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Due to rising energy requirements, the use of low-
weight materials is becoming more important, espe-
cially in aerospace and automotive engineering. Be-
cause of their high strength-to-weight ratio, carbon
fiber reinforced plastics (CFRP) are increasingly re-
placing metals. These materials are usually machined
by milling operations. Their main problems are high
tool wear, thermal damage, and surface integrity. This
paper presents a machine concept and control strategy
to substitute milling with laser cutting. Because a high,
constant-trajectory velocity is required during laser
cutting operations, a highly dynamic machine tool is
needed. Conventional machine tools requiring large
workspaces are inertial and therefore unsuitable for
this task. Thus, a portal machine concept was investi-
gated with an additional laser scanner and lightweight
moving components. To increase path accuracy, two
control strategies were implemented and analyzed in
a multi-body simulation. One approach is to use a
frequency-separating filter, while the second is based
on estimation of tool center point positioning error us-
ing a Kalman filter. An acceleration sensor located
near the tool center point (TCP) or the drive current
signal can be used as input for the Kalman filter. Both
input signals are investigated and compared in this pa-
per. Results presented in this paper show that with
these control strategies, highly dynamic trajectories
can be realized with high precision.

Keywords: hybrid positioning, laser cutting, vibration
control, vibration compensation, Kalman filter

1. Introduction

Due to dwindling energy resources and therefore ris-
ing prices for fossil fuels, there is enhanced environmen-
tal awareness in our population. Moreover, financial in-
centives created by environmental standards, imposed by
governments, force industry to keep a check over fuel con-
sumption by cars and aircrafts. The engine is optimized
and the impact of air resistance is decreased to reduce fuel
consumption. Furthermore, the weight of airplanes and
cars is reduced. Because the mass of an airplane or car
has to be accelerated it has a profound influence on fuel

consumption.
To reduce the mass of parts, as a first step, low-weight

metals like aluminum and titanium are used. As a second
step the topology of parts is optimized to make them thin
in areas with less stress [1]. Even more weight can be
reduced with new lightweight materials. Currently, mate-
rials like aluminum and titanium are increasingly replaced
by carbon fiber reinforced plastics (CFRP). Parts made of
metal are machined with conventional turning or milling
machines. Process parameters, tool geometry, and ma-
chine tools are optimized for these machining operations.
Today new CFRP materials are machined with milling op-
erations, too. One challenge is high tool wear during cut-
ting because of the mixture of very hard carbon fibers with
the binding polymer [2, 3]. Current cutting tools are worn
out after a short period of use. Further, a wide range of
different cutting tools is needed for different finished sur-
face geometries.

An alternative processing operation is laser cutting,
which is also used for metals. One benefit of laser cutting
is that it does not require different tool geometries. Down-
time, during which machining cannot be done, can be re-
duced significantly if tool changes are reduced or abol-
ished. Although laser cutting of CFRP is more flexible
than mechanical cutting operations, it is not commonplace
in manufacturing. One reason is the lack of sufficient re-
search. Furthermore, the relevant process know-how has
not yet been transferred to industry. Because laser cutting
is a thermal process, thermal influence on the material at
the border zone is a significant challenge. Thermal en-
ergy has a negative influence on the mechanical proper-
ties of the material and therefore must be reduced. The
Laser Zentrum Hannover (LZH) has been working on this
topic. Researchers analyzed thermal influence on CFRP
for different process parameters in machining. The results
presented in [4–6] show that cutting of CFRP with high-
power lasers is possible.

Within the project, CFKLas, a new machine concept for
laser cutting, has been developed. Because laser cutting
operations are conducted with higher-trajectory velocities
than in conventional mechanical cutting operations, the
requirements on machine structure are very high. Al-
though there are no process forces, high accelerations lead
to machine vibrations. Thus, the machine has to be stiff
and dynamic to realize a constant and high trajectory ve-

Int. J. of Automation Technology Vol.9 No.4, 2015 425

https://doi.org/10.20965/ijat.2015.p0425

© Fuji Technology Press Ltd. Creative Commons CC BY-ND: This is an Open Access article distributed under the terms of 
the Creative Commons Attribution-NoDerivatives 4.0 International License (http://creativecommons.org/licenses/by-nd/4.0/).

http://creativecommons.org/licenses/by-nd/4.0/


Denkena, B., Eckl, M., and Lepper, T.

locity. Furthermore, the working space has to be large in
the case of manufacturing large frames for the aerospace
industry. Realizing highly dynamic trajectories may re-
duce the cost advantage over mechanical cutting opera-
tions where the dynamics can be lower, if not a new and
cost-efficient machine concept is developed.

To achieve a high and accurate trajectory velocity, two
concepts for error compensation have been invented and
are presented in this paper. Both concepts take advantage
of the highly dynamic axes provided by the laser scan-
ner. In the first concept, a frequency-separating filter di-
vides the trajectory into high- and low-frequency parts.
The low-frequency part is the set point signal for the drive
motor of the machine, while the high-frequency part is the
set point signal for the scanner. In the second concept, a
Kalman filter is used to estimate vibrations at the TCP. As
the input signal of the Kalman filter, an acceleration sen-
sor located near the TCP can be used as well as the drive
current signal. Both approaches are presented in this pa-
per.

2. Hybrid Positioning in a Portal Machine

2.1. The Concept of a Laser Cutting Machine

The aim of this paper is to present a machine con-
cept for manufacturing large aerospace parts. Because the
parts are up to 6 m long, a large working area is needed.
Typically, large machine tools are designed as gantry ma-
chines. These portal machines have a large and heavy
bridge with a high inertial mass. Especially in laser cut-
ting operations, the trajectory velocity is high compared
with machining operations in metal cutting. To prevent
material damage due to the laser cutting process, the cut-
ting velocity must be very high and constant. Therefore,
the machine axes have to be accelerated and decelerated
very dynamically to ensure a constant trajectory veloc-
ity. To make positioning more dynamic than with the con-
ventional machine axes, in addition to the three Cartesian
axes, a laser scanner is added which can position the laser
focal point in a small space. The scanner is placed at the
end of the kinematic chain of the portal machine.

As shown in Fig. 1, the laser scanner unit consists of
a laser-focusing unit and a scanner head. The focusing
unit is used to set the focal point of the laser beam to the
surface. To change the distance of the focal point in the
focusing optics, the diverging lens is positioned using a
linear drive. The distance must be adjusted by rotation
of the mirrors because of the varying length of the laser
beam, depending on the position of the focal point. Rota-
tion of the mirrors is used to position the laser beam. The
correct position of the focal point is important for material
removal.

For dynamic positioning of the focal point, the scanner
head redirects the laser beam with the help of two mirrors
driven by galvanometer drives. Because of the low weight
and inertial moment of the mirrors, the scanner is able to
position highly dynamically.
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Fig. 1. Basic functionality of a laser scanner unit [7].
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Fig. 2. Multi-body model of the portal machine.

The laser scanner unit is placed at the end of the Carte-
sian machine axes; thus, the conventional axes position
the scanner. The scanner unit has three additional axes,
which make positioning redundant. One resulting benefit
is the possibility of a hybrid positioning control system.
Hence, the positioning unit of a laser scanner can be used
to compensate positioning errors of the linear drives. Two
different control strategies are described in section 2.3.

2.2. Multi-Body Simulation
In order to design and investigate the two control

schemes, a multi-body simulation model of the machine
has been developed. The machine is modeled with multi-
ple solid bodies, each of them described by mass, center
of gravity, and inertia properties. According to the geom-
etry and kinematics of the machine, the bodies are con-
nected by kinematic joints as well as stiffness and damp-
ing elements. In order to simulate machine vibration, the
axes are modeled as direct drives and the guides are rep-
resented as spring-damper systems (Fig. 2). Cascade con-
trols are used to control the drives. The guides typically
are the main compliance of machine structures [8].

The mechanical model consists of a base frame, a
bridge with Y - and Z-slides, and a laser scanner head. The
X-drive is located at the base frame and moves the bridge
along the linear guide rails of the frame in the X-direction.
The X- and Y -directions are horizontal directions while
the Z-direction represents the vertical direction. The base
frame is very stiff because it is very thick and is usually
made of steel and filled with concrete. Therefore, its in-
fluence on positioning accuracy is negligibly small com-
pared with the compliance of the guide rails and guiding
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Fig. 3. Analytical beam deflection model.

shoes. To simulate this compliance, the stiffness values
from manufacturers’ specifications are implemented for
both Cartesian directions normal to the X-direction. Mea-
surements on a portal machine with static force, being
applied to the guiding rails, confirm these stiffness val-
ues. For each direction, the stiffness of the guiding rails
and guiding shoes are summarized into one stiffness and
damping value. These springs and dampers are added for
all three guiding rails in the X-, Y - , and Z-directions. The
notation used for stiffness and damping values in Fig. 2
shows the assignment to their respective positions and ori-
entations. The damping and stiffness elements connecting
a body with its base are denoted with the respective body’s
first letter as the first index (i.e., g: gantry, y: Y -slide, z:
Z-slide) and the acting direction as the second index. The
stiffness and damping elements always act normal to the
guiding direction. For example, the Y -slide has springs
and dampers acting in the X- and Z-directions.

The deflection of the bridge is modeled within the
multi-body model with two additional bodies, added be-
tween the bridge and Y -slide. The approach is shown in
Fig. 3. The figure shows the position-dependent deflec-
tion of a bending beam. This deflection depends on the
position (a) of the Y -slide, which represents the force ap-
plication point. The deflection of the beam can be cal-
culated analytically by the given equations. These are
used to parameterize the enhanced multi-body model,
which is built up to complement the given model of the
machine kinematic. The first eigenmode of the deflec-
tion of the bridge in the vertical and horizontal direc-
tions are simulated by three bodies linked by springs and
dampers. These bodies replace the bridge originally sim-
ulated by one body. A mechanical substitutional model of
the bridge is presented in Fig. 3b), which shows the three
bodies and the springs and dampers. The bridge has ver-
tical and horizontal degrees of freedom representing the
deflection in its first horizontal and vertical eigenmodes.
The first body is added to represent the horizontal defor-
mation. Thus, the springs are acting in the horizontal di-
rection, which corresponds to the machine X-axis. The
vertical deformation is represented by the second body
and springs and dampers act in the vertical direction. The
vertical direction corresponds to the Z-direction of the

machine. The bridge has a total mass of mB. To keep
the total mass of the bridge constant, the mass of the ad-
ditional bodies is subtracted from the total mass. The re-
sulting mass of the main bridge is m1 = mB −max −maz.
The mass max is the modal mass for the first eigenfre-
quency, representing the horizontal bending mode. Be-
cause the modal mass maz, which is associated with the
second (vertical) eigenfrequency, is connected to the sec-
ond body, the mass of this body must be reduced by the
modal mass maz. Therefore, the second body has a mass
of m2 = max −maz. The mass, stiffness and damping pa-
rameters are calculated with the help of results from sim-
ulations using the finite element method.

From this structural-mechanical analysis, the first two
eigenfrequencies as well as their modal masses and damp-
ing constants are known. The modal mass is calculated by
Eq. (1) for the first eigenfrequency f1 in the horizontal di-
rection and the corresponding stiffness c0x.

f1 =
√

c0x

m0x
⇔ m0x =

c0x

f 2
x

. . . . . . . . (1)

As mentioned before, the deflection amplitudes vary with
the position of the slides. Thus, the stiffness and damp-
ing values have to be adjusted for each position of the
slide. According to the deflection, the stiffness rises while
moving from the center position to one side. This change
is described by the position-dependent variable Q, which
has a value from 0 to 1. The center position is defined as
Q equals 1.

The stiffness is calculated according to the bending line
of the beam (Fig. 3) by Eq. (2) for each position of the Y -
slide, represented by the variable a:

cx(a) = c0x
1

Q(a)
, . . . . . . . . . . . (2)

where the variable c0x is the stiffness value for the first
eigenmode in center position. This value is obtained from
a finite element simulation, as well. The damping value is
kept constant because the impact on the machine behav-
ior is low and does not influence the quality of the control
strategy tested with this model. The mass for the deflec-
tion in the X-direction is calculated according to Eq. (3)
in the same way as for the stiffness. To keep the eigenfre-
quency of the bending beam itself constant with changing
stiffness values, the modal mass depends on the position,
too. The modal mass m0x is calculated from the eigen-
frequency of this deflection shape and the stiffness c0 is
calculated as shown in Fig. 3. Thus, the additional mass
is calculated with Eq. (3).

max(a) = m0x
1

Q(a)
. . . . . . . . . . . (3)

The third body of the model presented above is the new
base for the Y -slide. A displacement of the body leads to
a displacement of the Y -slide. Thus, the Z-slide, moving
relative to this Y -slide is displaced the same way.

Compared with the X- and Y -slides, which are consid-
ered to be rigid, the Z-slide is considered as a flexible
body. This is necessary because the actual Z-slide be-
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haves like a compliant bending beam. To consider the
influence of the compliant bending beam on the vibration
behavior of the machine tool, the Z-slide has to be imple-
mented as a flexible body. For this purpose, the Z-slide
is modeled by three rigid bodies which are connected to
each other by rotational springs (Fig. 4). The stiffness of
the springs cϕ is parameterized by a finite element model
of the machine tool. This approach is based on Hackelöer
and Torres [14, 15].

Each of the rigid bodies has one-third of the mass of
the actual Z-slide. The inertia of the three bodies was
calculated using CAD software. The stiffness parameter
was determined as cϕ = 5 ·109 Nm/rad.

At the end of the kinematic chain a scanner unit with
three additional axes, described in section 2.1, is located.
Because of the low inertial mass of the mirrors compared
with that of the machine structure, the scanner is simu-
lated as infinitely dynamic and without mass or inertia.

In addition to the machine components and joints,
guide friction is implemented within the simulation
model. This is necessary because guide friction influences
the dynamical behavior of the machine.

To consider friction between the guide rails and the
guiding shoes, a friction model is implemented within
the multi-body model. The friction force is described
by the Stribeck curve as shown in [9–12]. Fig. 5 shows
the velocity-dependent friction force based on that model.
The ordinate shows the friction force and the abscissa
shows the velocity.

According to the Stribeck curve, the friction force FFric
decreases after overcoming the solid/boundary friction
owing to increasing velocity v until reaching the Stribeck
velocity vSt . This friction is called mixed friction. Fur-

Table 1. Identified friction forces.

Velocity [m/min] Friction FFric [N]
0 650

13 567.6
32.5 698.2
65 1019.4

Table 2. Estimated Stribeck parameters.

Variable Name Predicted value
Fk Kin. friction force 360.2932 N
vSt Stribeck velocity 0.1637 m/s
δ Form factor 1.0555
σ Viscosity factor 608.2003
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Fig. 6. Parametrized Stribeck curve.

ther increase of the velocity leads to asymptotic increased
friction force which is called fluid friction. Eq. (4) shows
the relation between friction force on the ordinate and ve-
locity at the abscissa.

FFric(v) =

sign(v)

(
Fk +(FS −Fk)e

(
−
( |v|

vSt

))δ

+σ |v|
)

. . (4)

This relation is defined by the static friction force FS,
the kinetic friction force FK , the Stribeck velocity vSt , the
form factor δ , and the viscosity factor σ . The static fric-
tion force FS is measured by the drive current needed to
overcome this static friction force while the machine axis
is not moving. The measured drive current is multiplied
by the motor constant KM to achieve the acting force of the
drive. The other four parameters are detected by moving
the actual machine tool with different velocities. Based on
the drive currents and the motor constant KM , the friction
force related to each velocity can be determined. Table 1
shows the friction forces related to the different velocities
identified on a gantry machine axis.

To identify the unknown parameters of the Stribeck
curve, the measured forces are used in a parameter study
based on the genetic algorithm [13]. Table 2 presents the
estimated values for this measured data.

Figure 6 shows the Stribeck curve belonging to the
identified values presented in Table 2 as well as the mea-
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Fig. 7. Frequency separation method.

sured friction force for different velocities.
This friction model described by Eq. (4) is imple-

mented in the multi-body simulation of the gantry ma-
chine tool.

2.3. Control Strategies
Owing to large machine components, the dynamic be-

havior of these moving machine parts is very inertial. Fur-
thermore, measurements show that low stiffness and exci-
tations of eigenfrequencies of the structure lead to posi-
tioning errors of the TCP. Thus, a hybrid positioning sys-
tem was designed using a laser scanner. This laser scan-
ner realizes three additional but redundant degrees of free-
dom. These are used to implement two hybrid positioning
strategies, described in this section. The aim of these con-
trol strategies is the reduction of positioning errors and
trajectory errors using the scanner head. One strategy is
designed to use a filter avoiding dynamic impacts to the
machine axis and the other predicts trajectory errors with
the help of a Kalman filter and compensates these errors
with the positioning unit of the laser scanner. The control
strategies are described in sections 2.3.1 and 2.3.2. In this
paper, the multi-body simulation generates measurement
data used for evaluation of these approaches. Thus, the
control strategies described in this paper can be applied to
the kinematics of any real Cartesian machine without the
need of a parameterized multi-body simulation.

2.3.1. Frequency Separation Method
The first approach, presented in Fig. 7, is designed to

reduce machine excitations by filtering the trajectory be-
fore it is given to the machine axes. For this frequency
separation method, the programmed trajectory is filtered
for each axis separately. A low-pass filter eliminates dy-
namic excitations in the trajectory to smooth the axis tra-
jectory. This avoids excitation of resonances of the ma-
chine structure. The filtered signal is taken as the pro-
grammed trajectory for the machine axes which are nu-
merically controlled by an adjusted algorithm including
the filter. The difference of the filtered and programmed
trajectories is given to the laser scanner unit. Using this
strategy, the TCP is the sum of the real machine axes posi-
tions and the position of the laser scanner. While the ma-
chine axes position depends on the kinematic of the ma-
chine and their dynamic behavior, the scanner is simulated
as infinitely dynamic. Thus, the scanner output position is
the programmed scanner position in consideration of the
limited travel range. The cut-off frequency of the filter has
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Fig. 8. Error estimation approach.

to be set up with a frequency which is low enough that the
machine is able to follow this low-pass filtered trajectory.
At the same time the frequency has to be high enough that
the difference between programmed and filtered trajecto-
ries is not larger than the limited workspace of the scanner
which compensates the high-frequency component of the
trajectory. The filter is adjusted such that the TCP po-
sition, as the sum of machine position and scanner posi-
tion, is able to follow the programmed trajectory. Because
of the fact that this strategy does not get any information
about the machine itself, it is not able to compensate posi-
tioning or trajectory errors. This strategy reduces impacts
on the machine that lead to trajectory errors and controls
the scanner in order to realize the high dynamic move-
ments filtered out from the machine trajectory.

2.3.2. Error Estimation
The second approach is not designed to reduce impacts

to the machine but to consider machine behavior and use
this information for error compensation. The aim of this
approach is a machine model estimating the position of
the machine for a given trajectory. In this approach a
Kalman filter is used to predict machine behavior. By
this prediction, the positioning error is calculated and the
scanner is set to compensate this error with a fast and very
dynamic system suitable for this task. In this case, one
Kalman filter is set up separately for each machine axis.
This is a valid approach for Cartesian machines because
the effect of axis coupling is very low.

As shown in Fig. 8, each Kalman filter uses three in-
put signals to estimate one output. One input is the
programmed machine trajectory. Furthermore, the linear
scale built into the axis is used to identify the machine
position. Use of a third signal makes prediction of the
machine state even more precise. Thus, two different ap-
proaches for this third signal are shown and compared.
In one approach, an acceleration sensor is used and the
other approach uses the current signal. The output of the
Kalman filter is the estimated machine position error.

The linear scales measure the relative distance between
the two bodies connected to the corresponding joint in the
direction of the axis. This is not the real position because
the position of the preceding body may change owing to
thermal, static, or dynamic effects. Thus, an acceleration
sensor close to the TCP measures acceleration. The ac-
celeration is a good characteristic to identify dynamic vi-
brations, leading to positioning errors. In contrast to the
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linear scales, the acceleration sensors give absolute sig-
nals for TCP behavior. Thus, the estimation accuracy can
be increased significantly.

To measure the acceleration close to the TCP position,
an acceleration sensor mounted to the machine structure
is used. This leads to additional purchase and mainte-
nance costs for the machine tool and makes this approach
impractical on any machine without an integrated accel-
eration sensor. Thus, an alternative approach described
in this section replaces the acceleration signal with the
current of the drives. The current of the drives must be
measured in any case to control the drives; thus no addi-
tional sensor is needed. As described before, the friction
force depends on the velocity of the drives and therefore
has a nonlinear effect on the current. However, nonlinear-
ities cannot be predicted by a Kalman filter if an extended
Kalman filter is not used. This extended Kalman filter is
able to determine nonlinearities but needs a higher effort
for implementation and requires more computing power
for control. Thus, the extended Kalman filter is not used
for this approach. In order to predict the part of the current
signal that leads to acceleration, the actual current signal
is reduced by the part that is necessary to overcome fric-
tion. That part is calculated from the velocity signal using
the friction model. In this way, the current signal can be
used instead of the acceleration signal in the model iden-
tification process and as an input signal for the Kalman
observer, which is necessary for the second control strat-
egy. The need for a friction model makes this approach
more complex in modeling and identifying the state space
model but removes the need for an acceleration sensor. In
the following section the control strategies are described
using the acceleration sensor.

2.3.3. Identification and Use of Machine Model
As mentioned earlier, the Kalman filter needs a ma-

chine model to predict the dynamic behavior of the ma-
chine structure, drives, and control loops for an excita-
tion while moving the machine axes to the position on the
programmed trajectory. For identification of this model,
the machine parameters used for setting up the multi-body
model are not available. Instead, this approach is designed
to generate a state space model from measurements re-
ceived by a real machine. This model is typically ex-
pressed in state space, which makes system identification
easier and does not require knowledge of physical rela-
tions.

Figure 9 shows the approach used for the estimation of
the state space model for one axis. Input to the Kalman
observer and, therefore, for the model, is the programmed
trajectory u. Output of the model includes the measured
signals (linear scale ylin and TCP acceleration yacc). Fur-
thermore, the TCP position error (difference of actual po-
sition and set value) has to be estimated and is included as
an additional output, yerr. To identify the real position of
the machine, an external measuring system is used. This
real machine position yTCP is necessary for system iden-
tification. During compensation this values is solely esti-
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mated by the Kalman filter. To excite a wide range of fre-
quencies in the identification, the system is excited with a
step trajectory in the relevant direction.

The estimation process can be done by different math-
ematical methods. An appropriate method is prediction
error minimization (PEM) [16].

The identified matrices A and B describe the behavior
of the machine while matrix C describes the output of the
Kalman filter. For the identification process the C Matrix
is set to put out all three measured values (ylin, yacc, and
yerr).

Figure 10 shows the Kalman filter and feed forward
loop for compensation of positioning errors caused by
dynamic effects. The Kalman filter uses the state space
model described earlier. For error compensation, several
C matrices are identified. To feed the measurement sig-
nals back to the actual predicted system state, the output
matrices Clin and Cacc are used. The estimation output ma-
trix Cerr is defined for the compensation output. This ma-
trix defines the error as the difference of the estimated po-
sition of the machine and the system input. For compensa-
tion this difference is not given as a measured value from
an external measuring system, as for model creation, but
is estimated and used to control the position of the laser
scanner. More information on Kalman filters [17, 20] and
state space models [18] can be found in the literature.

As explained before, the approach shown in this paper
is developed using a multi-body simulation model, but it
is shown that this approach is transferable to a real ma-
chine. With external measurement equipment, the posi-
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tion of the machine can be determined for model identifi-
cation. Thus, this model can be used in the same way as
described in Fig. 9 for any real machine.

2.4. Evaluation of Control Strategies
To analyze the control strategies presented in sec-

tion 2.3 test trajectories have been defined. The aim of
these trajectories is to have a high impact on the machine
structure to analyze dynamic machine effects. One differ-
ence to metal cutting is the required constant-trajectory
velocity over the whole trajectory. This is necessary for
good surface quality in laser cutting. The test trajecto-
ries, presented in Fig. 11 show a “mousehole” and a right-
angled corner with different edge radii. The trajectory
of the mousehole is deduced from the machining pro-
cess of an aerospace frame. Mouseholes are pockets in
aerospace frames which are necessary for good mount-
ing methods. These mouseholes are represented with two
different radii. The right-angled corner leads to a good ex-
citation of the machine structure. As one axis accelerates,
the other axis decelerates while the direction of the pro-
grammed trajectory changes. Thus, in Cartesian machines
two axes are excited at the same time. The simulation will
show how well these vibrations in two different directions
can be compensated with the methods presented in this
paper and whether the necessary trajectory accuracy can
be ensured.

To analyze the capabilities of the two methods, a trajec-
tory with a right-angled corner is simulated in the multi-
body simulation. The methods are analyzed with differ-
ent parameters such as edge radii, trajectory velocities,
and cut-off frequencies of the low-pass filter in the fre-
quency separation method. In the first step, the radius of
the right-angled corner is varied from 2 mm to 20 mm.
The resulting trajectories, simulated using the frequency
separation method with a cut-off frequency of 3 Hz, are
presented in Fig. 12. This figure shows the resulting sim-
ulated trajectory of the machine structure without the laser
scanner using a dashed line. The solid line represents the
simulated trajectory of the TCP with use of the laser scan-
ner. The programmed trajectory velocity is kept constant
at 21 m/min and is plotted with a black dotted line. It
is shown that especially small radii excite the machine
structure and lead to vibrations of the machine. The sim-
ulated trajectory is overdriving its end-position in the X-
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Fig. 12. Frequency separation method with a cut-off fre-
quency of 3 Hz.
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Fig. 13. Frequency separation method with varying cut-off
frequencies.

direction due to compliance in the guiding rails and the
resulting dynamic vibrations. The impact to the machine
and, therefore, the position error, is lower for larger radii.

Besides the radius, the trajectory velocity also has a
high impact on the trajectory accuracy. Experiments
with laser cutting show that trajectory velocities up to
50 m/min may be necessary for the CFRP machining pro-
cess. Especially with the frequency separation method,
these high velocities cannot be realized with high accu-
racy for right-angled corners with small radii. In this
approach the cut-off frequency is an important setting.
While high cut-off frequencies result in higher excitation
of the machine structure, low cut-off frequencies make
the machine very inert to rapid changes. Thus, a large po-
sitioning offset results in poor trajectory accuracy if the
offset is larger than the limited workspace of the laser
scanner. The results for three different cut-off frequen-
cies are presented in Fig. 13 for a constant-trajectory ve-
locity of 21 m/min. The dashed line shows the position
reached with the kinematics of the portal machine. The
programmed trajectory, a right-angled corner with a ra-
dius of 18 mm, is plotted as a black dotted line. The solid
line shows the trajectory of the focus position of the laser
with the help of the laser scanner.

Figure 13 shows that the maximum working range of
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Fig. 14. Error estimation method with a Kalman filter.

the laser scanner limits the accuracy for low frequencies.
Filtering the reference position with a 1-Hz low-pass fil-
ter leads to a large distance between reference and filtered
trajectories. If this difference is larger than the limitation
of the scanner then it cannot compensate the large trajec-
tory errors of the machine. The limited workspace of the
laser scanner is the reason for the large trajectory error
using a 1-Hz low-pass filter with the frequency separa-
tion approach. Reducing the cut-off frequency leads to a
trajectory with high position error because the dynamic
part of the trajectory is filtered out. With a higher cut-off
frequency the trajectory filtered out is reduced and, there-
fore, the machine is excited more.

Figure 14 shows the resulting trajectories simulated
using an error estimation method. The trajectories of
the machine without a laser scanner (red dashed line),
the TCP position with error compensation using the laser
scanner (blue solid line), and the programmed trajectory
(black dotted) are presented in the same color scheme as
in Fig. 12. The process parameters are the same as for
the frequency separation approach. This example shows
that compensation with a Kalman filter has more poten-
tial than the frequency separation method. While the fre-
quency separation method avoids unwanted vibrations of
the machine structure, the error estimation method esti-
mates the error and compensates resulting vibrations. The
results also show that right-angled corners with radii as
small as 2 mm can be manufactured with good accuracy
at a trajectory velocity of 21 m/min. This velocity was
used for laser cutting operations in the tests done by the
Laser Zentrum Hannover. The laser scanner compensates
resulting vibrations from the machine structure very well.

For the error estimation approach, the trajectory veloc-
ity and the maximum working range of the scanner are
important. The impact of the trajectory velocity on trajec-
tory accuracy is plotted in Fig. 15.

With increasing trajectory velocity, the trajectory of the
machine (red dashed) deviates from the programmed tra-
jectory (black dotted). For the plotted radius of 18 mm a
trajectory velocity of 50 m/min is possible. The resulting
error of the machine can be estimated by the model and
compensated with the laser scanner.

The limits of both control strategies have been ana-
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Fig. 15. Error estimation method with varying velocities.
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Fig. 16. Simulated trajectories while cutting a mousehole.

lyzed for different settings on a right-angled corner. A
tool path for a real part from aerospace could be a mouse-
hole used in frames in aerospace industries. This trajec-
tory is modeled in the multi-body simulation using both
control strategies. The resulting trajectories are plotted in
Fig. 16.

The trajectory velocity is 21 m/min and the radii, de-
fined in Fig. 11, are 18 mm and 9 mm, respectively. The
tool path, plotted in yellow, represents the trajectory of
the machine (dotted line) and the TCP (solid line) with
the help of the frequency separation method. The yellow
dotted line represents the part of the trajectory realized
with the machine axis. The solid line represents the fi-
nal tool path as the resulting sum of the laser scanner and
machine part. While the machine axes are excessively in-
ertial and thus drive a smaller radius than programmed,
the trajectory including the laser scanner is close to the
programmed tool path. The simulated resulting tool path
includes small vibrations, which shows that the machine
was dynamically excited even though the tool path was
low-pass filtered. These vibrations cannot be compen-
sated by the frequency separation approach. With the help
of the error estimation approach these vibrations can be
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compensated. The Kalman filter can estimate the posi-
tioning error and use this information for compensation.
This is shown in Fig. 16 by the blue lines. The dotted line
represents the path of the machine without compensation
or additional control strategies. The solid line shows that
vibrations from the machine as well as positioning error
are compensated by the laser scanner. The comparison
shows the benefit of error prediction using the Kalman
filter. Trajectory errors are much lower than without er-
ror prediction. For this programmed mousehole the maxi-
mum trajectory error is 60 μm while the filtered trajectory
has a difference of 870 μm. Thus, the frequency separa-
tion method leads to a tool path which is outside of ma-
chine tolerance for this part.

This comparison shows that machining of this part is
not possible without any control strategies compensating
machine errors. Without the highly dynamic laser scan-
ner these cutting speeds and radii cannot be manufactured
using this machine.

2.5. Error Estimation with Use of Current Signals
As described above, the error estimation approach was

realized with two different measurement signals for error
prediction. In this section both approaches are compared
to show their benefits and limits. To compare the suit-
ability of both input signals for the error estimation ap-
proach, a state space model was identified for each signal
and drive direction. To show the benefits for the customer,
the mousehole cutting process was analyzed.

Figure 17 shows the simulated tool path for both sig-
nals. The programmed trajectory is plotted in black and
has a radius of 18 mm. The trajectory velocity is kept
constant at 21 m/min. The machine trajectory (red dash-
dotted line) shows that the machine is not as dynamic as
required for this laser cutting process. The positioning er-
ror is 19 μm. The trajectory of the focal point of the laser
compensating with the help of the current signal leads to

a maximum deviation of 190 μm. This is 10 times higher
than the deviation achieved with the error prediction with
help of the acceleration sensor.

This comparison shows that the result achieved with
help of the additional acceleration sensor is much better
than that using the current sensor. Compared with the un-
compensated machine trajectory with a maximum error of
2.5 mm, the achieved result is still very good.

However, the approach using the current signal is
cheaper because it does not require an additional accel-
eration sensor.

3. Summary

A new control strategy for laser cutting machines has
been developed. To realize a dynamic and low-inertial
system, a hybrid positioning system is designed. In addi-
tion to the inertial machine axes, a highly dynamic laser
scanner is used for positioning tasks. The benefit of this
scanner is the possibility of highly dynamic positioning of
the laser focus point. The positioning of the focal point is
limited only by its workspace. While the scanner is sim-
ulated as infinitely dynamic without inertia or dead time,
the dynamic behavior of the machine is simulated in a
multi-body simulation. The model contains the kinemat-
ics of the machine as well as a cascade control for each
axis actuating the corresponding axis. This model is en-
hanced by multiple bodies representing the first two bend-
ing modes of the bridge.

Two control strategies have been presented and ana-
lyzed in terms of trajectory accuracy as well as resulting
performance in the machining process. In one approach
the programmed trajectory of the machine is low-pass fil-
tered. The second approach uses a Kalman filter to predict
and compensate positioning errors. As the input signal,
the drive current can be chosen as well as the accelera-
tion signal received from an additional sensor close to the
TCP. The advantage of using the drive signal is that no
additional costs are required since the necessary signal is
already present within the machine control system. The
advantage of the use of the acceleration signal is higher
accuracy, as the investigations in this paper have demon-
strated.

Both strategies have been applied to a trajectory used
for cutting mouseholes. The best results were achieved
with the error estimation approach, assuming a good
model for the dynamic behavior of the machine. To obtain
this model an approach is described for measuring and
predicting the model with integrated position sensors. An
additional acceleration sensor is added close to the TCP
position, improving the accuracy of the model and there-
fore the error estimation in the Kalman filter. It is shown
that high trajectory velocities necessary for laser cutting
can also be realized with good precision for small radii.
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