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Abstract. The automatic detection of the vibration signature of rotat-
ing parts of an aircraft engine is considered. This paper introduces an
algorithm that takes into account the variation over time of the level of
detection of orders, i.e. vibrations ate multiples of the rotating speed.
The detection level over time at a specific order are gathered in a so-
called trajectory. It is shown that clustering the trajectories to classify
them into detected and non-detected orders improves the robustness to
noise and other external conditions, compared to a traditional statistical
signal detection by an hypothesis test. The algorithms are illustrated in
real aircraft engine data.

1 Introduction

We tackle the issue of monitoring the behavior of an aircraft engine from the
point of view of measured vibrations. Indeed, abnormal level or odd pattern of
vibrations may be the consequence of mechanical or sensor malfunction, both of
dramatic importance for engine manufacturers and airline operators.

More precisely this work focuses on the detection of the signature of specific
parts of a turbofan engine (the fans), whose vibration levels are modelled as
vibration trajectories, i.e. as the amount of vibration of a given fan with respect
to time. The trajectories are then clustered thanks to standard clustering al-
gorithms. The obtained clusters gather all trajectories that correspond to fans
whose vibratory signature is present in the data.

Section 2l gives a more thorough introduction to the problem. In Section [l the
algorithms are presented. Results are discussed in Section [l while conclusion
and perspectives are sketched in Section [6

2 Problem Description

A turbofan whose structure is presented by Fig. [l is considered. Air from the
outside enters an intake, then is successively compressed by the low-pressure (LP)
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Fig.1. Turbofan engine. Simplified diagram of fan, low-pressure and high-pressure
compressors and turbines attached to their respective shafts.

and high-pressure (HP) compressors. Compressed air passes to a combustion
chamber, where it is mixed with fuel and burnt. Both compressors are powered
by turbines located at the rear of the engine, which transmit their energy to the
compressors through two contra-rotating shafts, the low-pressure (LP) shaft and
the high-pressure (HP) shaft.

Although turbofan condition monitoring can be achieved in various ways, we
take the stand to focus on vibrations monitoring in this work. Two accelerom-
eters provide vibration measurements at a constant 51 kHz frequency. Since
compressors and turbines are fan-like components made of a varying number
of blades mounted on the shafts, it is expected that their motion entails vi-
brations at frequencies which are multiples of shaft speeds. Although this is a
strong simplification of the overall vibratory behavior of a bladed disk mounted
on a rotor [I], it allows an efficient detection of malfunction and damages, given
the low quantity of available information (two vibration sensors). Vibration pat-
terns corresponding to multiples of shaft speed are known as “orders” in the
engineering field.

Moreover, vibrations signals are usually processed not in the time-domain, but
in the frequency [2] or in the time-frequency domain [3], 15.6]. When the rotation
speed of the engine is constant, vibration signals can be considered as stationary,
and the classical Fourier transform is sufficient. However when the rotation speed
is varying, signals are non-stationary and the spectrogram or more advanced time-
frequency distributions might be of some help. Examples of a Fourier transform
and a spectrogram on a vibration signal are given in Fig.2l(a,b).

In addition to accelerometers, the sensors give an approximation of both shaft
velocities. Since many mechanical parts of the engine rotate at a speed multiple
of these shafts speeds (compressors and turbines for example), we can anticipate
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Fig. 2. Vibration analysis of accelerometric data: (a) in the frequency domain with the
Discrete Fourier Transform; (b) in the time-frequency domain with the spectrogram;
(c) idealized signature of fan-like mechanical part in accelerometer data. An unknown
signature in the spectogram and an expected signature at 36 times the frequency of
LP shaft superpose.

the position of their signature in the frequency or time-frequency domain, as
illustrated in Fig. [X(c) where an unknown signature in the spectrogram and an
expected signature superpose at a particular order.

As we can notice from Fig. [2(b), the signature is embedded in noise. For spe-
cific orders, it remains clearly visible whereas for others it vanishes. Furthermore,
there is a potentially large number of orders. For both reasons, order detection
is most of the time the task of an expert. Automatic detection would hence
accelerate the process, and relieve the expert of this daunting task.

Several difficulties arise when considering the issue of automatic detection of
orders in vibration data. First, as already mentioned, the signal is noisy. Second,
the magnitude of vibration of the orders is a function of the excitation. The latter
is a direct function of the shafts speeds. Indeed, the fans behave as mechanical
parts that are excited and resonate for specific frequencies only. Consequently,
if we examine a sufficiently long recording, the orders will appear with varying
magnitude along time. The frequency response of rotating machines is classi-
cally summarized in Campbell diagrams where the experimentallyﬁ measured

! Such diagrams can be drawn from analytical models as well, if the eigenfrequencies
can be computed.
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Fig. 3. Idealized diagram of trajectories clustering

vibration response spectrum appear as a function of the rotation speed of the
shaft. If we suppose that the underlying shaft rotation speed follows a regu-
lar enough time pattern, then there should be some degree of continuity in the
vibration magnitude of the orders.

Admitting that signals are split into a finite number of windows for compu-
tational reasons, we propose to consider vibration magnitude trajectories, where
to each time window corresponds a robust measure of the vibration magnitude
at a given order, for a selected shaft. This needs to be done systematically since
we ignore whether a given order k£ of LP or HP shaft is visible for a specific
regime. At the end, a large number of trajectories will be available, which we
propose to cluster thanks to dedicated algorithms in order to segregate those
who correspond to orders that are present in the data from those who do not.
This is summarized by Fig[3l The expected outcome of this algorithm is thus a
cluster of trajectories that correspond to what the expert would have singled-out
as orders that are actually present in the recordings.

Related works are given a quick review in Section Bl while a detailed pre-
sentation of available data is given in Section Il The proposed method is dis-
cussed in Section Canonical signal processing detection procedures in the
case of partially unknown sine wave are evoked in Section 3] for benchmarking
purposes.

3 Related Work

This work addresses the problem of feature detection, where the features are the
vibration signatures of bladed disks that compose compressors and turbines of
an aircraft engine.

It is intended to be part of a Condition Based Monitoring (CBM) framework.
CBM for industrial machines has been attracting increasing attention over the
years in both academic and industrial areas. According to [4] it consists in four
main steps: data acquisition, feature extraction, feature selection, and decision-
making. The first two steps rely on mechanical modeling or rotor dynamics [5],
noise and vibration phenomena in rotating machines [6/4] and data analysis
[7]. The latter builds on the general tools and methods developped in signal
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processing [8I3], statistical signal estimation and detection [QUI0ITI], learning
theory, change detection [12], fault detection and isolation [I3].

Aircraft CBM deals with many problems such as structural health monitor-
ing. It treats engine health monitoring (EHM) as a special case [T4/15]. As a
subtopic of EHM, vibrations monitoring in engines addresses the following is-
sues: rotor/stator contact [16], rotor unbalance, blade defects [I7], bearing [18§]
and gearings defects [19]. Another important topic is order tracking, i.e. the
precise estimation of the frequency and amplitude of a periodic signal whose
leading frequency is varying in time. This may involve data resampling in the
case of rotating machines [20021], non-parametric time frequency methods such
as the Gabor transform [22] or parametric methods such as the Vold-Kalman fil-
ter [23I24], that models the vibrating machine and use estimation tools to track
the frequencies and amplitudes of orders.

When features have been extracted, decisions can be made, such as change
(or novelty) detection. The decision concerning the health of the engine is either
taken from a statistical viewpoint [25]12], or can derive from learning techniques
such as neural networks [26127].

In this work the aim is not to detect an anomaly, but a normal bladed disk
signal. Up to our knowledge, there is no example of such order detection in the
litterature. The case of novelty or abrupt change detection in engine have been
covered, as well as feature extraction for many particular mechanical parts, but
not for bladed disks in turbines and compressors. The works dedicated to these
parts aim at estimating their rotation speed, amplitude and phase, but not to
detect their presence. In the following we show that classical tools such as sine
wave detection and unsupervised clustering enable us to tackle this issue.

4 Methods and Data

4.1 Data

The recordings under study were provided by the Health Monitoring Department
of SNECMAH and correspond to a dual-shaft turbofan mounted on a testbench,
that undergoes a continuous acceleration during several minutes. They include
raw vibration outputs of an accelerometer sampled at 51kHz, as well as LP and
HP shaft angular velocity computed from raw keyphasor data and sampled at
6.25 Hz. Sample time series are plotted in Fig. [l

4.2 Clustering Contrast Trajectories for Order Detection

First we give a precise meaning to what was termed “vibration magnitude tra-
jectory” in Section Bl Conforming to current practice in the field of vibration
monitoring for rotating machine, we choose a classical time-frequency repre-
sentation, the Discrete Gabor Transform (DGT) [22], which is a special kind
of Discrete Short-Time Fourier Transform [828]. The representation of a given
vibratory signal is a matrix, indexed in both time and frequency.

% http://www.snecma. fr
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Fig. 4. (a) Raw accelerometric data; (b) LP shaft angular velocity in rpm

720 f
¢ _—
v

DGT
Statistical preprocessing
¢ (modulus, log, centering)
¢ v
Time- Geometric preprocessing
Frequency (flattening)
Transform v
t f m
Y "
K v
N1 fk,N1 estimation , Masking | Average along time axis |

Y

v
f ' ml':|M
v

t | Contrast c=M-m |

(a) (b)

magnitude

Fig.5. (a) Order masking takes as its inputs the vibratory signal, a specific order
integer k and the shaft rotation speed N1 or Na. The expected main frequency is
fr,~v,, and the region that surrounds ths central frequency has a fixed user-defined
width ; (b) contrast.

As stated earlier, we focus on the signature of “orders”, produced by the
bladed disks that compose the compressors and turbines. Their simplified sig-
nature in the time-frequency domain has been illustrated by Fig. 2l(c). We write
G(t,v) the complex-valued time-frequency transform at discrete time ¢ and dis-
crete frequency v. Since we know approximately the frequency of an order from
the choice of an integer number (the order) and the estimation of the shaft speed,
we can build a region in the time-frequency plane in which we expect the order
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signature to appear, if it is present in vibratory data. This operation is called
masking and is illustrated in Fig. Bla).

Then, having focused on a specific order, we still need to compute a measure of
magnitude for that order. Several statistical preprocessing steps (computation
of the modulus, of the logarithm, then centering and scaling of the data) are
followed by a geometric flattening of the signature as shown in Fig. B(b). We call
G'(t,v) the resulting quantity. Finally the flattened signature is time-average,
then the contrast function is computed.

W, G(v) = ; S Gt v) (1)
ck(n) = max Gv) — myin G(v) (2)

where k and n are respectively the order and the window indices, T is the length
of the time window, and ¢; and ¢y are respectively the start and end of that time
window.

Secondly, we describe the trajectory clustering algorithm announced in 2
The previous masking step returns a contrast value for each order k in a user-
defined range [k1, k2|, and for each window n < N that divides the full vibration
recording. Hence for each order k we get an ordered set of scalar real-valued
contrasts Ty, = {ci(1),...,cx(IN)} indexed by the order k. This set T is what
we call a trajectory. We then propose to cluster it into a fixed number C' = 3 of
clusters, with the k-means algorithm. The whole procedure is illustrated in Fig.[6l

Clustering trajectories is a way to classify them into classes, corresponding
respectively to orders that are detected, not detected, and a possible intermedi-
ate, ambiguous classes. One could argue that if an order k is effectively present
in the recordings, any contrast cx(n) belonging to T should be high, allowing a
detection on each time window n. However, one has to take into account the fact
that the vibratory signals are extremely noisy. Splitting into windows is thus a
way to expect an improved detection robustness in some windows. Averaging
the detection hits over the windows could then improve the detection results,
compared to a single detection (over one window or the whole signal).

Still, this average would completely lose the temporal correlation between
orders. Indeed it is naturally expected that at some engine speeds (corresponding
to some of the windows), all or most of the orders will be hardly detected (either
because a large part of the engine will be less subject to vibrations, or because
the latter will be polluted by higher noise). It is therefore of primary importance
to take into account the longitudinal aspect of the detections at various orders,
i.e. the temporal correlation. This is the justification for the original use of
trajectories in this work.

In Section we summarize classical results relevant to our problem in the
field of statistical signal detection, in order to assess the performance of the
proposed method.
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4.3 Statistical Signal Detection Method

From the point of view of classical statistical signal detection theory [QTOJIT],
the problem formulated in Section [ is an instance of the detection of a deter-
ministic sine wave in noise, with unknown parameters [9, 7.6.2]. Indeed, with
the simplifying hypotheses stated in Section[2] the compressor and turbine disk
blades whose signature is under study are seen as curves in the time-frequency
plane, i.e. as sine waves with slowly varying leading frequency. On time win-
dows where the frequency can be considered as constant, this sine wave can be
parametrized as follows:

s(i) = Acos(2m fi + ¢) (3)

where A is the amplitude, i the time instant, f the frequency and ¢ the phase
difference. Apart from this wave the signal contains a vast amount of other deter-
ministic or random contributions which we call “noise” since they are irrelevant
to the purpose of detecting a given order of a specific shaft. The detection of the
sine wave in the noise is formalized as the following hypothesis test:

Ho : 220(i) = w(i) Vie[0,I-1]
Hy:220(8) = w(i) + Acos(2mfi+ ¢) Vi€ [0,1 —1]

where 220 is the accelerometric signal, w(4) is the noise term. It should be noted
that, while the frequency f is approximately known, the amplitude A and phase
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difference ¢ are unknown to the observer. Under noise normality and indepen-
dence hypotheses that diserve further discussion, this hypothesis test is amenable
to analytic treatment under the Generalized Likelihood Ratio Test framework.
Since this material is standard, we merely state the corresponding results, which
are given proper development in classical textbooks (see for example [9, 7.6.2]):

— the decision rule is written I(fy) 2%; v, where the decision statistics is
1(fo), the value of the periodogram evaluated at target frequency fo which
can be approximated by Discrete Fourier Transform. +' is the detection
threshold. ,

— the false alarm probability is a = exp ( — ;’2), where o is the standard
deviation of the noise, supposedly known. Usually « takes a fixed user-defined
value such as « = 1% so that the value of the detection threshold 7/ can be
easily derived.

— the performance of this test is quantified by the power 7 of the test, whose
analytic expression can be computed.

With these results, we can build a sine wave detector. Given a vibratory time
series and a few contextual parameters such as the noise variance, the detector
will accept or reject hypothesis Hy depending if the signal is composed of noise
or if an order is present in the signal. Note that several improvements over this
standard procedure should be made, because the estimated noise does not respect
exactly the white noise hypothesis. For example, the energy is not homogenous
in the frequency spectrum. Consequently we divide the frequency spectrum into
bins and perform the above detection separately in each bin. In Section [ we
compare the results with those elicited by the clustering algorithm.

5 Results

We first illustrate the computation of the contrast function defined in Section[£.2]
The first steps depicted by Fig. Bl are the statistical and geometric preprocessing
steps. Fig[f{a) shows the resulting preprocessed time-frequency transforms for
six chosen orders of the HP shaft. Three orders (38,53,68) correspond to the
number of blades of three bladed disks belonging to the compressor, therefore
we expect the corresponding signatures to be present in vibration signals. Three
ordrers (20,90,100) were selected because no significant vibratory activity is ex-
pected. In Figlf(a) thick lines appear clearly in the first three cases, whereas
no specific pattern except the background noise can be noticed in the last three
cases. Time averaged values of the time-frequency transforms are plotted in
Fig.[f(b), as well as their peak value in Fig.[{(c). The latter clearly shows that
peak values are higher for orders 38, 53, 68 that correspond to actual mechanical
rotating parts.

Secondly we comment on the contrast trajectory clusters that are found out
by the clustering algorithm mentioned in Fig.[6l The number of clusters was set
to C' = 3. Results are shown in Fig. B(a). The first cluster gathers trajectories
with high mean value over the window range, that increases at the beginning,
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Fig.7. Contrasts of orders 38,53,68,20,90,100 of HP-shaft N2: (a) DGT after prepro-
cessing; (b) mean DGT along time axis; (c) contrasts

decreases at the end, and experiences a sudden decrease at window index 6. In
the second one, trajectories are flat and have low mean value. The third cluster
mixes different types of trajectories that have an average intermediate value.
In first approximation, only the trajectories in cluster 1 are meaningful to the
detection task.

In order to assess the significance of results, we use prior mechanical infor-
mation. Indeed, the number of blades that compose the compressor and turbine
mounted on HP shaft is known. Because of many mechanical factors it is not cer-
tain whether or not each bladed disk will have a noticeable vibratory activity, but
this information can be helpful for comparison purposes. In Fig.B(b), we plot the
composition of the clusters obtained above (indices 1 and 3), and compare it with
the cluster built with prior information which is given cluster label 0. Lastly, clus-
ters found by the statistical detection algorithm from Section [3] are labelled as
cluster D. We see that between orders 35 to 80 many orders are shared by clusters
0 and 1. This is true also for clusters 0 and D. However, clusters 2 and 3 show little
similarity with cluster 0. This is coherent with our initial expectation, stated at
the end of Section Pl In addition we remark that many low orders are detected
in cluster D. This could be explained by the fact that low frequencies bear more
energy that higher ones, as evidenced in Fig. [2(b). The clustering method is less
prone to overweigthing such orders because of the higher energy content in the low
orders area. Lastly the fact that orders not expected from mechanical knowledge
appear both in clusters 1 and D suggest that interesting information not provided
by naive mechanical data was actually discovered.
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Fig. 8. Comparison of clustering and classical detection results for 220 vibratory data:
(a) contrast vectors clustered by k-means with C' = 3 clusters; (b) composition matrix
for each cluster. Dark line with matrix coordinate 7, j means that order i belongs to
cluster j. Column 0 represents orders for which fan signature is expected from mechan-
ical knowledge. Columns 1 to 3 are produced by the clustering algorithm. Column D
is output by the statistical signal detection algorithm.
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Lastly we confirm quantitatively these observations. Mutual information [29]
is used here to measure the similarity between clusters. Setting cluster 0 as
the default one, we compute the mutual information between the corresponding
column of the composition matrix displayed in Fig.[§(b) and the other columuns.
What we expect is that self-information (i.e. the information between column 0
and itself) is high, while information between unrelated clusters such as 0 and 2
should be low. Moreover, mutual information between cluster pairs 0/1 and 0/D
should be between the self-information value, and the unrelated clusters value.
Indeed this is what we observe from Fig.[@ where the highest value corresponds
to cluster pairs 0/0, while cluster pair 0/1 and 0/D have high mutual information.
The negative value, which is theoretically meaningless, is a known limitation of
the estimation algorithm. Lastly, the mutual information for cluster pair 0/D is
lower than for cluster pair 0/1, which seems to indicate a higher performance of
the proposed algoritm.

-0.05 A

070 [VA] [V 073 07D
cluster pair

Fig. 9. Mutual information between pairs of clusters

The good results obtained by unsupervised clustering over signal-processing
algorithms are suprising at first mainly because additional knowledge is embed-
ded in the latter. Indeed, one needs to model the signal and the noise components
before deriving a decision algorithm. We suggest that the results of the signal
detection algorithm could be explained first by poor agreement between real
data and noise hypotheses. This should be examined in further experiments.

Nevertheless, it remains that in the clustering approach we take into account
the continuity of contrast values in time, which is a consequence of the continuity
of shafts rotation speeds as a function of time. This continuity remains unex-
ploited by the classical signal-detection algorithm, which iterates the decision
process over successive windows without relating them.

6 Conclusion and Perspectives

In this work we have tackled the issue of order detection, i.e. the discovery
of vibration patterns in noisy aircraft engine vibration signals. We proposed a
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contrast measure whose aim is to single out significant vibration patterns that
correspond to compressor and turbines mounted on the engine shafts. Then
a clustering algorithm is built, and compared to a statistical signal detection
procedure. We show with real data that the clustering method performs well,
and give quantitative measure of this performance. Future works will aim at:

— increasing the statistical significance by enlarging the database to several en-
gines, in both acceleration and deceleration situations. Theoretical properties
of the estimators of contrast, and of mutual information could be studied
as well.

— improving the signal detection algorithm, for example by considering exten-
sion to colored noise situation. In addition the continuity from one window
to the following could be used.

— merging the decisions from both methods.

— refining the clustering, mainly the interpretation of the intermediate cluster.

— assessing the continuity hypothesis and using it as prior for clustering, from
the knowledge of theoretical Campbell diagrams.

Acknowledgements

We thank division YY of Snecma for providing us with vibrations data, more
particularly S. Blanchard and J. Griffaton.

We also thank E. Come for suggesting to compute similarity measure between
clusters with mutual information.

Discrete Gabor Transform is computed thanks to the LTFAT library [30],
available at http://1tfat.sourceforge.net/.

Mutual information is computed thanks to code made publicly available by
Kraskov at http://www.klab.caltech.edu/~kraskov/MILCA/.

References

1. Bladh, R.: Efficient predictions of the vibratory response of mistuned bladed disks
by reduced order modeling. PhD thesis, University of Michigan (July 2001)

2. Braun, S.: Mechanical Signature Analysis: theory and Applications. Academic
Press, New York (1986)

3. Boashash, B.: Time-frequency signal analysis and processing - A comprehensive
reference. Elsevier, Amsterdam (2003)

4. Randall: State of art in monitoring rotating machinery - Part I. Sound and Vibra-
tion 38(3), 14-21 (2004)

5. Muszynska, A.: Rotordynamics. Taylor & Francis, Abington (2005)

6. Lyon, R.: Machinery Noise and Diagnostics. Butterworths, Boston (1987)

7. Peng, Z.K., Chu, F.L.: Application of the wavelet transform in machine condition
monitoring and fault diagnostics: a review with bibliography. Mechanical Systems
and Signal Processing 18(2), 199-221 (2004)

8. Mallat, S.: Une exploration des signaux en ondelettes. Publications Ecole Poly-
technique (2000)

9. Kay, S.: Fundamentals of statistical signal processing: detection theory. Prentice-
Hall, Englewood Cliffs (1998)


http://ltfat.sourceforge.net/
http://www.klab.caltech.edu/~kraskov/MILCA/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Trajectory Clustering for Vibration Detection in Aircraft Engines 375

Poor, H.: An introduction to signal detection and estimation, 2nd edn. Springer,
Berlin (1994)

Van Trees, H.: Detection, estimation, and modulation theory-Part 1. John Wiley
and Sons, Chichester (2001)

Basseville, M., Nikiforov, [.V.: Detection of abrupt changes: theory and application.
Prentice-Hall, Englewood Cliffs (1993)

Gertler, J.: Fault detection and diagnosis in engineering systems. CRC Press, Boca
Raton (1998)

Tumer, 1., Bajwa, A.: A survey of aircraft engine health monitoring systems. In:
35th Joint Propulsion Conference. ATAA (June 1999)

Jaw, L.C., Mattingly, J.D.: Aircraft Engine Controls: Design, System Analysis, and
Health Monitoring. ATAA Education Series (2009)

Peng, Z.K., Chu, F.L., Tse, P.W.: Detection of the rubbing-caused impacts for
rotor-stator fault diagnosis using reassigned scalogram. Mechanical Systems and
Signal Processing 19(2), 391-409 (2005)

Kharyton, V.: Fault detection of blades in blades ov an aviation engines in opera-
tion. PhD thesis, Ecole Centrale de Lyon (2009)

Orsagh, R., Sheldon, J., Klenke, C.: Prognostics/diagnostics for gas turbine engine
bearings. In: Proceedings of IEEE Aerospace Conference (2003)

Wang, W., Ismail, F., Golnaraghi, M.: Assessment of gear damage monitoring
techniques using vibration measurements. Mechanical Systems and Signal Pro-
cessing 15(5), 905-922 (2001)

Potter, R., Gribler, M.: Computed order tracking obsoletes older methods. In:
Proceedings of SAE Noise and Vibration Conference, pp. 63-67 (1989)

Fyfe, K.R., Munck, E.D.S.: Analysis of computed order tracking. Mechanical Sys-
tems and Signal Processing 11(2), 187-205 (1997)

Qian, S.: Gabor expansion for order tracking. Sound and Vibration 37(6), 18-22
(2003)

Vold, H., Leuridan, J.: Resolution order tracking at extreme slow rates, using
Kalman tracking filters. In: Proc. SAE Noise and Vibration Conference, Traverse
City, MI (1993)

Pan, M.C., Lin, Y.F.: Further exploration of Vold-Kalman-filtering order tracking
with shaft-speed information-i: Theoretical part, numerical implementation and
parameter investigations. Mechanical Systems and Signal Processing 20, 1134-1154
(2006)

Basseville, M., Le Vey, G.: Analyse et surveillance vibratoire d’'une machine en
rotation. In: Bensoussan, A., Lions, J., Thoma, M., Wyner, A. (eds.) Analysis and
Optimization of Systems. LNCIS, vol. 111. Springer, Heidelberg (1988)

Ypma, A.: Learning methods for machine vibration analysis and health monitoring.
PhD thesis, Technische Universiteit Delft (2001)

Staszewski, W., Worden, K.: Signal processing for damage detection. In:
Staszewski, W., Boller, C., Tomlinson, G.R. (eds.) Health Monitoring of Aerospace
Structures: Smart Sensor Technologies and Signal Processing. Wiley, Chichester
(2004)

Feichtinger, H., Strohmer, T.: Gabor analysis and algorithms: theory and applica-
tions. Birkhauser, Boston (1998)

Kraskov, A.; Stogbauer, H., Grassberger, P.: Estimating mutual information. Phys.
Rev. E 69(6) (2004)

Sendergaard, P.: Finite Discrete Gabor Analysis. PhD thesis, Institut for Matem-
atik - DTU (2007)



	Trajectory Clustering for Vibration Detection in Aircraft Engines
	Introduction
	Problem Description
	Related Work
	Methods and Data
	Data
	Clustering Contrast Trajectories for Order Detection
	Statistical Signal Detection Method

	Results
	Conclusion and Perspectives
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




