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Abstract. In the paper a method for selecting optimal spindle speeds for complex
structures during milling operations is presented. It is based on the selection of
the spindle speed in accordance with a simple equation resulting from the mini-
misation of vibration energy, which leads to the minimisation of the work of cut-
ting forces presented in previous elaborations by the authors [1]. Optimal spindle
speeds are obtained for many points selected on machined surface thanks to the
results of the modal test. The effectiveness of the proposed method is verified
based on the results of experimental research. Reduction of vibration level, im-
provement of surface quality and reduction of milling time were obtained.
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1 Introduction

During milling operations, a significant dynamic phenomenon is the relative vibrations
of the tool and workpiece. The negative effects of these vibrations are: reduced quality
of the surface treated, increased tool wear, reduced overall machine tool performance,
and in extreme cases even destruction of the tool or workpiece [2, 3]. The most im-
portant causes of the phenomenon of vibration generation during milling are kinematic
excitation caused by repeated immersion of cutting edges in the workpiece, as well as
internal feedback in the machine-holder-workpiece-tool system [2, 3]. Various methods
of reducing and avoiding vibrations have already been developed [2, 4]. However,
many of them were used only for research purposes, and for various reasons did not
meet industrial applications. Some of these reasons are: the need to modify the internal
machine tool or control system, the need for additional, expensive equipment (sensors,
actuators), specialized knowledge needed to tune the parameters (for example to con-
figure the vibration control algorithm), etc. Industrial practice requires fast, simple and
low-cost methods that do not require complicated and expensive equipment or time-
consuming additional operations (for example, building a computational model, tuning
it and performing a large number of simulations). In order to increase efficiency while
maintaining surface quality and minimizing vibrations, including avoiding vibrations,
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one clear method for selecting the spindle speed is proposed, which is based on the
experimental identification of the dynamic properties of the workpiece.

The method was developed based on previous work of authors [1, 5, 6, 7]. It belongs
to a wider group of vibration reduction methods that use the spindle speed change [8,
9, 10] or adjust the spindle speed to selected properties of the machining process [11,
12]. One of the advantages of these methods is that they generally neither require mod-
ification of the machine tool’s structure nor the use of complicated devices.

2 Description of the milling process

Let us consider the surface machining process of a large-size workpiece moving at feed
speed v; by the milling head (number of edges z) rotating at the spindle speed n (Fig. 1).
The cutting depth is a,. A dynamic
analysis of the face milling process
was carried out based on the fol-
lowing assumptions [13]:

— The spindle with the tool
mounted in the holder and table
with the workpiece are sepa-
rated from the machine tool
structure. Other parts of the
milling machine are recognised
as those whose impact can be
neglected [1, 3, 14].

— The flexibility of the tool and
the flexibility of the workpiece
are taken into account. The latter
applies in particular to the flexi-
ble large-size workpiece [15].

— Coupling elements (CEs) are ap-
plied for modelling the cutting

process dynamics. p e
— An effect of first pass of the Y
edge along cutting layer causes -

proportional feedback, and the
effect of multiple passes causes
delayed feedback additionally.

Fig. 1. Face milling scheme of a large-size workpiece

For the instantaneous point of contact between the selected tool edge and the workpiece
(idealized by the CE no. I), a proportional model of the cutting dynamics was taken into
account [13]. On the basis of this model, the cutting forces depend proportionally on
the instantaneous thickness of the cutting layer hi(t), as well as on the instantaneous
width of the cutting layer bi(t); both change in time. In accordance with the direction of
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action, we isolate the component of the cutting force Fyi; acting along the nominal cut-
ting velocity vc, the component of the cutting force Fy» acting along the thickness of
the cutting layer, and the component of the cutting force Fys acting along the width of
the cutting layer, i.e.:

_ (kab (O (t), hy(t) >0nb(t) >0,
Fyu(© _{ e @ 0wk <0, ()
Uik b (DR (8), h(t) >0naDb(t) >0,
Fra(®) = {1 O e <o, @
Uiska b (O (£), h(t) >0nab(t) >0,
Fa(®) = (e e e <o 3

where:
b,(t) = bp(t) — Ab,(¢),
hi(6) = hpy(t) — Ahy(8) + ARy (t — 7)),
bo(t) — desired cutting layer width; bp(t) = ay(t)/cos x,
An(t)- dynamic change in cutting layer width for CE no. |,
hpi(t)— desired cutting layer thickness for CE no. I; hp(t) = f, cose(t),
An(.)— dynamic change in cutting layer thickness for CE no. |,
ka - average dynamic specific cutting pressure for CE no. |,
L2, i3 — cutting force ratios for CE no. |, as quotients of forces Fyi; and Fyi1, and
forces Fyiz and Fyi,
n - time-delay between the same position of CE no. | and of CE no. I-1,
x — edgeangle,
f, - feed per edge.

3 The method of selecting the optimal spindle speeds

3.1 Map of the optimal spindle speeds for the workpiece

In [1] a method for optimal choice of spindle speed based on the minimisation of vi-
bration energy, leading to minimisation of the work of the cutting forces along the
thickness of the cutting layer, is presented. This is expressed by the equation (4), which
is similar to the expression based on the spindle speed adjustment to the optimal phase
shift proposed by Liao and Young [11]:

Zng _  Ja
60 0.25+k’ (4)
where:
fo — dominant natural frequency [Hz],
n. — optimal spindle speed that corresponds to vibration at frequency f. [rev/min],
z - number of cutting edges.

The only unknown item in Eq. (4) is the dominant natural frequency f.. It may be ob-
tained, for example, by performing a modal test. However, it may not be possible to


http://mostwiedzy.pl

A\ MOST

determine the dominant frequency at all points of the surface by means of testing meth-
ods, so the MES model of the workpiece is prepared and tuned according to the results
of the modal test. With this MES model, you can synthesise the frequency response
functions (FRF) for each workpiece point in all its directions. However, the FEM model
must be prepared and well correlated according to the results of the modal test before
FRF synthesis. This step may seem time-consuming and requires knowledge about both
FEM modelling and modal identification methods. After preparing the model and ob-
taining the FRF, you can start to map the optimal spindle speeds. The highest amplitude
of the FRF indicates the dominant natural frequency. It is assumed that the excitation
force from the milling tool does not influence the important natural frequencies of the
workpiece. With dominating f. frequencies, the optimal spindle speed for all selected
points on the workpiece surface is calculated using (4). In this way, a map of the optimal
spindle speeds is obtained. The use of the map requires modification of the Numerical
Control (NC) code of the milling machine, which can be performed e.g. as a post-pro-
cessing task for CAM software. The spindle speed is adjustable for each path of the
milling tool. The feed speed is also adjusted to maintain a constant feed value per tooth.

In[5, 6, 7] the whole procedure for selection of the optimal spindle speeds for objects
with complex shapes, including examples of experimental results, is proposed and is
shown in Fig. 2. The main disadvantage of this method is the need to prepare the FEM
model of the workpiece and then correlate it with the results of the modal test, which
can be very time-consuming.

(.
| Selection of map points |

Discrete model
of the workpiece

Real workpiece
onthe machine tool

‘ FRF calculation |
for selected points
Theoretical modal ang!ysis i Experimental modgl analysis Dominant frequenc
Determinantion of: /.. 1, W i Identification of: /;,C g, ¥ ‘ S coiontor e:ch po‘ifnt ‘
L, .
. §</ . Generation of the ,map”
Negative Model . Positive of optimal spindle speeds
validation calculated according to(4)
TIMGCONSUMING ............ovmimaiommmmiil v
Map application
(madification of NC code)

Fig. 2. An overall scheme of the method for creating a map of optimal spindle speeds, based on
a discrete workpiece model; f - natural frequency, - damping coefficient, ¥ — matrix of nor-
mal modes

3.2 Asimplified approach for obtaining map of the optimal spindle speeds

In order to simplify and shorten the map creation process, it is proposed to use the
results of the modal test (i.e. FRF calculated for selected points of the workpiece sur-
face) directly to identify the dominant frequency. Optimal spindle speeds (based on
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dominant natural frequencies and application (4) for each) are then used for milling.
The calculated spindle speed applies to the surface of the workpiece around the modal
test point. The more modal tests are available for different points, the more accurate the
map is. The scheme of the proposed method is shown in Fig. 3.

The main advantage of the proposed

method is the significant reduction of
the time needed to obtain optimal spin- | Real workpiece ‘
dle speeds compared to the method onhe mathine Lo
based on a discrete workpiece model. [ selectionof mappoints |
An extremely time-consuming part of ¥
.. . . . g Experimental modal analysis
the original (i.e. not simplified) method FRF calculation for selected points
is the MES modelling and tuning, '“""“““““““f-‘}
which can take many hours or even | Dominant frequency ‘
days in case of complex structures. In pelecl o [ el pol
the case of a simplified approach, only Generation of the mapr
. of optimal spindle speeds
modal tests are carried out and the calculated according to(4)
dominant frequencies based on the y
. . Map application
FRF analysis are selected. A simple ‘ (modification of NC code) ‘
mode selection technique can be used, (—ST*m

but modal identification methods such
as ERA or p-LSCFD [16] can also be
used to ensure the correct mode selec-
tion. It should also be noted that modal
tests are limited only to machined sur-
faces. There is no need to perform them in other zones because the vibrations that occur
there are not important from the viewpoint of the machining process. However, in a
method based on a discrete model of the whole workpiece, such points would be needed
to validate the FEM model. It should also be mentioned that during the modal tests
performed for single points placed on the machined surface, the excitation is applied
directly in the places where the machining will be performed, which should excite
mainly the modes that will later be excited by the milling process. Modes that are not
activated during machining do not interfere with the milling process and can therefore
be neglected. In a simplified method, the choice of the spindle speed is directly based
on modal identification results, which consists of all the elements influencing the dy-
namic properties of the workpiece.

In production practice, a lot of identical elements are often produced. In fact, each
workpiece can vary slightly, and above all, each workpiece can be fixed to the table in
a little bit different manner (for example, with different clamping forces). This leads to
the non-uniformity of dynamic properties between the milled workpieces, even if they
are theoretically identical. Even a small difference in the dominant frequency (several
Hz) can cause a noticeable (several dozen or even hundreds of rev/min) change in the
optimal spindle speed, especially in the case of tools with a small number of teeth.

Due to the relatively short time needed to select the speed using the simplified
method, it is possible to create or at least adjust the map for each workpiece individu-
ally. In addition, if certain problems are identified during milling (in terms of increased

Fig. 3. An overall scheme of a simplified method
for creating a map of optimal spindle speeds;
fﬁ? - natural frequency from experiments
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vibration), it is very easy to improve the map by performing modal tests at these addi-
tional workpiece points. There is no need to recalculate the full workpiece model, as it
would be needed in a method based on a discrete model of the whole workpiece.

4 Experimental results

4.1  The workpiece and standard milling parameters

The workpiece used during experimental research is presented in Fig. 4. It was a com-
plex object made of STW22 03M steel, selected from a joint production program of an
industrial company. The outer size of the workpiece was 2085x1116x548 mm. Modal
tests were carried out and the vibration of the workpiece was measured during milling
using the following hardware and software configuration [17]: 9 DJB A/120V IEPE
accelerometers, measuring range + 75g; PCB 086C03 modal hammer, range +2224 N;
IEPE conditioner; industrial National Instruments PX1-8106 Real Time controller with
NI PX1 4496 DAQ card; laptop working under the LabView 2016 environment. Vibra-
tion sensors positions are shown in Fig. 4. Sensors - IEPE accelerometers - have been
mounted on the inner surface of the part so that they do not interfere with the cutting
process. Surface no. 1 was milled. Full face milling was performed first, with the tool
moving from the left (starting near the accelerometer 22) to the right. Down milling
was then carried out with the tool moving in the opposite direction (starting near the
accelerometer 25). These two operations formed one complete pass for surface 1. The
surface length was 1778 mm, width 57.5 mm. Milling was carried out using a Sandvik
4-edge milling head, $44 mm

_.“J B N -_.él__ :,e'_ —_ -;,‘
18 19 20 21
surface 1 i 22 23 32 24 25
T l—r S S AT

@ - zccelerometers mounting points at the inner detail surfaces

Fig. 4. Schematic of the workpiece with the numbers of accelerometers and marked fixing
points

The standard parameters used in the milling process of a common production scheme
of cooperating industry for the presented workpiece are: n = 1300 rev/min,
vi = 600 mm/min, a, = 1 mm. The vibration level measured during milling with these
parameters is treated as a reference for other methods. Vibrations during milling at
standard parameters were generally very low, so its further reduction was difficult.
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4.2 Modal identification and spindle speed selection

Experimental modal tests of the workpiece were carried out for each fastening point of
the accelerometer placed on the machined surface (see Fig. 4) using modal hammer.
For each point, the FRF was determined and the gain from “force-acceleration” to
“force-displacement” was calculated. Then, the dominant frequencies were selected di-
rectly from the FRF plots. Only frequencies above 75 Hz were considered during the
selection because the FRF coherence values for frequencies below 75 Hz were low and
the modal test results were questionable. FRF for points on surface 1 is shown in Fig.
5. In the figure, only the FRF is shown for a case where a modal test with close prox-
imity excitation was performed, i.e. for example, FRF for sensor A22 was calculated
for a modal test performed with excitation applied near the position of the sensor. When
selecting the dominant frequency, all other FRFs (not shown here) were also taken in
account. The dominant frequencies and the corresponding optimal spindle speeds are
selected in Table 1.

0 1 I 1 1
o 50 100 150 200

Fig. 5. FRF for selected points of the surface 1

Table 1. Selection of the optimal spindle speed according to the map

Surface 1
Sensor Dominant frequency K . Optimal spindle speed
zone [Hz] n [rev/min]
A22 279 2 4 1860
A23 242 2 4 1613
A32 251 2 4 1673
A24 251 2 4 1673
A25 320 2 4 2134

43  MILLING RESULTS

Milling operations were carried out for both surfaces of the workpiece and various spin-
dle speeds selected in accordance with the standard parameters. Table 2 shows the se-
lected spindle speeds and feed speeds. In tables 2 and 3, Axx is the number of accel-
erometer according to Fig. 4. Table 3 of RMS (Root Mean Square) presents displace-
ment values for the milling operations carried out observed at the measuring points
during the passing of the tool over the given sensor. For example, the value for sensor
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A22 has been calculated for a period of time from the beginning of the milling operation
(excluding the time period when the tool entered the material) to the point where the
tool was located midway between the sensor positions A22 and A23 (see Fig. 6 for
illustrative example and Fig. 3 for sensor positions). The displacement values were cal-
culated based on the double integration of the measured accelerations. Relative values
of RMS change are also presented to help noticing vibration level change. Vibration
reduction is marked with the "-" sign. Table 4 shows surface roughness values (Ra and
Rz). The reference values were measured at 4 points along the surface points, but later,
after subsequent milling operations, they were measured at 5 points (in sensor posi-
tions).

Milling with standard parameters was done first, and its results are treated as a ref-
erence for the following tests. According to the results, the average reduction in vibra-
tions compared to standard parameters was over 60%. The surface quality has also been
improved.

Table 2. Selected spindle speeds and feed speeds

Spindle speed n [rev/min]
(Feed speed vi [mm/min])

a2 | A23 | A3z | A2 | Azs
Std. 1 1300 (600)

1860 | 1613 | 1673 | 1673 | 2133
(858) | (745) | (772) | (772) | (985)

Spindle ap
speed [mm]

Map 1

Table 3. RMS values of displacements for measurement points on milled surface and relative
RMS change (reference to milling at standard parameters)

Milling | Spindle Displacements RMS [mm]
type | speed A22 A23 A32 A24 A25 | Average
Full Std. 1.85e-4| 6.04e-4| 8.64e-4| 7.22e-4| 2.95e-4| 5.94e-4
Down Std. 5.51e-4 | 21.48e-4 | 28.22e-4 | 22.02e-4| 5.21e-4| 19.31le-4
Full Ma 1.33e-4| 2.05e-4| 293e-4| 257e-4| 2.32e-4| 2.22e-4
P -28,1%| -66,1%| -66,1%| -644%| -21,4%| -62,6%
Down Ma 3.81e-4| 7.15e-4| 9.3le-4| 7.86e-4| 5.57e-4| 7.03e-4
P -30,9% | -66,7%| -67,0%| -64,3% 6,9% | -63,6%
Table 4. Surface roughness for selected points
Spindle Ra Rz
speed

std. | 1.623 | 1624 | 1.657 | 1.003 | 8.220 | 7.860 | 8.490 | 6.940

Map |0.863|1.068|0.975|0.987 | 0.879| 472 | 7.82 | 6.14 | 6.94 | 4.02



http://mostwiedzy.pl

A\ MOST

A et . . . . . . . . . B} e

. . —
IME = 0000186 Az RS = 0.000133
o ;w- - [ ——

0 20 48 83 B0 W0 130 10 W0 180 200 1 E a0 e B0 WG 120 140 980 180 00
3

Fig. 6. Vibration of the workpiece during full milling with A) standard parameters and
B) parameters according to the map of the optimal spindle speeds

5 Conclusions

The effectiveness of the proposed method for selecting the optimal spindle speed has
been proven while milling large-size structures. The vibration level was reduced by
60% compared to the vibration level observed during milling at standard parameters.
The overall process duration was reduced, which was the result of choosing higher than
standard feed speeds. The surface quality has also been improved.

The optimum spindle speeds for each workpiece milling zone have been achieved in
short time due to the elimination of some time-consuming components of the proce-
dure. The latter applies, for example, to the lack of the need to create a FEM model and
adapt it to the results of identifying modal parameters.

The proposed method is intended as a quick tool for selecting the spindle speed,
especially when only part of the workpiece is machined or the standard parameters must
be locally tuned, for example in case of vibrations occurring locally. Along with the
increase in the number of map points, modal tests last longer. In case when the entire
workpiece or almost all of its surfaces are machined, the method of selecting the opti-
mal spindle speed based on the discrete model of the entire workpiece can be beneficial,
since the time differences between the two methods will be relatively smaller.
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