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Abstract

The dynamical properties of the main spindle of a milling machine can hesengal €ect on the stability of milling processes. These dynamical
properties often change with the rotational speed of the spindle, e.gtiffiness and damping properties of the angular contact bearings of the
spindle vary significantly with the spindle speed. Our study focuses oneeapment of measurement devices which enable us to measure
the dynamical properties of rotating spindles with high accuracy. Theegtrof the Fotonic Beam Reduction (FBR) laser sensor is presented,
which is applied to measure the displacement of rotating milling tools in a corgaetiy. In order to determine the frequency response function
(FRF) of the spindle, a ball shooter is constructed. The impulse geddnathe bullet on the target is analysed experimentally. A force sensor is
utilized to estimate the time interval of the impacting between bullet and sutfaseshown that the repeatability of the impact is very good, and
the generated impulse can excite the natural frequencies up to 30 kidZBR sensor with the ball shooter is applied to identify the FRF of a
milling spindle versus its rotational speed. The variation of the vibrationufrrges is demonstrated by means of the experiments.
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1. Introduction promise would be to measure spindle dynamics only once by
using a dedicated device — such as that developed in thig stud
Chatter vibration is a well-known problem in machining. Al- — with tooling system dynamics measureftline in the tool
though the basic model that could explain chatter dates badloom or estimated through finite element analysis and finally
to the 1960’s [1,2], the elimination of this stability prebh is  coupling them together by using receptance coupling method
a difficult task for engineers even nowadays. Theoretical inologies [5-7].
vestigations are ready to predict stable and unstable garam In the past decades, researchers tried to verify and canside
ter ranges of the machining [3], but practical experientesvs the formally unmodelledféects that may play a key role in the
some quantitative error of the prediction. Namely, thecttme  accuracy and robustness of the theoretical results orechpaé-
of the stability charts can be identified in practice but seimé  diction. In case of milling, the dynamical properties of thain
of the stability boundaries are usually present. spindle of the milling machine was verified to have a strong ef
The application in the industrial field of chatter prediatio fect on the stability of the milling process [8]. The dynaaiic
approaches is hindered by the large amount of complicategroperties of spindles often change with the rotationakdpe
measurements and high-level expertise that are requinest-1  To construct the theoretical stability charts of millingpesses,
der to partially avoid such measurements — that would be reaatural frequencies, damping ratios of the vibration maates
ommended for each tooling system — some best guess valuaseded. In most common cases, the frequency response func-
may be assigned to model d¢beients. Nevertheless, this typ- tion (FRF) of the tool side is measured with impact hammers
ically leads to unreliable results or to robust stable patans and accelerometers attached to the tool tip. On the one hand,
that may be too prudential in case of some robust chatter preéhis measurement setup can have some uncertainty due the non
diction algorithm used for taking into account the large glod ideal impacts [9]. On the other hand, the measurement can be
codficients uncertainties [4]. carried out only in case the spindle is not rotating. Howgver
Instead of carry out extensive experiments for the accurat# is well known, that stfness and damping parameters of an-
parameter identification for each tooling system, a good-comgular contact bearings vary with the rotational speed, &aed t
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gyroscopic &ect can also be relevant at high rotational speed e the use of common modal hammers has safety risk (e.g.,

(see [8]). To identify the variation of the parameters ofsh- in case of rotating objects),
dle with respect to the rotational speed, measurement Has to e the multiple-hitting phenomenon cannot be avoided easily,
carried out meanwhile the spindle rotates. ¢ vibration modes with very high frequencies have to be ex-

To identify FRFs of the main spindle during rotation with cited,
good accuracy, the tasks of both the excitation and the measu e the target object is small,
ment of the response have to be solved. In most common cases,e it is difficult to get access to the desired location of the
modal hammers are applied to excite the system by means of excitation.
impacts. But hitting a rotating tool by a hammer has a relevan
safety risk. Using contactless electromagnetic actuatonsd The main disadvantage of the ball impact excitation is that
be a good solution [10,11] but this technology requires g u the contact force, i.e. the excitation force, cannot be oregs
of dummy tools and the technology is very expensive. ElectroConsequently, the Fourier transform of the input signahef t
magnetic bearings can also be used for excitation via theebmp modal test is unknown and the FRF of the system cannot be
mentation of specific control task in the bearing control][12 calculated. However, experimental tests and numericasinv
Measuring the vibration of rotating tools is also well-know tigations explored that the spectrum of the contact fonge ti
problem. Various frequencies and small displacements arsignal can be assumed to be constant up to 30 kHz. Moreover,
characterizing the vibrations that usually appear, medawh the repeatability of the ball impact is excellent. This last
contactless measurement is required in order to elimirmate a trated in Fig. 2, where the time signal of a piezzo-electriicé
perturbation of the studied phenomenon. transducer is plotted, which was excited by the ball shobfer
All the above mentioned problems motivated us to develogimes. No relevant diierence of the time signals can be ob-
a new concept for the measurement of the dynamical propertieserved, which suggests that the excitation forces are vty s
of main spindles in wide frequency and rotational speedeang lar. The vibrations in the signals correspond to the fadtttiea
sensor also realizes a dynamical system with its own vitmati
modes. However, a very short (about 30x4Pcontact time be-
2. Concept for the measurement of modal parametersdur-  yyeen the sensor and the airsoft bullet can be predicteav(sho
Ing rotation by black curve) from the time histories, that was also corgaim

] by high speed camera records and by the FEA in [13].
Two new devices were developed by the SIREN ERC re-

search group (siren.mm.bme.hu) to accomplish precisdiiden
fication of FRFs. These devices are shortly introduced in the

following subsections. 1000 F
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Fig. 2. The force signals generated by 10 separated shots.

2.2. Displacement measurement

In order to measure precisely the dynamical properties of
spindles during rotation, contactless sensors are needad.
of the most commonly used contactless sensor is the Laser-
Doppler vibrometer that detects the velocity of the measure
-3 target. When the reflectivity of the target is not appropritite
@~ Manual riffle trigger application of Laser-Doppler vibrometers is unhandy. More
e — over, if both the vibration frequency and the vibration aimpl
tude are small, the velocity can be in that range, which canno
Fig. 1. The ball shooter. be measured easily. Another option to measure in a corgactle
way is the use of reflective laser based displacement sensors
A special ball shooter (see Fig. 1) was constructed to peovid These sensors can be purchased witfetént measuring range
impact excitation by the use of airsoft ball bullets. Theateo  and resolution, but the frequency bandwidth is usually kg
is equipped with an automated feeder and with laser sigttitan the resolution is also limited.
can be digitally controlled in order to realize totally anmated In order to exploit all the advantageous properties of laser
measurement processes. based sensors, the Fotonic Beam Reduction (FBR) sensor was
The use of ball impacts to excite mechanical systems can beonstructed in the SIREN ERC research project. The basic ide
very advantageous in the following cases: of this sensor is simple. A laser beam is tangentially deect
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Fig. 5. The measurement setup.

Fig. 3. The Fotonic Beam Reduction (FBR) laser sensor. . .
In the measurement, the rotational speed of the spindle was

set to various constant values from 0 to 18000 rpm. At each ap-
to the cylindrical part of the rotating tool and the intepsif ~ plied rotational speed, the dummy tool was excited 10 tinyes b
the laser beam is measured by a photodiode at the other sitlee ball shooter and the displacement signal was recorded. |
(see Fig. 3). Namely, the width of the laser beam is modi+ig. 6a, the time histories are shown for 15208 rpm, wier®
fied by the tool displacements in the transversal directibn ois triggered to the time instant of the impact. Since the has
the laser beam, and accordingly, the intensity measureteby t runout, the measured displacemamf the impact-induced vi-
photodiode is also varied. The constructed sensor has 500 kHbration is superposed onto the runout. The runout is sutttac
frequency bandwidth, 10-100 nm resolution and cca. 0.3 mrfrom the displacement signal in Fig. 6b using the recordgd si
measuring range. The characteristic of the sensor is shown hals before the impacts. A very good similarity of the detdct
Fig. 4, where the sensitivity in the linear range of the seiso vibrations can be observed, namely, the repeatability@aih
also given. The RMS noise level of the sensor is identified teoft excitation is excellent even in the case of rotatingeots.

be below 10 nm. The spectra of the displacement signals are shown in Fig. 6c,
where the black thick curve is the averaged spectrum of the 10
shots.
0.4 | . - - - The averaged spectra of the detected vibrations are used to
T 03 Measured | pon;truct the Campbe!l diagram of the spmdle_ that is pitesen
£ Lin fit, Sensitiviy = -0.03042 mm/V in Fig. 7. The dashed lines represent the rotational freqqueh
2 02 the spindle and its higher harmonics while the shades ofghe fi
A ures are representing the amplitudes of the averaged ajpleatr
0.1 are interpolated along the vertical axis. In panel (a), theav
tion frequencies are shown up to 4 kHz. Two relevant vibratio

modes can be detected at cca. 470 Hz and at cca. 3400 Hz. The
UV] variations of these modes with respect to the rotationatdpe
can be observed in panel (b) and (c), respectively. A slight i
crease of the first natural frequency can be experiencedeas th
rotational speed is getting higher. Much relevant variatan

be detected in case of the higher mode, which seems to vanish
in a certain rotational speed range.

Fig. 4. The characteristic of the Fotonic Beam ReductionRJ8ensor.

3. Measurement results

A demonstration test was carried out on a TEKNOMOTOR4. Conclusion
C41/47-C-DB-ER25-HY 2.0kW motor spindle, in which two
Germany HY SM 6007 C TXM P4 hybrid angular bearings Novel measurement devices were introduced by which the
with rigid preload are installed and grease lubricatiompiglied.  dynamical properties of rotating spindles can be identifiéd
The experimental setup is shown in Fig. 5. The ball shootsr wahigh accuracy. A ball shooter was constructed that provéstes
used to excite a dummy tool in radial direction. The diametercitation in a wide frequency range with excellent repeditgbi
and the free length of the tool were 16 mm and 50 mm, reand can be used in automated measurement processes. The con-
spectively. On the other side of the tool the FBR sensor wagactless measurement of the tool vibration was carried gut b
used to measure the radial displacement. An NI DAQ systenthe Fotonic Beam Reduction (FBR) sensor, which has extraor-
was applied to acquire the time signal of the FBR sensor mearinary properties both in resolution and frequency bantwid
while the ball shooter and rotation speed of the spindle were The applicability of these devices was also demonstrated in
also controlled using digitaj© and analogue output modules the paper. The natural frequencies of a main spindle hawing h
in the DAQ system. brid angular bearings were identified up to 4 kHz in the whole
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Fig. 7. The measured natural frequencies versus the roshtspreed of the
pindle. (a) Vibration modes detected up to 4 kHz. (b) Theatmm of the
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