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Abstract:

Frequency Response Function measurements are carried out on two different industrial HSM Spindles
rotating up to 24000rpm and powered from 40 to 70kW. An electromagnetic excitation device capable of
applying a dynamic force to +80N at 5kHz is used to perform the experiment. Measurements are made on
four points by two displacement sensors and two accelerometers. A specific signal processing method that
uses the cepstrum of the signal is applied to remove harmonics of the rotation in the signal. Variations of
the dynamic behavior of the spindles with speed are observed and analyzed.
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1. Introduction

The dynamic behavior of spindles has a great
influence on the quality of machined parts, in particular
in the aircraft industry where instabilities in milling can
lead to unacceptable parts. To improve the productivity
of machine tools and to avoid the occurrence of chatter
during milling, stability lobes diagrams are commonly
used. Frequency Response Function (FRF) at the tool-
tip of the spindle is required to compute the diagram [1]
and are often obtained by hammer impact test. It has
provided good results in classical milling however, as
shown in several studies [2-4], the dynamic effects due
to the spindle speed have a great influence on bearing
and on spindle stiffness in High Speed Machining
(HSM).

Hammer impact tests have been performed on
rotating spindles in [5], while measuring the
displacement of the tool with a capacitive probe.
Albrecht et al. [4] performed a similar experiment with
the use of a small ball bearing mounted on a cylindrical
blank tool. The impact forces were applied on the outer
ring that was stationary. Non-contact excitation devices
have also been used to improve measurement reliability
and safety. Abele et al. [6] used an external active
magnetic bearing (AMB) to obtained FRF at different
spindle speed. Rantatalo et al. [7] performed non-
contact excitation on a spindle using an electro-
magnetic excitation device. They measured tool-tip
displacement using eddy current sensors and compared
calculated mode shapes with laser doppler vibrometer
measurement of the tool. Matsubara et al. [8,9]
developed a similar system to investigate the evolution
of axial static stiffness with spindle speed and the
influence of temperature on the dynamic behavior.

Non-contact FRF measurement were also developed
and carried out in our research laboratory by Tlalolini et
al. [10] with an electromagnetic excitation device that

was installed on machines tools for industrial spindles
testing. Higher frequencies, up to 5kHz, were reached
by the system at about 80N with a symmetric
excitation.

This paper presents experiments performed with this
device to measure FRFs of two industrial spindles with
different design. The experimentations were carried out
at a stable temperature in both X and Y directions at
speeds from 4000rpm to 24000rpm. The displacements
were measured on two positions of the tool.
Accelerometers were mounted close to spindle front and
rear bearings. A post-processing method that uses the
cepstrum of the signal was developed to suppress
harmonics components and noise on the experimental
data. The multi-sensor measurement led to several
interesting observations. Particularly, the use of
accelerometer allows the observation of higher
frequency modes.

2. Experimental setup

An electromagnetic excitation device has been
developed to apply dynamic forces on spindles shaft
during rotation, see Figure 1. It is composed of two pairs
of electromagnets arranged in perpendicular direction.
Each pairs are set in opposition to produce mutual
repulsion and to get a centered excitation. A dummy tool
with an HSK-AG3 interface is mounted into the spindle.
The ferromagnetic core is made of multiple layers of
grain oriented electrical steel with a specific arrangement
to improve performances. The excitation system is
designed to produce a dynamic magnetic force of +80N
in both X and Y axes up to 5kHz. Applied forces are
estimated from measures of control current. A pre-
magnetization current is applied on a pair of opposed
magnets to achieve linearized characteristics between
force and current.
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Figure 1 : Experimental system

The experiments are carried out on two industrial
spindles with different design. The Fischer MFW 1709 is
a 24krpm 40kW spindle with a tandem back to back
arrangement of hybrid bearing and a spring preload. The
Fischer MFW2310 is a 24krpm 70kW spindle with two
tandems and a single bearing in a back to back
arrangement and two spring preloads. This spindle is
shorter and has larger bearings.

Spindles are instrumented with two eddy current
sensors measuring the displacement of the tool tip and
two accelerometers mounted on the spindle housing at
the bearing locations, see Figure 1 and 2. All the sensors
are placed in the direction of the excitation forces.
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Figure 2: Sensors positions

The excitation signal is provided by specific
amplifiers (PWM) controlled with a LabVIEW interface.
A National Instruments CompactDAQ system is used for
inputs and outputs. A swept sine excitation is applied to
the rotor over a 50-5000Hz frequency range.
Simultaneously, tool displacements, acceleration and
excitation signal are recorded. The experiments are
carried out at different speeds, from 4000 to 24000rpm.
To avoid the influence of thermal effects on the results,
all the experiments are launched at an identical steady-
state operating temperature.

3. Signal processing method

To investigate the spindle dynamic behavior and to
observe structural vibration modes, the Frequency
Response Functions (FRFs) need to be calculated. A

specific post-processing is required to suppress the
harmonics components of the signal caused by the runout
of the measured target and also by the unbalance of the
shaft. Different methods described in [11,12] have been
developed to suppress harmonics of a signal in
Operational Modal Analysis. In this study, the cepstral
method presented in [13] was used. It consists of an
exponential windowing of the signal cepstrum and can be
called liftering. It results in reduced harmonics
components and noise in the spectrum of the signal. A
notch lifter, as described in [14], was also applied to the
cepstrum to further reduce the harmonics by deleting
specific thamonics (i.e. harmonics in the cepstrum) due
to the rotation frequency, see Figure 3-a). One advantage
of this technique over the others is that it does not require
the signal resampling in the angular domain. Moreover,
as it is based on cepstrum analysis, the harmonics are not
set to zero but reduced to the order of the surrounding
values in the spectrum. The damping ratio of the modes
is slightly modified by the method by a certain amount
that can be determined and therefore canceled. The
phases cannot be directly obtained from inverse cepstrum
operation due to the nature of the measurement
(stationary signal phase cannot be unwrapped to a
continuous function of frequency; therefore the real
cepstrum is required instead of complex cepstrum).
However, as proposed in the paper, it is possible to keep
the original phase to reconstruct the signal in temporal
domain.
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Figure 3 : Illustration of the signal processing method

FRFs are then computed from the above described
signal processing method and from the excitation force,
see Figure 4. This force is calculated from the measured
control current based on a model, that have been
validated and updated with a dynamometer table during



previous experiments. To make modal identification
easier and to suppress noise residual, the magnitude and
phase of the FRFs are smoothed with a median filter, see
Figure 3-b).
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Figure 4 : Validation of the signal processing method
with hammer impact test

In order to validate the measurement and excitation
system as well as the signal processing method, FRF
were measured with standard hammer impact tests
performed at the tool tip. A hard hammer tip was used to
obtain the shaft modes. Another hammer impact test was
performed on the spindle housing with a high sensibility
accelerometer and a soft hammer tip to identify the
machine-tool modes. The results are presented in Figure
4. There is a good correlation between the high
frequency hammer impact test and the excitation device
measurements above 300Hz. The differences in lower
frequencies may come from nonlinearities in the
excitation forces computation model. The low frequency
hammer test shows good correlations in terms of
frequencies that validates the FRF measurement with the
electromagnetic excitation device.

4. Experimental Results

Results of the FRF measurement at the tool tip
location (d1l) are presented for the two industrial
spindles. Figure 5 displays the measured FRF at different
spindle speed for the Fischer MFW1709 spindle and
Figure 6 shows the measurement made on the Fischer
MFW2310 spindle. The two figures show different types
of variations of FRF with speed. The frequency of the
mode at about 1000Hz in Figure 6 is decreasing with
speed. The magnitude of the mode at 1800Hz in Figure 5
is increasing with speed whereas the mode at 1100Hz at
4000rpm is decreasing.

These results are consistent with those of previous
studies regarding the variation of spindle dynamic
behavior with spindle speed [2,3,7,8].
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Figure 5 : Variation of FRF at sensor d1 with speed for

MFW1709 spindle
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Figure 6 : Variation of FRF at sensor d1 with speed for
MFW2310 spindle

Mode coupling is also visible between 600Hz and
800Hz in the MFW1709 measurement and between
800Hz and 1100Hz in the MFW2310 measurement
above 15000rpm. The difference in frequencies observed
between the two experiments illustrates the close link
between dynamic behavior and design of the spindles.

5. Discussion
5.1 Distinction of machine tool and spindle modes
This section focuses on the observations of the
MFW1709 spindle. Measurement with multiples sensors
at different positions enables the highlight of several
aspects like the identification of machine tool modes.
The second displacement sensor (d2) is mounted in a
specific support fixed to the spindle housing. It measures
the relative displacement between the shaft and the
spindle housing. Therefore, the displacement induced by
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Figure 7 : Frequency Response Function measured at the tool tip (d1) for different spindle speed
(MFW17009 spindle, X direction)
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Figure 8 : Frequency Response Function measured from spindle housing (d2) for different spindle speed
(MFW1709 spindle, X direction)

the vibrations of the machine tool is not measured.
Figure 7 and Figure 8 show the FRF measured by the
sensor (d1) and respectively (d2). Three peaks at 100,
190 and 210Hz can be clearly identified on the
measurement of the displacement (d1) and are negligible
on the measurement of the displacement (d2).

A mode due to the shaft dynamic is observed at
650Hz at 4000rpm on both sensors. As the speed
increases, the frequency of the mode is decreasing due to
the dynamic effects in the bearings that reduce their
stiffness. Another mode is visible only on the (d2)
measurement at 900Hz. It is also influenced by the
dynamics effects of the spindle as the amplitude is
decreasing with spindle speed. The measurement with
two displacement sensors fixed on a different position
allows the highlight of the shaft modes.

5.2 Impact of radial direction

Measurements have been performed in both X and Y
directions with sensors mounted on the same direction as
the excitation force. Figure 9 shows the FRF at the tool
tip (dl) in the Y direction. Machine-tool modes have
been identified and correspond to the peaks at 150, 200
and 300Hz (100, 190 and 210Hz in the X direction).
These modes have smaller amplitudes and are at higher
frequency than in the X direction which is consistent
with the machine tool design. Indeed the Y direction is
stiffer. Moreover, it reveals a coupling of the spindle
dominant mode (at 650Hz) with the machine-tool
dynamic. Indeed, the compliance of the dominant mode
is lower in the Y direction. At 4000rpm the compliance is
0.12um/N in the Y direction and 0.18um/N in the X



direction (whereas both radial stiffness of the shaft are
identical). Machine tool structure has therefore an effect
on the spindle compliance.
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Figure 9 : FRF measured at the tool tip (d1) in the Y
direction (MFW1709 spindle)

5.3 Accelerometer measurements

The data from the accelerometer measurements
presented in Figure 10 and Figure 11 bring new
information especially at higher frequency were signal to
noise ratio is very low with the displacement sensors.
Between 3000 and 4000Hz at the lower speed, two
modes are noticeable on the accelerometer results. The
amplitude and the frequency vary with spindle speed
suggesting that the related modes are subject to spindle
dynamic effects. A similar mode is observed at about
4500Hz on the two figures. The shaft modes observed
with the displacement sensors at 650Hz for example are
still visible with the accelerometers as well as some
machine tool modes below 300Hz.
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Figure 10: FRF from accelerometer measurements at
front bearing (MFW1709 spindle, X direction)
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Figure 11 : FRF from accelerometer measurements at
rear bearing (MFW1709 spindle, X direction)

Accelerometers are placed on the spindle housing at
both the front and rear bearing positions. These locations
may help the characterization of the joint between the
shaft and the spindle housing. It might also provide
helpful data to study the modes shapes as bearing
positions are often nodes of certain modes.

Further investigations will be done including a
numerical model of the spindle in order to precisely
identify the variations of modes and couplings with
speed.

6. Conclusion

An experimental investigation of the dynamic
behavior of two industrial HSM spindles with different
design has been carried out. A specific non-contact
excitation device based on two opposite sets electro-
magnet has been developed in our lab to perform in
rotation FRF measurement with a swept sine excitation.
Results have been obtained from the spindles rotating
until 24000rpm in both X and Y directions. The obtained
responses have been validated with hammer impact tests
performed between the same two points. Harmonics
removal on signals has been performed with a cepstral
domain based method. Besides, it reduced the noise on
the spectrum effectively without having to resample the
signal in the angular domain. The analysis of the results
reveals interesting variations of modes frequency and
modes coupling with speed. The comparison between the
two industrial spindles showed that design has an
influence on the dynamic behavior evolutions with
speed. The use of multiple sensors enabled specific
observations, like the distinction between machine tool
modes and spindle modes. Higher frequency modes
could be observed with the use of accelerometer that also
brings new information for the study of mode shapes.
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