happens over the wave-length within a wave-spectrum
analysis. It has to be mentioned, that the TL does not meet
one important aspect to carry out the FFT. A signal for this
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analysis needs to be periodic. This also is not true for the
BL, but a concatenation of several similar signals would be
periodic and would have a stable and smooth transition. This
is not true for the TL. A concatenation of those curves would
not lead to a smooth transition, it is contrary. A sudden jump
over the whole amplitude would appear. That is why the signal
needs to be modified. The TL is attached to itself in a mirrored
format. Which means that the curve is extended to ensure a
stable transition. With the created curve, the same filtering
procedure as for the BL is applied. In this case the maximum
wave-length is set to 100mm, which was established during
the application. After the filtering, the data is again reduced
to the initial length. The torsion angle is calculated of the two
filtered traces by

θ(x) = atan

(
w1(x)− w2(x)

d

)
, (6)

where w1(x) is the vertical displacement of the first trace and
w2 of the second. The TL is shown in Fig. 14. d represents the
distance between both traces. The torque is constant over the
length of the ski. Nevertheless, it is defined as a polynomial to
stay with the same procedure compared to the BS computation.
The conditioned data is saved to the current folder.
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Fig. 14. Calculated torsion line after filtering.

A separate MATLAB script reads in the necessary data from
the current folder. Equivalently to the bending test, the TL is
not used over the whole length. The first and last 50mm are
not considered for the computation. Again the torsion angle
θ is just present as derivative, which would also lead to an
unstable result of TS due to the non-perfect dataset. The same
procedure as for the BS determination is used. A virtual TL
is fitted to the measured one with lsqnonlin(...). The objective
function is the relation of the torsion angle, respectively its first
derivative θ, the TS and the applied torque Mt. The stiffness
value is optimized. Within the objective function, the BVP for
the torsion equation is solved by bvp5c(...). In the case of the
torsional beam, the formulation is just a ODE of first order.
Which means that the relation can be directly used for the
solver.

Firstly the problem is solved for a constant TS to generate
a good initial value. A lower and upper boundary is again
defined in a way, that the given range for sure includes all
possible stiffness values. With the appropriate initial value,
the problem is solved for the variable TS. The number of SP
is adapted to the measurement length with the rule of thumb
of one SP per 100mm. With the resulting distribution of TS
and the measured torque, the TL is calculated and compared
to the measured one. The error can be investigated to infer the
quality of the computation, respectively the measurement.

IV. RESULTS & DISCUSSION

The results for the computed distribution of BS and TS
are provided for a test ski. To prove the results, some veri-
fication procedures are presented. Considering the design of
the STB, the mechanisms are all working properly as well
as the sensors. The only sensor which needs a verification
is the force sensor used for the torque measurement. Since
a mechanism is in between transducer and the twisted ski, a
torque measurement with a precise torque spanner is used to
prove the accuracy.

A. Bending Stiffness
Since the approach to determine the distribution of the BS

is based on the classic Euler-Bernoulli beam theory several
assumptions have to be valid. It is obviously not possible to
prove a flat and perpendicular cross-section during bending,
but it is possible to prove the systems linearity. A linearity
measurement is carried out, results are shown in Fig. 15.
Measurement points are interpolated with a trend-line to show
the divergence of linearity, which is negligible small.
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Fig. 15. Linearity measurement for bending test. The ski is bended stepwise
and the applied force is measured. The measured points are represented by
the bullets. The line represents the linear trend of the measurements.

To verify the BS measurement, the test skis are measured
with a three-point bending test. To get an idea of the distri-
bution, 9 measurements are carried out along the ski with a
grid of 150mm. The supports of the bending test provide a
distance of 300mm, where the force is applied in the centre.
This method averages the BS over the measurement segments,
but provides a good reference and scaling. Outcome is shown
in Fig. 16.
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Fig. 16. Three point bending test of both test skis. Measurement points are
connected linear to provide an idea of the BS distribution.

Figure 17 shows a determined distribution of BS. In this
case for the harder one of both test skis and with 16 SP,
meaning that the ski is discretized is segments smaller than
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100mm. By looking at the general shape of the BS dis-
tribution, it is quite similar to the one measured with the
conventional bending test. The values at the beginning and
at the end are quite similar. This decrease obviously makes
sense, because the skis thickness is way lower at the front
and rear in comparison to its middle section. The thickness
has a big influence to the BS, since it is included in the basic
formulation with a cubic term.

By investigation of the maximum value, the determined BS
provides a higher peak. This also makes sense, because the
conventional bending test averages the BS over the measure-
ment region. However, when one is considering the middle
section of the ski, meaning at x = 800mm ± 150mm,
the mean value of the determined BS will be higher by
approximately 10% with respect to its maximum value. This
higher values and the overshoots could probably be linked to
jumps in the layering. For example an aluminium-plate, which
is in some ski models incorporated beneath the binding. Such
a sudden change of layering, especially at the walling, can
highly probably not be measured and determined. This could
maybe lead to something like the Gibbs phenomenon. Which
means that the overshoot occurs in the region of the sudden
stiffness change an can not be described mathematically.
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Fig. 17. Exemplary distribution of BS of an alpine ski. Circles represent the
SP. Measured model is the test ski with higher stiffness.

The quality of the optimization procedure can be determined
by investigating the error e of the BL-fitting. On the one hand
the root mean square (RMS) is investigated to illustrate the
overall quality. For the given determination, this error is lower
than 0.02mm. Looking at the distribution of the error, local
problems can be visualized. Those local errors can be linked
to some remaining noise, measurement inaccuracy and other,
still not discovered problems.

B. Torsional Stiffness

To prove the concept of the TS determination procedure,
again the linearity of the system is analyzed. As shown
in Figure 18, a ski under torsion provides a linear relation
regarding the applied torque Mt and the torsion angle θ. The
measurement is carried out at the STB and over the assumed
possible range of elastic torsion, which is in this case 25◦.
The measurement points are again compared to a fitted linear
polynomial. They do not show a sign of non-linearity. For the
torsion test of skis it is unfortunately not possible to make
a reference measurement with a standard device. It is not
possible to have reference values for the TS.
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Fig. 18. Linearity measurement for torsion test.

For a validation of the procedure, a test-structure is mea-
sured, consisting of a ski-running-surface, GRP, aluminium
layer, a steel edge and other polymers. It provides a constant
TS over its length with approximately 200 000Nmm2. This
value was determined in another project with an experimental
modal analysis (EMA) and with FEM, because a theoretical
calculation is not possible due to the composite structure.
Figure 19 shows the determined TS for the test-structure. Since
this measurement is of a constant distribution of TS, it also
the result is quite flat. While comparing the slightly fluctuating
determined TS with its mean value, the maximum divergence
is within ±1.3%, which is a satisfying result.
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Fig. 19. TS measurement of a test-structure.

When investigating the distribution of TS for the harder
test ski in Figure 20, it can be seen that one peak is strongly
pronounced. Though, the maximum is in a credible range,
the sudden change of the TS does not seem to be realistic.
However, the x-position of the peak is in the region with
the highest stiffness, because of the highest ski thickness.
Nevertheless the uncertainty of this evaluation can probably
be linked to the measurement procedure.
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Fig. 20. Exemplary distribution of TS of an alpine ski with 10 SP.
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A conventional ski side-shape is shown in Figure 21. As
initially planned, the ski is suspended in a way, that the rotation
axis is directly at the cross-section. With closer investigations,
this is most likely not the best way to apply a torque. Because
of the pretension, the rotation axis is by far not on the
skis centre-line. As illustrated, the torque Mt rotates the ski
properly in the application point of the torque, but not in the
centre of the ski. This effect adds an error to the system and
thus, the measured rotation angle does not clearly represent
the TS of the ski.
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Fig. 21. Pretension of ski leads to deflection of ski under torsion. Rotation
and deflection is visualized at different x-positions. Blue represents a flat and
even cross-section and orange a ski under torsion.

Beside the problems with the mechanical measurement, the
evaluation of the measured data is working properly. The
RMS error is approximately 0.02mm. Fluctuations are slightly
higher.

V. CONCLUSION & PROSPECT

The determination of bending and torsional stiffness of
alpine skis with an indirect measurement procedure is pos-
sible and delivers convincing results. Though, the complexity
while switching from theoretical calculations to a practical
determination is non-negligible. Especially the ansatz, used to
solve for the stiffness values varies a lot. While translating the
real mechanics with measurements of bending line and applied
force as well as torsion line and applied torque into data-sets,
small details are having big influence to the determination
procedure and results. Starting with measurement precision, a
wave-length filtering-procedure and most importantly the data
evaluation.

A simple application of the mechanical laws behind the
bending and torsional beam is not possible. The occurring
derivatives are amplifying measurement uncertainties, measur-
ing object errors and noise to unstable and unverifiable results.
However, using a curve-fitting approach comprising the basic
mechanical laws leads to reliable results. The generation of a
virtual bending line and torsion line, adapted to fit on the
measured data provides mechanically verified results. Still,
this approach needs more attention considering stability with
a different number of supporting points.

Depending on the future application field of the ski-test-
bench and the determination of the stiffness values of alpine
skis, the mechanism and evaluation of this prototype can be
tuned. Meaning that the validation of FEM-models will need a
more precise result of the stiffness values. Thinking of a pure
comparison between different skis, it is probably sufficient to
modify the procedure to a less sophisticated methodology.

From a structural perspective, the STB is working fine.
So far, there are no parts which tend to wear out or do
not show enough mechanical strength. In considerations of
the measurement procedure itself, the measurement head is
probably a weak point of the device. It introduces a mechanical
uncertainty. A different approach to record the bending and
torsion line could maybe lead to a higher accuracy. Also
the torque loading of the ski needs to be improved. The
mechanism itself is working fine, but the placement of the ski
and the mismatch of the longitudinal ski-axis and the torsion-
axis introduces some issues.

A more detailed validation of the measurement and determi-
nation approach would lead to further insights of the ski-test-
bench’s reliability. A measurement object with variable but
known stiffness values could be useful to check the working
principles.
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Fatigue life simulation process
for cold formed parts

Raphael Sigloch and Franz-Josef Falkner (supervisor)

Abstract—In many industrial sectors cold formed
parts are used. Due to this manufacturing process ma-
terial behavior changes, which leads also to a change of
fatigue life behavior. To be able to make realistic fatigue
life predictions on cold formed parts, a simulation
process shall be developed, which takes into account
material property changes caused by the manufacturing
process.
The goal is to develop a simulation procedure for
fatigue life predictions of cold formed parts using Ansys
and FEMFAT. Therefore the leading question will be,
how can the manufacturing process of cold forming be
regarded in a fatigue life simulation procedure.
In the first place a literature research is done with a
comparison of estimation methods for cyclic material
properties. These are afterwards implemented in Matlab
to serve as input for a developed procedure regarding
the deformation of the cold forming process. Afterwards
a minimalistic fatigue test is performed in reality and
simulated with the developed procedure. Additionally
the procedure is applied to a lawn mower axis of the
company STIHL.
The comparison of the simulation methods shows that
the developed simulation process is working and points
out differences between the estimation methods in both
simulation examples. The performed test does not satisfy
the requirements to validate the simulation due to given
manufacturing and performing circumstances.

Index Terms—Fatigue life behavior, FEA, cold form-
ing, Ansys, FEMFAT.

I. INTRODUCTION

FAtigue life behavior is an essential character-
istic to consider when developing any kinds

R. Sigloch studies at MCI, Innsbruck, Austria, e-mail:
raphael.sigloch@web.de

F.-J. Falkner is with the Department of Mechatronics,
MCI, Innsbruck, Austria.

of mechanical components. Unfortunately it is very
time consuming and therefor costly for companies to
perform fatigue tests on all of their parts. To be able
to make a statement about fatigue life in an early de-
velopment stage, simulation softwares as for example
Ansys and FEMFAT exist. With theses software tools
the life span of a component under a given load can
be predicted. The problem is, that the components
undergo a manufacturing process, that can influence
the life time, which is not taken into account in
theses types of simulations. One frequently used
manufacturing processes is cold forming. While cold
forming is a widely used manufacturing process in
several technical fields, it is not commonly regarded
yet in the fatigue life simulations. Due to this reason
a simulation procedure taking into account the plastic
strains and the according change of material proper-
ties caused by a cold forming process is developed
in this master thesis.
To achieve this goal previous work dealing with the
influence of a cold forming process on cyclic material
properties are included in the simulation process.
The simulation itself happens in Ansys Workbench
with the add-on FEMFAT, performing the fatigue
simulation. The calculations for the effect of the
cold forming process on cyclic material properties
is implemented in Matlab to use them afterwards in
the simulation in FMEFAT.
After developing the simulation process a minimal-
istic test setup is designed to validate the results
given by the simulation. The developed method is
also applied to a real component, a lawn mower axis
of the company STIHL.
In the end the results of the different methods for
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handling the process influence are compared to each
other and to the results of the test performed in
reality.

II. THEORETICAL BACKGROUND

A. Cyclic material properties

In order to perform a fatigue life analysis it
is crucial to know about cyclic material behavior
and properties. In the case of this thesis there are
three critical characteristics decisive for a fatigue
life analysis, the strain-life-curve, the cyclic stress-
strain-curve and the S-N-curve. These are described
in the following in detail.

1) Strain-life-curve: The so called strain-life-
curve consists of an elastic and plastic part as shown
in Fig. 1 with slopes b and c. Depicted in a logarith-
mic scale these two curves end up being straight lines
and together forming the strain-life-curve. On the x-
axis the load cycles can be seen, while on the y-axis
the strain amplitude is given, usually in percentage.

Fig. 1: Strain-life-curve [1]

Manson and Coffin used following equation 1 to
describe the strain-life-curve with its exponents b and
c defining the slope of each part.

εa,ges = εa,el + εa,pl

=
σ′f
E

∗ (2N)b + ε′f ∗ (2N)c
(1)

2) Cyclic stress-strain-curve: The cyclic stress-
strain-curve looks quite similar to the static stress-
strain-diagram, but on its axes amplitudes are plotted.
Again it is derived from an elastic and a plastic part,

which show as straight lines in logarithmic scaling.
The cyclic stress-strain curve is described usually
with equation 2 derived by Ramberg and Osgood.

Fig. 2: Cyclic stress-strain-curve

εa,ges = εa,el + εa,pl =
σa
E

+ (
σa
K′

)
1
n′ (2)

3) Stress-life-curve: The Stress-life-curve, also
known as S-N-curve or Wöhler-curve can can be
divided in three areas. Low cycle fatigue, finite life
or endurance fatigue and durability as shown in 3.
It plots the alternating stress amplitude against the
number of load cycles N for a material commonly
given in a logarithmic scale.

Fig. 3: Stress-life-curve [1]

The Wöhler-curve can be described with equation
3, where k is the slope of the endurance life area. It
is also called Wöhlerexponent.

N = C ∗ σ−ka (3)
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B. Fatigue analysis

Fatigue analysis is the structural analysis of failure
tendency of a system under cyclic loading. As an
outcome one wants to get the life time of a part
under cyclic loading. The life time is the time span
a material can resist against a specific loading until
a crack is initialized or the part breaks.[2]

1) Load data: For a reliable fatigue analysis the
occurring loading has to be known in first place. It
is given by a load-time history, as shwon in fig. 4.

Fig. 4: Load cycle definition [1]

To fully describe a loading it is necessary to know
stress amplitude σa and mean stress σm. As stresses
are not always oscillating around zero, the stress ratio
R is introduced to define the location of the load
cycle. [3]

R =
σl
σu

(4)

C. Rainflow counting method

The rainflow counting method is a classification
method to count occurring load events in a load-time
history. It is based on the incorporated energy into the
material. The goal is to count closed hysteresis loops,
while saving open hysteresis loops as residuals. As
output one gets the amplitude and mean of each
hysteresis loop and the number of cycles with equal
loops. The parameters are depicted in a so called
rainflow matrix.[4], [5]

D. Haigh diagram

The influence of the mean stress in FEMFAT is im-
plemented with the help of the Haigh diagram, shown
in figure 5, where the tolerable stress amplitude is

plotted against the mean stress. It can constructed by
the material properties Rm, Rp0,2, σD, and gives the
tolerable stresses for different stress ratios. [1], [6]

Fig. 5: Construction of the Haigh diagram [6]

1) Influence factors: FEMFAT uses several influ-
ence factors in its simulation method to generate
a local Wöhler-curve for every node. For this, the
material Wöhlercurve is taken and adjusted regarding
to local geometry and stress characteristics. The
following influence factors are used by FEMFAT for
the fatigue analysis. Depending on the user´s will
they can be considered or not. [6]

TABLE I: Influence factors [6]

Influence Fatigue limit Slope Cycle limit

Stress gradient fGR,D fGR,N fGR,E
Mean stress fMI,D fMI,N fMI,E
Surface roughness fOR,D fOR,N fOR,E
Technological size fTG,D - -
Tempering condition fV Z,D - -
Surface treatment fS,D - -
Temperature fTE,D - -
Statistics fST,D - -
Forging fTF,D fTF,N fTF,E

The above mentioned influence factors modify
three particular values defining the stress-life-curve.
These are the fatigue limit, the slope and cycle limit.

2) Damage accumulation: In a fatigue analysis
the damage on a material or component is calculated
according to the so called Miner-rule. The method
of miner states that every load cycle above a specific
stress level causes some damage on the material. The
total damage then is calculated by taking the sum of
all partial damages as in equation 5.

D =
∑
i=1

Di =
∑
i=1

ni
Ni

(5)
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If the cumulated damage exceeds the critical value
of Di = 1 the component fails.
In FEMFAT it can be chosen between three different
Miner-rules, differing in the treatment of the high
cycle fatigue area. These three methods can be seen
in fig. 6.
• Miner Original:

Stresses under the fatigue limit don´t cause any
damage and therefor are neglected

• Miner Modified:
The method derived by Haibach uses a slope of
2k − 1 in the area after the cycle limit

• Miner Elementar:
This method extends the Wöhlerline with its
slope k until the zero crossing

Fig. 6: Miner-rules [6]

III. ESTIMATION OF CYCLIC MATERIAL

PROPERTIES

There already exists a big variety of studies dealing
with the influence of forming processes on material
behavior. Three of these methods take into account
the equivalent plastic strain ϕv , which can be derived
from an forming simulation and therefor will be used
in this master thesis. The equivalent plastic strain is
calculated as follows:

ϕv =
2

3
∗
√
ϕ2

1 + ϕ2
2 + ϕ2

2 (6)

In 2004 A. Hatscher derived an alternative formu-
lation for the Manson-Coffin-equation for universal
supporting points. For this reason equation 7 is used
as equation for the strain-life-curves.[7]

εa,ges =
σ0

E
∗ ( N
N0σ

)b + εp0 ∗ (
N

N0εp
)c (7)

The three estimation methods in table II are regard-
ing the equivalent plastic starin ϕv and are therefor
used in the simulation process. They mostly differ in
the estimation of the supporting points needed for the
description of the strain-life-curve. In [8] a detailed
overview of the estimation methods can be found.

TABLE II: Estimation methods for cyclic material
properties

Method Year Reference

Material Law of Steel Sheets 2000 [9]
Method of variable Slopes 2006 2006 [10]
Uniform Material Law + 2006 [10]

Fig. 7 shows a comparison of the stress-life-curves
resulting from the methods with an equivalent plastic
strain of 0 and of 0,2. The common cyclic material
properties calculated by FEMFAT serve as a refer-
ence in blue.

(a) (b)

Fig. 7: Method comparison with ϕv = 0 (a) and
ϕv = 0, 2 (b)

In all three cases it is visible, that they estimate the
fatigue limit much higher with an equivalent plastic
strain of 0, 2. What is striking, is that the UML+
expects the endurance limit beneath the standard
FEMFAT calculation when there is no deformation,
while MLSS expects it in this case much higher and
MVS is more or less on the same level. Furthermore
the influence of the slope can be seen in the right plot,
where the UML+ crosses the reference in the low
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cycle fatigue region due to its high Wöhlerexponent
k.
From the plots it can be withdrawn, that all three
estimation methods have a positive effect on the
fatigue limit when there is a specific deformation
reached. Also it shows that the Uniform Material
Law+ is the most conservative estimation method for
low deformation. Opposite applies for the Material
Law for Steel Sheets.

IV. SIMULATION PROCEDURE

The workflow for the simulation of cold form
parts follows the diagram depicted below in fig. 8.
The green colored steps are done in Ansys, the blue
ones in Matlab and the red ones in Ansys FEMFAT.
The white fields are files and data that are handled
between the steps.

Fig. 8: Workflow of the simulation

Basically it can be divided into three parts
executed in Ansys, Matlab and FEMFAT. In Ansys
the forming process, modal analysis and transient
analysis are performed. For the fatigue simulation
some calculations for the forming influence have to
be done in Matlab and then given back to Ansys
FEMFAT, where the actual fatigue life simulation
finally is performed.

The detailed procedure for the simulation is de-
scribed in the following step after step.

1) Forming simulation:
In the first step the forming process has to
be simulated in Ansys with a static structural
analysis to get the plastic strain that will be

used for the fatigue simulation. With the help
of APDL code, the plastic strain is written into
a .txt-file.

2) Meshing of formed part:
This step is just to get the coordinates of the
mesh of the already formed part. Therefor the
mesh is generated inside the modal analysis
and again with APDL code nodal coordinates
are written into a .txt-file.

3) Calculation of equivalent plastic strains ϕv
Next the in the first step generated plastic strain
file is loaded into Matlab and then the equiv-
alent plastic strains ϕv is calculated according
to 6.

4) Mapping of plastic strains on formed mesh:
Subsequent the calculated ϕv is interpolated to
be able to map them on a new mesh. This is
done using the Matlab command scatteredIn-
terpolant [11].

5) Calculation of cyclic material properties:
As soon the plastic strain at every node is
known, the cyclic material parameters are cal-
culated as described in III inside the according
Matlab function.

6) Generating .unv-file as FEMFAT input:
FEMFAT needs the local material properties for
every node written in a .unv-file. This is done
in Matlab, where the specific parameters are
defined given by [12]. In the case of this anal-
ysis the tensile strength, tensile compressive
alternating stress limit, S-N-curve slope and S-
N-curve endurance cycle limit are handed to
FEMFAT.

7) Get modal coordinates:
In order to save computational time a mode
superposition method is used, which means
modal coordinates are needed as input for
FEMFAT ChannelMAX. Using the APDL
command TRNOPT, Msup, 3, , , 1[13]
modal coordinates are exported. To make
it usable for FEMFAT after the file header
”END OF HEADER” has to be inserted man-
ually and saved as .txt-file.
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8) Define material data:
As first step in FEMFAT a material has to be
generated. This is done by FEMFAT according
to the FKM guideline based on the ultimate
strength, that has to be assigned.

9) Define load history:
Next the load history has to be defined with the
generated .txt-file containing the modal coordi-
nates from the transient analysis. According to
the file format modes and belonging columns
are defined.

10) Insert jobfile command for local material prop-
erties:
As there is no option to activate local material
properties in structure tree of Ansys, a jobfile
command has to be added to achieve this.
s e t V a l u e {} {} F a t P a r a m M a t e r i a l
{2 − G e n e r a t e d M a t e r i a l }
s e t V a l u e {} {} LocalMatPropRead
{” p a t h and name of . unv − f i l e ”}
s e t V a l u e {} {}
I n f l u e n c e L o c a l M a t e r i a l P r o p e r t i e s 1

11) Solution:
After all the steps before the wished solution
output has to be chosen and the simulation can
be run finally.

V. SIMULATION AND TEST SETUP

In order to make a statement about the reliability
of the simulation a fatigue test is done in reality
on a minimalist example with a vibrational shaker.
Furthermore the simulation procedure is applied to a
lawn mower axis of the company STIHL.

A. Test setup

In fig. 9 the test setup for the shaker can be seen.
It is consists of an adapter plate which is mounted
on the shaker, the specimen and a block to fix
the specimen on the adapter plate. The specimen is
weakened with a hole at the upper bending position.
This is to guarantee the highest stresses and the
failure in the formed region, as it is the goal to
show the influence of a cold forming process on the
component.

Fig. 9: Test setup

The base plate is accelerated on a vibrational
shaker near the eigenfrequency of the system to cause
enough damage. Therefor in advance of every test a
system identification run is performed. This gives the
eigenfrequency and damping of the system. Due to
varying eigenfrequencies between the tests excitation
frequencies differ to make sure not to break the
specimen immediately. The acceleration input can
only be controlled by the shaker voltage. This results
in different acceleration amplitudes for tests, that are
measured by an accelerometer attached to the base
plate of the test setup.

B. Test simulation setup

Fig. 10: Simulation test setup

For the simulation only half of the model is de-
signed to save computational effort. This is possible
due to the symmetry of the test setup. It is also
sufficient to only simulate the specimen itself, as
adapter plate and fixing block are assumed to be
rigid bodies. With these assumptions the bottom face
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of the specimen can be accelerated in y-direction
with a base excitation as it is shown in fig. 10.
The accelerations applied come from the measured
acceleration during the tests on the vibrational shaker.
All tests are simulated with the three estimation
methods by the use of the different .unv-file with
cyclic material properties.

C. Axis simulation setup

Additionally the developed simulation procedure is
used on the lawn mower axis of the company STIHL
depicted in fig. 11.

Fig. 11: Drawing of lawn mower axis

For the simulation only one bending region was
taken, as from this a forming simulation was avail-
able. Also the model was cut in half to save com-
putational effort. The axis than was accelerated by
a random signal with an maximum amplitude of
300 m

s2
. Additionally a load of 300N was applied

on the face marked in red in fig. 12.

Fig. 12: Drawing of lawn mower axis

The simulation is performed with all three estima-
tion methods and compared afterwards. This is done
by changing the .unv-file in the jobfile command.

VI. RESULTS

A. Test

Table III shows the eigenfrequencies of the tests
executed. It can be seen there is a discrepancy of
3,73Hz. Together with the low damping of around
0,5% this makes a huge difference in the outcome
of the test. This means with the same shaker volt-
age input, resulting acceleration amplitudes can vary
widely. In order to compare it to a simulation it is
therefor necessary to adapt the acceleration in the
simulation according to the tests. Test 1 and 2 fo
example are excited in the same frequency, but have
a life time difference of more than 200000 cycles
due to the different eigenfrequencies. For this reason
it does not make sense to compare the tests to each
other in this. Nevertheless the specimen failed in
all tests in the forming region, as it was wanted by
inserting the hole.

TABLE III: Comparison eigenfrequencies

V1 V2 V3 V4 Mean

eigenfrequency
[Hz]

116, 25 118, 67 116, 06 114, 94 116, 48

B. Test simulation

Table IV depicts the results from the simulation
of test 4 with an excitation frequency of 112Hz and
a resulting amplitude of 180 m

s2
. The results reflect

the findings of the method comparison, that has been
done before. The Uniform Material Law+ expects the
highest damage after 40 seconds and therefor shortest
life time. The MLSS on the other hand gives the
highest life span for the specimen, while the Method
of Variable slopes and standard FEMFAT method lie
in between. In all cases the location of the critical
node is on the inside of the bending region, except
for the UML+, where it is located on the outside.
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TABLE IV: Test 4 simulation results

Node number Damage after 40s life time [s] Tolerable
cycles

no method 20801 0,21627 185 21085
MLSS 21233 0,10513 380 43375
MVS 21233 0,21431 187 21278
UML+ 20604 0,37936 105 12020

C. Comparison test - simulation

The bar chart below shows the expected life time
of test 4 with all estimation methods in comparison
with the actual life time measured during the test. It
is obvious that none of the simulations comes close
to the actual life time and are not even reaching
20%. The reason for this is, that the test could
not be acceleration amplitude controlled. Due to
the effect of resonance near the eigenfrequency the
acceleration amplitudes are magnified enormously in
the simulation. This results in much higher stresses
and following this larger damage.
Unfortunately the results from the test cannot be
compared reasonably to the outcome of the simu-
lation.
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Life time estimation comparison
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D. Axis simulation results

Table V shows the results from the axis simulation.
It can be seen, that the MLSS and MVS expect the
axis to withstand the loading longer than with the
standard FEMFAT simulation. The Uniform Material
Law+ predicts a shorter life time. It is also visible
that the UML+ and the standard simulation expect the
highest damage in the same critical node. This shows
the conservative character of the Uniform Material
Law+, as already discussed before. Also MLSS and
MVS calculate the same critical node, showing the
differences between those two methods. A closer

look on the resulting S-N-curves of the critical nodes
showed that only the endurance limits differ. This
explains why the effect of the expected fatigue limit
can directly be seen in the damage results.

TABLE V: Results axis simulation

FEMFAT MLSS MVS UML+

Critical node 26143 26182 26182 26143
Damage (40s) 3, 12e−4 1, 26e−4 2, 69e−4 5, 84e−4

Life time [h] 35,6 87,95 41,38 19,03

VII. CONCLUSION & OUTLOOK

As a conclusion from this master thesis it can
be said, that a working simulation procedure, that
regards the influence of cold forming has been
developed. The methods found in the literature
research have been implemented using Matlab
so they can be used for a fatigue life analysis
with FEMFAT inside Ansys. Also the mapping
of equivalent plastic strains given from a forming
simulation onto the mesh for the fatigue life
simulation can be done inside Matlab. Of course the
accuracy and correctness of the mapping process
is strongly dependent on the accordance between
the geometry after a forming simulation and the
geometry used for the fatigue life simulation.
Furthermore it is clear to say that the fatigue
simulation regarding the influence of a forming
process can only be as good as the forming
simulation is. Additionally, the more is known about
used material the more accurate the simulation
results will be.
From the simulations of the test and the lawn
mower axis it could be shown that the simulation
procedure is working. Also differences between the
estimation methods and their behavior under given
deformations were pointed out.
Unfortunately the test performed to validate the
simulation could not do so. This was due to the fact
that the vibrational shaker could not be amplitude
controlled. This together with the low damping
of steel resulted in a huge discrepancy already
between tests caused by the excitation near the
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natural frequency of the system. In the simulation
this amplification resulted in huge damage values
underestimating the life time of the specimen by far.

As a future outlook it is recommended to perform
a test on a vibrational shaker, that can be excited at
least amplitude controlled. In an ideal case the test
can be executed strain controlled. This would give the
possibility to directly compare the strain-life-curves
from the estimation methods, as they are based on it.
It is also suggested to have a specimen with a tapered
shape in the forming region similar to the shape of a
quasistatic tensile test. This reduces the influence of
the notch factor and therefor high stress gradients as
it was the case in the tests performed.
Furthermore it would make sense to test a real
component, for example the STIHL lawn mower axis
used for the simulation. Of course it than has to be
guaranteed to ensure a failure in the forming region
to see the effect of the cold forming influence on the
fatigue life behavior.
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Potential improvements to the resistance
spot welding process in the car body
shop by means of company internal

benchmarking
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Abstract—In today’s car body shop many dif-
ferent sheet metal parts are joined by spot welding
operations. Many demands are applied to the
welding task when it comes to the safety crash
test of the car, mechanical durability of the
welding spot, and process stability. These are in
place to deliver a high-class end product. The
spot welding performance depends on several
adjustable parameters and a wide range of rigid
circumstances that have an integral influence on
product quality and manufacturing costs. For this
reason, a steady improvement is required. Yet,
this is hard to achieve as the process is already
in a well advanced stage. Within the company of
interest, the product manufacture takes place in
different plants globally. Especially, the present
car body shop shows a performance difference in
comparison with other plants. How these plants
operate performance related procedures regard-
ing the spot welding process is unknown. Within
this study the manufacturing process of resistance
spot welding in the car body shop is analysed.
The organisational structure is clarified including
the different departments, their competences and
connection to each other. Subsequently, the re-
sistance spot welding process is investigated with
respect to its performance indicators and crucial
influencing fields only within the car body shop.

B. Spornraft is a student at the Department of Mecha-
tronics, MCI, Innsbruck, Austria.

The results of the process analysis are used to
create a benchmarking plan to compare the spot
welding process in two additional plants. This
allowed certain performance indicators and the
handling of defined process influencing fields to
be compared. The results are subsequently eval-
uated. Conclusions towards possible optimisation
potentials in the present plant are made. These are
ranked in terms of costs, benefits and risk. The
conducted investigations revealed that the current
handling of the spot welding process has many
improvement potentials. The manufacturing pro-
cess could be optimised in terms of staff capacity
and possible equipment configuration that has
not yet been established. Furthermore, knowledge
exchange between the plants should be increased
in the field of teaching welding parameter. In
summary, the company-internal benchmarking is
a very useful tool to obtain optimisation potentials.
The discovered potentials can be implemented
with the security of a reasonable investigation of
the whole manufacturing process. There are, how-
ever, other unidentifiable fields of improvement
due to similarities between the compared plants.
For this reason external partners should also be
considered.

Index Terms—Car body shop, Resistance spot
welding, Company-internal benchmarking, Pro-
cess optimisation
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I. INTRODUCTION

IN the mass production of the automotive
industry, several manufacturing steps need

to be done in order to provide a reliable, safe
and superior end product. One of these steps is
within the car body shop where the mechanical
framework of the car is produced by joining
steel sheets together [1]. The main joining
technology in this sector is the resistance spot
welding. In this procedure an electrical current
is sent through metal sheets and by means of
electric resistance the welding heat arises and
forms the welding spot [2]. Due to progressive
demand, continuous refinement of the resistance
spot welding process is absolutely necessary to
reinforce efficiency. To improve a process such
as spot welding, potential sectors of optimisa-
tion need to primarily be identified. However,
resistance spot welding is a sophisticated pro-
cess with wide ranging influencing factors [3].
Identifying potential optimisation measures is
not so straightforward.

To identify potential indirect improvements
new approaches have to be considered. Between
the supported plant and the other nearby plants
there is an obvious performance gap in the resis-
tance spot welding process. This is particularly
obvious when looking at performance-related
indicators recorded during the operation of the
manufacturing process. To investigate why other
plants show better process execution values
than the own plant, a company-internal bench-
marking is performed to identify the possible
optimisation fields of the present manufacturing
process. This also involves understanding the
organisational structure and process of the resis-
tance spot welding within the supported plant.
These optimisation potentials are then compared
with those of partner plants in the same com-

pany. The intention of this comparison is to
detect any significant differences which are then
evaluated and defined. Ultimately, the purpose
of this investigation is to optimise the resistance
spot welding process towards the performance
of other plants. The product quality and the
productivity, however, must remain unchanged.
Finally, the multiple potentials are rated in terms
of risk, possible benefits and required effort.

II. METHODS

This chapter illustrates the methodological
approaches used to achieve the obtained results.
An overview along with the corresponding or-
der of the investigated topics can be seen in
Figure 1.

Fig. 1. Overview of the investigated topics

To define specific optimisation potentials for
the car body shop of the supported plant,
a process analysis followed by a company-
internal benchmarking is done. The process
analysis identified the most influential areas
of the resistance spot welding-process on the
car body shop. This included a review of the
organisational structures and available perfor-
mance measures of the resistance spot welding-
process. This is then followed by a company-
internal benchmarking where the resistance spot
welding-process in the car body shop of various
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factory plants are compared in terms of perfor-
mance indicators (performance benchmarking)
and process handling (process benchmarking).
The results of this analysis allows the formula-
tion of optimisation potentials.

A. Process analysis

Manufacturing a car body follows a defined
procedure. There are also many additional re-
quirements, such as safety, that the car body
must fulfill [4]. Due to the complex and di-
verse requirements imposed on a car body, the
company established an organisation with many
departments, each with their own responsibility,
concerning the car body production. Therefore,
the first part of the process analysis is to
identify the organisational structures within the
company and their involvement in the resis-
tance spot welding-process. This consequently
gives insight into company-internal guidelines
and procedures regarding the resistance spot
welding-process. Organisational charts serve as
visual aids on how the car body shop is ar-
ranged. Furthermore, any available performance
indicators of resistance spot welding-related ar-
eas are analysed with regards to their signif-
icance on the resistance spot welding-process.
For the sake of transparency, these indicators are
assigned to certain departments of the car body
shop. Additionally, elements within the process
handling with a great influence on the perfor-
mance of the resistance spot welding process
are determined and their performed procedures
are further analysed. The necessary data is gath-
ered with the aid of a questioner.

B. Company-internal benchmarking

In the company-internal benchmarking, dif-
ferent production sites are compared to each

other. For this a benchmarking plan had to be
designed which followed a defined course based
on the approach of Spendolini [5]. The design
breakdown is as follows:

1) Determine what to benchmark
2) Identify benchmarking partners
3) Collect and analyse benchmarking infor-

mation
4) Take action

The process analysis served as a basis for point
one, as prior knowledge of the resistance spot
welding-process is needed in order to define
areas to be benchmarked.

1) Performance benchmarking: The fist type
of benchmarking applied in this thesis is the
performance benchmarking. This type focuses
on the performance units of the investigated
process and compares them with those of the
benchmarking partner. Therefore measurable
quantities are of great interest in performance
benchmarking. According to [6], meaningful
performance indicators have to fulfill certain
criteria. In the case of the car body shop these
criteria along their corresponding explanation
are listed below:

• Topicality: An indicator is topical when it
corresponds to the actual circumstances of
the considered operational area.

• Acceptance: An indicator is accepted when
it is used by management and simple shop
floor operators as a source of performance
measurement.

• Compatibility: Indicators that can be
looked up with given information systems
are considered compatible.

• Relevance: An indicator is relevant when it
depicts only decision-relevant data. A pos-
itive trend of this indicator is in connection
to a significant performance improvement.
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• Validity: The validity of an indicator means
that the used data recording method has the
required reliability.

• Comparability: An indicator is compara-
ble if it is equally interpreted by various
company-internal institutions. Also a com-
parability of different time points has to be
given.

Some of the in the process analysis defined
indicators had to be modified in order to fulfil
the described criteria.

2) Process benchmarking: Process bench-
marking concentrates on the daily operations
of a process. The improvement of day-to-day
operations can have a positive impact on the
overall process performance [7]. In the case of
the resistance spot welding-process in the car
body shop, daily tasks are analysed by a process
analysis. A few selected tasks are identified as
having a great impact on the overall perfor-
mance of the process. Subsequently, the daily
tasks chosen are compared and evaluated using
the previously defined benchmarking plan to
find differences in the process handling between
the factory plants.
Since the chosen tasks are very extensive in
their execution possibilities across the plants,
any substantial comparative analysis needed a
structure. For this reason an expert question-
naire is designed. Based on [8] the creation of
such a questionnaire follows a defined proce-
dure.

1) Research question: At first the research
question is defined. As mentioned be-
fore, the goal of process benchmarking
is to find differences in the resistance
spot welding-process handling between
the investigated car body shop’s.

2) Analysis dimensions: The research ques-

tion is then translated into analysis di-
mensions. Based on the performed pro-
cess analysis, the strongest influencing
elements of the resistance spot welding-
process performance are defined. These
elements are later defined as the analysis
dimensions.

3) Question complexes: In the next step, the
analysis dimensions are further divided
into question complexes. This is achieved
by splitting the defined influencing areas
in several sub-procedures.

4) Interview questions: Finally, the interview
questions are formulated from the ques-
tion complexes. In the course of this, the
sub-procedures are further divided into
concrete tasks of interest.

Out of the results of the diverse analyses the
optimisation potentials are deduced. In partic-
ular, the most significant differences in the
process handling procedure are associated with
performance indicators of the corresponding
process-area. Furthermore, cause-and-effect re-
lationships are constructed with performance
indicators and specific resistance spot welding-
related procedures based on the process anal-
ysis. In order to raise the acceptance of the
claimed optimisation potentials. Finally, a rank-
ing of the optimisation potentials is created de-
pending on their realisticity, available resources
and required working-effort. This is done in or-
der to introduce the subjective but substantiated
advice on the direction the ’next step’ should
take.

III. RESULTS

A. Process analysis

The process analysis clarifies how the car
body shop is organised and includes a descrip-
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tion of the single departments, their expertise
and connection to each other. The correspond-
ing visualisation of the overall structure can be
seen in Figure 2.

Fig. 2. Overall structure of the car body shop

1) Organisational structure: Basically the
car body shop consists of two sectors. The
executive sector carries out the required produc-
tion steps of the car body manufacturing and
performers quality inspection measures. The
directive sector provides crucial specifications
for a successful machine operation and defines
the quality inspection procedure. As depicted in
2 this is the connection between the two sectors.
Another important department of the car body
manufacturing process is the production devel-
opment and production planning which trans-
lates generally valid standards such as norms to
guidelines of the directive sector. The company
internal designation of these guidelines is the
so-called ’Group-standard’ which is generally
valid in every plant of the factory.

2) Quality capability: Subsequently, the re-
sistance spot welding process in the car body

shop of the supported plant is investigated.
On this occasion the quality-capability process
needed to justify, that a legally demanded prod-
uct quality can be achieved by the resistance
spot welding process [4]. First of all there is the
planning phase of a new product where prereq-
uisites regarding the product and manufacturing
facilities are determined. With regards to the
organisational structure this is performed by the
production development and production plan-
ning departments. After this the commissioning
phase starts where the results of the planning
phase are implemented in a real production en-
vironment. The aim of this phase is to increase
the process and product quality constantly by
means of steady optimisation operations. The
commissioning phase is further separated in
four building stages, the so-called ’pilot produc-
tion’ (PP). At the end of each stage, specified
product and process values related to quality
and productivity have to be achieved. In Figure
3 it can be seen how the preferable course of the
product and process quality looks like. The end
of the commissioning phase goes along with the
start of production (SOP).

Fig. 3. Building stages in the commissioning phase

The last product phase is the serial production
phase, where the car bodies are manufactured
within a specified cycle time due to economical
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reasons. However, the product and process qual-
ity has to be kept at the same level as at SOP.
For this reason, constant quality tests are carried
out by the quality inspection department. The
manufacturing process quality kept constant due
to defined maintenance and optimisation mea-
sures, carried out by the staff of the car body
production department.

3) Resistance spot welding in the car body
shop: Performance indicators related to the
resistance spot welding process in the car body
shop are defined within the process analysis
due to an expert questionnaire. The significant
performance indicators are assigned to corre-
sponding departments of the executing sec-
tion and can generally be categorised as ei-
ther input or output indicators. Input indicators
refer to contributed resources, such as num-
ber of employees, or amount of quality in-
spections. Output indicators refer to process-
performance-related numbers such as produc-
tivity, or achieved product quality. In the case
of the car body production department the input
indicators are the number of people deployed to
maintain the resistance spot welding process in
the shop floor (so-called ’process specialists’),
the welding control in use and the different
sheet combinations applied in the products. The
spatter quote describes the number of welding
spatter, occurring relative to the overall exe-
cuted welding operations on one day. It serves
as the most important output indicator in the car
body production with relation to the welding
performance. The second detected output indi-
cator is the welding-error quote which provides
information about the occurrence of production
stand still due to welding-errors of one day.
The input performance indicators of the quality
inspection focuses on the resources, provided in

order to ensure a proper assurance of the qual-
ity of the resistance spot welding process. In
this context, the safety concept in the commis-
sioning and serial production phase is looked
at (with regards to the investigated product
phases). Furthermore, the number of serial and
special destroying tests, within a period of half
a year, is detected as input indicators since they
show the effort performed to assure a certain
level of product quality. The output indicator in
the quality inspection is the so-called ’failure-
quote’ which describes the number of appeared
diameter violations in the destructive test of
welding spots within one half year. The limit of
this quote is defined by the product development
department. The value of this quote must be un-
der this specified limit because of legal require-
ments for passenger safety. The failure quote
is calculated by dividing the appeared failures
by the overall number of tested welding spots.
The only detected input indicator related to the
resistance spot welding process in the car body
finish department is the number of employees in
the final inspection. Since the car body shop has
to deliver a certain internal quality to the paint
shop, final optical inspection exists within the
car body finish. If a pollution on the body skin
is detected, manual rework measures are intro-
duced. Since the greatest source of pollution
are burns from welding spatters, the number of
employees needed to ensure the specific internal
quality are considered as a measure of the
spatter performance.

The last part of the process analysis focuses
on important influencing elements of the resis-
tance spot welding process. In particular the
teaching process of welding parameters is fur-
ther investigated. This takes place within a lab-
oratory where welding parameters are created
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for every required sheet combination by means
of therefore provided test sheets. Welding pa-
rameters have a large influence on the welding
performance in the production. All welding pa-
rameters are provided for material combinations
in the commissioning phase of the product. The
parameterisation process takes place within a
so-called teaching cell where production-related
disturbances can not be simulated. For this
reason welding parameters can have a great
performance in the teaching process but fail
in the real production. Consequently, welding
parameters have to be optimised in the serial-
production phase by the production staff. In
order to categorise the parameterisation process
the procedure is split up in four main steps.
The first step is the communication that a new
parameter is necessary in the production. The
kind of information transmitted within this stage
are of interest. Secondly, the previous welding
parameter and other circumstances are analysed.
In this context, the adjustable values within
a welding parameter are crucial. Furthermore,
material related circumstances such as type of
material and coatings are investigated. Addi-
tionally, geometrical and equipment-related cir-
cumstances can be looked at within the analysis.
The next step is the teaching process where
the new welding parameter is created due to
the previously performed analysis. Within this
parameter creation process the welding current,
welding time and electrode press forces are
adjusted. Moreover, special modification such
as pause time, current slope and pre-impulse can
be implemented. The corresponding parameter
creator decides if the created parameter curve
can be used in the production according to cer-
tain quality characteristics which are recorded
during the welding operation. Finally the cre-

ated parameter has to be secured by means
of a destructive test of the welded spots. In
this context the diameter of the welding spots
are measured after the destruction. Only if the
specified minimum diameter is reached by every
welding spot, (which is related to certain curves
of the parameter set) the parameter is used in
the production.

The second influencing element investigated
within the process analysis is the procedure of
spatter optimisation in the production. In this
context it has to be mentioned that an exorbitant
spatter quote is one reason for optimisation
measures in the commissioning and serial pro-
duction phase. The first step is the analysis
of circumstances of the welding spot to be
optimised. On this occasion the equipment, the
part geometry and the welding parameters are
checked for possible failures. Secondly optimi-
sation measures are performed according to the
previous analysis. Generally, equipment-related
measures are carried out at first since they
cause less effort in process assurance. After that
parameter-related optimisation measures are ex-
ecuted. On this occasion it has to be taken into
account that the welding energy is decreased
in order to reduce welding spatter. For this
reason parameter-related optimisation measures
have to be performed carefully and needs ad-
vanced knowledge about resistance spot weld-
ing. The last step of a spatter optimisation is
the assurance process. Depending on the type
of performed optimisation either destructive or
non-destructive assurance methods are applied.
This is defined by the process engineering
department with regards to the organisational
competences.
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B. Company-internal benchmarking

After the process analysis is done, the de-
tected performance indicators and influencing
elements are compared to other factory plants.
In particular the performance values (perfor-
mance benchmarking) and procedures (process
benchmarking) of the present plant (W01) are
compared with two other plants designated as
W02 and W06 in the following. The reason
these plants are selected is because of the close
geographical location and the comparability of
the used equipment and staff in the car body
shop.

1) Performance benchmarking: The perfor-
mance benchmarking aims to compare the per-
formance indicators of the resistance spot weld-
ing process in the car body shop from the pro-
cess analysis. Here, the most important produc-
tion and quality-related performance indicators
are compared by visualising and interpreting
the recorded data. By looking at a number of
used welding control (WC) in conjunction and
the number of deployed process specialists (PS)
(Figure 4), it can be seen that W01 uses the
most staff-related resources in order to handle
the resistance spot welding process.
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In this context the number of this ratio means
how much welding control one process special-
ist has to maintain generally. However, W02 and
W06 deploying more employees in the creation
process of welding parameter than W01. The
comparison of the number of teaching special-
ists demonstrates that there are big differences
between the plants. In W06 it is common that
the majority of the process specialists (10) are
able to teach welding parameters. However, they
are usually working in the shop-floor. In W02
there are two process specialists doing the main
parameterisation work, both of which are gener-
ally deployed in the teaching cell. The third per-
son who is able to teach parameters is the em-
ployee of the process engineering-department.
In W01 one process specialist and one person of
the process engineering-department are teaching
the parameter. Both of them also have to fulfill
tasks in the production. Also the number of
process specialists deployed, to optimise the
welding process in the commissioning phase
is different. Here W02 (7 people) and W06
(6 people) are at a higher level than W01 (5
people). Further evaluated input indicators show
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that W02 (30.1 %) has the highest percentage
number of sheet combinations with ultra high
strength steel, whereas W01 (17.9 %) and W06
(13.8 %) have similar values. This sort of mate-
rial seems to be difficult to join using resistance
spot welding leading to the assumption that the
welding tasks in W02 are generally more diffi-
cult. Now the output performance indicators of
the resistance spot welding process are shown.
At first the evaluated total spatter quotes of the
benchmarking-plants are depicted in Figure 5.
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Fig. 5. Total spatter quote in the serial production

The standard deviation shows that the evalu-
ated values do not vary in a large range which
indicates that the numbers are trustworthy. It

TABLE I
VALUES OF SPATTER QUOTE AND STANDARD DEVIATION

Plant W01 W02 W06
Spatter quote / % 7,51 2,50 2,69
Standard deviation / % 0,18 0,12 0,16

can be seen that the spatter quote of the W01
is approximately three times higher than in the
other two plants which indicates the urgent need
of process optimisation. However, the welding

error quote is at the same level conveying that
the resistance spot welding process runs at the
same productivity level. Next the performance
indicators of the quality inspection of each plant
are compared as well as the production-related
indicator values, first from the input and then
from the output perspective.
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Fig. 6. Costs per unit regarding the inspection concept

This graphic 6 depicts how different the in-
spection concepts are to each other. In general,
W01 uses the most resources in the commis-
sioning phase (left figure) for the required pro-
cess and product quality. In the serial production
phase (right figure), all plants have a similar
cost level for the inspection concept. In the
commissioning phase W01 and W02 have the
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same value of non-destructive test. However, in
W01 the share is reduced a lot in the serial
production contrary to W02. A further inves-
tigation of the numbers of inspection concepts,
show that there is also a big difference in the
applied test procedures between the plants. Due
to the different inspection concepts the output
values of the performed cyclical and special
inspections within a certain period of time (half
year) are very unequal. A best practise can
not be formulated in this case but it can be
mentioned that W01 has the highest applied
effort according to 6. However the destructive
failure-quote, recorded for a specific type of
car body in the serial production phase, can be
compared very good. This is depicted in Figure
7.
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Fig. 7. Failure quote of a certain type of car body in the
serial production phase

This quote shows that the quality assurance of
W01 detects less diameter valuations than W06.
W02 is still far below the specified limit of
0.7%. Due to the risk of the applied destructive
procedure and amount of performed tests the
concept of W01 can be stated as the most safe.

2) Process benchmarking: In the present
case, the process benchmarking concentrates on
the differences of the daily operations of a
process. The improvement of day-to-day oper-
ations can have a positive impact on the overall
process performance. [7] In order to evaluate
the investigated procedures according to the
process analysis characteristics, related to the
performance of the teaching process, had to be
defined. In the case of the teaching of welding
parameter these are:

• Simplicity: Easiness of performing the
steps of parameterisation

• Production-reference: Reference of the
welding parameter to the production

• Innovation: Innovative thinking is needed
in parameter teaching due to increasingly
harder circumstances of welding in the
production

• Guideline conformity: Since there are
some overall guidelines provided by the
production planning department, it is im-
portant that these are satisfied.

Some of the described characteristics are not
compatible for every procedure step. Further-
more, in a few cases one characteristic is con-
trary to another. The single procedure steps are
evaluated according to characteristics. The re-
sults of the evaluation show that W02 and W06
are pretty close to each other, even though both
have a very different procedure. In general W02
strengths are due to high innovative power and
production-reference, whereas W06 possesses
good values at the simplicity and production-
reference. W01 has the best values in the guide-
line conformity. Moreover, the simplicity seems
to be positive as well.

Next the comparison of the spatter optimisa-
tion is inspected. Therefore, the performance-
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related characteristics are described in order to
evaluate the procedures of the benchmarking
plants:

• Safety: The safety of a spatter optimisation
concerns itself with the risk that a per-
formed measure can bring quality-related
issues. Any actions that increase the risk
of producing a lower welding spot quality
are rated with a lower safety value.

• Rapidity: The procedure steps are com-
pared to their corresponding rapidity which
is very important especially in the serial
production.

• Optimisation quality: This point refers to
the optimisation quality of the executed
procedure steps.

In the evaluation of the different spatter opti-
misation procedures W02 has the highest to-
tal score prompted by the optimisation quality
and rapidity thanks to the introduced spatter-
optimisation-tool and enabled parameter teach-
ing in the manufacturing cell. W06 reaches a
good value in rapidity due to the proportional
reduction of the current curve which is an
easily administered optimisation measure. W01
convinces mainly in the area of safety because
every change to the welding parameter in the
manufacturing cell causes a start and end milled
destructive test. In doing so, the worst possible
cases are usually considered.

C. Optimisation potentials

Finally the optimisation potentials are
deduced by the results of the company internal
benchmarking. Based on the organisational
structure, the potentials are assigned to the
executive and directive sectors.

1) Executive optimisation potentials: The
first improvement potential is the introduction
of a teaching specialists committee for the
plants located in Germany. One overall recog-
nition of different procedures of the welding
parameter teaching is, that there are many in-
teresting approaches of parameterisation in the
investigated plants, even though the teaching
process is performed equally. The performance
of the welding parameters is very much de-
pendent on the expertise of the corresponding
specialist. However, a so-called ’best-practise’
parameter set-up out of specific material com-
binations is not yet known. This is because it
is not known how teaching specialists of other
plants deal with specific material combinations.
For this reason introducing a teaching specialist
committee could resolve this issue. Possible
functions would include discussing exclusive
issues related to the parameterisation process
including parameter modifications, preferable
structure of a parameter-set and handling of
specific material combinations.

The first benefit is the learning value for
every teaching specialist regarding the quality
of the parameterisation. Since details about the
welding parameter creation are discussed within
the committee, teaching specialists in turn have
to justify their procedure. Out of this the ’best-
practise’ single material combinations, in terms
of teaching the parameter, can be formulated at
least internally in the company. On a long-term
basis the formulated best-practise suggestions
can be written down and used as a great guide-
line for new teaching specialists. This guideline
secures the knowledge regarding teaching pro-
cess of the company.

The next optimisation potential is to enable
and qualify process specialists to optimise the
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welding parameter directly in the manufacturing
cell. It has to be mentioned that the execution of
this optimisation measure requires an enhanced
knowledge of the resistance spot welding pro-
cess and parametrisation. For the sake of error
prevention, only experienced process specialists
should be allowed to carry out this optimisation
procedure. A further error prevention measure
would be an on-site controlling of an experi-
enced person to determine, if the optimisation
is really necessary or reasonable. The exemplary
model is W02 where this procedure is common
practice.

The component-specific teaching process has
a positive effect on the welding performance
of welding spots difficult to optimise. In many
cases the welding parameter created by the
teaching cell do not fit perfectly. This is because
many disturbances present in the production
cannot be simulated in the parameterisation pro-
cess. So, a learning process regarding the con-
nection of welding parameter and disturbances
at the manufacturing of the process specialist
is appointed to carry out this optimisation mea-
sure begins. Furthermore, there is a motivating
aspect for the selected process specialist as their
work gets more challenging due to increasing
complexity of the tasks.

2) Directive optimisation potentials: The
formulated potentials are addressed to the pro-
cess engineering and inspection planning de-
partments. On this occasion, the first potential is
to increase the parameter teaching capacity. As
conveyed in the results of section performance
benchmarking, the number of people who deal
with the welding parameter teaching is very
different in each investigated plant. However,
the potential improvement to performance in the
spot welding process is huge in this area. For

this reason the number of teaching specialists
should be increased. An exemplary model here
is W06 where the parameterisation process is
carried out by approximately 10 empowered
process specialists. The philosophy is to keep
the teaching process rather simple, so that many
people can be instructed on the know hows.
The complexity of the parameter sets in W01
is similar to W06, but there are fewer workers
able to perform the teaching process. This has
a negative impact on the duration it takes for
a new parameter to become available. W06 has
more teaching specialists but they are somehow
less experienced, so the process engineering
department in W06 validates that parameters
created by the teaching specialists. An advan-
tage of this is the lowered risk that wrong
parameters get into the manufacturing cells.

First of all, it is advantageous that pro-
cess specialists are as familiar with the resis-
tance spot welding process as possible. This is
achieved by increasing the number of process
specialists who are able to teach welding pa-
rameters. The possibility that the process spe-
cialists increase their process-related knowledge
is huge. The reason for this is on the one
hand, the high influence of welding parameter
on the resistance spot welding process and on
the other hand, the high configuration options
in the parameterisation.
In the long term the pool of experience owned
by the process specialists can be the key to a
far better process performance.

The next improvement potential is to built up
a spatter-optimisation-tool. This potential refers
to the analysis procedure in W02 where a cer-
tain data-tool bundles all the data, necessary for
a spatter optimisation. Since the required data
is already recorded in W01, establishing a so-

185



called ’spatter-optimisation-tool’ is just a matter
of programming effort. W01 uses the business
intelligence tool Power BI in order to visualise
data recorded every day in the production such
as welding spatter quote, welding-error quote
or results of the peel tests. Concerning the
already existing expertise and availability of
data in Power BI it would be recommendable
to built up the spatter-optimisation-tool within
this tool. The first benefit is, with the aid of
the spatter-optimisation-tool, the analysis of the
data-related circumstances becomes standard-
ised as the only data to be analysed to improve
operations. This means, the analysis to deter-
mine which optimisation measure needs to be
carried out, becomes quicker. In the same way it
gets better in terms of the analysis quality where
less data-related signs can be overlooked.

3) Ranking of the potentials: Lastly the de-
scribed potentials are ranked in terms of the
effort-benefit ratio. Furthermore, the risk of
the potentials to lower the process or product
quality are considered. This ranking can be seen
in Table II.

TABLE II
RANKING OF THE OPTIMISATION POTENTIALS

Potential Effort Benefit Risk
1. Increasing teaching cap. - ++ +
2. On-site param. teaching + ++ –
3. Teaching spec. committee - +- +
4. Spatter-optimisation-tool + - +-

IV. CONCLUSION

The aim of this thesis is to identify optimi-
sation potentials in the resistance spot welding
process in the car body shop of the supported
plant, by means of a company internal bench-
marking. The indicator of the present paper is

an obvious performance difference between the
resistance spot welding process in the different
factory plants located in Bavaria. To close this
performance gap potential optimisation areas
must be identified. According to the ranked
optimisation potentials, the teaching capacity
should be increased. For further clarification
the training content and number of process
specialists to be instructed have to be defined.
The required resources have to be provided and
the responsibilities have to be divided between
the process specialists and process engineer-
ing department. Further optimisation potentials
could be gathered by performing a benchmark-
ing which included additional factory plants. It
had to be evaluated how local circumstances
of each plant are compared. Moreover an ex-
ternal benchmarking, regarding the resistance
spot welding in the car body shop, would
yield many additional approaches of process
handling. However, a major obstacle for this
procedure is the accessibility of the required
data. Finally, new ways of improving the spot-
welding process should be considered as well.
Quality inspection and parameterisation show
very promising new approaches, although this
has to be done by the production planning
department.
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Entwicklung und Umsetzung eines flexiblen und
modularen Automatisierungskonzepts zur
robotergestützten Maschinenbestückung

Marcel Stifter, Armin Lechner (Betreuer) und Benjamin Massow (Betreuer)

Kurzfassung— Der strikt hierarchische Programmaufbau vie-
ler Automatisierungsanlagen führt bereits bei geringen Pro-
zessänderungen zu enormen Planungs- und Programmier-
aufwänden. Diese Aufwände haben lange Stillstandszeiten und
erhöhte Kosten zur Folge. Besonders klein- bis mittelständi-
sche Unternehmen sind von diesem Problem betroffen, da
ihre Produktion vorrangig auf geringe Stückzahlen ausgelegt
ist und dadurch vermehrt Prozessänderungen anfallen. Ihrer
Forderung nach Flexibilität stehen nahezu keine geeigneten
Automatisierungslösungen zur Verfügung. Anhand einer flexiblen
Programmierung kann eine anpassbare Automatisierungsanlage
entwickelt werden, welche anschließend den Unternehmen als
neuartige Gesamtlösung zur Verfügung steht. Überprüft wird
diese Annahme durch die Realisierung einer mobilen modularen
Maschinenbestückungsanlage. Der Aufbau des Programms er-
folgt objektorientiert. Jedes Modul des Systems erhält eine vorge-
gebene Struktur und kann mit beliebiger, dazu passender Hard-
ware realisiert werden. Dank dieses Systemaufbaus ist es möglich,
ohne große Anpassungen am Steuerungsprogramm, verschie-
denste Hardwarekomponenten von unterschiedlichen Herstellern
in das System einzubinden und anzusteuern. Die Ergebnisse
dieser Arbeit zeigen, dass anhand einer flexiblen Bestückungs-
anlage mehrere Werkzeugmaschinen über verschiedene Kom-
munikationsprotokolle schnell und kostengünstig automatisiert
werden können, ohne dabei große Programmieraufwände bei
Prozessänderungen oder Maschinenwechsel zu generieren. Dank
einer adaptiven Programmstruktur können moderne Anlagen
flexibel gestaltet und neuartige Lösungskonzepte für dynamische
Automatisierungssysteme entwickelt werden.

Schlagwörter— Flexible Automatisierung, Objektorientier-
te Programmierung, Roboterplattform, Modulare Maschinen-
bestückung, Smart Factory.

I. EINLEITUNG

V IELE moderne Automatisierungsanlagen basieren nach
wie vor auf alten Steuerungskonzepten, wobei starr

programmierte Ablaufketten kontinuierlich abgearbeitet wer-
den. Dieses klassische Automatisierungskonzept stößt bei
häufigen System- und Prozessänderungen jedoch schnell an
seine Grenzen. Bereits kleine Anpassungen können enorme
Planungs- und Programmieraufwände hervorrufen, die wie-
derum in langen Stillstandszeiten, erhöhtem Personalbedarf
und hohen Kosten resultieren. Klein- bis mittelständische
Unternehmen (KMU’s) sind maßgeblich von diesem Problem
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betroffen, da sie vorrangig individualisierte Produkte mit klei-
nen Losgrößen produzieren und dadurch Prozessänderungen
vermehrt auftreten. Herkömmliche Automatisierungslösungen
bieten meist keine ausreichende Flexibilität, wodurch selbst
einfache Produktionsschritte, wie beispielsweise eine Maschi-
nenbestückung, manuell durchgeführt werden müssen [1].
Aktuelle Marktforschungsstudien zeigen einen klaren Trend
in Richtung individualisierter Produkte [2], weshalb viele
Unternehmen eine geeignete Automatisierungslösung für eine
flexible Produktion fordern. Dennoch ist nahezu kein ökono-
misch sinnvolles Konzept für eine flexible Automatisierung
von Werkzeugmaschinen am Markt erhältlich.

Ziel dieser Arbeit ist es, ein Gesamtkonzept für eine flexi-
ble und modulare Automatisierung von Werkzeugmaschinen
für kleine Losgrößen zu entwickeln und zu realisieren. Die
Zielgruppe des Konzepts sollen dabei KMU’s darstellen. Das
ausgearbeitete Gesamtkonzept wird in Form eines Funktions-
prototyps umgesetzt und getestet. Dabei wird auf die Realisie-
rung des elektrischen Aufbaus sowie die Programmerstellung
genauer eingegangen. Für eine aussagekräftige Konzeptevalu-
ierung wird der Prototyp anhand einer Use Case Analyse auf
dessen Funktionalität überprüft und die Vorteile einer flexiblen
Automatisierung belegt.

II. GESAMTKONZEPT

A. Entwicklung des Gesamtkonzepts

Bevor ein geeignetes Gesamtkonzept für eine neuartige
Bestückungsanlage entwickelt werden kann, muss eine Proble-
manalyse durchgeführt werden. Anhand dieser Analyse wer-
den vier große Problemfelder von KMU’s ermittelt: Technik,
Finanzen, Zeit und Anwendbarkeit. Die neue Gesamtlösung
muss eine umfassende Produkt- und Herstellerunabhängigkeit
aufweisen, da verschiedenste Bauteile an unterschiedlichs-
ten Werkzeugmaschinen hergestellt werden. Die entstehenden
Kosten für die Realisierung des Systems sind während der
Entwicklungsphase stets im Auge zu behalten. Fallen zu hohe
Kosten an, so wird das System für KMU’s unbrauchbar. Wei-
ters muss eine möglichst kurze Umrüstzeit bei Produkt- und
Maschinenwechsel erzielt werden, sodass die Bestückungsan-
lage selbst bei geringen Stückzahlen verwendet werden kann.
Ein wichtiger Aspekt ist dabei die einfache Bedienung der
Anlage. Fachpersonal ist in jedem Unternehmen nur begrenzt
vorhanden. Aufgrund dieser Tatsache muss die Anlagenbedie-
nung so intuitiv wie möglich gestaltet werden, damit jegliches
Personal das System starten und betreuen kann.
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Um die zuvor genannten Probleme und Anforderungen in
einem flexiblen Automatisierungssystem abdecken zu können,
muss das Prinzip der Modularität angewandt werden. Die neu-
artige Gesamtlösung soll nicht nur eine einfache Bestückungs-
anlage realisieren, sondern KMU’s eine fortgeschrittene Au-
tomatisierungslösung für die gesamte Produktion bieten. Das
System besteht dabei aus verschiedensten Modulen, die zu
jedem Zeitpunkt hinzugefügt, ersetzt und entfernt werden
können. Jedes Modul umfasst eine gewisse Anzahl an unter-
schiedlicher Hardware, aus der individuell eine passende Kom-
ponente gewählt werden kann. Diese Eigenschaft ermöglicht
es, sich Kundenanforderungen sowohl in technischen als auch
finanziellen Belangen bestmöglich anzupassen. Abbildung 1
zeigt alle relevanten Module, die in Bezug auf eine flexibel
automatisierte Bestückungsanlage ermittelt werden.

Abbildung 1. Ermittelte Module für das Gesamtkonzept einer flexiblen
Bestückungsanlage von Werkzeugmaschinen.

Die Werkzeugmaschine, der Roboter und der Greifer bilden
die Hauptmodule des Systems. Sie werden zwangsläufig für
den Bestückungsprozess benötigt und sind daher für das Sys-
tem unerlässlich. Anhand der Modularisierung von Werkzeug-
maschinen kann eine allgemeine und standardisierte Ansteue-
rung realisiert werden, wodurch eine herstellerunabhängige
Maschineneinbindung in das System ermöglicht wird. Das
Robotermodul wird in Form eines kollaborativen Roboters
umgesetzt, sodass die Bestückungsanlage mobil ausgeführt
werden kann. Weiters wird dadurch eine einfache Bedienung
über manual guiding und ein benutzerfreundliches Human
Machine Interface (HMI) erzielt. Der Greifer des Systems
muss über eine eigene Intelligenz und Logikeinheit verfügen,
sodass fortgeschrittene Prozessüberwachungen wie Spannde-
tektionen und error handlings realisiert werden können. Das
Kameramodul kann sowohl für Qualitätskontrollen als auch
für Späneerkennungen verwendet werden. Der Reinigungs-
zyklus steht für die Bauteil- und Spannmittelreinigung zur
Verfügung. Mittels einer Datenintegration, Vermess- und Gra-
vierstation kann eine nahtlose Überprüfung aller produzierten
Bauteile realisiert werden. Anhand eines automatisierten Zu-
und Abführsystems von Bauteillagern wird eine signifikan-
te Produktionsvolumenerhöhung bei kurzen Durchlaufzeiten
ermöglicht.

B. Aufbau des Gesamtsystems

Zunächst muss ein geeigneter Hardwareaufbau für das Ge-
samtsystem definiert werden. Hierfür wird auf ein bereits be-
stehendens Konzept [3] zurückgegriffen und dieses im Detail
ausgearbeitet. Der entwickelte Systemaufbau ist in Abbildung
2 grafisch aufgezeigt.

Abbildung 2. Hardwareaufbau des Gesamtkonzepts für eine flexible Werk-
zeugmaschinenbestückung. Adaptiert nach [3].

Die Robotereinheit bildet das Hauptmodul des Gesamtsys-
tems. Sie wird über eine Steckverbindung mit der Werk-
zeugmaschine verbunden und dadurch mit Strom, Druckluft
und Daten versorgt. Anschließend bildet das Hauptmodul die
zentrale Versorgungseinheit für alle weiteren Module. Jedes
Zusatzmodul wird über einen Mechanismus und eine Steck-
verbindung mit dem Hauptmodul gekoppelt und folglich in das
System eingebunden. Um eine möglichst große Flexibilität er-
zielen zu können, muss jedes Modul mobil ausgeführt werden.
Dies kann über ein standardisiertes mechanisches Grundgerüst
realisiert werden.

Für die Entwicklung einer geeigneten Ansteuerungsstruktur
wird erneut ein bereits bestehendes Konzept [4] herangezogen
und dieses weiter ausgearbeitet. Die entwickelte Ansteue-
rungsstruktur ist in Abbildung 3 ersichtlich.

Abbildung 3. Ansteuerungsstruktur des Gesamtsystems für eine flexible
Werkzeugmaschinenbestückung. Adaptiert nach [4].

Die Ansteuerung der Module erfolgt anhand einer über-
geordneten speicherprogrammierbaren Steuerung (SPS). In
diesem System fungiert die SPS als Moderator und alle
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weiteren Module als Teilnehmer [4]. Aufgrund der Tatsache,
dass verschiedene Hardwarekomponenten mit unterschiedli-
chen Schnittstellensignalen in das System eingebunden wer-
den, muss jeder Teilnehmer gekapselt realisiert werden. Der
Moderator triggert Funktionen von Teilnehmern und über-
wacht anschließend deren Ablauf [4]. Alle Teilnehmerfunk-
tionen arbeiten autonom und sind direkt auf der Logikein-
heit der Teilnehmer implementiert. Der Moderator erhält als
Rückmeldung von jedem Teilnehmer den Status der Operation
sowie eine Bestätigung, sobald sie vollendet ist. Dank dieses
Aufbaus kann der Steuerungscode der SPS in einer allge-
meinen Form realisiert werden, wodurch bei Modulwechsel
nahezu kein zusätzlicher Programmieraufwand entsteht. In der
vorhandenen Konstellation übernimmt die SPS die Funktion
der Ablaufsteuerung sowie der Überwachung des gesamten
Produktionsprozesses [4].

Anhand der entwickelten Ansteuerungsstruktur treten im
System zwei unterschiedliche Kommunikationsarten auf, di-
rekt und indirekt. Eine direkte Kommunikation ist eine rea-
le Schnittstellenkommunikation, die ausschließlich zwischen
Moderator und Teilnehmern aufgebaut wird. Die SPS kann
mittels Hardwareerweiterungen nahezu jede Kommunikati-
onsschnittstelle abdecken, wodurch eine kommunikationsun-
abhängige Teilnehmeransteuerung realisiert werden kann. Ver-
schiedene Teilnehmer können dabei gleichzeitig über unter-
schiedliche Schnittstellen mit dem Moderator kommunizieren
und Informationen austauschen. Eine indirekte Kommunika-
tion wird zwischen zwei Teilnehmern aufgebaut und erfolgt
über die SPS. Bei komplexen Funktionen müssen Teilneh-
mer untereinander kommunizieren, um Operationen korrekt
ausführen zu können. Jeder Teilnehmer kann eine Anforderung
an die SPS senden, sodass benötigte Teilnehmerfunktionen
getriggert und Informationen ausgetauscht werden. Dank die-
ser indirekten Kommunikation können Teilnehmer untereinan-
der kommunizieren, ohne über eine einheitliche Kommunika-
tionsschnittstelle zu verfügen.

Im Anschluss an die Definition des Systemaufbaus muss ein
Ablauf für die Bedienung der Anlage identifiziert werden. Der
Bediener muss in der Lage sein die Anlage zu kontrollieren,
einzurichten, zu parametrisieren und zu starten. In Bezug auf
das Gesamtsystem wird folgender Ablauf für die Bedienung
der Anlage bestimmt:

• Sichere Initialisierung der Analge beim Einschaltvorgang
• Wahl der vorhandenen Teilnehmer des Systems
• Einrichten der Anlage im Handbetrieb
• Parametrisierung einer Ablaufkette für flexible Automa-

tisierungsprozesse
• Rezepturverwaltung zur Wiederverwendung bereits im-

plementierter Abläufe

Die Anlage muss in einem sicheren Not-Aus Zustand initia-
lisieren, da keine Information über den aktuellen Status der
Teilnehmer vorhanden ist. Im Anschluss an den Einschalt-
vorgang erfolgt die Teilnehmerauswahl, wobei eine aktive
Kommunikation zu allen Modulen aufgebaut wird. Mittels
eines Handbetriebs muss der Bediener in der Lage sein die
Anlage einzurichten, zu kalibrieren und in einen definierten
Zustand zu versetzen. Aufgrund der Tatsache, dass der Produk-

tionsprozess frei gestaltet werden kann, muss die Anlage über
eine parametrisierbare Ablaufkette [4] verfügen, sodass der
Produktionsablauf an die gegebenen Anforderungen angepasst
werden kann. Im Zuge dieser freien Parametrisierbarkeit muss
eine Rezepturverwaltung eingeführt werden, sodass bereits
funktionierende Abläufe gespeichert und erneut gestartet wer-
den können [4].

III. UMSETZUNG DES GESAMTSYSTEMS

A. Realisierung eines Funktionsprototyps

Das entwickelte Gesamtsystem wird in Form eines Funkti-
onsprototyps realisiert, sodass dessen Funktionalität überprüft
werden kann. Dabei wird jedoch nicht direkt das gesamte
System aufgebaut, sondern vielmehr die wichtigsten und nütz-
lichsten Module umgesetzt. Abbildung 4 zeigt alle Module, die
im realisierten Funktionsprototyp enthalten sind.

Abbildung 4. Übersicht der Module, die als Prototyp realisiert werden.

Die Entwicklung des Funktionsprototyps wird in vier große
Themenbereiche unterteilt: Die Realisierung des mechanischen
Aufbaus [5], die Auslegung eines Sicherheitskonzepts [6], [7],
die Entwicklung einer Späneerkennung sowie eines Reini-
gungszyklus [8] und die Entwicklung des elektrischen Aufbaus
sowie der dazugehörigen Programmierung. Der letztgenannte
Themenbereich wird in weiterer Folge im Detail ausgearbeitet
und beschrieben.

B. Elektrischer Aufbau

Zunächst müssen geeignete Hardwarekomponenten für alle
vorhandenen Module des Funktionsprototyps definiert werden.
In Tabelle I sind die verwendeten Komponenten des Systems
aufgelistet.

Tabelle I
ÜBERSICHT ÜBER ALLE VERWENDETEN HARDWAREKOMPONENTEN FÜR

DIE UMSETZUNG DES FUNKTIONSPROTOTYPS.

Modul Hersteller Artikel
Werkzeugmaschine Fanuc Robodrill α-D21MiB5
Roboter Fanuc CRX 10iA/L
Greifer Schunk EGL 90-PN
Kamera Cognex D905
Reinigungsbox - -

Die erste Werkzeugmaschine des Systems bildet die Fanuc
Robodrill α-D21MiB5, da eine solche Maschine für eine
längere Testphase zur Verfügung steht. Die Wahl des Roboters
fällt auf den kollaborativen Roboter Fanuc CRX-10iA/L, da
er über eine große Reichweite verfügt und Lasten bis zu
10 kg tragen kann. Als Werkzeug des Roboters wird der
Greifer Schunk EGL 90-PN definiert. Dieser besitzt eine
maximale Spannkraft von 600N und einen maximalen Hub
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von 42.5mm. Die Kamera und Reinigungsbox werden von
[8] übernommen und in das System eingebunden.

Im Anschluss an die Hardwareauswahl muss ein passen-
der Schaltschrank für die Versorgung und Ansteuerung der
Komponenten entwickelt werden. Sowohl der Schaltschrank
als auch der Robotercontroller werden im Innenraum des
zentralen Hauptmoduls verbaut. Bei der Realisierung des
Schaltschranks werden die Normen DIN EN 60204 [9], DIN
EN 61439-1 [10], DIN EN 61439-2 [11], DIN EN 61355-1 [12]
sowie DIN EN 81346-2 [13] berücksichtigt und größtenteils
bereits in der Prototypenphase eingehalten. Die Versorgung
erfolgt, wie vom Gesamtkonzept gefordert, über eine Harting
Steckverbindung. In ihr ist eine 230V Spannungsversorgung,
ein Druckluftanschluss sowie eine Profibus und Profinet Kom-
munikationsschnittstelle enthalten. Der Robotercontroller Fa-
nuc R-30iB Mini wird über einen 10A Automat abgesichert.
Aufgrund der Tatsache, dass mehrere Teilnehmer eine 24V
Versorgung benötigen, wird die Ausgangsspannung eines 10A
Netzgerät über mehrere elektronische Sicherungen abgesichert
und auf drei Kreise aufgeteilt. Der erste Kreis versorgt dabei
alle internen Komponenten, der zweite alle externen und der
dritte alle Leistungsabgänge. Die Profinet Datenverteilung er-
folgt anhand eines einfachen achtfach-Ethernet Switchs. Über
einen verbauten WLAN-Router kann eine Kommunikation zu
einem externen Netzwerk realisiert werden. Die Steuerung des
gesamten Systems erfolgt anhand einer SPS Beckhoff CX5130.
Dabei handelt es sich um einen Industrial Personal Computer
(IPC) mit dem Betriebssystem Windows 7 Embedded. Die SPS
verfügt über eine achtfach digitale Ausgangsklemme, eine Pro-
fibus Masterklemme sowie zwei Safety Klemmen mit jeweils
vier Eingängen und einem Ausgang. Diese Ausgänge werden
mittels Safety Relais erweitert, sodass potentialfreie Kontakte
zur Verfügung stehen. Der Sicherheitskreis der Anlage wird
anhand eines Safety Projekts in der SPS realisiert.

Der vollendete Aufbau des Funktionsprototyps ist in Ab-
bildung 5 ersichtlich. Das mechanische Grundgerüst wird aus
[5] übernommen. Neben dem Hauptmodul befindet sich ein
einfaches provisorisches Lagermodul aus Holz.

Abbildung 5. Aufbau des vollendeten Funktionsprototyps mit Lagermodul.

C. Entwicklung des Steuerungsprogramms

Die Implementierung des Steuerungsprogramms erfolgt in
der Software TwinCat XAE Shell von Beckhoff. Alle verwen-
deten Softwaremodule und Versionen sind in Tabelle II auf-
gelistet. Das gesamte Programm wird in Form von Structured
Text (ST) realisiert.

Tabelle II
ÜBERSICHT ÜBER DIE VERWENDETEN SOFTWAREVERSIONEN FÜR DIE

ERSTELLUNG DES STEUERUNGSPROGRAMMS.

Softwarepaket Version
TwinCat 3 Engineering 3.1.4024.17
TwinCat 3 Runtime 3.1.4024.17
TE2000 HMI Engineering 1.12.746.3
TF2000 HMI Server 1.12.746.3

Grundlage für die Erstellung des neuen Steuerungspro-
gramms bildet ein bereits entwickelter Konzeptcode [4]. Die
Struktur dieses Codes wird übernommen, das gesamte Pro-
gramm jedoch gänzlich erneuert und ausgearbeitet.

Als erster Schritt der Programmerstellung muss ein mögli-
cher Ablauf der Maschinenbestückung definiert und dieser
in einzelne Operationen unterteilt werden. Die ermittelten
Operationen werden über verschiedene Teilnehmerfunktionen
realisiert und bilden die Grundlage für die Entwicklung der
Bausteine, die in weiterer Folge dem Bediener für die Para-
metrisierung der Ablaufkette zur Verfügung stehen. Abbildung
6 zeigt die Unterteilung des Bestückungsprozesses in die
definierten Operationen.

Abbildung 6. Unterteilung des Bestückungsprozesses in die Operationen.

Zunächst wird im Hauptprogramm eine Programmstruktur
für die Steuerung der Anlage ausgearbeitet. Anschließend
werden alle Teilnehmer in das System eingebunden und ein
standardisierter Aufruf der Teilnehmerfunktionen entwickelt.
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D. Aufbau des Hauptprogramms

Das Hauptprogramm kann allgemein in drei Bereiche un-
terteilt werden: Die Teilnehmerauswahl, den Handbetrieb und
den Automatikbetrieb.

Die Teilnehmerauswahl erfolgt anhand einer einfachen
Switch/Case Anweisung [4]. Jedem Modul wird eine
Enumeration-Variable zugewiesen, welche den entsprechenden
Teilnehmer repräsentiert [4]. Besitzt diese Variable den Wert
0, so ist das entsprechende Modul im System nicht vorhanden.
Nimmt die Variable den Wert eines Teilnehmers an, so wird
der teilnehmerspezifische Funktionsbaustein aufgerufen und
ein dazugehöriges Interface beschrieben [4]. Wie bei jeder
objektorientierten Programmierung bildet das Interface eine
Klasse, die über eine bestimmte Anzahl an Methoden verfügt.
Diese Methoden entsprechen dabei den Teilnehmerfunktionen
der Hardware. Als Teil einer Klasse muss jeder Teilnehmer
alle Methoden des Interfaces abdecken. Das Interface selbst
fungiert als Pointer, welcher auf den Speicherplatz des über-
gebenen Funktionsbausteins zeigt. Der Aufruf der Teilnehmer-
funktionen kann dadurch über das Interface erfolgen, wodurch
der Steuerungscode in einer allgemeinen Form realisiert wer-
den kann. Die genaue Methodenimplementierung erfolgt in
den teilnehmerspezifischen Funktionsbausteinen. Der Ablauf
der Methoden muss teilnehmerübergreifend nicht identisch
sein. Anhand dieser offenen Implementierungsvariante können
hardwaregebundene Besonderheiten, wie beispielsweise Si-
gnaltimecharts, abgedeckt werden, ohne die Funktionalität
anderer Teilnehmer zu beeinflussen.

Der Handbetrieb bildet den Einrichtbetrieb der Anlage und
wird für Test- und Inbetriebnahmezwecke verwendet. Nach
jedem Neustart muss die Anlage auf ihre Funktionalität über-
prüft und in eine sichere Grundstellung gebracht werden.
Der Handbetrieb ermöglicht dabei das direkte Starten von
Teilnehmerfunktionen, ohne den gesamten Produktionsablauf
parametrisieren zu müssen. Die Ansteuerung der Methoden
erfolgt anhand einer einfachen Startvariable. Während eine
Methode abgearbeitet wird, kann keine weitere gestartet wer-
den. Nach Vollendung des Methodenablaufs wird die Startva-
riable automatisch resettiert und die Anlage für die weitere
Bedienung freigegeben. Dadurch können alle Funktionen der
Teilnehmer vor Produktionsbeginn überprüft, kalibriert und
gegebenenfalls nachjustiert werden.

Der Automatikbetrieb realisiert den normalen Produktions-
betrieb der Anlage. Jeder Produktionsablauf beginnt mit einer
Startfreigabe des Bedieners. Anschließend wird eine einmalige
Initialisierungsroutine durchlaufen, welche die Anlage über
eine fix definierte Methodenabfolge in einen sicheren Start-
zustand befördert. Sobald dieser Zustand erreicht ist, beginnt
die Anlage mit der Abarbeitung aller Methoden laut einer
benutzerdefinierten State Machine. Bei der State Machine
handelt es sich um ein Enumeration-Array, worin jede Teilneh-
mermethode als spezifischer Zahlenwert definiert ist [4]. Der
Bediener füllt dieses Array mit Werten und bestimmt dadurch
den genauen Produktionsablauf. Der Zahlenwert 0 besitzt
dabei eine Sonderstellung, da er das Ende der parametrisier-
ten Ablaufkette symbolisiert [4]. Bei jeder Vollendung einer
Teilnehmermethode wird ein Signal für die Zustandsänderung

der State Machine gesetzt, wodurch der nächste Arrayeintrag
aufgerufen wird [4]. Dieser Vorgang wiederholt sich bis das
Ende der parametrisierten State Machine erreicht ist. Sollten
weitere Bauteile benötigt werden, so beginnt der Durchlauf
erneut und ein Bauteilcounter wird erhöht. Nachdem der
Bauteilcounter die Anzahl der gewünschten Bauteile erreicht,
wird eine Endroutine abgearbeitet. Dabei wird wie zuvor in der
Initialisierungsroutine eine fixe Methodenabfolge durchlaufen,
worüber die Anlage in einen sicheren Endzustand befördert
wird. Nach erfolgreichem Abschluss der Endroutine kann der
Bediener das Produktionsende bestätigen und die Anlage für
die nächste Produktion freigeben.

E. Teilnehmereinbindung und Methodenimplementierung

Im Anschluss an die Erstellung des Hauptprogramms muss
ein hardwareseitiger Kommunikationsaufbau zu allen Kom-
ponenten des Systems realisiert werden. Jeder Teilnehmer
wird als Profinet Device angelegt und parametrisiert. Dabei
muss ein eindeutiger Stationsname, eine IP-Adresse sowie
ein passendes GSDML-File gewählt werden. Im Zuge die-
ses Kommunikationsaufbaus müssen alle Schnittstellensignale
klar definiert und in den teilnehmerspezifischen Funktionsbau-
steinen implementiert werden. Der Greifer und die Kamera
verfügen bereits über eine standardisierte Schnittstellenkom-
munikation, weshalb diese direkt übernommen werden kann.
Beim Roboter und der Werkzeugmaschine ist die Kommu-
nikation individuell konfigurierbar, wodurch eine manuelle
Schnittstellenstandardisierung erforderlich ist. Diese Schnitt-
stellen müssen anschließend bei allen Teilnehmern derselben
Modulart identisch umgesetzt werden, sodass der zukünftige
Programmieraufwand verringert wird.

Die Methodenimplementierung ermöglicht die Ansteuerung
der Teilnehmer über die SPS. Mittels Methoden können Teil-
nehmerfunktionen gestartet und Informationen ausgetauscht
werden. Bei der Methodenimplementierung wird zwischen
zwei Arten von Methoden unterschieden, den allgemeinen und
den modulspezifischen Methoden.

Allgemeine Methoden sind standardisiert und werden für
definierte Aufgaben verwendet. Darin sind Informations- und
Ansteuerungsmethoden enthalten, die für die korrekte Funkti-
on des Systems unerlässlich sind. Sie beinhalten Warnsignale,
Kommunikationskontrollen, Statusmeldungen und Abbruchbe-
fehle. Die Implementierung der Informationsmethoden muss
bei jedem Teilnehmer eines Moduls zwingend identisch reali-
siert werden.

Modulspezifische Methoden sind nur bei Teilnehmern der-
selben Modulart vorhanden. Diese Methoden werden für die
Ansteuerung der Teilnehmerfunktionen verwendet, wodurch
Hardwareoperationen ausgeführt werden. Der Ansteuerungs-
ablauf ist standardisiert und folgt einem definierten Schema.
Dieser Ablauf ist in Abbildung 7 in allgemeiner Form dar-
gestellt. Über das Hauptprogramm wird der Methodenablauf
zyklisch wiederholt bis der Teilnehmer das Funktionsende
bestätigt oder ein Abbruch erfolgt.
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Abbildung 7. Allgemeines Schema des Methodenablaufs für die Ansteuerung
einer Teilnehmerfunktion. Der strichlierte Block symbolisiert die Ansteuerung
von Teinehmermethoden eines anderen Moduls, wodurch eine Zusammenar-
beit zwischen Teilnehmern realisiert werden kann.

IV. EVALUIERUNG DES GESAMTSYSTEMS

Für eine Evaluierung des Gesamtsystems muss der entwi-
ckelte Funktionsprototyp anhand eines geeigneten Use Cases
auf seine Funktionalität überprüft werden. Dabei soll ein
möglichst realistisches Szenario aus Sicht eines KMU betrach-
tet werden. Entscheidet sich ein Unternehmen das System
zu erwerben, so werden alle benötigten Module mit den
gewünschten Hardwarekomponenten realisiert und vor Ort in
Betrieb genommen. Im Anschluss werden vorrangig keine
neuen Hardwaremodule ersetzt, sondern vielmehr möglichst
viele vorhandene Werkzeugmaschinen in das System einge-
bunden. Anhand dieser Tatsache ist es naheliegend, die Mo-
dularität des Systems an verschiedenen Werkzeugmaschinen
zu testen, da dies in der Praxis höchste Relevanz besitzt.

Der entwickelte Funktionsprototyp wird als Use Case an
vier möglichst unterschiedlichen Werkzeugmaschinen getestet,
sodass dessen Flexibilität, Modularität und Funktionalität be-
legt werden kann. Die vier vorhandenen Werkzeugmaschinen
sind in Tabelle III aufgelistet. Zunächst wird der Erstinbetrieb-
nahmevorgang aller Maschinen verglichen und genau analy-
siert. Anschließend wird der Einricht- und Umrüstprozess für
eine Produktionsautomatisierung an zwei Werkzeugmaschinen
untersucht und gegenübergestellt. Den Abschluss der Analyse

bildet eine reale Testproduktion an einer Werkzeugmaschine,
worüber die Prozesssicherheit während eines Dauerbetriebs
ermittelt wird.

Tabelle III
ÜBERSICHT ALLER WERKZEUGMASCHINEN, DIE IN DAS SYSTEM

EINGEBUNDEN WERDEN.

Hersteller Typ Steuerungstyp Schnittstelle
Fanuc Robodrill α-D21MiB5 Serie 31i- Model B Profinet
Tsugami BH38E Serie 31i- Model A Profibus
Tsugami MO8SYE Serie 0i-TD Profibus
Doosan Puma 2600SY II Serie i Profinet

A. Evaluierung der Erstinbetriebnahmen

Bei jeder Erstinbetriebnahme einer Werkzeugmaschine
müssen fünf Arbeitsschritte durchgeführt werden. Zunächst
wird der Teilnehmer in das System eingebunden und alle
Kommunikationssignale nach standardisierten Schnittstellen-
vorgaben konfiguriert. Anschließend müssen alle Methoden für
die Ansteuerung der Teilnehmerfunktionen implementiert und
in Folge sämtliche Signal- und Ansteuerungschecks durch-
geführt werden. Den Abschluss der Erstinbetriebnahme bildet
eine Kontrolle der Erreichbarkeit aller Roboterpositionen, die
für den Bestückungsprozess benötigt werden. Der entstande-
ne zeitliche Aufwand für die Erstinbetriebnahme von jeder
Werkzeugmaschine wird in Abbildung 8 grafisch aufgezeigt
und gegenübergestellt.

Abbildung 8. Gegenüberstellung des zeitlichen Aufwands für die Erstinbe-
triebnahme von vier unterschiedlichen Werkzeugmaschinen.

Der zeitliche Aufwand für die Erstinbetriebnahme der Werk-
zeugmaschine Fanuc Robodrill α-D21MiB5 ist wesentlich
höher als bei allen weiteren Erstinbetriebnahmen. Dies ist
auf den hohen Programmieraufwand der Methodenimplemen-
tierung zurückzuführen. Sie wird als erste Werkzeugmaschi-
ne in das System aufgenommen, wodurch der gesamte An-
steuerungscode an ihr entwickelt werden muss. Dank der
standardisierten Ansteuerungsstruktur des Systems kann diese
Methodenimplementierung anschließend bei allen weiteren
Werkzeugmaschinen übernommen werden, wodurch eine hohe
Zeitersparnis erzielt wird. Bei beiden Werkzeugmaschinen
des Herstellers Tsugami ist ein erhöhter Zeitaufwand für
die Konfiguration der Kommunikationsschnittstelle ersichtlich.
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Dieser Hersteller verfügt in seinen Produkten über keine
standardisierte Programmstruktur, wodurch jegliches Ansteue-
rungssignal einzeln im Steuerungscode der Werkzeugmaschine
gesucht werden muss. Dadurch entsteht bei jeder Erstinbetrieb-
nahme ein erhöhter Aufwand, dessen Auswirkung nur schwer
im Vorfeld abgeschätzt werden kann. Die Erstinbetriebnahme
der Werkzeugmaschine Doosan Puma 2600SY II zeigt eindeu-
tig, welche Aufwandsreduktion anhand der Modularisierung
von Werkzeugmaschinen ermöglicht wird. Grundsätzlich gilt,
je mehr Maschinen in das System eingebunden werden, desto
größer und signifikanter wird die Zeitersparnis durch Code-
wiederverwertung und Schnittstellenstandardisierung.

B. Evaluierung des Einricht- und Umrüstprozesses

Die Dauer des Einricht- und Umrüstprozesses ist eine wich-
tige Kenngröße, die beschreibt wie viel Zeit für das Anpassen
des Automatisierungsprozesses benötigt wird. Anhand dieser
Kenngröße und der geforderten Bauteilanzahl kann der Bedie-
ner entscheiden, ob sich der entstehende Aufwand mit dem er-
haltenen Nutzen der Produktionsautomatisierung deckt. Beide
Prozesse werden an zwei möglichst unterschiedlichen Werk-
zeugmaschinen umgesetzt und die entstehenden Aufwände
verglichen. Die Analyse erfolgt an den Werkzeugmaschinen
Fanuc Robodrill α-D21MiB5 und Doosan Puma 2600SY II.

Der Einrichtprozess tritt bei jeder Erstinbetriebnahme und
bei jedem Maschinenwechsel auf. Dabei müssen sowohl der
Automatisierungsablauf als auch alle benötigten Operationen
neu eingelernt werden. Aufgrund der Tatsache, dass die Werk-
zeugmaschine Doosan Puma 2600SY II über einen eigenen
Stangenlader verfügt, reduziert sich der Bestückungsvorgang
auf eine Bauteilentnahme. Der benötigte zeitliche Aufwand für
das Einlernen aller Operationen ist in Tabelle IV aufgelistet.

Tabelle IV
ZEITAUFWAND FÜR DAS EINRICHTEN ALLER OPERATIONEN AN DER

Fanuc Robodrill α-D21MiB5 UND DER Doosan Puma 2600SY II.

Operation Robodrill α-D21MiB5
t / h

Puma 2600SY II
t / h

Rohteil aufnehmen 1.00 -
Rohteil bestücken 0.50 -
Fertigteil entnehmen 0.25 0.50
Bauteil reinigen 0.25 0.25
Fertigteil ablegen 0.50 1.00
Späneerkennung Bauteil 4.00 4.00
Späneerkennung Spanner 4.00 4.00
Automatische Tür öffnen 0.00 0.00
Automatische Tür schließen 0.00 0.00
CNC Start 0.00 0.00
Summe 10.50 9.75

Beim Einrichtprozess müssen grundsätzlich zwei Arbeits-
schritte durchgeführt werden: Das Einlernen von Roboterpo-
sitionen und das Entwickeln von Kamerajobs für die Späneer-
kennung. Jede Roboterposition muss neu definiert und an
die vorhandene Werkzeugmaschine angepasst werden. Dieser
Aufwand wird durch eine geschickte Wahl von Roboterpositio-
nen verringert, indem standardisierte Positionen definiert und
diese Programmübergreifend verwendet werden. Den größten
Aufwand des Einrichtprozesses bildet das Entwickeln von
Kamerajobs. Bei jedem implementierten Kamerajob müssen

ungefähr 100 unterschiedliche Bilder mit Spänen an der
jeweiligen Komponente aufgezeichnet werden. Der zeitliche
Aufwand für die Erstellung eines Kamerajobs beträgt 1.5 h.
Anhand der Tatsache, dass bei jeder Späneerkennungsposition
mindestens zwei Kamerajobs benötigt werden, erhöht sich
dieser Aufwand auf 3 h. Zusätzlich zu den erstellten Kamera-
jobs müssen alle Roboterpositionen für den Reinigungszyklus
definiert werden, wodurch sich der angegebene Zeitaufwand
für die gesamte Operation ergibt. Bezogen auf die erhobenen
Daten beläuft sich der maximale Zeitaufwand für den gesam-
ten Einrichtprozess auf ungefähr 1 bis 2 Arbeitstage.

Der Umrüstprozess muss bei jedem Bauteilwechsel durch-
geführt werden und entspricht einem verkürzten Einricht-
prozess. Beim Umrüstprozess ist der Automatisierungsablauf
bekannt und die meisten Operationen sind bereits größten-
teils eingelernt. Tabelle V zeigt den entstehenden zeitlichen
Aufwand für das Nachjustieren der einzelnen Operationen an
beiden Werkzeugmaschinen.

Tabelle V
ZEITAUFWAND FÜR DAS NACHJUSTIEREN ALLER OPERATIONEN AN DER

Fanuc Robodrill α-D21MiB5 UND Doosan Puma 2600SY II.

Operation Robodrill α-D21MiB5
t / h

Puma 2600SY II
t / h

Rohteil aufnehmen 0.25 -
Rohteil bestücken 0.10 -
Fertigteil entnehmen 0.10 0.10
Bauteil reinigen 0.00 0.00
Fertigteil ablegen 0.10 0.25
Späneerkennung Bauteil 3.00 3.00
Späneerkennung Spanner 0.00 0.00
Automatische Tür öffnen 0.00 0.00
Automatische Tür schließen 0.00 0.00
CNC Start 0.00 0.00
Summe 3.55 3.35

Den größten Aufwand bildet erneut das Entwickeln von
zwei Kamerajobs für die Späneerkennung am Bauteil. Bei
allen neuen Bauteilen müssen zwnagsläufig neue Kamerajobs
entwickelt werden, da die vorhandene Bauteilkontur für die
Auswertung der Späneerkennung relevant ist. Dieser hohe
Aufwand entfällt, wenn ein bereits bestehenden Bauteilen er-
neut produziert wird. Die aufgezeichneten Daten zeigen, dass
der Umrüstprozess bei allen Werkzeugmaschinen in weniger
als einem halben Arbeitstag durchgeführt werden kann.

C. Evaluierung der Prozesssicherheit

Einer der wohl wichtigsten Faktoren eines jeden Automati-
sierungssystems ist die vorhandene Prozesssicherheit der An-
lage. Eine prozesssichere Automatisierung zeichnet sich durch
eine konstante und zuverlässige Produktion von Bauteilen mit
wenig Fehlerfällen aus. Der entwickelte Funktionsprototyp
wird anhand einer kurzen Testproduktion von 60 Bauteilen
auf seine vorhandene Prozesssicherheit überprüft, sodass die
häufigsten Fehlerquellen ermittelt werden können. Die Test-
produktion erfolgt an der Werkzeugmaschine Doosan Puma
2600SY II. Alle auftretenden Fehler werden kategorisiert und
in Abbildung 9 grafisch aufgezeigt.
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Abbildung 9. Übersicht über die Fehlerhäufigkeit während der Testproduktion
von 60 Bauteilen.

Jede Fehldetektion eines Spans wird durch die vorhan-
dene Emulsion hervorgerufen. Dabei wird das Reinigungs-
programm fälschlicherweise gestartet, wodurch ein erhöhter
Zeitaufwand entsteht. Dieses Problem kann durch zusätzliches
Bildmaterial an der Kamera behoben werden. Die Roboter-
kollision wird von der vorhandenen Schleppkette verursacht,
welche sich nach mehrfacher Belastung lockert. Dieses me-
chanische Problem kann durch die Verstärkung aller Befesti-
gungspunkte gelöst werden. Das größte Problem bezogen auf
die Prozesssicherheit bildet das Auftreten von Langspänen.
Trotz durchgeführter Nachjustierungen am Reinigungszyklus
können Langspäne nicht zuverlässig entfernt werden. Diese
Späneart tritt bei Drehmaschinen häufig auf, wodurch in unre-
gelmäßigen Abständen mit einer Unterbrechung der laufenden
Produktion gerechnet werden muss. Aufgrund dieser Tatsache
ist mit dem vorhandenen Aufbau keine prozesssichere Pro-
duktion an einer Drehmaschine realisierbar. Dieses Problem
tritt bei Fräszentren nicht auf, da dort in der Bearbeitung nur
kurzbrechende Späne entstehen. Dadurch ist die Prozesssicher-
heit des Systems an Fräszentren wie der Fanuc Robodrill α-
D21MiB5 wesentlich höher als an einer Drehmaschine.

V. CONCLUSIO

Das entwickelte Konzept besitzt ein hohes Potential KMU’s
eine geeignete flexible Automatisierungslösung für verschie-
denste Produktionsaufgaben bieten zu können. Der modulare
Aufbau und die objektorientierte Programmierung ermögli-
chen dabei eine hohe technische Flexibilität, wodurch sich
jegliches System an die vorhandenen Anforderungen anpassen
kann. Dank der realisierten Moderator-Teilnehmer Struktur
ist es möglich ein allgemeines Ansteuerungsprogramm zu
entwickeln, wodurch sich anfallende Programmierarbeiten bei
Änderungen verringern. Aufgrund der Tatsache, dass alle
Funktionalitäten der Anlage auf der Logikeinheit der Teil-
nehmer implementiert sind, kann über Methodenaufrufe und
standardisierte Schnittstellen jede Funktion zentral gestartet
und koordiniert werden. Die frei parametrisierbare Ablaufkette
ermöglicht es, den genauen Produktionsprozess individuell an
die vorhandene Werkzeugmaschine anzupassen. Die erhobe-
nen Messdaten weisen auf ein funktionsfähiges System und

eine gute Performance hin, jedoch müssen für ein serienrei-
fes Automatisierungssystem alle Mängel der Prozesssicherheit
behoben werden.
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Schaltgerätekombinationen - Teil 2: Energie-Schaltgerätekombinatio-
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Automated Oxygen Supply System
For Avalanche Victims

Armin Stockhammer and Bernhard Hollaus (supervisor)

Abstract—The steadily increasing demand for outdoor activi-
ties leads to a higher number of casualties. Especially in DACH
countries ski touring and skiing off-piste is becoming more
popular and entails avalanche accidents.
Depending on the snow conditions and the personal fitness,
completely buried avalanche victims can breathe up to 30min
until they run out of air. Rescue operations often take several
hours to find and dig out the buried skiers. The goal is to
make such dangerous sports safer and increase the chances
of surviving an avalanche accident. The thesis focuses on a
prototype that supplies fresh air without active interaction by
the carrier. Therefore the oxygen of blown-up airbag-systems is
used and controlled by an embedded system (ES). Depending
on the measured ambient air quality the ES transports fresh
air out of the airbags towards the victim’s face. Due to several
continuous pressure and gas monitorings the pneumatic structure
is efficiently controlled for a maximum yield of oxygen and
hence, an expanded supplying time. By using the Bluetooth
Low Energy (BLE) technology the current system status is
broadcasted to nearby Internet-of-Things (IoT) devices. The
provided information is important to rescue teams or comrades
and are tracked live on the developed window application.
The test results have proved that the fresh air supplied by the
prototype slows down the rise of the pollution level in the air
pocket thereby increasing the victims’ chances of not dying from
suffocation. Hence the prototype is a valuable safety equipment
and an eligible candidate for the product market.

Index Terms—oxygen supply control, emergency gadget,
breath-VOC monitoring, index of air quality, Bluetooth Low
Energy, increased survival chance

I. INTRODUCTION

TODAY, back country skiing and ski touring off-piste
are trending sports and hence contributing to a higher

accident rate in the mountains. Major consequences arises for
the rescue teams who are putting themselves in danger each
time. According to a alpine accident statistics of the Austrian
Alpine Safety Board [1] 199 avalanche incidents were noticed
in total in Winter season 2020/2021 whereof 14 people lost
their lives. Although many protective gears were developed in
the last decades such as airbags, the primary cause of death
from snow avalanches is asphyxia [2]. Within 35 minutes
approximately 70% of completely buried victims die due to a
lack of oxygen [3],[4],[5].
Steadily new developed technologies ensure improvement and
optimization on current products resulting in a contest at the
marketplace. A shovel, a probe and an avalanche transceiver
are basic equipment for back country skiers today. These tools

A. Stockhammer studies Mechatronics and Smart Technologies at the MCI,
Innsbruck, Austria, e-mail: sa4113@mci4me.at.

Paper submitted on 30. September, 2021; revised on 30. September, 2021

are helpful in case of an avalanche accident but they do not
support the athletes in the actual event. Based on the principle
of rescue emergency systems can be categorized into [6]:

a) localization of buried people without carrying a
transceiver

b) rapid localization of buried victims, already by fellows
in order to lower the endangerment for a rescue team

c) prevention of being buried by an avalanche
d) extended life-time while being buried

The first group contains two systems that yield the low-
est chance of survival. One of them is a specially trained
avalanche dog that needs to be transported to the location in
the first place is deployed. The other system is the RECCO
rescue technology that is able to locate buried or lost people
outdoor. It’s a two-part system, featuring an active detector,
carried by the rescuer, and a passive reflector, carried by
the user. The detector emits a directional radar signal and is
echoed by the reflectors. Depending on the strength of the
returned signal, the rescuer can locate the victim. The RECCO
reflectors are non-powered and are commonly integrated in
different outdoor clothes, which increases the total reflection
area in order to be found more likely.
Within group B buried persons are located by different gadgets
such as an avalanche beacon. Together with a shovel and a
probe, they offer a standard equipment for back-country skiers.
However, the requirement is that both rescuer and victim
carry a receiver/transceiver being switched on to the operating
mode SEARCH and SEND respectively. The principle is that
a signal is broadcasted on a carrier frequency of 457 kHz
±80Hz by one or more antennas. Three antennas facilitate the
best distribution and highest probability of being found given
that they are arranged like an orthogonal coordinate system.
Also the specific signal frequency is a harmonized European
standard defined in ETSI EN 300 718-1 [7] which provides
the longest range through snow.
Another gadget called AVALANCHE BALL was invented by
the Tyrolean duo D. Venier and H. Fournier in 1996. The
system consists of the buoyancy body (ball), a 6m connection
leash and its mounting and storage bag. The lifesaver must be
triggered manually by the user in the event of being swept by
an avalanche. The integrated spring blows up the ball and will
remain on top of the avalanche even when a second avalanche
comes across. Its color and connection leash will lead the
rescuer or helping comrade to the victim immediately.
Gadgets of Group C are preventive tools such as the avalanche
airbags. These inventions are based on the principle of inverse
segregation in which objects whose surface area is larger than
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surrounding snow crystals get forced to the surface. The body’s
volume is increased by the inflated airbag and adds buoyancy
to keep the body on the surface of a moving mass of snow
[8].A common airbag has a volume of 150 l up to 170 l like the
ABS TwinBag system used in the ABS A.LIGHT Avalanche
Airbag. Avalanche airbags are a valuable safety device but
don’t guarantee survival. They barely protect against mechan-
ical injuries and require an active triggering at the time of an
avalanche descent. Their effectiveness is evaluated in a clinical
paper [9] where different cases, factors and circumstances
are considered and included in the calculation. The overall
adjusted mortality is 11% (95% confidence interval from 6%
to 16%) for victims with inflated airbags and 22% (95%
confidence interval from 15% to 29%) for victims with no or
non-inflated airbags. According to that paper [9] these gadgets
can lower the mortality by directly reducing the grade of burial
which is the most important factor for survival.
All previously described emergency devices are supportive
in particular situations but can’t expand the survival time in
a critical burial position. Based on the previous elucidated
mortality rate and the consideration of all different types of
avalanche involvements, the chart in figure 1 is generated.

89%

11%

Escaped the
avalanche

Small avalanche

Rode on top

Got lucky

Saved by beacons

Saved by airbags

???

Fig. 1. Distribution of avalanche cases

Whereas some people die from a hit by a big massive
object or due to falling from great height the primary cause
of death through snow is asphyxia [2]. One product facing
the danger by suffocation is the Emergency breathing device
[10] which was already patented by T. Crowley and further
refined and commercialized as AvaLung by the company
Black Diamond [11]. The gadget is a wearable device with a
mouthpiece, tubing and valves in order to control and filter
the outgoing/incoming air. It enables the victim to breathe
under the snow for the purpose of gaining valuable time for
being rescued. According to several feed-backs from the field
this emergency equipment is described as unpleasant and
impracticable, which urged the company to take it off the
market.
Another different patented product is the protective helmet
for air extraction from snow [12]. The apparatus and system
contain air intake cavities disposed on the outer surface of
the protective helmet and on the outer backpack structure in
order to feed ambient air to the victim by a mouthpiece.
All these products provide a solution for avalanche buried
people but require that the skier actively intervene by putting
the mouthpiece in the mouth. Therefore, it would be of
interest to develop a system that feeds extra oxygen to the
victims at the time of low oxygen supply. The additional air
is extracted from triggered airbag backpacks. The embedded

system monitors the breathing gases and depending on the
current air quality fresh air is dispensed by the system. All
data is broadcasted via Bluetooth Low Energy (BLE) to
potentially receiving systems nearby. The prototype answers
the leading question whether the victims’ survival chance can
be increased due to an oxygen supply or not.

II. METHODS

For the development of an automated oxygen supply system
the target group for the product has to be specified. The ad-
vantages or disadvantages of an independent system compared
to a modular gadget which is highly applicable on current
systems are visualized in table I. It has to be noticed that
these 5 listed criteria/areas are based on a project management
concept called TELOS and considers the feasibility of a
project. Additionally, the areas are particularly considered with
regard to the terms of a master thesis.

TABLE I
ADVANTAGES AND DISADVANTAGES OF AN INDEPENDENT AND OF AN

MODULAR APPLICABLE SYSTEM.

Criteria: Independent system Modular applicable system
Technical feasibility - +
Economic aspects + +
Legal aspects + +
Operational - +
Scheduling - +

Based on the positive aspects above and the provided ABS
airbag-systems the idea of a modular applicable system is
selected. The basic concept of the prototype is depicted in
figure 2 containing both airbags, the cartridge filled with
compressed air, the embedded system and the air supply tube.

AIRBAGS

BACKPACK CARTRIDGE EMBEDDED 
SYSTEM 

A
IR

AIR
SUPPLY 

TUBE 

Fig. 2. Basic concept of the prototype

The embedded system is the main unit of the gadget and is
responsible for distributing and controlling the air. Hence the
ES is disposed between the airbags and the source of the air. In
case the ABS-system is triggered and the airbags are blown-up
the pneumatic structure in between ensures a closed system.
As a consequence, the trapped air can easily be controlled and
forwarded to the user’s face through the supply tube.
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A. Hardware - Implementation

Hardware is composited in an embedded system and is
categorized into mechanical components and electrical com-
ponents. The mechanical construction is designed in order to
fulfill following requirements:

1) Applicability to different systems on the market
2) Processing up to pC = 300 bar of compressed gas
3) Environmental conditions (e.g. low temperatures and

humidity)
4) Reliability

The first requirement is ensured by using an adapter which
acts as a link between the specific ABS gas outlet component
and the embedded system. By providing various adapters for
different systems the oxygen supply system can be integrated
easily.
For safety reasons the system is developed to withstand the
maximum occurring gas pressure of pC = 300 bar. According
to airbag manufacturer ABS Protection GmbH their cartridges
release a pressure of pC = 300 bar leading to a single
reservoir inlet pressure of around pRSV = 160 bar in the first
second after the cartridge has been tapped. After about 3 s
the airbags are fully blown-up. The law of Boyle-Mariotte -
p1 ·V1 = p2 ·V2 -, in which the absolute temperature T and the
amount of gas substance n are assumed as constants, enables
the calculation of the airbag pressure after being blown-up.
The cartridge has a pressure of pC = 300 bar within a volume
VC = 0.7× 10−3 m3 whereas the total airbag volume of the
ABS TwinBag System is VAB = 170× 10−3 m3. Considering
these values by using the law of Boyle-Mariotte it results in
equation 1.

pAB =
pC · VC

VAB
=

300 bar · 0.7× 10−3 m3

170× 10−3 m3 = 1.24 bar (1)

Furthermore all components are selected to resist all different
kinds of ambient conditions like temperature and humidity.
Hence the function of the components has to be ensured within
temperature range from about −20 ◦C up to 30 ◦C.
Having regarded all requirements the resulting pneumatic
build-up concept is depicted in figure 3 focusing on the high
pressure scope.

Fig. 3. Pneumatic build-up concept - high pressure scope

As explained in figure 2 the ES works as bridge unit
between the two outlets of the ABS system and the two
airbags. Pneumatic adapters (no. 1 in figure 3) are used to
connect the ABS specific Venturi units. The adapter solution
allows the user to connect to their airbag system independently
from the manufacturer. The hose fitting is a standardized article
which can be selected in different sizes.
The axial high-pressure check valve (no.2 in figure 3) prevents
the passed air from flowing back and to remain in the closed
system respectively.
In order to extract air from the closed system another valve
(no. 3 in figure 3) is integrated. This solenoid valve is
electrically controllable and hence opening and closing the
enclosed air. Additionally, a high pressure regulator (no. 4
in figure 3) is arranged prior to the magnetic valve. This
component provides a lower output pressure allowing the use
of a low pressure magnetic valve, which in turn requires low
control current.
The second pneumatic build-up focuses on the low pressure
controlling and the corresponding embedded system. This
concept is depicted in figure 4.

Fig. 4. Pneumatic build-up concept - low pressure scope

The low pressure unidirectional valve (no. 6 in figure 4) is
connected parallelly to two electrical air pumps (no. 7 in figure
4). This has to be implemented in order to protect the pumps
against high pressure damage and to prevent transported air
from flowing back.
Based on the idea that the gas sensor (no. 9 in figure 4)
monitors the compounds in the air pocket of a buried victim,
a special fixture is required. The air supply housing is located
at the carrier’s chest as depicted in figure 5.

detachable 
housing

backpack straps with
buckle fixation

wire
connection

air supply
connection

fresh air supply

Fig. 5. Air supply unit concept
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The position of the air supply unit is off-centered to the
sagittal plane and close to the user’s face. The closeness is
essential in order to supply fresh air without additional active
actions by the victim. Within the housing the gas sensor, the
wire and pneumatic connectors are mounted.
The implementation of the electronic system requires several
components which are assembled on a prototype PCB and
controlled by a micro-controller unit (MCU). The logical
build-up is categorized by color and illustrated in figure 6.

POWER 
SUPPLY UNIT 

ON/OFF 
SWITCH

MAGNETIC 
VALVE

MICRO-
CONTROLLER

FLOW 
MEASUREMENT

HIGH PRESSURE 
MEASUREMENT

4 IN 1
MEASUREMENT

INDEX OF  
AIR QUALITY

TEMPERATURE

HUMIDITY

AMBIENT
PRESSURE

BLUETOOTH  
LOW ENERGY

PUMP 1

PUMP 2

INPUT BLOCKS OUTPUT BLOCKS
EXT. 

COMMU. 
BLOCK

Fig. 6. Logical buildup of the electronic system

The entire power supply of the embedded system is elec-
trically separable with a ON/OFF switch allowing the user to
disconnect when not in use and to protect jack and socket
against unnecessary connection cycles. All red colored blocks
in figure 6 are components controlled by the MCU and
represent the MCU-outputs. As derived from the figure above,
two pumps are implemented due to their maximum flow rate of
Qpump = 380× 10−3 m3/min only. The three yellow blocks
define the MCU-inputs indicated by arrows pointing towards
the micro-controller. A high pressure measurement (no. 5 in
figure 3) is necessary to recognize the airbags being blown-
up. The additional airflow sensor (no. 8 in figure 3) detects
if a airflow still exists and hence activating the pumps in
the other case. The green blocks are displayed to emphasize
the measured parameters recorded by a single sensor. Finally,
the blue Bluetooth Low Energy (BLE) device is used to
communicate with external Internet of Things (IoT) devices.
Combining all corresponding component circuits in the AL-
TIUM Designer it yields the developed prototype of the printed
circuit board (PCB). The PCB consists of two conductive
layers bottom and top only. The circuit board assembly (CBA)
of the developed PCB design is depicted in figure 7.

Fig. 7. Extension board for MCU Arduino Mega 2560

B. Software - Implementation

The control code is programmed in Arduino where the
procedure - represented by the loop-function - is visualized
in figure 8.
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Fig. 8. Control procedure of the embedded system

The main Arduino functions are enumerated and described
as following:

• FS_High_read-function
This method reads input values from the high pressure
transmitter (no. 5 in figure 4) and converts them to
pressure values in bar. The real value in the unit bar
is obtained by using equation 2.

FSH bar =
(FSH value − FSH init) · 250

FSH scale factor · 4
(2)

In case the measured value is higher than 15 bar the
boolean variable airbag_triggered is set true.
15 bar is selected as a boundary value because of the
sensors inaccuracy of ±1% and the signal noise. After
the boolean is set as true a time delay of 3 s follows. This
setting is required to prevent the ES from starting the air
controlling until the airbags are fully blown-up - which
takes around 3 s according to the manufacturer ABS.

• FS_Low_read-function
Equal to the high pressure sensor the interpreted analog
input voltage of the flow sensor is converted into an
applied flow value FSL FA known as a SCCM value
by using equation 3. The formula is derived from the
sensor’s datasheet [13].

FSL FA =

FSL F fs ·
(
FSL value

FSL V s
)− 0.5

)
0.4

(3)
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FSL value is the value of the interpreted analog input
voltage, FSL F fs the fullscale value of the selected
sensor type and FSL V s the sensor’s supply voltage.

• GS_read-function
The GS_read-function reads all parameters from the
gas sensor. As the sensor mode is preset to the lower
power mode at the beginning of the program via the
variable bsec config iaq data values are gained every
third second. A time-stamp variable helps to record the
time for later analysis. The received pressure, tempera-
ture, humidity and Index of Air Quality (IAQ) values are
already compensated via the specific BSEC algorithm.
However, the pressure value is returned in Pascal unit
which requires a conversion in order to gain the atmo-
spheric height value in meter with respect to the sea
level. This is approached by using the barometric formula
where the height is solved through the international
standard atmosphere according to equation 4.

GSht =

(
288.15K

0.0065Km−1

)

·

1−
(
pressure(h)

1013.25 hPa

) 1

5.255

 (4)

• BLE_input_check-function
Preconditioned that a BLE device is already connected
this function checks for incoming requests for starting or
stopping the data transmission.

• BLE_data_transmission-function
In case the BLE request contains a start-command the
current parameters of each sensor are sampled by the
sampling_for_BLE-function. Once the first data is
sent, the next data will be sent only if the old data has
already been sent.

Like previously mentioned the entire data are sent to
potentially receiving devices like rescue-teams or comrades.
Therefore a proper application is required to interpret and
display the transmitted information. Qt is a so-called widget
toolkit for designing graphical user interfaces (GUI) and cross-
platform applications which run on various software and
hardware platforms. By using the GUI of Visual Studio with
Qt toolkit the following application is developed for the user,
see figure 9.

MAIN MENU

CHART GROUP

STATUS BAR

CONNECTED
BLE DEVICE PUMP & VALVE

STATUS

CHART PLOTS

Fig. 9. Window application of the user

In order to focus on different aspects of the prototype, two
test conditions are defined as following.

• Test scenario 1
In the first test all components are assembled as intended
except for the connection to the ABS airbag system. The
system with the air cartridge is replaced by an electric
air compressor providing the pressure to blow up the
airbags. The main goal of this test is to check the air
tightness of the system and the functional verification
of the embedded system. The compressor is not able to
activate the air control loop as the bounding pressure
value of 15 bar can’t be obtained. Hence the code is
slightly adapted and directly activated after the power
switch is toggled to ON.
Furthermore, in order to accomplish an approximated
simulation of a buried victim a four liter sized plastic
box is representing the air pocket. This size is selected
based on a scientific paper [5] where the effects of
snow properties on humans breathing into an artificial
air pocket are investigated. As natural air pockets in the
snow are not completely sealed 36 drilled holes at 2mm
in diameter are arranged over the surface box, see figure
10.

Fig. 10. Test build-up 1

These holes enable the test user to breathe ambient air
or emit breath-VOC into the surrounding equal to the
snow characteristics. The test person uses a breathing
mask thereby. As a precaution the IAQ boundary level
for activating air supply is set to 150 (0-excellent, >351-
extremely polluted) where no significant irritation is
possible (see IAQ table in gas sensor’s datasheet [14]).

• Test scenario 2
The second test checks the pneumatic structure - see
also figure 3 - by using the integrated cartridge from the
ABS Airbag-system. The only available carbon cartridge
with electrical triggering is filled with Nitrogen-gas and
therefore can not be used with test persons involved. The
focus of this test is to check if the embedded system
starts controlling after the airbags are blown-up by the
cartridge.

III. RESULTS

After completing the development of the hardware (elec-
tronic and pneumatic part) as well as the software (Arduino
controlling, Qt BLE application) all single functions of the
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prototype are tested. This assumes that everything has been
assembled accurately.
First of all the designed CBA is assembled accordingly. Due
to time constraints a stripboard is used to build up the circuitry
with its components. All electrical components are connected
to the extension board and plugged onto the MCU at the very
left as depicted in figure 11.

gas
sensor

BLE

pressure
transmitter
pump 1
flow 
sensor 

solenoid
valve

DC jackON/OFF 
switch 

pump 2 

Arduino MEGA
2560

DC JACK 
MCU

USB B socket 
(for program.)

Fig. 11. Connectors on the extension board

The air supply housing is produced with the Anycubic i3-
mega 3D-printer leading to the following results in figure 12.

 M2 holes 
for gas sensor fixation

 holes 
M3 hexagon nut  

air outlet plug
fixation hole for  
air outlet plug 

lower shell upper shell

Fig. 12. Air supply unit - 3D prints

As shown in figure 13, the air supply unit is able to be
mounted at the intended position but can be adjusted in height
and combined with the buckle strip.

Fig. 13. Mounted air supply unit

The entire embedded system working with low pressure
only is mounted into a standard PC power supply unit housing
where different holes are used to fixate all components - see
figure 14.

Fig. 14. Embedded sytem with opened housing

In order to perform the first test according to scenario 1 a
proper power supply unit with VCC = 12V is plugged in on
the extension board as well as USB-B cable to internal monitor
the serial prints. During a pre-test it has been recognized that
the IAQ seems to remain at a certain index of around 110.
Thus it’s assumed that the drilled holes are too big and can’t
represent the porosity of real snow. Like a deviation to the
defined test-plan, the holes are sealed by a PTFE tape. The
test results are depicted in the following figures, displaying
the IAQ in figure 15 and the true altitude in figure 16.

Fig. 15. Test results of scenario 1 - IAQ

Fig. 16. Test results of scenario 1 - true altitude

In the IAQ chart five specific data points are highlighted.
The first one indicates the first measured data, which is slightly
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time-shifted as the BLE connection is started a short moment
after the embedded system has been switched on. Marker
2 depicts the event when the gas sensor has finished its
initialization time of three minutes. At this time the breathing
mask is positioned in the box which is being filled with
exhaled air. After further 50 sec the boundary value of 150 IAQ
is reached, which triggers the control cycle and changes the
displayed status of the valve and the pumps. As a consequence
of the transported fresh air the rapid rise of the index is
decreasing. Since a critical well-being value is reached at over
250 IAQ the test is discontinued by pulling the breathing mask
out of the box. The quite linear slope between marking point
four and five represents the air supplying feature leading to
steadily improved air quality within the box. The difference
is more visible by comparing it to the IAQ behavior after the
system switches off at the last marker.
The true altitude in figure 16 depicts a constant value as ex-
pected. A few outliers are caused by noise and rounding errors
thereby showing the relation of the height calculation which
depends on pressure, humidity and ambient temperature.
Moreover the monitored results of the temperature and the
corresponding humidity are shown in figure 17 and figure 18
respectively.

Fig. 17. Test results of scenario 1 - temperature

Fig. 18. Test results of scenario 1 - humidity

The graphs above show a noticeable value increase after the
initialization process, which is equal to the start of breathing
with the mask. After breathing has been discontinued the
monitored data shows a decreasing tendency of the parameters.

During the activated control process the GUI signals the status
of the valve and the pump at the top right corner as shown in
figure 19.

Fig. 19. Live monitoring by Qt application - IAQ

These results prove the intended functionality of the low
pressure structure of the embedded system.
Concerning the second test, all components of the high and
low pressure structure are assembled leading to the final test
build-up in figure 20.

Fig. 20. Test build-up 2

Once the embedded system has been power supplied and
connected to the laptop’s Qt-application via BLE, the T-handle
bar is pulled. The electrical cartridge tapping is recognized but
no air flow has been following. This means that the provided
carbon test cartridge is not filled. As no further applicable
cartridge is available, the test conditions are redefined. In order
to prove tightness and trigger recognition by the high pressure
measurement transmitter, the airbags are manually blown-up
by an air compressor. Air is directly blown into the high-
pressure unidirectional valve because this component is easily
accessible and mandatory to prevent air leakage. As only a
maximum pressure of pcomp. = 8bar can be attained, the
boundary detection level for the high pressure transmitter is
decreased to 5 bar in the Arduino code. The build-up of the
post-test is depicted in figure 21.
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Fig. 21. Test build-up 2 - post-test

After the filling process the embedded system waits until
the gas sensor initialization has been finished. Meanwhile,
deflation of the airbags is not perceptible which indicates that
no leakage is given in the high pressure structure. Finally, by
exhaling into the artificial air pocket, the system is urged to
start the control process due to bad air quality. The status LED
of the valve lights up and thus signalizes that the high pressure
transmitter has interpreted the air flow correctly.

IV. CONCLUSION

The oxygen supply system proves to be a valuable avalanche
protection gear. Based on those results it can be assumed
that the victims’ chances of not dying from suffocation are
thereby reduced. Despite achieving all defined goals, some
improvements will necessarily have to be performed in order
to provide a marketable product. One drawback is seen by
the total mass of the device. Due to the design for high
pressures, the components have to be made out of steel or
other robust materials. However, such parts can be integrated
into a new airbag system where the total mass can be decreased
significantly and thereby lead to an efficient solution. Further
tests under real snow conditions could validate the usability
of the air supply unit which is mounted on the backpack
strap. This will also reveal the maximum transmission range
of a buried victim. A future prospect is to expand the time
of supply by using pure or highly concentrated oxygen air
mixture. Hence less amount of air is required by the avalanche
victim yielding to a longer timespan.
All in all, the achieved goals can be used as a starting point
for further research projects, in the best case an optimized
prototype will be leading to a commercialized product.
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Entwicklung einer Ausbildungsplattform für
serielle Industrieroboterkinematiken

Christoff Sulzenbacher B.Sc., Benjamin Massow B.Sc. M.Sc. (Betreuer)

Kurzfassung—Die Robotik ist in der heutigen techni-
schen Welt unabdingbar. Fehlende Fachkräfte zwingen
die Industrie zur immer weiteren Automatisierung, wo-
durch die Nachfrage nach gut ausgebildeten Technikern,
die mit der Materie Robotik und Automatisierung ver-
traut sind, steigt. Oft sind jedoch junge Techniker, die
nach ihrer akademischen Ausbildung in das Berufsleben
einsteigen, mit der Praktik wenig vertraut. Dies liegt oft
am Fokus der theoretischen Ausbildung. Um dem ent-
gegenzuwirken ist den auszubildenden Personen einen
praktisch-orientierter Zugang zur Robotik zu verschaf-
fen. Hierzu ist es notwendig, eine Ausbildungsplattform
zu schaffen, die es erlaubt, tiefer in die Kinematik
und Dynamik einzugreifen, als dies bei kommerziellen
Robotern der Fall ist. Es wird anhand der im Unter-
richt vermittelten Lerninhalte ein Unterrichtskonzept
erstellt, welches den Fokus auf die Integration einer
Roboteranlage legt. Diese Ausbildungsplattform wird als
Selective Compliance Articulated Robot Arm (SCARA)
ausgelegt. Die Ansteuerung wird über eine speicher-
programmierbare Steuerung (SPS) der Firma Beck-
hoff implementiert. Mithilfe einer Bedienoberfläche lässt
sich der Roboter einfach ansteuern. Neben der reellen
Anlage wird eine virtuelle Ausbilungsplattform erstellt,
die es den Kursteilnehmern ermöglicht, eigens erstellte
Kinematiken und Trajektorien zu testen, ohne dabei eine
Hardware beschädigen zu können. Ein hypothetischer
Durchlauf der Unterrichtsmethodik, gekoppelt mit der
Ausbildungsplattform, führt zu dem Schluss, dass ein
solch gekoppeltes System der Robotikausbildung erheb-
lichen Mehrwert bietet und zur besseren Vermittlung
der Lerninhalte führt.
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I. EINLEITUNG

D IE Robotik weist in der Industrie eine immer
größere Wichtigkeit auf. Der Fachkräftemangel,

der in den letzten Jahren verstärkt zu spüren ist, erfor-
dert gezieltes Gegensteuern, in Form von vermehrter
Automatisierung [1]. Der Berufseinstieg fällt vielen
angehenden Robotik- und Automatisierungspezialis-
ten oft schwer, da sich die theoretisch vermittelten
Inhalte der Ausbildung schwer mit dem praktisch
relevanten Wissen verknüpfen lassen. Es ist somit im
Interesse der ausbildenden Institute deren Abgängern
einen möglichst engen Bezug zwischen Theorie Pra-
xis zu vermitteln. Für den Fall der Robotik ist es not-
wendig, eine Ausbildungsplattform zu schaffen, die
es erlaubt, tiefer in die Kinematik und Dynamik ein-
zugreifen, als dies bei einem kommerziellen Roboter
der Fall ist. Dieser Artikel stellt sich somit der Frage,
ob es möglich ist, solch eine Ausbildungsplattform
für serielle Kinematiken zu erstellen, die, zusammen
mit einem ausgearbeiteten Unterrichtskonzept, die
gewünschten Lerninhalte erfolgreich vermitteln kann.
Dieser Artikel ist in Koordination mit den Arbeiten
Entwicklung einer Ausbildungsplattform für serielle
Industrieroboterkinematiken und Entwicklung einer
Ausbildungsplattform zum modellbasierten Entwick-
lungsprozess von Automatisierungslösungen am Bei-
spiel von Industrieroboterkinematiken entstanden [2],
[3].
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II. THEORETISCHE GRUNDLAGEN

A. Selective Compliance Articulated Robot Arm
(SCARA)

Im Gegensatz zu gewöhnlichen 6-Achs-
Knickarmen besitzt der SCARA nur vier
Freiheitsgrade. Drei davon werden über
Rotationsachsen definiert, eine über eine
Linearachse. Durch die parallele Ausrichtung aller
Achsen, ergibt sich ein zylindrischer Arbeitsbereich.
Der Nachteil des verringerten Arbeitsraums wird
durch eine höhere Positioniergenauigkeit in x und y
kompensiert, wodurch sehr hohe Geschwindigkeiten
und Beschleunigungen erreicht werden können [4].

B. Kinematisches Modell

1) Relative Posen: Um einen Gegenstand im
Raum richtig zu beschreiben, sind sechs Parameter
notwendig, drei für die Position des Gegenstandes,
sowie drei für dessen Rotation. Wird dieser Ge-
genstand mit diesen sechs Parametern beschrieben,
handelt es sich um eine Pose. Da sich diese Pose auf
ein bestimmtes Koordinatensystem bezieht, handelt
es sich hierbei um eine relative Pose. In der Robotik
wird, um den Bezug von einem Koordinatensystem
{A} auf ein anderes {B} darzustellen, der griechi-
sche Buchstabe ξ verwendet. Wenn das Koordina-
tensystem {B} in Bezug zu {A} angegeben wird,
so wird dies ausgedrückt als AξB . Um eine Pose in
mathematischer Form repräsentieren zu können, wird
diese in die Komponenten Rotation und Translation
zerlegt und einzeln behandelt. Eine Rotation von
einem Koordinatensystem {A} in ein anderes {B}
kann mithilfe einer Orthonormalmatrix ARB reali-
siert werden. Eine Translation von einem Koordina-
tensystem in ein anderes kann mithilfe eines Vektors
beschrieben werden, solange diese Koordinatensys-
teme parallel zueinander stehen. Dies ist immer der
Fall, wenn das Ursprungskoordinatensystem zuerst
in die Orientierung des zweiten Koordinatensystems
rotiert wird. Damit die Rotation mit der Translation
kombiniert werden kann, wird die orthonormale Ro-
tationsmatrix um einen translativen Term erweitert.

Es ergibt sich

AξB ∼A TB =

[
ARB

AtB
O1x3 1

]
, (1)

wobei O dem Vektor [0 0 0] entspricht.

C. Vorwärtskinematik

1) Denavit-Hartenberg Parameter: Um zu wis-
sen, wo sich der Endeffektor bei einer gewissen
Achsposition der Motoren befindet, ist es notwendig,
die Vorwärtskinematik des Robotermodells zu lösen.
Für mehrdimensionale serielle Roboter im dreidi-
mensionalen Raum wird dies über die DH-Parameter
gelöst [5].

Der Vorteil der DH-Notation ist, dass der Zusam-
menhang von zwei auf den Roboterachsen liegenden
Koordinatensystemen mit bloß vier Parametern be-
stimmt werden kann. Um die DH-Parameter eines
Roboters zu definieren, wird dieser in n Achsen und
n+ 1 Gelenke unterteilt, wobei das Gelenk 0 gleich
der Basis des Roboters entspricht. Anschließend wird
dem distalen Ende jedes Gelenks ein Koordinaten-
system angefügt, dessen z-Achse bei rotatorischen
Achsen immer entlang der Rotationsachse verläuft
und bei Linearachsen immer entlang der Translati-
onsrichtung. Die Pose {i} in Bezug auf {i−1} wird
in der DH-Notation beschreiben durch
i−1ξi ∼ A = Rz(θi)⊕Tz(di)⊕Tx(ai)⊕Rx(αi) ,

(2)
wobei R und T jeweils elementarer Rotationen und
Translationen entsprechen [6]. Abhängig vom Ach-
sentyp ist entweder der Wert θi (rotatorisch) oder der
Wert di (linear) gleich dem Achswert. ai,di,θi und αi

sind dabei konstante Werte, abhängig von der Pose i.
Diese Beschreibung einer relativen Pose mit nur vier
Parametern ist möglich, da für diese Achsen zwei
Bedingungen eingehalten werden müssen:

• Die x-Achse des Koordinatensystems i kreuzt
die z-Achse des Koordinatensystems i− 1.

• Die x-Achse des Koordinatensystems i steht
senkrecht auf die z-Achse des Koordinatensys-
tems i− 1.
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Die DH-Parameter eines zweidimensionalen Ro-
boters mit zwei Achsen sind in Tabelle I zu sehen.

Tabelle I
DH-PARAMETER EINES ZWEIACHSROBOTERS IN DER

EBENE.

θi di ai αi

θ1 0 a1 0
θ2 0 a2 0

2) Analytische Berechnung der Vorwärtskinema-
tik: Betrachtet man einen SCARA der sich nur in
einer Ebene bewegt - die Linearachse ist als Schalter
anzusehen - ist es möglich, die Vorwärtskinematik
auf algebraische Art herzuleiten. Eine arbiträre Pose
mit den bekannten Winkeln und Längen des Roboters
ist in Abbildung 1 zu sehen.

α

r

Abbildung 1. Eine arbiträre Pose des SCARA im zwei-
dimensionalen Raum. Die Basis O0 entspricht gleich der
ersten Achse des Roboters und sitzt im Ursprung des
Koordinatensystems. Das Koordinatensystem der zweiten
Achse liegt in O1, das des Endeffektors in O2.

Die Position des Endeffektors lässt sich geome-
trisch aus der Abbildung 1 beschreiben durch

x =a1 cos(θ1) + a2 cos(θ1 + θ2)

y =a1 sin(θ1) + a2 sin(θ1 + θ2)
. (3)

a1 entspricht dabei der Länge des ersten Armes,
a2 die des zweiten Armes. Bei θ1 und θ2 handelt es
sich jeweils um die beiden Achswinkel.

3) Analytische Lösung der inversen Kinematik:
Anhand der Abbildung 1 lässt sich erkennen, dass
mithilfe des Winkels α und der Länge r, θ2 berechnet
werden kann als

θ2 = arctan2(±
√

1− cos(θ2)

cos(θ2)
) . (4)

Um den zweiten Winkel zu bestimmen, wird das
Quadrat der Gleichungen in 3 genommen und zusam-
mengezählt, womit sich für x und y in Matrixform
ausgedrückt[
x
y

]
=

[
a1 + a2 cos(θ2) −a2 sin(θ2)

a2 sin(θ2) a1 + a2 cos(θ2)

] [
cos(θ1)
sin(θ1)

]
(5)

ergibt [7]. Da nach cos(θ1) und sin(θ1) aufgelöst
werden muss, kann die Cramersche Regel angewandt
werden.

θ1 kann somit berechnet werden über

θ1 = arctan2

(
sin(θ1)

cos(θ1)

)
(6)

4) Singularität: Eine Singularität in der Robotik
ist dadurch gekennzeichnet, dass ein definierter
Punkt im kartesischen Raum sich nicht eindeutig
einer Achsposition im Gelenksraum zuordnen lässt.
Am Beispiel eines SCARA ist dies der Fall, wenn
die zweite Achse um π verdreht ist, beziehungsweise
der Endeffektor sich im Ursprung befindet. Diese
Art der Singularität ist eine innere Singularität. Falls
ein Punkt nicht erreicht werden kann, da dieser
außerhalb des Arbeitsbereichs des Roboters liegt,
wird dies als äußere Singularität bezeichnet.

D. Trajektorienplanung

Die Trajektorienplanung ist dafür zuständig, einen
Bezug zwischen Zeit t und Ort p herzustellen. Da
die Trajektorienplanung vor Allem für die Motoren
relevant ist, wird auf die eindimensionale Trajek-
torienplanung eingegangen. Des Weiteren werden
nur Punkt-zu-Punkt Trajektorien betrachtet, da aus-
schließlich solche in der Ausbildungsplattform im-
plementiert werden. Es gibt eine Vielzahl an Metho-
den der Trajektorienimplementierung, die, abhängig
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von der durchzuführenden Aufgaben, weniger bis
sehr komplex sein können. Für die Ausbildungsplatt-
form wird diese jedoch nur mit der in der Industrie
am häufigsten verwendeten Methode, der Trajektori-
enplanung mit trapezförmigen Geschwindigkeitspro-
fil, umgesetzt. Für weitere Bewegungsprofile wird auf
weiterführende Literatur verwiesen [8], [9].

III. KONZEPT ZUR EINBINDUNG IN DEN

UNTERRICHT

Ziel der Entwicklung einer Ausbildungsplattform
für serielle Kinematiken ist es, den Kursteilnehmern
die Grundlagen der Robotik schrittweise näher zu
bringen. Das Lernziel am Ende des Kurses soll sein,
dass ein kinematisches Modell, eines zweidimen-
sionalen seriellen Roboters, inklusive inverser und
Vorwärtskinematik, erstellt werden kann. Zusätzlich
sollen die Kursteilnehmer am Ende in der Lage sein,
eine Trajektorie zwischen zwei Punkten zu erzeu-
gen, sowohl im Achsraum, als auch im kartesischen
Raum. Ebenfalls soll ein Verständnis über die Pro-
blematiken von Singularitäten vorhanden sein.

A. Einführung in die Robotik

Zu Beginn des Unterrichts ist es von großer Bedeu-
tung, eine gemeinsame Basis für die Kursteilnehmer
zu schaffen, damit ein annähernd gleicher Wissens-
stand vorliegt. Dazu dient eine kurze Einführung von
unterschiedlichen Roboterarten und deren Einsatzge-
biete in der Industrie. Dabei werden Begriffe wie se-
rielle Kinematik, parallele Kinematik, Freiheitsgrade
und Arbeitsbereich erläutert.

B. Erklärung von relativen Posen

Im Anschluss wird die Bedeutung von relativen
Posen näher erläutert. Neben der Idee hinter den
Posen wird die Berechnung dieser relativen Posen er-
klärt. Die orthonormale Rotationsmatrix wird erklärt,
genauso wie die homogene Transformationsmatrix.
Damit bei der Berechnung einer Endeffektorposition
mithilfe von Posen der Aufwand nicht zu groß wird,
wird dies nur mit einem Zweiachsroboter in der
Ebene besprochen.

C. Erstellen eines kinematischen Modells

Im Anschluss wird die Vorwärtskinematik mithilfe
der DH-Parameter erklärt. Dabei sollen am Ende die
DH-Parameter eines Zweiachsroboters in der Ebene
selbstständig gefunden werden. Aufbauend auf die
Vorwärtskinematik des Zweiachsroboters wird eine
trigonometrische Lösungsmethode der inversen Ki-
nematik besprochen. Dabei soll aufgezeigt werden,
dass es in der Lösung mathematisch nicht lösbare
Positionen gibt. Diese Punkte sollen ermittelt und
graphisch dargestellt werden. In diesem Zusammen-
hang soll der Begriff der Singularität erklärt werden.
Um die hergeleitete Kinematik im Robotermodell
testen zu können, wird sowohl die Vorwärtskinematik
als auch die inverse Kinematik als Matlab-Skript
verfasst. Diese können als verwendete Kinematik in
der virtuellen Ausbildungsplattform eingepflegt und
getestet werden.

1) Einbindung der Kinematik in eine virtuelle Aus-
bildungsplattform: Um zu überprüfen, ob die - in den
zuvor durchgeführten Übungen - erzeugten Matlab-
Funktionen wie gewünscht funktionieren, können sie
in einem virtuellen Robotermodell eines Zweiachsro-
boters eingepflegt werden. Das in Simulink erzeugte
Robotermodell fährt eine vordefinierte Trajektorie ab
und verwendet dabei die von den Kursteilnehmern
erstellen kinematischen Funktionen. Wird dem virtu-
ellen Robotermodell keine Funktion eingepflegt, wird
auf intern hinterlegte, korrekte kinematische Modelle
zurückgegriffen.

D. Trajektorienplanung

Abhängig von der Aufnahmefähigkeit und Lernge-
schwindigkeit der Kursteilnehmer kann zusätzlich zur
Kinematik noch die Trajektorienplanung behandelt
werden. Diese wird nach erfolgreicher Implemen-
tierung der Kinematik in der virtuellen, sowie der
reellen Ausbildungsplattform behandelt. Hier werden
Begriffe wie Pfad, Trajektorie, kartesischer Raum
und Achsraum erläutert. Es wird ein Einblick über die
Erzeugung von Bewegungsprofilen, die Abhängig-
keiten zwischen Position, Geschwindigkeit und Be-
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schleunigung, sowie über die mathematische Herlei-
tung einer Trajektorie mit trapezförmigen Geschwin-
digkeitsprofil geboten. Anschließend werden die Un-
terschiede zwischen einer Linearbewegung und einer
Achsbewegung erläutert. Abschließend wird die Syn-
chronisation von mehreren Achsen beschrieben.
Es wird den Teilnehmern selbst überlassen, die theo-
retischen Konzepte in ein funktionsfähiges Matlab-
Script zu transferieren. Dabei sollen die bereits inte-
grierten Funktionen zur Trajektorienplanung aus der
Robotic System-Toolbox verwendet werden, um den
Aufwand der Programmierung so gering wie möglich
zu halten. Zum Testen der erzeugten Trajektorien, so-
wohl für Linear- als auch Achsbewegungen, können
diese in die virtuelle Ausbildungsplattform eingebun-
den werden. Des Weiteren soll die Möglichkeit ge-
geben sein, eine bereits extern generierte Trajektorie
mit beliebig vielen Zwischenpunkten als Datei der
virtuellen Ausbildungsplattform zu übergeben, die
diese ausführt.

E. Einbinden eines reellen Robotermodells in Form
einer Ausbildungsplattform

Das abschließende Ziel ist es, die an der virtuellen
Ausbildungsplattform getesteten Funktionen an einer
reellen Hardware zu testen. Hierfür ist es notwen-
dig, dass die virtuelle Ausbildungsplattform ident ist
mit einer reellen Ausbildungsplattform. Da für die
Herleitung der Kinematik speziell auf den Zweiachs-
roboter eingegangen wird, ist die Realisierung einer
Hardware mit denselben Eigenschaften erwünscht.
Es wird somit für den reellen Roboter ein SCARA
entwickelt, der aus zwei Rotationsachsen besteht,
sowie einer Linearachse, die nur aus- und eingefahren
werden kann. Dadurch muss die Trajektorienplanung
nur in der Ebene betrachtet werden.

IV. UMSETZUNG

Eine Ausbildungsplattform für serielle Roboterki-
nematiken könnte auf verschiedene Arten realisiert
werden. Da als Vorgabe gegeben war, dass die fer-
tiggestellte Anlage auf einem bereits vorhandenen

Tisch platz haben soll, wird die Konstruktion auf
die Dimensionen dieses Tisches ausgelegt. Da sich
die Ausbildungsplattform an Personen richtet, die
kein Vorwissen bezüglich Roboterprogrammierung
vorweisen, ist es erwünscht, die Kinematik des Sys-
tems so einfach wie möglich zu halten, weshalb ein
SCARA ausgewählt wird.
Das Gehäuse des Roboters wird aus Aluminiumpro-
filen konstruiert, das auf die Größe der Tischplatte
ausgelegt ist. Es werden im obersten Viertel des
Würfels Querstreben eingefügt, die als Halterung der
Elektronik dienen. Des Weiteren werden vertikal vier
weitere Aluminiumprofile eingebaut, auf denen im
Anschluss der Roboter montiert wird.
Die Arme des Roboters sind mit jeweils 150mm
dimensioniert. Der Radius des End-Effektors liegt bei
600mm, wodurch der Arbeitsraum die Dimension
der Einhausung nicht überschreitet. Die Arme sind
aus Polymethylmethacrylat (Plexiglas) gefertigt und
sind an die Form der verwendeten Motoren ange-
lehnt. Die Dimensionen der Arme, als auch eine
Gesamtübersicht der Anlage sind in Abbildung 2 zu
sehen.

150 mm 150 mm

326 mm

26
1,0

0 
mm

Abbildung 2. Abmaße des Roboters, sowie die der Arme.
Mit einem Radius von 326mm ist der Durchmesser gerin-
ger als der des Rahmens, somit ist keine Kollision mit der
Umgebung möglich.

A. Komponentenauswahl

1) Motoren: Für die Achsen werden zwei Gimbal-
Motoren der Firma T-Motor ausgewählt, für die Basis
den Typ G-100, für die zweite Achse den Typ G-60.
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Diese weisen ein hohes Drehmoment auf und besit-
zen eine Hohlwelle, worin Schleifringe montiert wer-
den können, die zur Durchführung von Versorgung-
und Steuerleitungen dienen.

2) Sensoren: Für die Positionsregelung werden
jedem Motor jeweils ein Absolut- und ein Inkre-
mentalgeber der Firma RLS angefügt. Beim In-
krementalgeber handelt es sich um das Modell
RLC2ICA13BC00A00, mit dem dazu passenden En-
coderring MR047B. Der Ring weist einen Außen-
durchmesser von (47.5 ± 0.1)mm auf, mit einer
Pollänge von 2mm. Es ergeben sich dadurch für den
Ring eine Gesamtpolzahl von 76 [10].

Beim Absolutgeber handelt es sich um das Modell
MB049SCB19BENT00, mit dem passenden Magne-
tring MRA049BC025DSE00. Die Dimension des Ab-
solutgebers ist auf die Größe des Relativgeberrings
abgestimmt, um leichter miteinander verbaut werden
zu können. Für die Kommunikation wird das SSI-
Übertragungsprotokoll verwendet, welches von Beck-
hoff empfohlen wird.

3) Steuerung: Zur Steuerung der Anlage wird
ein Industrie-PC (IPC) der Firma Beckhoff verbaut.
Zur Bedienung der Windows-Betriebsoberfläche ist
an der Seite der Anlage das Beckhoff -Bedienpanel
CP6919 verbaut. Dieses Single-Touch-Display kann
zum Einen für das Bedienen der Human-Machine-
Interface (HMI) verwendet werden, zum Anderen um
programmtechnische Änderungen vorzunehmen. Für
größere Änderungen kann über ein Virtual Private
Network (VPN) auf den IPC zugegriffen werden. Ein
Bedienpanel des Typs CP2924 der Firma Beckhoff,
welches als Eingabegerät für den Roboter dient, kann
ebenfalls auf dem IPC angeschlossen werden. Die
Feldbusklemmen werden mithilfe des Buskopplers
EK1100 an den IPC angeschlossen. An diese wer-
den die Feldbusklemmen EL4711, EL5001, sowie
EL2008 angeschlossen. Bei der EL4711 handelt es
sich um die Motorklemme für die Ansteuerung der
beiden Motoren. Die SSI-Geber Klemme EL5001
ist für die Auswertung der Absolutgeber zuständig,
während es sich bei der EL2008 um eine Digitale
Ein-Ausgangsklemme handelt, die zur Ansteuerung

des End-Effektors verwendet wird.

B. Virtuelle Ausbildungsplattform

Da eine Ausbildungsplattform dafür gedacht ist,
neu gelerntes auszuprobieren, ist es wichtig, dass
diese nicht bei einem Programmfehler des Nutzers
zunichte geht. Aus diesem Grund erhält die mecha-
nische Ausbildungsplattform ein virtuelles Ebenbild,
welches das gleiche Verhalten wie die reelle Anlage
aufweist. Es wird in diesem Artikel ausschließlich
auf die Implementierung der seriellen Ausbildungs-
plattform, mit Fokus auf die Kinematik der Anla-
ge, eingegangen. Für weiterführende Informationen
über den Datentransfer und Kommunikation zwi-
schen HMI, Beckhoff, Simulink und weitere, ist die
Arbeit Entwicklung einer Ausbildungsplattform zum
modellbasierten Entwicklungsprozess von Automati-
sierungslösungen am Beispiel von Industrieroboter-
kinematiken heranzuziehen [2].

V. USED-CASE

Der Used-Case soll aufzeigen, ob das erstellte
Unterrichtskonzept, mithilfe der Lernplattform, die
gewünschten Lerninhalte vermitteln kann. Dafür wird
der Ablauf des Unterrichts simuliert.

A. Umsetzbarkeit der zu vermittelnden Lerninhalte

1) Einführung in die Robotik: Die Kursteilnehmer
haben im Unterricht die Grundbegriffe der Robotik
gelernt und sind in der Lage die ihnen gegebenen
Übungen, zur Einführung in die Robotik, zu lösen.
Den Kursteilnehmern ist das Lösen der gestellten
Aufgaben mithilfe der im Unterricht vermittelten
Inhalte gelungen und es kann das nächste Themen-
gebiet angegangen werden.

2) Erklärung von relativen Posen: Den Kursteil-
nehmern, die bisher wenig Erfahrung mit Koor-
dinatensystemen hatten, können mithilfe von aus-
gehändigten Koordinatensystemen dem Unterricht
leichter folgen und es kann mit dem Themengebiet
der relativen Posen schneller begonnen werden. Im
Unterricht sind die relativen Posen behandelt worden
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wodurch den Kursteilnehmern die Rechenregeln und
der gerichtete Graph ein Begriff sind. Zum Festigen
des neu Erlernten wird die dazu vorgesehene Übung
gelöst. Die Kursteilnehmer sich den Umgang mit
relativen Posen angeeignet. Es wird nun die Ro-
tationsmatrix erklärt und es sind die Übungen zu
Rotationsmatrizen zu lösen.
Das Verständnis für Rotationsmatrizen ist von den
Kursteilnehmern gefestigt worden und es kann so-
mit die homogene Transformationsmatrix besprochen
werden. Die Translation von Koordinatensystemen ist
verständlich erklärt worden und es kann die dazu-
gehörende Übung gelöst werden.

3) Erstellen eines kinematischen Modells: Der
Unterricht vermittelt den Teilnehmern, wofür die
Vorwärtskinematik bei Robotern benötigt wird. Des
Weiteren wird erläutert, wie sie berechnet werden
kann, sowohl mithilfe von DH-Parametern, als auch
auf analytische Weise. Zur Wissensüberprüfung sind
die Übungen zur Vorwärtskinematik zu lösen. Sobald
dies den Kursteilnehmern gelungen ist, kann der
Unterricht sich weiter mit der inversen Kinematik
beschäftigen. Den Teilnehmern wird erklärt, weshalb
die inverse Kinematik benötigt wird und wie sie für
einfache Aufbauten zu berechnen ist. Zum Festigen
des Verständnisses über inverse Kinematiken soll
dazu eine Übung gelöst werden.

Durch die Erstellung der Funktion für die inverse
Kinematik der Ausbildungsplattform, ist es den Kurs-
teilnehmern nun möglich, die selbst geschriebene
Kinematik an der virtuellen Ausbildungsplattform
auszuprobieren. Dafür wird anhand der vorgegebenen
Anleitung die virtuelle Ausbildungsplattform in Be-
trieb genommen und ein Gefühl für die Programmo-
berfläche gegeben. Bei der Inbetriebnahme haben die
Teilnehmer sich mit der Oberfläche vertraut gemacht
und sind in der Lage, den Roboter mit der vorge-
gebenen Steuerung zu bedienen. Anschließend wird
mithilfe der Anleitung die eigene Vorwärtskinematik,
als auch die inverse Kinematik eingepflegt. Den
Teilnehmern ist es gelungen, die eigens berechneten
Kinematiken in der virtuellen Ausbildungsplattform
einzupflegen, um diese zu evaluieren.

4) Trajektorienplanung: Damit der Roboter sich
zwischen vordefinierten Punkten bewegen kann, ist
es notwendig, eine Trajektorie zwischen den Punkten
zu erzeugen. Die dafür erstellten Übungen fordern
die Erstellung eines Matlab-Skripts, die eine solche
Trajektorie erstellt - einmal durchgeführt durch eine
Achsbewegung, und einmal anhand einer Linearbe-
wegung. Hierbei wird kein dezidierter Lösungsvor-
schlag angegeben, da je nach Aufnahmefähigkeit
der Kursteilnehmer die Trajektorie entweder selbst
berechnet wird, oder lediglich mit der in Matlab vor-
handenen Funktion eingepflegt wird. Dieses Skript
speichert die einzelnen Trajektorienpunkte in eine
.csv-Datei.

Den Kursteilnehmern ist es gelungen, ein .csv-
Dokument zu erstellen, in dem die einzeln aufge-
schlüsselten Punkte der gewünschten Trajektorie zu
sehen sind. Im Anschluss ist die virtuelle Ausbil-
dungsplattform zu starten und über die HMI die
Trajektorie als .csv-Datei hochzuladen. Durch das
anschließende Drücken der Play-Taste, lässt sich der
Verlauf des Roboters beobachten.
Es wurde möglich, den Unterschied zwischen linearer
Trajektorien und Achstrajektorien in der virtuellen
Ausbildungsplattform erkennbar zu machen und so-
mit das Verständnis über Trajektorien zu verbessern.
Um nun die Trajektorie am reellen Roboter testen
zu können, wird die Ausbildungsplattform in Betrieb
genommen. Durch die Schritt-für-Schritt Anleitung
ist die Inbetriebnahme der Ausbildungsplattform für
die Kursteilnehmer ohne Vorwissen über die Anlage
möglich.
Es ist den Kursteilnehmern gelungen den Roboter
in Betrieb zu nehmen und einfache Jog-Bewegungen
über die HMI vorzunehmen. Als Endziel des Kurses
ist nun die eigene Trajektorie auf der reellen Ausbil-
dungsplattform abzufahren.
Den Teilnehmern ist es gelungen, die Trajektorie
abfahren zu lassen, und somit den Kurs erfolgreich
abzuschließen.

Der fiktive Durchlauf des Unterrichtkonzepts
macht ersichtlich, dass sich der Einsatz der entwi-
ckelten Ausbildungsplattform für serielle Kinemati-
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ken für das Vermitteln der Grundlagen der Robotik
eignet.

VI. CONCLUSIO

Ziel der Arbeit Ausbildungsplattform für seriel-
le Kinematiken ist es, mit einem Unterrichtkonzept
einen möglichst intuitiven Einstieg in die Materie der
Robotik zu geben. Dabei soll die Theorie mit der
Praxis Hand in Hand gehen. Um dies zu ermögli-
chen, wurde eine Roboterzelle konstruiert, die einen
Roboter beinhaltet. Dieser ist ähnlich eines SCARA
aufgebaut, um die Kinematik des Roboters so einfach
wie möglich zu halten. Mittels zweier Touchbild-
schirme kann der Bediener einerseits den Roboter
bedienen, andererseits kann der Roboter mithilfe des
am Endeffektor montierten Stifts mit der Oberfläche
interagieren.

Zusätzlich zur reellen Ausbildungsplattform wird
eine virtuelle Ausbildungsplattform erstellt, die sich
ident zur reellen Anlage verhält. Die in Mat-
lab Simulink implementierte Zelle lässt sich mit
derselben HMI ansteuern wie die reelle Anlage.
Dies ermöglicht einen fließenden Übergang zwi-
schen Simulation und Realität. Die virtuelle Aus-
bildungsplattform erlaubt es, selbst erstellte Matlab-
Funktionen zu integrieren, die die Vorwärts- und
inverse Kinematik der Anlage beschreiben. Wird mit
der eigenen Kinematik eine Trajektorie berechnet und
die einzelnen Achswerte zu fixen Zeitschritten in
einer .xml-Datei gespeichert, so kann diese nicht
nur am virtuellen, sondern auch am reellen Roboter
abgefahren werden.

Der Used-Case in Abschnitt V zeigt deutlich, dass
das Konzept für den Unterricht sich mithilfe der Aus-
bildungsplattform umsetzen lässt. Somit lässt sich die
Frage, ob es möglich ist, solch eine Ausbildungsplatt-
form für serielle Kinematiken zu erstellen, die zusam-
men mit einem ausgearbeiteten Unterrichtskonzept
die gewünschten Lerninhalte erfolgreich vermitteln
kann, mit ja beantworten. Das Konzept, welches für
den Unterricht in dieser Arbeit ausgearbeitet wurde,
kann abhängig von den der Lehrperson gesetzten

Schwerpunkten etwas abgeändert werden, die Inte-
grierbarkeit der Ausbildungsplattform bleibt dennoch
bestehen.
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Modellierung der Wärme- und
Massenübertragung eines zur additiven

Fertigung von Keramikbauteilen verwendeten
Trocknungsprozesses mittels numerischer

Strömungssimulation
Oliver Ungerer, Clemens Pörnbacher (Betreuer) und Martin Pillei (Begutachtender)

Kurzfassung—Der Einfluss der Trocknung der frisch
aufgetragenen Materialschicht ist von großer Relevanz
im Bezug auf Produktivität und Materialqualität. Dies
bezieht sich vor allem auf die additive Fertigung mittels
wasserbasierten Schlickern.
Die Herstellung von Grünlingen aus Aluminiumoxid
weist dabei eine hohe Anfälligkeit für Risse und Fehlstel-
len auf. Die Entfernung eines hohen Anteils von Wasser
in kurzer Zeit bei gleichzeitig geringen Temperatur- und
Feuchtegradienten im Bauteil stellt die Zielsetzung der
Prozessentwicklung dar.
Der Trocknungsprozess wird simulativ in OpenFOAM
umgesetzt. Es kommt eine modifizierte Form des Sol-
vers chtMultiRegionFoam in Kombination mit einer
selbstentwickelten Randbedingung zur Anwendung. Zur
Validierung des Modells werden Simulationsergebnis-
se mit Messungen abgeglichen. Der Abgleich wird in
Bezug auf Masseabnahme und Oberflächentemperatur
durchgeführt. Die erhaltenen Ergebnisse zeigen, dass
die Anwendung von CFD zur Abbildung von Trock-
nungsprozessen geeignet ist. Sie gibt detaillierte Einsicht
in den Ablauf und das Zusammenspiel gekoppelter
physikalischer Prozesse und kann als leistungsstarkes
Werkzeug zur Prozessoptimierung eingesetzt werden.
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SYMBOLVERZEICHNIS

u⃗ Geschwindigkeit in ms−1

T Temperatur in K
p Druck in Pa
YH2O Massenanteil Wasserdampf in Luft kg kg−1

YW Massenanteil Wasser in Aluminiumoxid kg kg−1

ρ Dichte in kgm−3

h Enthalpie in J kg−1

hlat Verdampfungsenthalpie in J kg−1

Q̇ Wärmestrom in W
q̇ flächenspezifischer Wärmestrom in Wm−2

g Gravitationsbeschleunigung in ms−2

α Diffusivität in m2 s−1

µ kinematische Viskosität in m2 s−1

DY Diffusivität Wasser in Aluminiumoxid in m2 s−1

λ Wärmeleitfähigkeit in Wm−1 K−1

cp spezifische Wärmekapazität in J kg−1 K−1

ṁ Massenstrom in kgm−2 s−1

m Masse in kg
ξ Massenanteil Aluminiumoxid in %
aW Wasseraktivität in −
RH Relative Luftfeuchte in −
F⃗ Kraft in N
k turbulente kinetische Energie in m2 s−2

ω spezifische turbulente Disspationsrate in s−1
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I. EINLEITUNG

D IE additive Fertigung von Bauteilen
aus technischer Keramik ist für kleine,

dünnwandige Bauteile durch Verwendung
litografiebasierter Verfahren etabliert [1], [2].
Die Herstellung großer, dickwandiger Bauteile ist
aufgrund des notwendigen Entbinderungsschritts
nicht prozesssicher möglich. Alternative Verfahren
mit einem hohem Wasser- und sehr geringem
Organikanteil des Schlickers schaffen Abhilfe [3].
Das Entfernen der Feuchtigkeit aus dem schichtweise
aufgebrachten Schlicker durch Trocknung stellt
einen kritischen Teil im Fertigungsprozess dar.
Inhomogene Trocknung führt zur Bildung von
Rissen und Verformung der Bauteile und mindert
deren Qualität. Die messtechnische Erfassung
der Wasser- und Temperaturverteilung im Bauteil
während dem Trocknungsvorgang ist nur sehr schwer
möglich und mit großem Aufwand verbunden. Zur
Ermöglichung eines detaillierten Einblicks in den
zeitlichen Verlauf aller relevanten Prozessgrößen
wird ein Simulationsmodell entwickelt.
Die Anwendung von Simulation zur Trocknung von
Textilien mittels CFD durch das Lee-Modell [4]
wurde in [5] untersucht. Der Trocknungsprozess
eines Fleischstücks wurde in [6] anhand einer
einphasigen numerischen Strömungssimulation
abgebildet. Die Trocknung von Fliesen im
industriellen Maßstab wurde in [7] ebenfalls
durch eine CFD-Simulation beschrieben. Aus
dem Fachgebiet der technischen Keramik
sind Publikationen, welche die physikalischen
Eigenschaften des Schlickers und die Modellierung
eines Trocknungsprozesses über die Finite-Elemente-
Methode betreffen, bekannt [8], [9].

Diese Studie befasst sich mit der Modellierung
des schichtweisen Trocknungsprozesses von Alumi-
niumoxidschlicker, wobei ein modifizierter CFD Sol-
ver für konjugierte Wärmeübertragungsprobleme zur
Anwendung kommt. Die Verdunstung des Wassers
und die thermische Kopplung zwischen Schlicker und
Luft wird durch eine Randbedingung modelliert. Die

physikalischen Eigenschaften des Schlickers werden
teilweise aus bekannter Literatur [8] übernommen.
Das Simulationsmodell einer Trocknungsvorrichtung
wird erstellt und dessen korrekte Funktionswei-
se, durch den Vergleich von gemessenen Massen-
und Temperaturverläufen mit Simulationsergebnis-
sen, überprüft. Abschließend wird die Validierung
und der Vergleich des Simulationsmodells mit be-
reits zuvor bekannten Lösungen diskutiert. Der hier
präsentierte Simulationsansatz weist Vorteile in der
Detailreiche im Vergleich mit FE-Simualtionen [9]
und geringere Simualtionszeiten als Ansätze, welche
auf Mehrphasensimulation basieren, [5] auf.

II. METHODEN

Zur Simulation der Vorgänge im Schlicker werden
die physikalischen Eigenschaften desselben model-
liert und aus Literaturquellen übernommen [8], [9].
Diese werden als Funktion vom Wassermassenanteil
YW gemeinsam mit einer zusätzlichen Diffusions-
gleichung in den OpenFOAM Solver chtMultiRe-
gionFoam implementiert. Die Kopplung der Wärme-
und Massenübertragung erfolgt über eine Randbedin-
gung.
Der modifizierte Solver und die Randbedingung wer-
den zur Simulation einer Trocknungsvorrichtung an-
gewandt. Zur experimentellen Validierung werden
verschiedene Sensoren an derselben positioniert und
ausgewertet.

A. Stoffeigenschaften des Schlickers

In dieser Studie wird zur Anfertigung des
Schlickers ein thermisch reaktives Aluminiumoxid-
pulver mit einer Korngrößenverteilung d90 = 2µm
und einer Dichte von ρ = 2200 kgm−3verwendet.
Die prozentuale Zusammensetzung kann Tabelle I
entnommen werden.
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Tabelle I
ZUSAMMENSETZUNG DES ALUMINIUMOXIDSCHLICKERS
MIT DAZUGEHÖRIGEN MASSENANTEILEN UND DICHTE

Bestandteil Masse /% Dichte ρ/ kg
m−3

Wasser 21.31 468.82
Aluminiumoxid 77.5 1705

Additive 1.19 26.18

Zur Simulation der Wärmeleitung im als
Festkörper modellierten Schlicker ist es notwendig
die Dichte des Aluminiumoxid-Wassergemisches ρ
in Abhängigkeit des Wassermassenanteils YW in
kg kg−1 zu beschreiben. Dies erfolgt über die Dichte
des Aluminiumoxidpulvers ρAl bei Vernachlässigung
von Schrumpfung nach Gleichung (1).

ρ = ρAl

(
1 +

YW

1− YW

)
(1)

Die Wärmekapazität des Schlickers cp in
J kg−1 K−1 errechnet sich ebenso über den
Anteil der Komponenten am Gemisch und deren
Wärmekapazitäten cAl, cW nach Gleichung (2).

cp = YW (cW − cAl) + cAl (2)

Der Verlauf der Wärmeleitfähigkeit λ in
Wm−1 K−1, siehe Abbildung 1, wird durch
Parameterabgleich eines Polynoms dritter Ordnung
mit Messwerten eines vergleichbaren Schlickers aus
[8] modelliert.
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Abbildung 1. Anpassung eines Polynoms dritter Ordnung
an die Messdaten der Wärmeleitfähigkeit λ durch Parame-
terabgleich

Die Koeffizienten des abgeglichenen Polynoms
sind Gleichung (3) zu entnehmen.

λp = 30.53Y 3
W − 112.79Y 2

W + 33.41YW + 0.37
(3)

Der Verlauf der Diffusivität von Wasser in Alu-
minumoxid DY in m2 s−1 ist aus vorausgehender
Forschung [9] bekannt und Gleichung (4) zu entneh-
men.

DY = D2+

1

2

(
1 + erf

(
YW − YW,tr

dYW

√
2

))
(D1 −D2)

(4)

Der Verlauf wird in einen exponentiellen Bereich D2

und einen konstanten Bereich D1 unterteilt, wobei
die Verbindung derselben über die Gaußsche Fehler-
funktion erf erfolgt. Diese stellt eine Sigmoidfunk-
tion dar, welche beim Massenanteil YW,tr über eine
Intervallbreite von dYW zwischen exponentiellem
und konstantem Bereich wechselt.

B. Solveranpassung

Zur Modellierung des schichtweisen Trocknungs-
prozesses wird der OpenFOAM Solver chtMulti-
RegionFoam modifiziert. Die massenanteilsabhängi-
gen Stoffeigenschaften, sowie eine zusätzliche Dif-
fusionsgleichung im Festkörper, werden implemen-
tiert. Die Simulation von konjugierter Wärme- und
Massenübertragung zwischen mehreren Fluid- und
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Festkörperdomänen läuft dabei über die Lösungsstra-
tegie aus Abbildung 2 ab.

Initialisierung

Fluid Solid

Fluid

RB

Kontinuität → ρ

Impulsgl. → ~u∗

Energiegl. → T Pimple → p, ~u

Korrektur ρ = f(p, T )

Turbulenz k − ω SST

T, YH2O

Zeitschritt t = t+ ∆t

Solid

RB
T, YW

Energiegl. → T

Stofftrans. → YW

Stofftrans. → YH2O

Fluid

Ende

Abbildung 2. Lösungsstrategie des für Trocknungsprozesse
adaptierten Solvers chmtMultiRegionFoam

Der Solver arbeitet im Fluid nach einem druck-
basierten Prinzip und koppelt Wärme- und Mas-
sentransport über eine Randbedingung zwischen
den Domänen. Die Turbulenzmodellierung erfolgt
über das k ω-SST Modell, da wandnahe und freie
Strömungsbereiche vorhanden sind. Der Transport
des Massenbruchs an Wasserdampf YH2O erfolgt am
Ende des Zeitschritts. Die Zeitintegration wird durch
ein explizites Verfahren mit variabler Zeitschrittwei-
tensteuerung über die Courantzahl umgesetzt.
Die Kontinuitätsgleichung ist in kompressibler Form
für die Fluiddomäne -wie in Gl.(5) beschrieben-
implementiert,

∂ρ

∂t
+∇ · ρu⃗ = 0 (5)

wobei ρ der Dichte und u⃗ dem Geschwindigkeitsfeld

in ms−1 entspricht. Die Impulserhaltung ist durch
die kompressible Form der Navier-Stokes Gleichung,
wie in Gleichung (6) dargestellt, implementiert.

∂ρu⃗

∂t
+∇· (ρu⃗u⃗) = −∇p+(µ+µt)∇2u⃗+ F⃗b (6)

Die natürliche Konvektion wird durch den Auftriebs-
term F⃗b berücksichtigt, wobei p dem Druck in Pa
entspricht. Die Summe aus natürlicher Viskosität µ
und turbulenter Viskosität µt in m2 s−1 entspricht
der Diffusivität des Impulses.
Die Energiegleichung ist in Form der totalen spe-
zifischen Enthalpie h in J kg−1 aus Gleichung (7)
implementiert. Dabei wird die kinetische Energie
auch mitberücksichtigt.

∂ρh

∂t
+∇ · (ρu⃗h) +

∂ρ( u⃗
2

2
)

∂t
+∇ · u⃗

2

2
=

αeff∇2h+ ρu⃗ · g⃗ + Q̇rad

(7)

Die kinetische Energie entspricht dem Term u⃗2

2
und

die effektive thermische Diffusivität αeff in m2 s−1

berücksichtigt sowohl die natürliche als auch die tur-
bulente Diffusivität. Die mechanische Energie wird
durch den Term ρu⃗ · g⃗ berücksichtigt und Q̇rad

entspricht dem Strahlungswärmestrom. Der Trans-
port des Massenanteils an Wasserdampf YH2O in
kg kg−1 wird durch die Skalartransportgleichung (8)
modelliert.

∂ρYH2O

∂t
+∇ · (ρu⃗YH2O) = ραv∇2YH2O (8)

Der Koeffizient αv in m2 s−1 beinhaltet sowohl die
natürliche als auch die turbulente Diffusivität.
Im Festkörper werden die implementierten Diffu-
sionsgleichungen unter Verwendung der vom Was-
sermassenanteil YW abhängigen Stoffeigenschaften
gelöst. Die Energiegleichung ist dabei über die Tem-
peratur T in K nach Gleichung (9) implementiert.

∂

∂t
T = ∇2 λ

cpρ
T (9)

Die Diffusion des Wassers wird über Gleichung (10)
abgebildet.

∂

∂t
YW = DY ∇2YW (10)
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Vor dem Lösen der Transportgleichungen im
Festkörper werden die Skalarfelder der jeweiligen
Diffusionskoeffizienten anhand der Lösungen aus
dem vorigen Zeitschritt berechnet.

C. Kopplungsrandbedingung

Zur Kopplung von Wärme und Massenübertragung
zwischen Fluid- und Festkörperdomäne wird eine
Randbedingung für die Temperatur T , und die Mas-
senanteile YH2O und YW erarbeitet. In diesem Simu-
lationsmodell wird zur Vereinfachung angenommen,
dass die Verdunstung des Wassers nur an der Kom-
munikationsfläche zwischen Fluid und Festkörper
vonstatten geht. Die Wärmekopplung basiert auf den
Gleichungen(11) und (12).

q̇s = −q̇f + ṁhlat (11)

Tff = Tfs = Tf (12)

Es wird Kontinuität im Wärmestrom des Fluids q̇f
und des Festkörpers q̇s in Wm−2 vorausgesetzt, wo-
bei der latente Wärmestrom sich aus dem flächenspe-
zifischen Massenstrom ṁ in kgm−2s−1 und der Ver-
dampfungsenthalpie hlat in J kg−1 zusammensetzt.
Die Flächentemperaturen Tf in K müssen sowohl für
die Fluid- Tff , als auch für die Festkörperdomäne
Tfs dieselben sein.
Der Massenaustausch wird über die Erhaltungs- und
Gleichgewichtsbedingungen nach den Gleichungen
(13) und (14) definiert.

ṁs

A
= −ṁf

A
(13)

aW = RH (14)

Kontinuität im Massenstrom zwischen Festkörper
ṁs und Fluid ṁf in kgm−2s−1 werden vorausge-
setzt. Gleichgewicht zwischen Wasseraktivität aW an
der Festkörperoberfläche und der relative Luftfeuch-
te RH muss auch eingehalten werden, wobei die
Wasseraktivität durch empirische Daten aus [8], [9]
bekannt ist.

Die Berechnungen in der Randbedingung folgen dem
Ablauf aus Abbildung 3.

Fluid

Auslesen Felder
T, Y, λ, p, ρ

RH = aW = f(YW )

YH2O = f(RH,T, p)

Setzen Massenanteil

ṁ = f(ρ, YH2O)
q̇lat = f(ṁ, p, T )

q̇rad

Tref , w

Berechnung Werte
für mixed-BCauf Randfläche

KopierenSolid

Auslesen Felder
T, YW , λ, ρ,D

ṁ, q̇lat

∇YW = f(ρ,D, ṁ, YW )

Setzen Massenanteils-
gradient auf Randfläche

Tref , w

Berechnung Werte
für mixed-BC

dryingTemperatureCoupledMixed

III

Abbildung 3. Ablauf der Berechnungen in der Randbedin-
gung dryingTemperatureCoupledMixed für beide Simulati-
onsdomänen

Die Randbedingung wird, wie in Abbildung 2
ersichtlich, vor dem Lösen der jeweiligen Trans-
portgleichungen zuerst in der Fluid- und anschlie-
ßend in der Festkörperdomäne aufgerufen. Davon
abhängig werden der Massenanteil an Wasserdampf
im Fluid oder der Gradient der Wassermassenanteils
im Festkörper berechnet und gesetzt. Die Flächen-
temperatur wird über eine mixed Randbedingung
umgesetzt.
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D. Simulationsmodell

Zur Durchführung einer Simulation mit dem ad-
aptierten Solver und der Randbedingung wird das
Modell der Trocknungvorrichtung aus Abbildung 4
erstellt.
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Abbildung 4. Abmessungen und Hauptkomponenten der
Trocknungsvorrichtung in Schnittdarstellung

Die Auflistung und Beschreibung der Komponen-
ten ist in Tab.II ausgeführt.

Tabelle II
KOMPONENTEN AUS ABB.4

Nummer: Bezeichnung:

1 Luftdüse
2 Gummimatte
3 Schlickerriegel
4 Aluminiumplatte
5 Heizer (ausgeschaltet)

Die Austrittsgeschwindigkeit aus der Luftdüse
wird als konstant angenommen, diese Annahme
ist durch zuvor durchgeführte Messungen überprüft
worden. Die Simulationsgeometrie wird in eine
Festkörper- und eine Fluidomäne mit den dazu-
gehörigen Randflächen wie in Abbildung 5 darge-
stellt, unterteilt.

Luft to SolidUnten

SolidUnten to Luft

Einlass

Atmosphäre

Wand

Luft

SolidUnten

Atmosphäre

Atmosphäre Wand

Wärmequelle
y

x

Abbildung 5. Domänen und Randflächen des CFD Modells
der Trocknungsvorrichtung

Die Simulation wird zur Reduktion der Rechenzeit
in 2D aufgebaut, wobei sich der Einfluss dieser Ver-
einfachung durch Überprüfung mit einem vollständi-
gen Modell als minimal erwiesen hat. Die in der
Luftdomäne gesetzten Randbedingungen und die In-
itialisierung der Felder sind in Tab.III aufgelistet.

Tabelle III
VORGEGEBENE WERTE DER RAND- UND

ANFANGSBEDINGUNGEN IN DER LUFTDOMÄNE

u/m
s

T /K p/Pa YH2O / kg
kg

Einlass 2 298.45 95 · 104 0.011
Atmosphäre PIOV 296.75 95 · 104 0.011
Wand 0 296.75 95 · 104 ∇Y = 0
Luft to SolidU 0 B 95 · 104 B
Internes Feld 0 296.75 95 · 104 0.011

Die in Tabelle III verwendete Abkürzung B steht
für Berechnet und PIOV steht für eine pressureInle-
tOutletVelocity Randbedingung. In der Soliddomäne
werden die Bedingungen aus Tab.IV aufgebracht.

Tabelle IV
VORGEGEBENE WERTE DER RAND- UND

ANFANGSBEDINGUNGEN IN DER SOLIDDOMÄNE

T /K Y/ kg
kg

SolidUntent to Luft B B
Wand 296.75 ∇Y = 0

Atmosphäre 296.75 ∇Y = 0
Internes Feld 296.75 0.24
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E. Vernetzung

Die Vernetzung wird mit Hexaedern durch den
Vernetzungsalgorithmus snappyHexMesh realisiert.
Der für den Trocknungsvorgang relvante Bereich
rund um die Begrenzungsfläche Luft to SolidUnten
weist ein orthogonales Netz auf. Der Bereich in
der Nähe des Einlasses und entlang des Randes der
Luftdüse zeigt etwas schlechtere Netzqualität, siehe
Abbildung 6.

Abbildung 6. Vernetzung an der Kommunikationsfläche
zwischen den Domänen und am Auslass der Luftdüse

Die Durchführung einer Qualitätsanlyse des Net-
zes ergibt die Parameter aus Tabelle V für die jewei-
lige Domäne.

Tabelle V
AUFLISTUNG DER NETZEIGENSCHAFTEN UND

ZELLENANZAHL FÜR BEIDE DOMÄNEN

Solid Fluid

Seitenverhältnis 13.26 14.68
max. Nicht-Orthogonalität 2.56 63.73
mittl. Nicht-Orthogonalität 0.075 3.12
Anzahl Hexaeder 13500 39030

Das verwendete Netz ist das Ergebnis einer Kon-
vergenzstudie, wobei zur Reduzierung der Zellenan-
zahl bei gleicher Ergebnisqualität die Bereiche mit
hohen Gradienten feiner aufgelöst sind.

F. Messaufbau zur Modellvalidierung

Zur Validierung des erarbeiteten Simulationsmo-
dells wird ein Abgleich mit experimentell ermittelten

Daten durchgeführt. Die Trocknungsvorrichtung wird
dazu, wie in Abbildung 7 dargestellt, mit Sensoren
beaufschlagt.

Waage m(t)

va

Messpunkt Temperatur

ṁ YW

Ya, Ta, pa
T1

T3

T2

Abbildung 7. Sensorenpositionierung an der Trocknungs-
vorrichtung zur Validierung des Simulationsmodells

Die prozessrelevanten Messgrößen werden in zwei
Arten unterteilt, stationäre bzw. konstante Größen
und zeitabhängige Größen. Zu den stationären
Größen gehören:

• Massenanteil an Wasserdampf in der Umge-
bungsluft Ya und Umgebungstemperatur Ta

• Austrittsgeschwindigkeit an der Luftdüse va
• Temperatur T1 der einströmenden Luft
• Umgebungsdruck pa → relevant für Verdamp-

fung
Als zeitlich veränderlich werden die folgenden Mess-
größen betrachtet:

• Masse des Grünlings m(t) über Waage gemes-
sen

• Temperaturen T2, T3

Die Temperaturmessung erfolgt über zwei Ther-
moelemente Typ J (T1, T2) und das Strahlungpy-
rometer Micro-Epsilon CS-SF15-C1 (T3). Die Luft-
geschwindigkeit wird über das Heizdrahtanemometer
TESTO 425 und die Masse über die Präzisionswaage
Kern 572 gemessen. Die Auswertung der Daten er-
folgt über die Software LabView und das NATIONAL

INSTRUMENT Chassis NI cDAQ-9188XT, die Waage
wird dabei direkt mit dem PC über eine RS232
Schnittstelle verbunden.
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III. ERGEBNISSE

A. Stationäre Messungen an der Trocknungsvorrich-
tung

Zu Beginn der Messung werden Umgebungsbedin-
gungen, Schlickereigenschaften, Luftgeschwindigkeit
und die Festkörper-Abmessungen gemessen und in
Tabelle VI dokumentiert.

Tabelle VI
STATIONÄRE UND KONSTANTE MESSGRÖSSEN ALS

EINGANGSPARAMETER FÜR DAS SIMULATIONSMODELL

Stationäre Messgrößen

Ta/K 296.75
RH/% 59
Ya/% 0.01134
pa/Pa 95000
va/ms−1 2
Ta/K 298.45
ρi/kgm

−3 2340
ξ/% 76
lg/mm 90
hg/mm 4
bg/mm 30

Die Bezeichnung der Messwerte erfolgt großteils
nach Abbildung 7, wobei ξ der Masse des Festkörpe-
ranteils in % im frischen Schlicker und ρi der anfäng-
lichen Dichte desselben entspricht. Die Abmessungen
des Schlickerriegels werden mit lg , hg , bg bezeichnet.

B. Vergleich zwischen Simulation und Messung

Die stationären Messwerte dienen als Eingangs-
größen für das CFD-Modell zur Simulation des
Massenstroms und des Temperaturverlaufs. Zur Ver-
einfachung werden diese Größen über die gesamte
Prozessdauer als konstant angenommen, die Umge-
bungstemperatur Ta wird zudem auf allen Wänden
als fixedValue-Randbedingung beaufschlagt.
Die Simulation wird für eine Dauer von t = 170 s
durchgeführt und mit den aufgezeichneten Messer-
gebnissen verglichen, wie für die relative Massenab-
nahme dm in Abbildung 8 dargestellt ist.
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Abbildung 8. Vergleich der Messergebnisse mM mit
den Simualtionsergebnissen mS bezogen auf die relative
Massenabnahme über die Zeit

Zusätzlich zur Massenabnahme ist der Verlauf der
Temperaturen an den Messpunkten aus Abbildung
7 zur Charakterisierung des Trocknungsverhaltens
interessant, welcher in Abbildung 9 dargestellt ist.
Der Index M steht dabei für Messdaten und S für
Simulationsdaten.
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Abbildung 9. Abgleich der Temperaturverläufe von Mes-
sung und Simulation über die Zeit

Betrachtet man den Massenverlauf aus
Abbildung 8, so ist eine gute Übereinstimmung
zwischen Messwerten und Simulation erkennbar.
Vorhandene Störungen im Messverlauf sind durch
aerodynamische Kräfte aufgrund der Strömung und
weitere Umgebungseinflüsse zu begründen, deren
Einfluss aufgrund der geringen Massenabnahme ins
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Gewicht fällt. Das Vorhandensein eines linearen
Verlaufs stimmt auch mit den Ergebnissen aus [8],
[9] überein, was durch die hohe Wasseraktivtät
aW ≈ 1 begründet werden kann. Der Prozess nimmt
daher einen stationären Charakter an, bis durch die
beginnende Abnahme der Wasseraktivität die zweite
Trocknungsphase eingeläutet wird [10].
Der Temperaturverlauf zeigt auch eine
gute Übereinstimmung zwischen Mess- und
Simulationsergebnissen bezogen auf T1 und T2. Die
Temperaturabnahme in den Simulationsergebnissen
zu Beginn bei T2 ist durch den Zeitversatz
zwischen Simulations- und Messergebnissen,
welcher durch das Füllen der Kavität mit Schlicker
zwangsläufig auftritt, zu begründen. Zu Beginn der
Messaufzeichnung ist bereits ein quasi-stationärer
Zustand erreicht.
Eine größere Abweichung zwischen Simulation
und Messung ist am Verlauf von T3 erkennbar,
wobei der zu Beginn vorhandene Temperaturabfall
in den Simulationsergebnissen wieder durch den
Zeitversatz der Messungen begründet werden kann.
Der über den gesamten Zeitbereich gemessene
Temperaturabfall ist in den Simulationsergebnissen
nicht vorhanden, dies kann durch die idealisierten
Randbedingungen und die daher fehlende Abkühlung
der Gummiumrandung begründet werden.

IV. DISKUSSION

Es wurde erfolgreich gezeigt, dass es mittels CFD-
Simulation möglich ist, die physikalischen Abläufe
bei schichtweisen Trocknungsprozessen abzubilden.
Getroffene Vereinfachungen wie die ortsfeste Ver-
dunstung an der Kommunikationsfläche und die Ver-
nachlässigung der Schrumpfung wurden evaluiert
und anhand der guten Übereinstimmung mit den
Messergebnissen legitimiert. Auch ohne die Verwen-
dung von Mehrphasenmodellen wie in [5] konnten
bei geringerem Rechenaufwand alle relevanten phy-
sikalischen Vorgänge realitätsnah simuliert werden.
Dabei konnte der Rechenaufwand durch die Verwen-
dung einer mixed im Vergleich zu [6] leicht reduziert

werden.
Auch im Vergleich mit Lösungsansätzen, welche auf
der Finite-Elemente-Methode basieren [9],[8], zeigte
das entwickelte Simulationmodell Vorteile in der Ge-
nauigkeit. Dazu gehört die lokale Berücksichtigung
der strömungsbedingten Konvektion auf der Kommu-
nikationsfläche und die dadurch mögliche Bestim-
mung von lokalen Problemstellen in der Trocknung.
Den logischen nächsten Schritt stellt die Anwendung
des Simulationsmodells in der System- und Prozess-
entwicklung dar.
Ein Beispiel dafür wäre die Durchführung von Pa-
rameterstudien zur Bestimmung des Einflusses der
verschiedenen Prozessgrößen auf das Trocknungser-
gebnis und die Evaluierung neuer Trocknergeometri-
en. Jene Erkenntnisse, welche durch Anwendung des
Modells zukünftig generiert werden können, stellen
in Kombination mit begleitenden Messungen den
Grundstein für eine effiziente Prozess- und Maschi-
nenentwicklung dar.
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