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Abstract: Process forces are critical in cutting operations, affecting tool integrity and product
quality. Milling is characterized by rapid process force fluctuations and unpredictable tool wear,
hindering closed-loop control systems in industry, so far. Establishing control strategies require a
high developmental effort. A simulation-based framework of the milling process eases the design
of novel control strategies. However, this requires a realistic model of the entire system, which is
currently lacking. In this work, a dynamic force simulation model for both three- and multi-axis
milling is proposed. The results show relative errors of the model between 4.6 % and 10.6 %.
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1. INTRODUCTION AND MOTIVATION

Milling is a highly flexible manufacturing process and
often used to machine complex geometries. The high
flexibility, however, results in vastly changing process
conditions depending on tool geometry, programmed tool
path, workpiece material, machine tool characteristics and
more. Additionally, the probabilistic nature of tool wear
results in an unpredictable process behavior. As a result,
optimizing milling processes is still an ongoing research
subject in both, science and industry.

One of the most important measured variables in milling
processes is the process force. High process forces may
result in tool damage or even tool breakage as well as low
geometrical accuracy of the machined workpiece. If process
forces are too low, however, the process is not operated at
its technological optimum resulting in a less productive
process (Liang et al. (2004)). In milling, process forces
can abruptly change due to their dependency on the tool-
workpiece-engagement, which is constantly varying during
machining depending on the manufactured geometry as
well as tool geometry and wear.

The unpredictability of the process forces during versatile
machining operations make forces difficult to control in a
closed-loop system using reactive controllers (Ulsoy and
Koren (1993); Liang et al. (2004)). Recent approaches
use model predictive control for force control in milling
(Adams et al. (2016); Stemmler et al. (2016); Schwenzer

* The presented research was funded by the Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation)—450794086.

et al. (2022)). All contributions named so far use the feed
as the manipulated variable. All works are limited to three-
axis milling processes, yet.

Introducing advanced control strategies to milling requires
a model of the entire system, including aspects like ma-
chine tool dynamics, process forces, and transmission be-
havior of the measurement chain. The complexity of the
model rises due to the more complex tool-workpiece en-
gagement conditions in multi-axis milling processes. Addi-
tionally, employing table dynamometers for force measure-
ment requires accounting for gravitational forces. However,
very complex models result in significant simulation times
rendering them impossible to be used in model-based con-
trollers. A comprehensive simulation model for all effects
on the one hand but simple enough for online usage on the
other hand has not been published, yet.

Machine tool dynamics are typically modeled by consider-
ing a second order system with time delay, e.g. (Altintas
(1994); Zuperl et al. (2012); Adams et al. (2016); Schwen-
zer et al. (2022)). To accurately model process forces,
mechanistic force models are vastly used due to their good
generalization and easy parametrization. Most works use
proportional models (e.g. Berglind et al. (2017); Dong-
ming et al. (2010); Layegh et al. (2012); Altintas (1994));
however the nonlinear model according to KIENZLE may
be generally more accurate (Adem et al. (2015); Kienzle
(1952)). Measurement transmission characteristics as well
as gravitational effects on the force measurement are not
considered in most works. Only recently, advanced models
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for some of these effects have been developed (Ochudlo
et al. (2023); Riippel et al. (2023)).

The proposed work introduces a comprehensive simulation
model for multi-axis milling processes aimed at facilitat-
ing the design for closed-loop controllers. The method
contributes to the overall objective of developing model
predictive force control for multi-axis milling process. The
work is to

e build a comprehensive model for all relevant effects:
Machine tool dynamics, process force, tool runout,
gravity, and transmission behavior of the measure-
ment device,

e validate the model in both three- and multi-axis
milling under different engagement conditions, and

e provide a simulation test bench for closed-loop control
development.

The proposed model can be of interest in all fields, where
dynamic and comprehensive milling process force models
can be utilized, including: development of force controllers,
machine tool and milling tool design, and process op-
timization. Simulation based rapid control prototyping
significantly reduces the effort to develop control sys-
tems(Abel and Bollig (2013)).

The work is structured as follows: Section 2 describes the
modeling approach including all relevant subsystems. In
Section 3, the experimental setup for the simulation model
is described as well as the machined geometries. Results
of the validation as well as a discussion are detailed in
Section 4. The work ends with a conclusion in Section 5.

2. MODELING APPROACH

Simulation-based development of closed-loop control sys-
tems requires comprehensive models of the system to be
controlled. Cutting processes are complex systems with
highly nonlinear transmission behavior. Modeling such
processes requires the integration of multiple effects which
can be described by different subsystems (c.f. Fig. 1). This
work regards the following effects

e machine tool dynamics,

e mechanistic force model,

e tool runout,

e gravitational effects, and

e transmission behavior of measurement device.
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Fig. 1. Block diagram of the full system model
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The commanded feed velocity vfcmq gets processed by
the numerical control unit which actuates the physical
machine tool axes. This results in a feed velocity vy of
the tool. The process force components " Fp ! in rotating
tool coordinate system are determined by the geometri-
cal engagement conditions. The geometrical engagement
is dependent on the position along the tool path. The
engagement conditions get described by the angles ¢;, and
pex Of where the tool’s teeth enter and exit the workpiece,
respectively. Tool runout is explicitly considered, which
alters the actual undeformed chip thickness by a runout
specific chip thickness h,n;. The forces are measured using
a table dynamometer, resulting in the necessity to correct
gravitational effects dependent on the current mass mwp
of the workpiece and the angles 19 of the machine tool
table around the A and C axis, respectively. Addition-
ally, a rotation of the forces ™ Fpg into the measurement
coordinate system of the table dynamometer is further
necessary. Finally, the BUTTERWORTH filter in the charge
amplifier of the measurement chain is considered to de-
termine the measured forces ™Fy;. The subsystems get
further described in the following subsections.

2.1 Machine Model

In order to manipulate the machine tool’s motion, man-
ufacturers introduce different cascade control strategies
to control position, velocity and motor currents. An in-
troduction to control systems of machine tool drives is
given e.g. by BRECHER and WECK (Brecher, 2022, pp.
129-135). With the aim of gathering an actuating system
which is compatible with different machine tool’s control
systems, the existing cascade control is extended in this
contribution. The desired feed rate obtained by position
control is manipulated to actuate the machine tool while
maintaining the existing motion control. Since the under-
lying control loops influence the axis dynamics, a physical
model of the machine tool’s motion is not practicable.
Instead, a second-order lag system is used to approximate
the axis dynamic, assuming a similar dynamic for each
axis. The transfer function G, reads

_ va(s) — KW(Q) e—sTd (1)

‘/f,cmd (3) s 4+ QCWOS + (.dg ’

with the static gain K, the damping ratio ¢, the cutt-off
frequency wg and the time delay T4. To find parameters
describing the axis dynamic, a sequence of steps varying
the step height and duration is generated for a combined
x- and y-motion of the milling tool. It is worth noting that
the desired velocity is reached after each step.

Gy

At first, the time delay is assessed based on the step
responses as Ty = 0.06 sec. The machine tool’s control
system is tuned to avoid overshoot of the feed velocity.
Using the KIENZLE-model, overshoot of the machine tool’s
velocity leads to a force peak which is not observed in
the experiments. Therefore, the identification is conducted
limiting the damping ratio to ¢ > 1. The identified
static gain reads K = 1. This is expected because the

1 The superscript in front of the variable shows the coordinate
system in which the variable is defined, rt: rotating tool coordinate
system, mt: machine tool coordinate system, m: table dynamometer
coordinate system.
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machine tool’s cascade control is designed to be offset-
free. The damping ratio reads { = 1, which is set as
the lower bound in the identification. This indicates the
optimal parameter to be ( < 1 approximating the axis
motion by an underdamped system. Due to the absence
of an overshoot in the measured velocity, the tendency of
identifying an underdamped system is explained by the
system’s dynamic being non-linear. It is decided to use
a non-ideal damping ratio for the approximation because
unrealistic force peaks disturb the design of control strate-
gies more severely than an inaccurate dynamic. The cut-
off frequency of the machine model reads wy = 64 é
A validation of the machine model conducting random
steps of both machine axes is depicted in Fig. 2, with
the actual velocity v,ct, the commanded velocity vemq and
the simulated velocity vgi,. The identified model fits the
measurement well. The underlying cascade control has a
higher dynamic for small changes (62.2 sec) compared to
great changes (67.8 sec) of the commanded feed velocity.
Therefore, the identified parameters are approximated for
describing small and great steps adequately.

Ut (IH HI/SGC) ’ VUt ,cmd Ut act Ut sim
0.03 ‘
0.02 r
0.01 |
O | | | T
60 62 64 66 68 70
t (in sec)

Fig. 2. Validation of the machine model conducting ran-
dom steps of both machine axes simultaneously

2.2 Mechanistic force model and runout

To model the process force components in tangential and
radial direction in the rotating tool coordinate system, the
force model according to KIENZLE is utilized

N Fyng = kibyhp i T, where i € {t,r}, (2)

with the proportional model parameters k; and the ex-
ponential parameters m; (Kienzle (1952)). The model re-
quires a numerical slicing of the tool (c.f. Fig. 3) in Nj
slices along the rotational axis for all Ny teeth, so that
every slice n of every tooth 7 has an own height b, and
thickness h,, ;.

discretized
cutting edge

continuous
cutting edge

Fig. 3. Discretization of the cutting edges along the main
rotational axis of the cutting tool
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The cutting edge of every slice is assumed to be vertical.
A slice which is not engaged has a height of zero, resulting
in zero forces.

b, >0,
b, =0,

if slice n is engaged

(3)

if slice n is not engaged

The forces are then transformed into machine tool coordi-
nate system using the transformation

M Fp g =T (Pn,y, @) " Fponj, (4)

with the transformation matrix ™7}, depending on the
feed direction angle o and the angle ¢, ; of each slice of
each tooth. The transformation matrix is given by

mtme [ cos(a — ¢y ;) —sin(a — ¢, ;)
Ty = (sin(a — @n,j) cos(a—n;) )’ 5)

The actual undeformed chip thickness h, ; is dependent
on the feed f; per tooth and the current angle ¢, ; of
the slice of the cutting edge as well as the effect of the
runout A pn ;. The equation reads

hn = ftSin((pn,j) + hrnt,n}j- (6)

To account for tool runout, the vastly used model accord-
ing to KLINE and DEVOR is used to calculate the radial
offset (Kline (1982)). The also proclaimed tilt of the tool
gets neglected due to simplicity reasons resulting in the
description of the runout by

2tan(B)
D bn

%(23’ - 3)} sin (1@) :

with the direction angle A, the distance p from the center,
and the number of teeth N;. The determination, if a slice is
engaged or not is based on the a-priori engagement simula-
tion conducted using the software dPart from Fraunhofer
Institute for Production Technology (IPT) (Ganser et al.
(2021)).

Rentn,; = 2psin (n —0.5) — A\

(7)

The process force is the sum of the forces of all slices of
all engaged teeth

Ne  Ns

N,
thP — ZthFP,n,j- (8

j=1n=1

~—

2.8 Influences of table rotation and dynamometer

In a multi-axis milling operation using a table dynamome-
ter, the process force get distorted by gravity and the
transfer behavior of the measurement chain. The gravita-
tional force ™' Fg is dependent on the current mass of the
workpiece, which gets simulated a-priori according to the
model by Riippel et al. (2023). The current mass Mwp j of
the workpiece at position k£ depends on the mass Mwp 1—1
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at previous position and removed mass M, j, from the last
position

Mwp . = Mwp k-1 — M k(©n,j), 9)

which depends on the current engagement condition and
can be calculated from the engagement simulation. In
order to rotate the process force in the measurement coor-
dinate system and describe the gravitational influence on
the measurement the rotation model according to Ochudlo
et al. (2023) is used. Through the use of the measurement
of the angular position of the machine tool table, the force
components can be rotated into the coordinate system of
the table dynamometer. The model is given by

"Fpg =

m m m (10)

Tmt('ﬂmy 192)( tFP + tFG(MWP,kra 19:v7 792))’
where ™7}, is the transformation matrix depending on
the current table orientation 9, around the A-axis and ¥,
around the C-axis

BT = Ty (9,) T (Vy), (11)
with
1 0 0
T, (V%) = (0 cgs(ﬁx) —sin(ﬁx)> , (12)
0 sin(dy) cos(Vy)
and
cos(¥,) —sin(d,) 0
T,(¥,) = (sin(ﬁz) cos(1,) O) (13)
0 0 1

Finally, the charge amplifier includes a fourth order BuT-
TERWORTH filter with a cut-off frequency f. = 300Hz
which is necessary to avoid aliasing effects in the measure-
ment of the process forces. The filter is modeled explicitly
by using the digital transfer function

bo + blz’l + b22’72 + 63273 + b4274
a0+ a1zt +agz"2 4+ azz73 + agz—4’

Gpw(z) = (14)
with the sample rate Ts = 5 kHz, as the implementation of
the force model needs to be in discrete form and, therefore,
only discrete forces are simulated. The parameters were
chosen using the Matlab Signal Processing Toolbox and
are given in Table 1.

Table 1. Parameters of the low pass filter

ap a1 a2 as a4 bo b1 b bs ba

1 -3 35 -19 04 8e4 3e-3 be-3 3e-3 8e4

Using the transfer function, the process force get trans-
ferred to the measured force according to

"Fu = Gew (2)I" Fpg, (15)

in x- and y-direction of the table dynamometer. I is the
identity matrix.
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Fig. 4. Machined test geometries in both three-axis (non
tilted) and multi-axis (tilted) milling scenarios

3. EXPERIMENTAL SETUP AND MODEL
CALIBRATION

Experiments have been conducted on a Mazak VARIAXIS
i-600 machine tool with a two fluted cemented carbide end
mill at a helical angle of 8 = 35°. To account for different
engagement conditions in both three-axis and multi-axis
milling, the test geometry shown in Fig. 4 was machined
while the table was horizontal for three-axis experiments
and under an angle of ¥, = 20° for multi-axis experiments.

The forces were measured using a Kistler 9255B table
dynamometer at a rate of 5kHz with a Kistler charge
amplifier Type 5070. The force and runout model is highly
dependent on the model parameters k;, m;, p, and . The
parameters were identified using least squares algorithm
on data acquired in a test cut, which was excluded from
further model validation. The cutting edge was numer-
ically sliced with a slice height of b, = 0.1 mm, which
has been chosen according to SCHWENZER (Schwenzer
(2022)). The identified parameters are shown in Table 2.
The identification was based on one revolution of all areas
with constant engagement conditions along the tool path.

Table 2. Identified force and runout model

parameters
ket koy my, My p A
(in N/mm?) (in N/mm?) () () (in°) (inpm)
1203 281 0.26 0.39 92 27.2

The initial mass was measured by Mywp,1 = 6.151kg and
was mathematically adjusted after every cut. All exper-
iments were conducted at a constant cutting velocity of

Ve = 80 mmin~?.

4. VALIDATION AND RESULTS

To validate the model, a total of four experiments have
been conducted with two different feed velocities of
vf,1 = 266 mm min~! and Vg2 = 330 mm min—! both at
three- and multi-axis milling conditions. Fig. 5 shows re-
sults for a three-axis cut at v¢; in both x- and y-direction
in measurement coordinate system. The estimation of the
variable F' is denoted as F'.

The model shows good agreement to the measured forces
in both directions and varying engagement conditions.
The explicit consideration of the BUTTERWORTH filter im-
proves the model significantly in changing tool-workpiece
engagement conditions or when the tool is not in full
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Fig. 5. Validation of measured forces in three-axis milling
at ve 1 = 266 mm min~! using experimental data

immersion. The filter leads to an overshoot of the forces
compared to the non filtered case, which shows significant
force alterations when the force changing rate is high. This
especially shows when no tooth is engaged or at peek
force of each cut, framing it very important for modeling
maximum forces per revolution. The effect is small when
the tool is in full immersion. The model shows good agree-
ment in both dynamics and maximum forces per revolu-
tion. However, small deviations in the third engagement
are visible due to different runout. Additionally, differ-
ent deviations in different engagement conditions hint to
engagement specific coeflicients of the force and runout
model.

For multi-axis milling at v 2, results are shown in Fig. 6.
Here, the model shows good quality concerning dynamics
in all engagement conditions as well. However, the accu-
racy of maximum force per revolution is worse than in
three-axis milling. Explanations for this may be inaccura-
cies caused by the rotation model as well as the numerical
slicing of the tool which results in higher inaccuracies due
to the variable engagement along the tool rotation axis.
Table 3 shows the metrics for the model evaluation. Air
cuts were excluded from the results.

In all experiments, the mean absolute error AF is between
11N and 21 N. For the desired purpose of designing a con-
trol system, the maximum force per revolution Fiax rey is &
more relevant metric. The absolute model error AFpax rev
is between 16N and 31.7N, resulting in relative errors
AFpaxrev/Fmax between 4.7% and 10.6%. In general,
the model shows better accuracy with a modeled BuT-
TERWORTH filter. Deviations are also higher in multi-axis
milling caused by the bigger influence of the numerical
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Fig. 6. Validation of process forces in multi-axis milling at
vf,2 = 330 mm min~! using experimental data

Table 3. Results of the model accuracy in
different cutting scenarios and at different feed

velocities.

Dataset ﬁIftlzr Cf::;f; AF AFmax,rev %

[N] [N] [%]
three-ax. No Fy 13.4 17.4 4.7
at ve 1 Fy 16.5 16.0 4.3
three-ax. Yes Fx 12.7 14.7 3.8
at ve 1 Fy 15.2 15.0 3.9
three-ax. Yes Fx 15.5 21.9 4.9
at vr.o F, 115 13.8 3.1
multi-ax. Yes Fx 15.2 20.9 8.4
at vg 1 Fy 12.6 15.9 4.6
multi-ax. Yes Fx 21.0 31.7 10.6
at vg 2 Fy 15.3 17.0 4.3

slicing of the tool when the engagement is variable along
the tool axis as well as the analytical force rotation model.

Overall, the model proves to simulate dynamic cutting pro-
cess forces with high accuracies. The deviations are partly
due to numerical inaccuracies, resulting in the slicing of the
cutting edge along the tool path. Increase of the number
of slices, however, results in higher computation time,
which makes the model less appropriate for simulation-
based development.

Furthermore, all experiments revealed rather engagement
specific parameters of the mechanistic force and runout
model. Additional experiments will be conducted where
force and runout model parameters get identified online
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as has been done by SCHWENZER et al. using an ensemble
KALMAN filter (Schwenzer et al. (2022)).

5. CONCLUSION AND OUTLOOK

This work provides a simulation model for dynamic pro-
cess forces for arbitrary tool paths in end milling processes
to be used, among others, for design of closed-loop force
control systems. A model consists of different subsystems,
including machine tool dynamics, mechanistic force and
runout models as well as mass loss, force rotation and
low pass filter model. The model shows good agreement
in both three- and multi-axis cutting experiments under
different feed velocities with relative errors between 3.1 %
and 10.6 %. Further improvement can be done by iden-
tifying model parameters online or by enhancing model
resolution.

Next steps can be the integration of the rotational axes
into the model of the machine tool to enable simulation
of milling processes, where all five axes are simultaneously
operated. This might require a different model for the rota-
tional axes. Furthermore the current model is restricted to
tools with constant diameter. While simulation of cutting
tools with varying diameter (like ball or conical end mills)
is possible, it has not been validated, yet, and might
require an adjustment of the force model to account for
changing cutting velocity along the tool axis.
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