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Abstract - Milling is a machining process in which productivity is highly dependent on the process force between the milling tool and
the workpiece. Therefore, force control strategies are introduced to reduce the production time while ensuring a desired process force. In
order to produce more complex geometries, the machine tool is provided with additional rotational degrees of freedom of the machine
table or the milling tool, which is referred to as multi-axis milling. In a machine tool with a rotating machine table, inertial and
gravitational forces disturb the measurement of the process force provided by the table dynamometer.

This contribution introduces a model-based determination of the process force. Gravitational and inertial forces are calculated and
subtracted from the measurement. Furthermore, the measured process force is transformed to align the measured process force with the
process force determined by numerical engagement simulation. Experiments with and without a milling operation are conducted to
validate the model quality. In the conducted experiments, the process force determined in a milling operation with a rotated machine
table has a relative error of less than 13.3 % in x- and y-direction compared to a milling operation without rotation and same engagement
conditions. In contrast, the process force in z-direction has a relative error of up to 38.3 % due to unmodelled disturbances. For a force
control strategy, mainly the determination of the process force in the x- and y-direction is relevant. Therefore, the model is sufficiently
accurate in order to be tested in a milling process with a force control strategy.
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1. Introduction

Milling is a machining process characterized by high precision and flexibility in the geometries produced. A major
objective in milling is to increase productivity while maintaining the required tolerances of the workpiece and preventing
tool failure. One approach to increase the productivity is to introduce force control strategies. By controlling the process
force, productivity can be increased while preventing excessive tool wear and hereby early tool failure. [1].

In order to measure the process force, a table dynamometer is used in many force control strategies. The dynamometer
is mounted on the machine table and the workpiece itself is mounted on the dynamometer. Frequent changes in the
engagement between the milling tool and the workpiece characterize milling operations affecting the dynamic behavior of
the process force. Therefore, control strategies need to be able to adapt to these changing conditions in order to ensure high
control performance [1].

A popular approach to achieve a desired process force is the use of adaptive control. The control parameters are
continuously updated in order to minimize the control error. Adaptive controller achieve high control performance for milling
operations with constant engagement. However, these approaches cannot avoid an overshoot of the process force after a
rapid change in engagement conditions due to the delayed adaptation of the controller to the new conditions. [2—7]

In contrast, a novel approach is the use of model predictive control to ensure a desired process force. The engagement
conditions can be determined beforehand using numerical engagement simulation. Therefore, model predictive controller
adapt the feed rate before a change in the engagement conditions occurs in order to avoid overshoot of the process force. [8].

In the previously mentioned studies, force control strategies for 3-axis milling are considered. Since the machine table
is aligned horizontal during milling, small disturbances act on the measurement. Therefore, the measured force maps the
process force accurately. The production of more complex geometries requires additional rotational degrees of
freedom (DOF) of the machine tool, which is referred to as multi-axis milling. This contribution focuses on a multi-axis
milling process using three translational DOF to move the milling tool and two rotational DOF to move the machine table.
Rotating the machine table while the milling tool is engaged is referred to as 5-axis milling. When applying the alignment
of the machine table between the milling tool engagements, the milling process is referred to as 3+2-axis milling.
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By rotating the machine table and thus the attached table dynamometer, the force measurement is disturbed by
gravitational and inertial forces. A first study suggests to rotate the gravitational force in the direction of the dynamometer
and lump all the inertia effects in a single disturbance torque in order to determine the process force [9]. The inertial forces
are based on the velocity and acceleration of the machine table. Therefore, it is inaccurate to lump inertial forces in a moment.
A second study specifies the rotation’s influence as a combination of linear, centrifugal, Euler and Coriolis forces [10]. In
both approaches the process force remains oriented in the direction of the measurement coordinate system (MCS). However,
to apply model predictive control to multi-axis milling, the measured process force needs to be rotated into the direction of
the machine tool coordinate system (MTCS). This allows the prediction of the process force by the engagement simulation.
Besides unmodelled process behavior, the presented models have not been validated in a milling operation [9, 10].

The paper is organized as follows. In section 2, the force measurement model in multi-axis milling using a table
dynamometer is introduced. The experimental setup for identification and validation is described in section 3. In section 4,
the effective mass of the table dynamometer influencing the measurement is identified. The model's quality to describe the
gravitational force, inertial forces and the rotation of the process force is evaluated in section 5.

2. Force measurement model

In order to determine the process force in a milling operation, the measured forces and the machine table’s motion can
be acquired in 3D space. Due to the rotation of the machine table the force measurement is disturbed by gravitational and
inertial forces. The setup for measuring the process force in multi-axis milling is shown in Fig. 1. The machine table is rotated
resulting in a different orientation of the MCS than the MTCS.

A model is developed in order to determine the process force based on the disturbed force measurement and the table
dynamometers motion. In [11] a rotation model is developed which describes the orientation of the machine table based on
the machine table’s rotation angles. Hence, in this contribution the rotation model is used to transform forces from the MTCS
in the MCS as illustrated in Fig. 1. The rotation is described by the rotation 9, in x-direction and 9, in z-direction. The
dynamometer measures the force Fy; € R3 in the MCS. In order to determine the process force Fp € R3 in the MTCS, the
forces are rotated using the rotation matrix ™T,,,, € R3*3. The denotation ™T,,, is used to transform the force ™'F orientated
in direction of the MTCS into the force ™F in direction of the MCS. The rotation matrix

met(ﬁX’ 192) = TZ (192) Tx (19X) (1)

is defined with

cos(9,) —sin(¥,) 0
Tz(ﬁz)=<sin(z9z) cos(9,) 0),

1 0 0
T, (9,) = <O cos(9y) -— sin(t‘)x)), 2
0 0 1

0 sin(¥,) cos(¥,)
The measured force ™F), reads
mFM=me+mFG+mFCF+mFE, (3)

considering the process force ™Fp, the gravitational force ™F; € R3, the centrifugal force ™Fcr € R3 and the Euler
force ™Fg € R3. Since the machine table has only rotatory DOF, inertial force components caused by linear movement of
the machine table are not considered. Apart from the process force ™Fp, the other forces acting on the measured force ™Fy
depend on a resulting mass m influencing the measurement. The table dynamometer influences its measurement with a part
of its weight as illustrated by the red frame in Fig. 1. In addition, the workpiece and the fixing aid influence the measurement.
Therefore, the resulting mass m is given as
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m = My + Myix + Myp, (4)

with the table dynamometers effective mass myq, the mass my;, of the fixing aid and the mass m,,, of the workpiece. The
mass m,,, of the workpiece decreases during a milling operation due to the removal of material. In [12], a material removal
model is introduced to describe the material removal based on geometric information. The gravitational force is expressed
using the acceleration of gravity g and the measured mass m. Before milling, the workpiece is mounted on the machine table
and the dynamometer is tared. Thus, the initial resulting mass m, influences the gravitational force ™F according to

0 0
MEG = M, MF — ( 0 ) with ™F = < 0 ) )

my g myg

The inertial force consists of the centrifugal force ™F.r and the Euler force ™Fg. The centrifugal force depends on the
angular velocity w € R3 of the machine table and the distance between the center of mass and the origin of the
rotation r € R3. Respectively, the Euler force depends on the angular acceleration @ € R3 and the distance r. Using the
denotation x describing the cross product of two vectors, the two inertial force reads

"Fcp =m (@ X (w XT1)), (6)
mE = m (@ X T). ()

(D workpiece (3 table dynamometer
@fixing aid (@ machine table
& center of mass

machine tool coordiante system

[, measurement coordiante system

Fig. 1: Setup of machine table, table dynamometer, fixing aid and workpiece in multi-axis milling

3. Experimental setup

For the experimental validation a 5-axis simultaneous machining center of the type Mazak VARIAXIS i-600 is used.
The machine tool is equipped with a Siemens SINUMERIK 840 D SL numerical control unit. The internal machine tool
signals are acquired via the Siemens axis data stream (ADAS) in real time, using the sample rate of the interpolation cycle
of the position controller (500 Hz). For the evaluation of the measurement model, the position, velocity and acceleration of
all axes are acquired. The force measurement is realized using a force dynamometer of type Kistler 9255B at a sample rate
of 5000 Hz. In order to reduce the measurement noise, a low pass filter at a cut-off frequency of 2000 Hz is applied.

For the milling operations, a two fluted solid carbide end mill by Seco Tools GmbH, Erkrath, Germany, of the type
JSE512100D2C.0Z2 SIRA is used. The workpiece material is steel 1.7225 (42CrMo4). In order to cover different
engagement conditions and engagement changes, a geometry is chosen, which consists of different width and depth of cut
as well as abrupt and continuous changes in the geometrical engagement [13]. The dynamometer is tared before rotating the
machine table. The machined geometry and therefore the engagement conditions are kept equal in both rotated and not
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rotated machine tool table setup. Hence, a comparison between of the process force in a 3-axis milling and 3+2-axis milling
process is possible. Fig. 2 shows the machined geometry for both scenarios. Effects caused by the tool wear are neglected
due to the small amount of cuts. Due to technical limitations, a 5-axis milling operation with equal engagement conditions
is not possible. Therefore, the validation for determine the process force holds for 3+2-axis milling even though the model

can be applied for a 5-axis milling process. The cutting speed is set to v, = 80 ﬁ and the feed to f = 0.1 mm.

Top view 148 mm > Frontview Tilted workpiece
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g
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Fig. 2: Machined geometry considered for the milling operation

4. Identification of the dynamometers effective mass

The effective mass m4 of the table dynamometer cannot be determined precisely using geometric information and
the dynamometers total weight. Therefore, it needs to be identified based on measurement data. The table dynamometer is
mounted on the machine table, tared and the machine table is rotated. After the decay of dynamic effects, only the
gravitational force affects the measurement. Using (3) - (5), the mass m.q can be determined based on the measured
force ™F) in each direction using a least square approach. It is assumed that modelling the effective mass m.q as a constant
value is sufficient. This assumption is valid if the identification indicates the same effective mass in each measured direction
and between measurement with different rotation angles and an attached workpiece.

For the identification, the machine table is rotated with the rotation 9, = {—60°,—30°,30°}. For each rotation 9, a
rotation with 9, = {0°,30°,60°,90°} is investigated. For the rotation 9, = {—60°, —30°} two rotations are conducted for
each rotation 9,. In one experiment solely the table dynamometer is used and in the second a workpiece with the
mass mey + My, = Meyp = 12.3 kg is attached. The values of the identified effective mass my for each measurement

direction are shown in Fig. 3.
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Fig. 3: Identified effective mass m.4 of the table dynamometer

The identification of the effective mass m.q based on the measurement in x- and y-direction has a small variance. In
x-direction, the relative error with respect to the median is 0.6 % for the 75 percentile and 0.9 % for the 25 percentile.
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Respectively, the relative error is 0.8 % and 0.4 % in y-direction. Therefore, the assumption of a constant effective mass mq
is confirmed. The effective mass is modelled based on the median of all identified values as m;q = 20 kg. Compared to the
x- and y-direction, the relative error in z-direction is high with values of 2.8 % and 2.5 %. This indicates a larger uncertainty
in the measurement in z-direction.

5. Model validation

5.1. Model validation without a milling operation

To determine the error on the process force when the gravitational and inertial force are subtracted from the
measurement, the model is validated in an experiment without milling. For this purpose, a cuboid workpiece with a
mass mgy, = 10.1 kg is mounted on the dynamometer. The machine table is rotated varying the angular velocity in the
range of ||w|| < 2000 E Hereby, the gravitational and inertial forces influence the measured force as shown in Fig. 4. An

overline on a variable a denotes that the table dynamometer or the sensors of the machine tool has measured the variable a.
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Fig. 4: Angular velocity and measured forces of a rotation experiment without a milling operation

The distance between the combined center of mass and the center of rotation r is determined using the measurement of
the workpiece’s and the dynamometer’s relative position in the machine tool. The aid for fixing the workpiece on the
dynamometer is light compared to the mass of the workpiece. Therefore, it is assumed that the fixing aid does not influence
the center of mass. Considering the individual centers of mass, the distance between the combined center of mass and the
center of rotation results inr = (0.02 0.065 0.035)T (in m). In order to remove the influence of measurement noise on
the evaluation of the model quality, all signals are filtered phase-free using a zero-phase filter. Based on (3), (5), (6) and (7)
the expected measured force is calculated and compared to the measured force in the experiment. The results are shown in
Table 1. The minimum and maximum value for both the measured force and the calculated forces is determined in order to
assess the order of magnitude of the force components, referred to as force range. All three measurement directions show a
similar result. Therefore, the evaluation is shown exemplarily in x-direction. The calculated force fits the measurement with
a high quality. The relative mean absolute error (MAE) with respect to the measured force range is 0.3 %. The dominant
force acting on the table dynamometer is the gravitational force. It describes 255.4 N of the total 298.7 N which is the
calculated measured force range. In comparison, the centrifugal force is neglectable for common angular velocities in multi-
axis milling and a small distance between the origin of rotation and the center of mass. The Euler force influence the
measurement significantly. For the setup in this contribution, the influence is still smaller compared to the gravitational force.

Overall, the MAE is low with 0.9 % or less. To validate the gravitational force model, the maximum difference
between the experimental and the calculated measured force is determined when the machine table stands still (denoted as
static). The largest difference is observed in y-direction with a maximum static error of 3.8 %. Hence, the gravitational model
is regarded as high quality. While rotating the machine table, the error increases (denoted as dynamic). A maximum
difference of 8.3 % is observed. The distance r is approximated using geometric information. Further research needs to be
conducted to determine the distance r which fits the measurement more accurately.
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Table 1: Force range (difference between maximum and minimum value of a force) and model quality for describing gravitational and
inertial forces

Force range (in N) Model quality with respect to ™F, y in the MCS (in %)
F;( Fy Fz FX,M Fy,M FZ,M
mEv 315.3 216.8 167.6 MAE 0.3 0.3 0.9
MF v 298.7 209.0 175.5 max. difference static 1.4 3.8 2.1
mE. 255.4 207.6 147.6 max. difference dynamic 6.7 4.5 8.3
mEe 49.8 4.2 35.1
"F g 0.3 0.7 0.2

5.2. Model validation with a milling operation

The main objective of the measurement model is to determine the process force ™*Fp in a multi-axis milling operation
based on the force measurement ™F),. To validate the model quality, milling operations with a rotated machine table are
compared with milling operations without a rotation of the machine table. In a 3+2-axis milling process, the measured force
is disturbed by the gravitational force and the measured process force is orientated in the MCS. Using (2) - (5), the process
force ™'Fy is given as

MFp = MTLt™Fp = ™ot (MFy — ™F). (8)

A high model quality is ensured, if the process force ™Fp is equal for all milling operations. The mass loss for the
machined geometry introduced in section 3 is around 2 g. Thus, the resulting mass m is assumed to be constant for the milling
operation. Due to the very frequent intermittent engagement of the cutting edges, a comparison of the time series of the
process force between all individual milling operations would show large deviations, as the force pattern exhibits stochastic
deviations. Therefore, the process force ™‘F;p in i—th direction is enveloped. Both the top envelope denoted
as ™{F; p and the bottom envelope denoted as mgpw are considered for the evaluation. The rotation angles of the milling
operations are shown in Table 2. Three milling operations with an unrotated machine table (9, = 9, = 0°) were conducted.
The mean of those milling operations is used as the ground truth. The mean difference between the minimum and maximum
envelope of the process force is determined in each direction to assess the expected range of the process force. The MAE for
the milling operation with an unrotated machine table is evaluated with respect to all three measurements. For the
determination of the MAE in milling operations with a rotated machine table a single milling operation is used. All
evaluations are conducted while the milling tool is engaged maximally for each cut. Hereby, a movement of the milling tool
between cuts and the entry and exit of the milling tool in a cut is neglected in the evaluation. The MAE is calculated with
respect to the process force range detailed in Table 2. Equal milling operations are assumed to have similar engagement
conditions and disturbances acting on the measurement. Still, differences in the measurement of the process force with an
unrotated machine table were observed with a relative MAE of less than 3.7 %. The evaluation of the relative MAE for the
milling operations with a rotated machine table will indicate a good model quality, if the relative MAE is in a similar range
to the milling operations with an unrotated machine table. The process force from the milling operations with unrotated and
rotated machine table are shown in Fig. 5. The process force in x- and y- directions are the mostly relevant in a force control
strategy. Therefore the two directions are evaluated primary. In the experimental setup, the process force in negative
x-direction is comparably small to the process force in the positive x- and in the y-direction. In the rotated experiments,
mainly the gravitational force influences the lower limit of the measured force in x-direction. The small relative MAE of
1.7 % respectively 1.6 % evaluating the lower envelope in x-direction indicates that the gravitational force is compensated
adequately. When evaluating the rotation of the measured force in x- and y-direction with great process forces, the relative
MAE increases with a value up to 13.3 %. The rotation of the process force results in an error which cannot be explained by
the deviation between the experiments. Therefore it is concluded, that additional disturbances act on the measurement, which
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are not modelled. Additionally, the assumption that the small amount of cuts does not influence the process force or that the
engagement conditions are similar in the experiments need to be further investigated. Overall, the results in x- and y- direction
indicate that the model is accurate enough to evaluate the control performance of a force control strategy using the model-
based determination of the process force.

Table 2: MAE of the process force from different milling operations with respect to the process force range

process force range (in N) Relative MAE with respect to process force range (in %)
9, = 0°9, = 0° 9, = —20°9, =31° 9, =—35%9, = —57°
mF 0.9 1.7 1.6
bl'x,P
' 388.9
"Fy p 15 7.0 11.1
mF, 2.2 11.7 13.3
m VF 291.0
tFyp 1.2 5.6 6.4
mt
mliFZ'P 220 1.9 8.4 141
tF.p 3.7 38.3 15.9

The rotation in z-direction shows a higher relative MAE compared to the other directions. Especially the top envelope of the
experiment with the rotation 9y = —20°, 9, = 31° has a large difference compared to the unrotated experiment with a
relative MAE of 38.3 %. Further investigations have shown a temperature dependency of the force measurement, especially
in z-direction. In the milling process, the milling tool cuts of hot chips from the workpiece which fall on the dynamometer.
Therefore, the dynamometer is heated up which leads to a drift in the force measurement observable especially in z-direction.
Further research will be conducted to reduce the influence of the temperature increase on the measurement.
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Fig. 5: Comparison between the process force in milling operations with different rotation angle of the machine table in each
measurement direction
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6. Conclusion

This contribution presents a model to determine the process force in multi-axis milling using a table dynamometer.
Model parameters are chosen based on geometric information acquired from the machining center and on experimental data.
The validation is conducted in two steps. Firstly, the measured force for rotating the machine table without a milling operation
is calculated and compared to the measurement. Secondly, 3+2-axis milling operations are performed in order to compare
the determined process force. The relative MAE in determining the process force in rotated experiments is less than 13.3 %
in x- and y-direction (absolute 38.7 N). In [8] a total process force in x- and y- direction of 500 N is desired. Therefore the
model quality is sufficiently high for the use in a force control strategy. Further research needs to be conducted to assess the
effect of inaccuracies on the control performance in a force control strategy using the model-based determination of the
process force. This investigation will reveal whether the relative error is caused by unmodelled disturbances acting on the
dynamometer or by a difference in the engagement and tool wear between the experiments conducted.
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