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ABSTRACT

The main objective of the presented research is to analyze the dynamics of table motion of a CNC FV580A 3-axis
milling machine during machining with fixed technological cutting parameters. The research includes the mea-
surement of velocity, acceleration and deceleration, as well as distance and time parameters related to the move-
ment of the machine’s table during starting and braking during work tests. The results of the measurements were
recorded using a Phantom v1610 high-speed video camera equipped with a Nikon ED AF NIKKOR 80:200 mm
1:2.8D lens, dedicated to the analysis of high-speed phenomena. The analysis presented in the publication includes
a comparison of the results of the motion parameters obtained as a function of the feed motion speed vf. The results

of the obtained tests and their analysis are discussed and presented in graphs and tables.
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INTRODUCTION

Numerically controlled machine tools are one
of the most commonly used machines operat-
ing in the metalworking industry (lathes, milling
machines, drills, and others). However, milling
machines and milling centres represent a very
complex and multi-modular type of technologi-
cal machine in modern industry. The authors of
the study [7, 1, 10] analyse in detail the dynamics
of machine tools. This work constitutes the basis
for properly approaching the studying of modern
technological machines. The authors of the paper
[12, 15] analysed the dynamic state of a machine
tool and its control [8, 19, 20].

The dynamics of modern numerically con-
trolled machine tools are a very broad issue, cov-
ering several fields. These include issues in the
field of machine mechanics and construction,
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electromechanics, pneumatics, thermodynamics,
and machining of processed materials [5, 16, 21].

During the operation of a machine tool, an en-
tire range of dynamic processes take place, regu-
lated automatically by the machine’s controls.
The machine’s dynamics arise directly from its
design and the incorporated drive systems. It has
a huge impact on the operation of the related to
the machine tool, workpiece chuck and tool sys-
tem, meaning the machine tool system, gripper,
workpiece, and tool. This impact affects the qual-
ity of the workpiece and the dimensional toler-
ance of the workpieces [9, 24, 26].

Even the simplest numerical milling machine
includes many modules, meaning individual as-
semblies and components that are responsible for
individual tasks of a given machine. To carry out
the machining of parts within a given dimension-
shape tolerance, milling machines should meet
the recommended requirements, which include
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high positioning accuracy and repeatability, both
linear and angular movements, short drive reac-
tion time at reversing points, small vibrations, ax-
ial and radial clearances as well as the machine’s
minimized geometric errors, etc. [2, 11, 13]. Only
then we can be sure of the dimensional confor-
mity of the workpieces and their repeatability, as
well as a high efficiency allowing to achieve short
production times, reliable performance of various
machining procedures, and high reliability of op-
eration [3, 6, 18]. That is why all assemblies and
components of numerically controlled machines
need to have the greatest possible structural ac-
curacy, both geometric and kinematic, as well as
very good dynamics [23].

A modular CNC (Computerized Numeri-
cal Control) machine includes, among others:
bodies, drive units, or measurement and control
systems. In the case of numerical milling ma-
chines, a complex CNC computer system is re-
sponsible for controlling individual modules.
These movements are carried out by machine tool
drives, which constitute highly complex and pre-
cise mechanisms, ensuring the greatest possible
movement accuracy [27]. CNC milling machine
drive units consist of a group of smaller compo-
nents, such as: guides, drives, and rolling screws,
as well as sensory elements responsible for the
tool’s proper positioning [4]. Due to the large
number of motion systems used in machine tools,
several errors, both linear and rotary, are pos-
sible. These errors arise as a result of wear, the
machine’s incorrect operation, or collision. A dif-
ferent group of errors can be exposed when start-
ing and braking a machine table (or headstock),
both when running in bulk and when working at
reversing points. These errors have their basis in
the dynamics of motion and the interaction of the
inertia forces of the moving masses.

Literature [22, 28] shows that, unfortunately,
during some machining cases (e.g. sockets with
complex shapes) when changing the machining
plane or at reversing points, such starting and
braking cases are reflected in the accuracy of
the workpiece. Therefore, we should avoid these
phases (starting and braking) during the physi-
cal machining of parts when the tool is in contact
with the workpiece, and use proper machine di-
agnostics, dynamic tests, and advanced numerical
strategies [19, 25].

In order to do this, we have a number of
tools at our disposal for analysing the accuracy
of machine tools, for example, laser methods

(interferometric systems), systems using kine-
matic ball rods, vision systems, multisensory in-
duction systems, contact and non-contact meth-
ods, as well as methods for identifying dynamic
parameters of machines [17]. The aim of dynamic
tests of machine tools (measuring acceleration
and velocity of movement, identifying vibrations,
etc.) is primarily to assess or improve the dynam-
ic properties that ultimately affect the accuracy of
workpiece manufacturing. Machine tool dynam-
ics tests also allow to assess the current technical
condition of a given machine tool. By conduct-
ing a machine tool’s dynamic tests, we are able to
minimize production costs and increase the qual-
ity of products [10, 14, 29].

The article presents the results of preliminary
tests of a numerically controlled milling machine
table dynamics during an operation test, parame-
ters of linear motion of drives, velocity, accelera-
tion, and delays of the machine table as a function
of the set feed velocity.

TEST DESCRIPTION

The conducted scientific tests aim to analyze
the dynamics of an FV580A 3-axis numerically
controlled milling machine table movement dur-
ing an operation test. The research focuses on
measuring velocity v ’ [m/s], acceleration a [m/s?],
delay -a [m/s?], as well as the distance s [m] and
time ¢ [s] - related to the movement of the ma-
chine table in a defined numerically controlled
axis X - both during start and braking. The re-
sults of experimental tests were repeated 5 times
on the numerically controlled X axis and for each
defined feed velocity v. Comparative lists of mo-
tion parameters were developed as an arithmetic
mean of the conducted repetitions, for the defined
feed movement velocities v, and the tested nu-
merically controlled axis X. Measurements were
made for the numerically controlled axis X with
different feed velocities Vo where i = 1, 2,...,13.
(v,=100,v,=250v,=500,v,=750,v,=1000,
v, = 2000, v, = 3000, v, = 4000, v, = 5000, v,
= 6000, v, = 7000, v, = 8000, v, = 9000 mm/
min). The length of the measuring section was
set at / = 0.1 m, which included run-up and brak-
ing of the working unit of the tested machine tool
during operation tests.
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Test model

The test model of analysing the start and brak-
ing dynamics of a working table of a three-axis
vertical machining centre is presented in Figure 1.
The model presents the fixed input quantity, and
feed movement velocity, which assumed 13 dif-
ferent values. The interfering quantities that have
an impact on the test object include quantities
arising from the machining process and the ma-
chine tool: temperature fluctuations, voltage fluc-
tuations, and movement resistance.

Fixed quantities are the machining depth a,
[mm] and the machining velocity v [m/min].
While the quantities analysed in the work were
the movement s [m], the velocity v [m/min] and
the acceleration a [m/s?], and the delay -a [m/s?]
of the machine table. A test model constructed in
such a way allowed to implement the experiment
in an orderly and systematized manner.

Test station

The test was carried out on a MOC Mechan-
icy FV580A three-axis machining centre with
the Fanuc 0i-MC control system (Fig. 2). The
FV580A vertical machining centre includes feed
drives with servo motors from Fanuc in X, Y,
and Z linear axes with rolling screws. The ma-
chine includes independent and direct drives
for each axis. The subject of experimental tests

Inputvalues

Constantvalues

was a table with T-slots with linear dimensions
of 640x420 mm. The maximum feed of the ma-
chine tool table is: in the X axis = 580 mm, in the
Y axis = 420 mm, in the Z axis = 510 mm. The
power of the machine’s spindle is 7.5 kW. The
spindle is driven by a servo motor. The maxi-
mum spindle velocity is n = 8 000 rpm, while
the maximum feed velocity during operation is
v, = 9 000 mm/min.

Recording the operation movements of the
machine tool’s table was possible thanks to
using the phantom v1610 vision camera (Fig.
3.), which is characterized by high dynamics,
good image quality, and high resolution. The
basic parameters of the PHANTOM vl1610
system are: bandwidth (16 Gpx/s), maximum
resolution (1280x800 px), full resolution speed
(16600 fps), maximum speed at 128x16 px
(1,000,000 fps), ISO light sensitivity (38,000T
mono, 3,500 T colour), bit depth (12 bit), pix-
el size (28 pum), sensor size (35.8x22.4 mm),
minimum exposure time (1 ps). Apart from the
PHANTOM v1610 camera and control unit
(PC), the station has been additionally equipped
with: HEDLER HF65 illuminating lamps, two
DEDOCOOL lamps, and MANFROTTO 1178
tripods. During the conducted research work,
the following camera measurement parameters
have been used: an image with a resolution of
1280%800 pixels, and a frame rate of 16,000. It
should be emphasized that such a resolution and

Qutput
(analysed)
values)

Interfering quantities

Fig. 1. Test model of analysing the dynamics of a machine tool table during an operation test
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Fig. 3. Testing the dynamics of starting and braking the machine tool table with a cam-
era for recording fast-changing phenomena with the Phantom v1610 vision camera

frame rate was enough to properly illustrate the
course of the experiment. The camera has been
equipped with a Nikon ED AF NIKKOR 80:200
mm 1:2.8D lens, dedicated to working in very
intense light, which was directed at the object
during experimental tests.

To carry out the experiment, reference points
were placed in the machining zone (Fig. 4). Two
static reference points marked in Figure 4 with
the number (1) have been placed on a magnetic
tripod. One of the dynamic points, sliding along

with the machine tool table, was attached to the
workpiece and marked with the number 2.

The entire machining area, including the de-
termined markers, was included in the lens frame.
The reference points constituted markers that
were analysed in the environment of the Tema
Motion computer program. The tests were carried
out at room temperature (21 °C). During the tests,
no significant changes in temperature were found.
The thermal stabilization in the room was main-
tained at 0.5 °C.
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Fig. 4. Placing the reference points: 1— fixed refer-
ence points 6 mm apart, 2— moving point
attached to the workpiece

Course of tests

The vision camera recorded the machine tool
table’s movement at a set feed rate. The obtained
results were saved as video files. The recordings
were later analysed in the Tema Motion program.
The analysis was aimed at showing the start and
braking of the machine’s table when machining
at a constant depth of cut as a function of time,
for variable values of the set feed. The camera
and special software allowed to obtain recordings
which formed a basis for determining individual
dynamic parameters of the milling machine table.
Thanks to using camera image analysing soft-
ware it was possible to achieve the observed val-
ues of movement s [m], velocity v [m/s] as well
as acceleration/delays (a and -a [m/s?]) of the
machine table during an operation test. The test

experiment consisted in recording the movement
of the milling machine table v [m/s] for thirteen
different feed velocities v, [mm/min], while mill-
ing a workpiece. For each feed rate, v, an im-
age was recorded, and the values of movements s,
velocity v and acceleration during start @ and the
delay during braking -a were determined for the
designated test point associated with the work-
piece and at the same time the machine table as a
function of time.

TEST RESULTS

Based on the tests conducted according to
the model adopted, sets of values of linear move-
ment of the milling table, velocity and accelera-
tion when starting and delay during braking were
obtained. The test results were averaged from
individual test series (5 repetitions) for each set
feed movement. Figures 5—8 present selected, ex-
emplary time courses of changes in movement s
[m] (Fig. 5), velocity v [m/s] (Fig. 6) as well as
acceleration a [m/s?] and delay —a [m/s?] (Fig. 7)
as a function of time ¢ [s], generated with the help
of Tema Motion.

The diagram presented in Figure 5 shows the
path corresponding to the machining distance
s[mm] of 0.1 m, recorded at a set movement ve-
locity of v= 3000 mm/min at 1,=23s. Figure
6 presents the nature of changes in the velocity
of movement v[m/min] as a function of time #[s]
during the movement of the CNC machine tool
table in the X axis.

0.1

08 -

Movements[m]

FR

Ll RS RS S MRS RS ASAS MM D DAY MRS RS/

T T T
am a8 a0 a5 80 85 6.0 [s)

Time t[s]

Fig. 5. Example of the course of changes of movement s [m] as a function of time ¢ [s] during
the CNC machines tool table movement in the X axis: t — movement time, a — angle of incli-
nation of the travelled distance in time, SR-start of movement, FR-end of movement
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Fig. 6. Example curse of changes of velocity v[m/s] as a function of time ¢ [s] during the
CNC machine tool table movement in the X axis: SR— start of movement, FR— end of ove-
ment, t— run-up movement time, t, — movement braking time, t— stabilized operation time

Figure 6 represents the course of changes of
velocity v [m/s] as a function of time ¢ [s] during
the movement of the CNC machine tool table in
the X-axis, an increasing slope of the measured
velocity v [m/s] in time 7, is clearly identifiable,
during which a stable, constant level of the mea-
sured velocity value v [m/s] of the machine tool
table movement in time ¢ is achieved. When brak-
ing the linear movement of the machine table, a
clear and repetitive falling slope of the recorded
velocity of movement is outlined at time #,. When
the machine table reaches the velocity of motion v,
defined in the program, slight and repetitive fluc-
tuations in the velocity of movement v occurring
on the length of the measurement section s =0.1 m

=
i

pr- )

acceleration g/ delay -o [m/s?)

]

are visible. The highest fluctuations in the move-
ment velocity v were observed in the central part
of the measuring segment corresponding to ..
Figure 7 presents the course of changes in ac-
celeration a [m/s?] as a function of time # [s] during
the movement of the CNC machine table on the
X-axis. Figure 7 shows a clear and dynamic nature
of changes in the movement acceleration ¢ when
starting and delay -a when braking the milling ma-
chine table. These values represent two character-
istic amplitudes: the amplitude of acceleration « at
the start of the machine table movement and the
amplitude of delay -a during braking. This shows
that the working movement of the working unit of
the machine is a uniformly accelerated (or delayed,

T LML |
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T T
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as 40
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I T T r T
o 45 50 5.5 6.0 [5)

3
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Fig. 7. Example of changes of acceleration a [m/s?] as a function of time 7 [s] during the CNC ma-
chine tool table’s movement in the X axis: a — acceleration amplitude, -a — delay amplitude
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during braking) movement and changes dynami-
cally during the movement of the machine table.

A distinguishing feature of the obtained time
courses consists in the phenomenon of the oc-
currence of a characteristic peak on the velocity
graph as a function of time ¢ [s] for the set values
of the table’s feed velocities v, [mm/min]. This
peak occurs when the velocity increase value
shifts towards a constant value. An analogous
peak occurs when the velocity is reduced from
constant to uniformly decreasing velocity until a
complete halt of linear movement.

=11 1 ]

-
4
L

Movement 5 [m]
Velodty v [m/s]

In the case of higher feed velocities, there
was a reduction in rapid transition when starting
and braking. To illustrate this relation, Figure 8
presents an example of the course of changes in
the tested parameters as a function of time z. The
graph shows the analysed parameters of velocity v,
acceleration a / delay -a and distance s for a given
velocity v/=7000 mm/min. Red indicates veloc-
ity v, blue indicates acceleration a / delay -a, and
green indicates movement s.

Based on the conducted analysis, tables of
points characteristic of the machine tool table’s

w L2

N
)

LEE

= N E -

Acceleration o [m/s?]

Time t [s]

Fig. 8. The course of changes in movement, velocity, and acceleration as a function of time during movement of the
CNC machine tool table in the X axis for a set feed rate v= 7000 mm/min, t1 [s] — the time from start to reaching
the maximum velocity value, t1’ [s] — time from reaching the maximum velocity value to obtaining a constant value,
12 [s] time from constant value to reaching the maximum velocity, 12°[s] - time from the maximum value to deceleration

Time t [s]

llliillhlhhu

ET1l 5]
mtl' [s]

103 250 500 750 1000 2000 3000 4000 5000 6000 7000 8000 9000

Feed velocity v;[mm/min]

Fig. 9. A comparison of changes in time 71 and 71’ as a function of the feed rate v of the ma-
chine tool table 11 [s] — time from start to achieving maximum velocity, - t1’ [s] — time
from reaching the maximum velocity value to achieving a constant value
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different feed velocities were generated. A sum-
mary of the measurement results for the velocity
of feed movement of the machine tool table is pre-
sented in the form of graphs in Figure 9, where -
71 [s] is the time from start to achieving the maxi-
mum velocity value, - t1° [s] is the time from the
maximum velocity to achieving a constant value.

Graphs in Figure 9 and Figure 10 present
changes in the machine tool table’s movement
s in the X-axis during the machining process
at different feed velocities v, It is clear that in
the case of times 11, t1’ the time tl1 for most

1
0,9
0.8

Time t [s]

0,7

06 -

05

04 -

03-

0,2

dd ]
4] : . . . . : : : . : . : |

velocities v, is twice as large as time t1°. Where-
as, analysing the times 12 and 12’ it is possible
to see that the time that has elapsed from starting
braking to the complete loss of table velocity v is
greater than time 12.

The drive responsible for the machine tool ta-
ble’s movement needed less time to minimize the
velocity from the moment of braking to a com-
plete stop than in the case of achieving the maxi-
mum velocity during the tool penetrating into the
workpiece. This indicates the effect of occurring
drive loads during the cutting process. The graphs

m12 [s]
m12 [s]

100 250 500 750 1000 2000 3000 4000 5000 6000 7000 8000 9000
Feed velocity v;[mm/min]

Fig. 10. A comparison of changes in time 12 and 12’ as a function of the feed rate vf of the machine table, 12 [s]
time from constant value to achieving maximum velocity, t2’[s] - the time from the maximum value to braking
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Fig. 11. A comparison of changes in average start and braking veloci-
ties as a function of feed rate v, of the machine tool table
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Fig. 12. A comparison of average acceleration and delay as a function of feed rate v, of the machine tool table

also show that the drives allowing the machine
tool table to move needed less time to reach the
maximum velocity during the work test.

When analysing the results of changes in the
average start and braking velocities of the ma-
chine tool table as a function of feed rate, it can
be seen that as the velocity of feed movement in-
creased, the table’s average velocities of starting
and braking increased. From the initial feed rate
v=100 mm/min to the velocity of v,=3000 mm/
min, the differences between the table’s average
start and braking velocities were insignificant.
From V= 4000 mm/min, the differences between
the average start and braking velocities were
greater than compared to the initial feed veloci-
ties. In the velocity range from v=4000 mm/min
to vf=9000 mm/min, it can be seen that most of the
values of the average start velocities were greater
than the values of the average braking velocities.

When analysing changes in the average start
and braking acceleration as a function of the feed
rate v, of the machine tool table, it can be seen
that as the feed rate v, increased, the average start
acceleration and the average braking values of the
table increased. The values of the average accel-
eration a during start were greater than the values
of the average delay -a during braking for all set
values of the feed rate v,
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CONCLUSIONS

Understanding the dynamic characteristics of
a machining tool - changes in acceleration, veloc-
ity, vibration, and positioning time - is a key fac-
tor in terms of many applications. These charac-
teristics have an impact on operating parameters
such as positioning accuracy and repeatability.
Machine tool drives are required to have high
positioning accuracy, movement stability, es-
pecially at low velocities, as well as low resis-
tance to movement resulting from minimizing
the coefficient of friction in guides and propel-
lers. This results, among other things, in lower
energy consumption by the motors. At the same
time, the drives are to provide a wide range of
feed velocities, high spindle rotation velocities
as well as high rigidity of the entire system, in
order to ensure the stability of movements and
proper machining conditions. Taking into con-
sideration the conducted experimental tests, it
can be concluded that:
e the movements are stable,
e the accuracy of movement, velocity, and ac-
celeration is repeatable,
e starting and braking the machine table is asso-
ciated with generating an increased amplitude
of velocity and acceleration of movement,
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e stabilizing velocity and acceleration (delay)
parameters requires time strongly dependent
on the defined velocity of movement,

e an increase in the set movement velocity im-
plies a decrease in the amplitude of velocity
fluctuations and acceleration (has a positive
effect on the course of the tested parameters),

e the movement becomes more stable with an
increase in the velocity of the machining tool’s
movement, the largest amplitude values are re-
lated to the low feed velocities of the milling
machine.

Based on the conducted tests, it can be stated
that the machine has very good dynamic param-
eters (stable velocities and accelerations).

Interpreting the test results, it can be observed
that in terms of most feed velocities v, during the
machining process, the table delay values were
less than the acceleration values.

Obtaining higher values of table velocity and
acceleration during table start may have been as-
sociated with the stick-slip phenomenon, occur-
ring at low feed velocities of elements between
which friction is generated. When the machine
operates at higher velocities, this phenomenon is
reduced to zero, because the power of the machine
drives is so high that it exceeds the resistance of
the machining tool table as static friction. After
analysing the values of the average velocities at
starting and braking for the tested range of feed
rate v, of the table, it can be seen that the opera-
tion of the machine tool table is correct, and the
occurring stick-slip phenomenon does not nega-
tively impact the linear movement of the table
during the operation test.

To sum up, the values of the start and braking
velocities of the machining tool table, obtained
in the experimental tests described in this article,
are largely dependent on the general condition of
the technological machine and the conditions in
which the experiment is performed. Thanks to de-
termining the characteristic dynamic parameters
of the machining tool table movement, it is pos-
sible to easily determine its dynamics, which will
affect the proper operation.
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