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ABSTRACT tion rate, and other advantages as for example the built-in

This paper talks about the application of active magnetiprocess monitoring described in this paper may change

bearings (AMBS) in a high frequency machine tool spin<his trend.

dle, emphasizing the possibility of direct process moni-

toring with the AMBs.

Process monitoring, i.e. the measurement of cutting forct.1. Process Monitoring

es and the recognition of process anomalies (tool breakrocess monitoring is the automatic recognition of tool

age, tool wear), is a very important task in machiningvear, tool breakage and other process anomalies during

technology today, as it is necessary for automation in mahe process. This is a very important task in the milling

chining lines. For conventional motor spindles, severaindustry today. It is necessary for automation in machin-

approaches have been made, including force measureg lines, i.e. to stop the milling process immediately if

ment by a piezoelectric equipment, power measuremergny process anomaly occurs and react accordingly (i.e. to

spindle current measurement and acoustic emission. change the tool and continue the process, or to stop the

AMB motor spindles provide the possibility to do the line and call an operator).

process monitoring directly with the AMBs. The control Several approaches have been made in order to obtain a

output of each bearing is proportional to the magneticeliable process monitoring. They are based on the fol-

force applied to the rotor shaft. By measuring these corlewing principles:

trol outputs, the cutting forces of the milling process can- Power measurement

be determined without any extra equipment. - Spindle current measurement

Short-time variations of the cutting forces, as e.g. the en- Acoustic Emission (AE)

trance of each cutting edge into the material, can be de- Vibration/Acceleration measurement

termined by measuring the spindle shaft dislocation with- Force measurement

the position sensors of the AMBs. For milling applications, force measurement is the most

Good results could be achieved by this method. The cupromising method. It is much more dynamic than power

ting forces could be determined, and tool breakage anat current measurement, and it is more easily understand-

tool wear could be well recognized. able than AE or vibration measurement. The expectable
cutting forces can also be modelled by CAD/CAM soft-
ware and then be compared to the real forces.

1. INTRODUCTION Several equipments have been created to realize force

The AMB technology has been implemented in high romeasurement:

tation spindle applications for more than ten years. Neva) Piezoelectric table dynamometer: A piezoelectric plat-

ertheless, it still has not reached great spread in the form which is fixed under the workpiece.

milling industry. The reasons may be the higher cost antd) Rotating cutting force dynamometer (RCD): A device

the higher operational complexity, which requires spe- fixed between the spindle shaft and the tool. Only for

cially trained personnel. The spread of high speed cutting experimental applications.

(HSC), the need of high precision parts at a high produc-

MAIN | PROGRAM | TOC | AUTHOR INDEX LATER |



MAIN | PROGRAM TOC AUTHOR INDEX | LATER
196

PROCESS MONITORING

¢) Spindle integrated flange force ring: A ring with pie-
zoelectric sensors which is placed at the spindle fixa
tion between the spindle and the machine tool.

d) Spindle integrated bearing force sensor: A ring witt
piezoelectric sensors which is placed between or ne;
to the ball bearings of the spindle shaft.

All these equipments have one disadvantage: They ha

to be mounted on the machine tool, i.e. under the work

piece (a), at the spindle shaft (b), at the spindle housir

(c) or in the spindle housing (d). In the case of (d) also

special design of the spindle is necessary.

The advantage of the AMB process monitoring methoc

presented in this paper is thad extra equipmeris nec-

essary. All data can be obtained directly from the AMB
control with a common PC, with a software interface
written in MATLAB®.

In chapter 2, the equipment used in this work and the FIGURE 1: Schematic of the IBAG motor spindle
methods of data processing are described. Chapter 3 talks

about the different tasks of process monitoring and hO\% 3. Force Measurement with the AMBS

they are SOIV(?‘d' In Ch?.ptel’ 4, a”Pt_h,er advantage of 3fhe control outputs, which are proportional to the mag-
AMB spindle is shown: The possibility to compensate, oiic forces in the bearings A, B and Z, provide 5 values:

machine and tool deformations by repositioning the SPINAY and AY from bearing A, BX and BY from bearing B
d!e shaft inside the housing. Chapter 5 gives the ConCIL?i'nd Z from bearing Z. Z can directly be converted into the
sions and outlook. axial force F, by multiplying it by a constant factor. As
the directions of AX and AY, and BX and BY, respec-
tively, are not necessarily parallel to the machine axis X
and Y, these outputs have to be transformed to obtain the
forces kx and K, in the bearings A and B. Once calculat-

2.1. The Spindle' . ed the forces in the bearings A and B, the radial cutting
For this work, a high frequency AMB motor spindle, yPesorce k- can be obtained by:

HF 200 MA-40 produced by IBAG, Switzerland, was im-
plgmentgd in a conventional machiping centre (Thyssen Ro=-(Fa+ Fp) @
Huller-Hille, model nb-h 65). The spindle reaches a rota-

t?on speed O_f 40’00_0 rpm at 40 kW. Itis equipped with ace- o the ratio of the forcesyFand R and from the dis-
tive magnetic bearings produced by Mecos Traxler AGy, e of the two radial bearings (ABhe distance of the

Switzerland: Two _radlal bearings A_and B n the rear an%oint C, where the force is transferred to the tool, to the
the front of the spindle, and one axial bearing Z betweeBearing B can be calculated:

the radial bearings. The motor is acting on the shaft be-
tween the rear radial bearing A and the axial bearing Z. BC - AB Fa
Figure 1 shows a schematic of the spindle. FatFgl

2. EQUIPMENT

(2)

2.2. The Data Interface

For the data acquisition, Mecos Traxler AG supplies
special software interface written in MATLAB which
permits data exchange in both directions, i.e. the contrrﬂ
outputs or sensor signals can be obtained, as well as sp
dle parameters can be set through this interface.

The maximum sampling frequency is 4.8 kHz.

At this point, it has to be said that the control outputs do
Hot only depend on the applied force, but also on the tem-
erature of the motor spindle. By rotating the spindle un-
er load, the spindle was heated up. A decrease of the
EBntrol outputs of about 20% could be observed for a hot
spindle compared to a cold spindle (see figure 2).
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FIGURE 3: Measurement of the cutting forces Fx, Fy

FIGURE 2: Dependence of the control outputs on the (radial) and Fz (axial) during the entrance of the tool into
spindle temperature. an aluminium workpiece.

In the experiment of figure 2, a constant force of 64 N3-2- Recognition of Tool Vibrations _

was applied to the tool in vertical direction, in the coldAN @pplication of force measurement is the detection of
spindle state and after different times of rotation undefe0! and other vibrations. Vibrations, due to resonance ef-
load. After 20 minutes the spindle was stopped, and thtects of the tool, the spindle shaft, machine components
spindle began to cool down again. etc. may deteriorate the surface quality of the workpiece.
This fact makes absolute force measurement difficult, bUR€C0gNizing such vibrations, the rotation speed of the
it does not affect the process monitoring, which uses b4otor spindle can be changed, in a way that these vibra-

sically relative force measurement. tions disappear. o _ _
Figure 4 shows an example of milling with and without

2 4. Shaft Dislocation Measurement vibrations. While milling at 31.000 rpm, a strong vibra-
To detect the wear state of the cutting edges of a tool, tHiPn in Z-direction (axial) of about 25 Hz could be ob-
measurement of the control outputs is not dynami$€rved. As aresult, the surface roughness was relatively
enough, especially when high rotation frequencies arBigh (Rt = 10.45m). At 40.000 rpm, the force curve is
used. For this purpose, the position sensor values haveRgrfectly flat, and the surface roughness consequently
be considered. Each cutting edge causes a small dislodgw (Rt = 3.4um).

tion of the spindle shaft. This dislocation can be meas

400 N = 31'000 rpm

ured with the shaft position sensors. Z 350 Rt =10.45 pm

’(_.U\ 300 "'\‘ M M JAV-N Awm Fa

3 250 W maf wY W W
3. PROCESS MONITORING ~

I:: 200 N =40'000 rpm

Rt =3.40

3.1. Force Measurement fé 150 i
An example of force measurement is shown in figure 3 2 100
The cutting forces were measured during the entrance € 50
the tool into the workpiece. A 10 mm diameter tool with © . w w w \
2 cutting edges was used at a rotation speed of 10.0t - 0.02 0.04 0.06 0.08 0.10
rpm, with a feed of 2000 mm/min. Time [s]

The quality of the force signals is very good. After 0.6FIGURE 4: Surface deterioration due to tool vibrations.
seconds, the acceleration of the spindle in X-direction cakleasurement of the axial cutting force component at dif-
be seen (see little negative peak). At T = 0.7 seconds, tlierent rotation speeds.
tool enters into the aluminium workpiece.
3.3. Recognition of Tool Breakage
Tool breakage can relatively easily been recognized: A
sudden fall of the cutting forces during the cutting proc-
ess generally indicate a tool breakage. Figure 5 shows a
typical tool breakage:

MAIN PROGRAM | TOC | AUTHOR INDEX LATER |



MAIN PROGRAM _ AUTHOR INDEX

LATER

PROCESS MONITORING

01 02 03 04 05 06 07 0.8 09

Time [s]

shaft. This is due to small fabrication errors of the tool,
the tool clamping system and the shaft.

200
150 //’ B
Z 100 : 4. CORRECTION OF MACHINE AND TOOL DE-
g 50 (P2 (axda)| FORMATIONS
S meane AMB spindles have another advantage compared to con-
@ -50 \ ventional spindles: The shaft is not absolutely fixed in the
£ 100 @ bearings, there is a small range in which its position can
© 150 L be changed. AMB spindles have, beside the magnetic
200 bearings, so-called safety bearings (conventional ball

bearings) in the rear and the front of the spindle. These
are usually not in contact when the shatft is floating; but

when an overload occurs, the shaft is taken up by these
safety bearings, in order to avoid damage of the spindle.
In the case of the IBAG spindle, there is a gap of £ 0.2

. ) mm between the shaft and each safety bearings in radial
3.4. Recognition of a Cutting Edge Breakage and axial direction (see figure 7).

To monitor the quality of the single cutting edges of a
tool, force measurement is not dynamic enough for HSC
applications. In order to recognize the wear state of each
cutting edge, another signal can be used: The position
sensor signals. At each entrance of a cutting edge into the
workpiece material, a small momentum is exerted on the
tool and therefore on the shaft, which leads to a small dis-
location of the shaft during a short time. If a cutting edge
is broken, this dislocation becomes smaller than the dis-
locations of the other (intact) cutting edges, while the cut-
ting edge following the broken one causes a higher
dislocation, because it has to remove more material in its
chip.

Figure 6 shows two graphics: One of an intact tool with 2
cutting edges and one of a tool with one broken cutting

FIGURE 5: Cutting forces during tool breakage. At T =
0.77 seconds the tool broke.

edge. FIGURE 7: Radial and axial gaps between the spindle
shaft and the safety bearings.
400
= o0 - This gap can be used to compensate deformations of the
£ 100 n - n A NN, tool, the spindle and the whole machine structure, due to
e VAN AN AW AVANAVAWANAWANAWA WA : .
AN AVANAVAYAVANAVANRVANAVA! cutting forces, and also thermal deformations due to tem-
3 -200 U U U U U V) perature rise of some parts (tool, workpiece, motors) (see
O 300 new tool | figure 8)
-400 :
The exact spindle position can be set by simply changing
o A A A A a A the setpoint of each magnetic bearing.
) igg ,”\ /\\ ,”\ I”\ /\\ /\\ Not the whole range of these + 0.2 mm can be used, as
I AV AV AV AVE AVE AT some control reserve must be kept. About half of the gap
8 g0 AT W VAT VYT VN T VYT VA ; o : ) )
8 00 L\J \/ \/ \/ W] 7 \/ in each direction can be used. This makes possible a lin-
2 5 -V v v VI cutting edge broken ]| ear compensation of + 0.1 mm and an angular compensa-

-400

0.02 0.03

Time [s]

tion of £ 0.015 degrees (by opposite shifting of the
setpoint of the front and the rear radial AMB). This is in
most cases enough to compensate the above mentioned

FIGURE 6: Shaft dislocations caused by the cutting edgdeformanons
es of an intact tool (upper) and of a tool with one broken
cutting edge (lower).

As it can be seen in figure 6, even the cutting edges of a
new tool do not cause perfectly equal dislocations of the
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FIGURE 8: Machine deformation due to cutting forces
and thermal expansion.

The setpoints can be constantly changed by the MAT-
LAB® interface. This makes possible that the shaft posi-
tion can be constantly changed, depending on the actual

cutting forces. Like that, a much better dimensional accu-
racy of the workpiece can be reached.

5. CONCLUSIONS AND OUTLOOK

The results of the above shown experiments are satisfac-
tory, in away that tool breakage, tool wear and tool vibra-
tions can be reliably recognized. The fact that for this
process monitoring no extra equipment is used, makes
AMB spindles particularly interesting especially for the
production of a high number of parts in big machining
lines.

In addition to this, the possibility to compensate tool and
machine deformations lead to applications where espe-
cially small tolerances are demanded.

In the future, it is planned to automate this process mon-
itoring, in a way that it can be installed in industrial ap-
plications.

The benefits of AMB spindles described above mean a
strong advantage compared to conventional ball bearing
spindles. The authors assume that this will help to spread
AMB spindles more in the global milling industry.
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