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simulation and experiment. Furthermore, the theory in Section II
was found to be supported by the failure of AMB RD-M to
predict in SLS and to detect during operation the mechanical
resonances. In the following, the details of the measurements
are discussed.

For the validation of the proposed theory and methods, the
frequency range was defined to cover frequencies up to twice
the rotational frequency (excitation order EO = 2) at a maxi-
mum test-system speed of Ωmax = 23 k r/min (383 rev/s), i.e.,
0–800 Hz. This was done to cover the range, where the main
excitations occur during rotating operation, as for higher EOs
the excitation magnitude drops. In electric machines, due to
the nonideal field shapes, higher harmonics also occur in the
magnetic forces and lead to higher order excitations, as shown
in, e.g., [26]. For the acoustic measurements, the sound pressure
levels provided are normalized pressures prel, which by normal-
ization with p0 = 20 μPa, (calibrated at 400 Hz with testo 816-1
sound pressure level measurement unit, testo SE & Co. KGaA,
Lenzkirch, Germany). For the discrete DF-E, an amplitude of
400 mA was superimposed on the reference bearing current
ib,ref .

The prediction of mechanical resonances with acoustic dis-
crete DF-ER in SLS in Fig. 7(a) shows distinct peaks. They are
validated twice as mechanical resonances, once with mechanical
eigenmodes obtained by 3D FEM modal analysis in Fig. 7(a),
and another with the speed ramp-up in Fig. 7(c).

The acoustic noise DF-ER in Fig. 7(b) and the discrete one
in Fig. 7(a) show the same SV-spectrum profile with very good
agreement. The noise DF-ER signal is two orders of magnitude
weaker, but does not show less information content, i.e., similar
information from discrete DF-ER can be obtained by noise
DF-ER. It further confirms the cause–effect chain in Fig. 4.
This similarity means that the same double validation as for the
discrete DF-ER applies similarly for this noise-based method.

The validation experiment in Fig. 7(c) is a speed ramp-up from
0 to 23 k r/min. The same procedure as for the discrete DF-ER
was used for evaluation, but instead of artificial excitation, the
natural excitations due to speed ramp-up operation were present.
Simultaneously, both EO = 1 and EO = 2 were evaluated for
each rotational speedΩ. Deviations in magnitude compared with
the discrete and noise DF-ER were expected due to the different
nature of excitation. Vibration modes with natural frequencies
higher than the maximum rotational frequency of the rotor are
excited by the excitations with EO = 2 during the run-up, and
these peaks also agree with the acoustic predictions in SLS [see
Fig. 7(a) and (b)].

The acoustic predictions in SLS and speed ramp-up validation
experiment are further compared with the AMB internal discrete
DF-ER in SLS shown in Fig. 7(d). Neither the maximum or
average rotor displacement (|x|max and |x|avg) nor the measured
bearing currents (maximum and average magnitude of bearing
current space vector |ib|max and |ib|avg) show distinct resonance
peaks corresponding to the validation experiment in Fig. 7(c).
Only in the region of the AMB-rotor mkd-self-resonances in
Fig. 7(f), large peaks in the measured rotor position |xr| are
found. Slightly above these resonances, the LPF characteristic of

the AMB becomes apparent with decreasing rotor displacements
in accordance with the theory in Section II.

Also during speed ramp-up no signs of mechanical resonance-
induced peaks were found in the AMB internal RD-M and bear-
ing currents shown in Fig. 7(e). Above its resonance frequency,
the AMB becomes self-centering. Geometric rotor asymme-
tries are still perceived (< 50μm for this test-system) due to
the high position sensor bandwidth. Force rejection methods,
as summarized in [3] and [38], allow the position sensors
to ignore those supposed oscillations and let the rotor rotate
around its principal axis of inertia, explaining the asymptotically
reached rotor deflection offset. In accordance with the theory in
Section II, the AMB failed to detect the mechanical resonances
occurring during operation.

Summarizing, the theoretical considerations in Section II
are confirmed experimentally. Both acoustic methods that were
introduced to predict mechanical resonances in SLS were suc-
cessfully validated with 3D-FEM modal analysis and experi-
mentally, whereas as expected the AMB RD-M failed to achieve
that prediction.

V. ACOUSTIC FAILURE PREDICTION AT STANDSTILL

In Section IV, it was shown that both proposed acoustic
DF-ER methods can provide a SV-spectrum. A healthy system
possesses a certain characteristic SV-spectrum. It can, therefore,
serve as a reference, against which condition monitoring can
be done. Faults that result in a change in the SV-spectrum due
to, e.g., change in stiffnesses, damping, mass distributions, or
excitation transmission change can therefore be detected. In
the following, this capability is exemplary demonstrated with
three application case studies. By means of the two acoustic
methods presented in this article, it is possible to detect such
a system fault acoustically even in SLS before the speed is
ramped up, i.e., predict a potential system failure before it can
occur.

A. Application Case Study 1: Mechanical Resonance
Speed Ranges

Both noise and discrete DF-ER prediction of the SV-spectrum
are used to identify mechanical resonance speed ranges. These
speed ranges should be excluded from continuous operation due
to excessive mechanical vibrations. They are shown in Fig. 7(b).
It should be noted, however, that resonance frequencies that do
not originate from the stationary structure but from the rotor can
deviate from the value identified at SLS with increasing speed
due to gyroscopic effects.

B. Application Case Study 2: Lost AMB Mounting
Screws

Three out of four fastening screws of one AMB were removed,
which represents a severe fault with system failure potential.
The fault resulted in a change in the SV-spectrum. The acoustic
discrete DF-ER in SLS is shown in Fig. 8(a) in healthy, and in
Fig. 8(b), in damaged condition. Fig. 8(c) shows the acoustic
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Fig. 8. Acoustic failure risk prediction: comparison of the acoustic DF-ERs between a healthy state and a damaged state with three missing
SBM mounting screws. Acoustic discrete DF-ER is shown in (a) for the healthy system condition and (b) in the damaged state with main spectral
changes indicated. (c) Acoustic noise DF-ER in the healthy state, and (d) in a damaged condition with main spectral changes. Significant amplitude
differences in the SV-spectrum are evident in the acoustic responses. (e) AMB RD-M of the discrete DF-ER in the healthy and damaged states.
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(a)

(b)

(c)

Fig. 9. (a) Spectrogram of noise DF-ER of repeated wrench placement
on the test-system at SLS, with an indication of the normal system
without wrench (N) and with wrench (W). (b) Difference of noise DF-ERs
with and without wrench at SLS. (c) RD-M of discrete DF-ER with and
without wrench.

noise DF-ER in SLS in healthy condition, and in Fig. 8(d)
in damaged condition. Significant amplitude differences in the
SV-spectra are evident for both acoustic predictions and are in-
dicated. The corresponding acoustic responses for both methods
for the same system condition match well, i.e., both are capable
of predicting the system fault at SLS already. The lost stiffness
due to the missing screws leads to increased vibration amplitude
in the RD-M. However, changes in the SV-spectrum are not
unveiled by RD-M. While a fault close to the RD-M location
can be detected by RD-M, as the next case study shows, more
remote faults cannot be detected by RD-M, but with the acoustic
methods.

C. Application Case Study 3: Forgotten Maintenance
Tool

To show the higher sensitivity of the proposed acoustic meth-
ods compared with the AMB RD-M with increasing distance to
the RD-M sensing location, a case is shown exemplary, where
the acoustic noise-based method can detect the presence of a
forgotten maintenance wrench lying on the test-system. The
spectrogram in Fig. 9(a) shows the spectral difference when
the wrench is placed (W) compared with when it is not (N).
It was placed four times and removed four times, which is
clearly visible in the presented spectrogram. Fig. 9(b) shows
the difference in the noise DF-ER between these two cases. The

SV-spectrum changes in Fig. 9(a) are identified in Fig. 9(b) in the
form of nonsymmetric difference peaks, which differ from the
symmetric peaks due to noisy signals. The noise DF-ER method
is accordingly sensitive enough to detect a wrench placed on the
test-system already in SLS. The AMB RD-M shows in Fig. 9(c)
no signs of detection of the differences. In accordance with the
presented theory in this article, it does not correlate with the
SV-spectrum.

VI. CONCLUSION

In this article, it was shown with theory and experimen-
tally that RD-M fails to adequately measure mechanical res-
onances of AMB systems. Two novel acoustic DF-ER methods
to predict the SV spectrum already in SLS were presented.
They were further validated with 3D-FEM modal analysis
and experimental ramp-up of the rotor speed. Three applica-
tion case studies were presented: identification of mechanical
resonance speed ranges already at SLS, detection of missing
AMB mounting screws, and detection of a forgotten mainte-
nance tool lying on the test-system housing. System failure
risks can, therefore, be predicted safely before rotor speed is
ramped-up. The fast measurement procedure, in the case of
the natural noise response, even instantaneous feedback, allows
for future live trial-and-error system optimization, e.g., adding
dampers or stiffening elements, with quantifiable evaluation of
the applied measures. The demonstrated capability for condi-
tion monitoring may be used in the future to capture acoustic
“fingerprints” of industrial AMB systems, and their condition
monitoring. Future applications may combine the presented
methods with data-processing methods including machine
learning.
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