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I Why health monitoring ?

Did you take your
health monitoring ?

/

L
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I_Issues and Challenges

sImprove user safety

*Optimize the operational reliability of the product
*The aircraft departs on time, arrives at the designated location on time
*Reduction of operational events and unplanned maintenance operations

*Optimize maintenance operations
*Reduce downtime
*Reduce maintenance costs
*Ensure product usage tracking
*Quickly isolate defects

Say VROOMMM
!

*Build customer loyalty
«Offer high value-added services
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I_ Health Monitoring principle

Acquisition Signal processing Decision

Indicators
Measurement

Knowledge of

the system
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Vibration analysis is a well established
technology

v Non-intrusive nature
v Easy implementation and instrumentation
v Allows incipient fault detection

Main bloc of a vibration analysis

v Acquisition (accelerometers, microphones,
encoders, etc.)

v Signal processing (de-noising, filtering,
transformation, etc.)

v" Fault diagnosis through frequency
signature analysis

S SAFRAN



IS_quared Enveloppe Spectrum (SES)
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Fig. F-24 Fault Detector Frequency Spectrum, 50 1lb. Thrust, 6000 rpm, Pitted
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I Squared Envelope Spectrum and Cyclostationarity Relationship (R.B Randall 2001, MSSP)

To see this, let us define M., () as the spectrum obtained after integrating S, («, /) along

, that is,
f Mxx(a) = J.R Sxx(asf) df

Syx(0,f) dens_ité
surfacique

w2 w2 . . .
M., (=) :J lim %J f Co(t,1)e 2V qrdrdf = lim L j C..(t,00e”2™ds.  Cyclostationarity approach
R W-w

-W/2 W oo -Wi2

Cx(t,0) = E{|x()|*} X(a) = f |2(D)]2e~ 2 dt Squared Envelope Spectrum approach
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I?yclostationarity in bearings

Faulty Bearings emit specific vibrations
*  When fault surface meet another surface ‘ '
* Ashock is generated => transient waveform
* Periodic patterns due to the rotation motion

Fault type and location can affect their
v frequency content
v' energy and shape
v Statistical nature

Challenges

v Jitter phenomenon (rolling element slip)
v' Deviation of bearing frequency (cage slip)

v Interference of other periodic/harmonic
components (gears, shafts, turbines, etc.)
T+,

x(t) = Z A;s(t —iT — ;) + n(t)
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I Cyclostationary models in mechanical systems

* Cyclostationary signals are random processes whose structure comprises
some hidden periodicity

Px (X1, o X3 01 .. 0p) = Dy (Xq, . X501 + 0 .0, + O)

*  The cyclostationary framework describes well machine signals

»  First-order cyclostationarity (CS1)
v"Includes shaft imbalances, misalignments, fans, gears, and some bearings
v' Defined by the periodicity of the first-order moment:

My (6)=E{x(6)}=M1(6+06)

»  Second-order cyclostationarity (CS2)
v" Interaction between periodic and random phenomena

v' Generated by turbulence, combustion forces and also faulty bearings as a result of
rolling element slips

v' Defined by the periodicity of the second-order cumulants:

C22(0,¢) = E{(x(6) — m,(8))(x(6 — ) — my(6 — $))} = C22(6 — 0, )

Stationary
signal

periodic signal

weme /\/\/\/\/\/\,

signal

signal

CS2
signal

Stationary

o

periodic signal

womwon /)|

Co’
M
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I Algorithms of bearing faults detection

Interfering Noise

Elimination of the déterministe component bn]
(deterministic/random separation techniques): Impulsive signals /L
> Synchronous average e[n] m_,
> Fourrier domain analysis — | — ]
» Self-adaptative noise cancellation (and its frequency domain

counterpart)
» Linear prediction filter

Promoting the bearing fault signature: Bearing signal
» Impulsiveness-based approach (MED, SK, kurtogram, etc.)
» Cyclostationary-based approach (spectral correlation, cyclic !
coherence WYV spectrum, cyclic filtering, etc.)

) ) ) ) Two features
This study aims at comparing two leading approaches:
»  Approach 1: Minimum entropy deconvolution (MED) combined \
with the spectral kurtosis (SK)

»  Approach 2: Spectral coherence based method Impulsivity Periodicity

10 S SAFRAN



I First approach : Minimum Entropy Deconvolution (MED)

Interfering Noise

. i e
Impulsive signals |
— h[n
S[n]v x[n] r[n] | I L
| = l —-L
L | ylnl =) gllirin—1]

=1

» It finds the deconvolution filter that maximise the kurtosis of the output => maximizes the kurtosis

» the objective function method, originally proposed in Ref. [Lee 1999], objective function to
maximize:

) gy[nr
(gy[nlz jz
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I First approach : Spectral Kurtosis (SK)

Interfering Noise

o Y
Impulsive signals | I | I
e[n]
—  h[n] DRS
S[n]k/ x[n] rIn] | 91 [n] : y[n] I 9> [n] | 2]
|
Y e — I Y e — I

* The spectral kurtosis is a fourth order spectral moment,
+ Can be seen as a the kurtosis of the signal filtered in multiple bands

Xm) X(n) Xim)
[ X)) Xlw) Xw) X

: <Y O >,
= K00 = v prs? 2
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[s

Spectral correlation (SC)

econd Approach:Cyclostationarity approach

Fourier Domain

Xn[v] sz L
o < oF
S, ()= lim ——E{X ,[f —a/2]X,[f +a/2]| T
N—e NA, @ \
» f:spectral frequency >
* a: cyclic frequency f v [Hz]

Intuitive explanation (Partial)

X (t) Syx (a’ fi)
Jhy t > | SES—> I)LI—|—|—~ a
X(®) / LR
PP EA [ BRFA W 1 K I TP —
[j|—|_,u

|
Ao~ > | SES|> I
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I_Second approach

Spectral Coherence (SCoh)

Fourier Domain

7, (f,0)=lim

N-*”({ [f - /2] E{X, [t +ar2] |} }/@\ =

EX, [ —a/2]X, [f +a/2] |

Improved Envelope Spectrum (IES)

14

An average of the squared-magnitude Scoh over s

[vox(f, )
fH2)

the f-axis is made (possibly over a limited [ W\ lhﬁ | | |rl’ v
frequency band) rErT
Diagnostic indicators can then be constructed by

summing up the harmonics at the suspected ‘ .

frequency faults ' 'f" . ”




I_Application 1:Run-to-failure test on a laboratory benchmark

Aacelerometers J L Radial Load | Thermocouples
AN
) \ 7 / s /

« The dataset are provided by the NSF I/UCR F?O“'téf’fairg)‘g / (LRLLY (atsl g
Center for Intelligent Maintenance Systems - s \.,\Q R
(available on the NASA Website) 5 o e p ]

8 8
; | U | )
« Acquisition program of the run-to-failure test records 7777 S7777
Bearing 1 Bearing 2 Bearing 3 Bearing 4
Motor,
1 2 984
) 1s h 10min B 1s A 10min ] ) 1s A 10min A 1s "
S SAFRAN
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I_Application 1:Case 1: nearby accelerometer

The aim is to assess the detection
precocity a b

—— RMS Kurtosis
thres (6%0) | 14 thres (6%) |

* Five harmonics are considered to 0

05 /138
build both estimators 542 ; / ‘\ |
. o . \ n : el
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I_Application 1:Case 1: nearby accelerometer

nce - First approach: MED-SK-

Envelope spectra computed by the two Y|P (T
approaches at record 532 (very beginning TR I

ES s 4 as 50

the fault appearance) Shal oo
A BPFO harmonic is seen by the CS ?:3‘5?:--' Secohd appi‘oach: CS
approach
A oo

Shaft crder
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I Application 1:Case 2: A remote accelerometer

The aim is evaluate the robustness of these
methods in a low SNR scenario and a
significant alteration of the system transfer
function

The kurtosis has barely evolved in the test
»  Low SNR => attenuate impulsivity
»  Long transmission path has led to a nonlinear
transfer function that has compensated the signal
impulsivity for specific excitation forces)

The CS approach was able to detect the fault
earlier at record 704 (more consistently)

18
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I Application 1:Case 2: Remote accelerometer

AR 0 T T T T T T T T

023 -

Envelope spectra computed by the aots |
two approaches at record 734 (very -
beginning pf the fault detection) m

A BPFO harmonic is seen by the CS

approach b gutd”
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ﬂa-ﬂ - J.lw A N -
. L'lih"l""ﬂ‘[ffwwj- m-.qumﬂtmum.mmmwm wiiidbes, mndih-.lk il
5 LE] 15 20 = a0 35 &l 45 50

Shatt ardar

19 S SAFRAN



I Application 1:Case 2: Remote accelerometer

Envelope spectra computed by the two

approaches at record 982 (fault is a ws m— T T T T T T T
already very impulsive ial FEPFD T EERFG o ' ' ]
wish 1 _First approach: MED-SK |
In the MED-SK case, the BPFO is P I L I B ' ' i
modulated by the cage frequency, e : .
contrary to the CS approach where only o i 1 i A
; oz il el i il - sl i i
BPFO related harmonics are present o I R TR ARURTRC AT SR e A TRt S A e
Shalt arder
»  MED-SK filtering is likely to favor a e
modulated impulse response series over bﬂw | BPFD_ W ' ' i ' ' ' '
an unmodulated one s |- T g ERRO 3*RPFO Second approach: CS
> MED-SK seems better when the signal E:: gt H"-. i " ' i i
is already impulsive . | | W [
QngE -
| |
o bl L ] ] ] ] i i L
5 m 5 ) 25 x x5 a7 L
Snaft arder
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I Application 1:Case 3: aremote accelerometer with non-stationary

interferences

This is the most challenging case as the defect

source is remote from the sensor and the
measurements contain some nonstationary
impulsive interferences

Presence of random impulses

a Kinessie=2, 4124

o o1 a2 a3 o4 0s [:1:] av a8 0g

fme |2
b luripsis=1,1474
L) T T T T T T T T T

[ X:) ar o8 0%

(8] a2 a3 o4

[
ere (5]
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I_Application 2:Safran contest (Surveillance 8): An Aircraft engine

* Atachometer measuring the shaft speed at L4 is
given

« Characteristic frequencies of the faulty bearing

Roller bearing L5
damaged outer race
(spalling)

Tacho

0.438 7.8855 10.408 3.614

22 S SAFRAN



I_Application 2:Safran contest (Surveillance 8). An Aircraft engine

(a] The MED-SK-MES a2l (b) che [ES applied on che 2 5 shmal acquired from a jet engine operating under regiene R [Safran daca; £, = 181 Hz)

First approach MED SK

R
L/ BFFO
008 - - zram } "‘E'.'g.l‘,l-';':I 5 BFFO :
s - i H .. H .1_1-H.;,:H_;| W H
o g :-J a ) LEEFFD -
P » i r ¥ E*BPHI
noat 4 ; fur fum e A
0aE -+ 8 | L —— 1 ! 1 .h”""' i o - -'
0o - = ! 1 H 4 H i H ! . - '..M-'.
0 Wi -  E— - i‘j‘ = T 1
Shalt ordar
Second approach CS
b 2o =PFD T
sz b Y ¥ Al 'E HPH':I IRRPEO |
Lef2 1V / A*BPFO 5*BPED
DO [ oo ry =z f ; E*BPFD
’ |I.|'
2 T fua oE
- (LI . . i
E&ﬁéﬂlﬁ:ﬂdﬂi .
b 51 1% & ] a0 L] ot
Shalt ordar
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I Extension to the variable speed case : Order tracking and synchronous
sampling

=== Référence angle IS >

\ Signal d’échantillonnage
=] Y mnrororrororerod

Signal vibratoire

[ Tl

Conditionnement

! Accélérometres

shaft
Optical encodeur (speed sensor)

rotating
machine
Angular clock : N periods by rotation

accelerometer M

sensor

Vibratorv sianal |

Cutting frequency )
sampling Angular vibratoiry signal

= ui\“\”\\!\‘\f”!” 'u‘”

gL e R |

\

Y

amplificator — Aliasing filter
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I Extension to the variable speed case

Extension of the first approach to the variable
speed

The Deterministic/random separation is better to
be made in the angular domain

The MED-SK filtering must be made in the time
domain

[Randall 2014] R. Randall , W. Smith , M. Coats, Bearing diagnostics under
widely varying speed conditions, In: Proceedings of the 4th Conference In
Condition Monitoring of Machinery in Non-stationary Operations, 14-16
December, Lyon, France, 2014.

[Smith 2017] Wade A. Smith, Robert B. Randall, Xavier de Chasteigner du
Mée, Zhongxiao Peng, “Use of Cyclostationary Properties to Diagnose Planet
Bearing Faults in Variable Speed Conditions”, Tenth DST Group International
Conference on Health and Usage Monitoring Systems (HUMS), Melbourne,
Australia, 2017.
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I Application 3: Wind turbine

Sensors

Main shaft module
Gearbox
[Wind turbine]

« Vibration sensor
+ Rotation sensor

Data acquisition

[Data acquisition module]

« FFT analysis
- Various types of signal processing
including envelope processing

Monitoring software

[NTN/User]

« Vibration and trend graph
display

- Waveform analysis and
display
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I_Application 3

« Evolution of (a) the MED-SK and (b) the IES Y — e —
throughout the days applied on a real wind " First approach: MED-SK

turbine’s gearbox

« Both approaches can be generalized to the
variable speed case and detect an inner race fault

. First approach: MED-SK . Second approach: CS

kL
a

p3

Record 1 AR - corq

: Record 15

, /s b5
lers / B — ¥ §”
2*BPFI-1
2*BPFI+1

2*BPFI




IConcIusion

The CS approach demonstrates clear advantages over MED-SK, particularly in:

» Detection precocity: It enables earlier fault detection, crucial for predictive maintenance.
* Robustness in noisy environments: The CS approach effectively enhances the signal-to-noise ratio,

making it more resilient against background noise.
« Source separation: Unlike SES, which may struggle with overlapping spectral components, the CS method

allows for better distinction between fault sources (e.g., bearings vs. gearbox).

Say VROOMMM
!
5o :

A\
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Thank you for your attention




	SAFRAN_Bleu
	Diapositive 1 Advances in Vibration-Based Fault Detection: Cyclostationary Analysis and Comparative Evaluation of Emerging Techniques for Rolling Element Bearings Diagnosis.  Prof. Mohammed EL badaoui 
	Diapositive 2 Outline
	Diapositive 3 Why health monitoring ?  
	Diapositive 4 Issues and Challenges
	Diapositive 5
	Diapositive 6
	Diapositive 7
	Diapositive 8 Cyclostationarity in bearings 
	Diapositive 9
	Diapositive 10
	Diapositive 11 First approach : Minimum Entropy Deconvolution (MED)     
	Diapositive 12 First approach : Spectral Kurtosis (SK)  
	Diapositive 13 Second Approach:Cyclostationarity approach  
	Diapositive 14 Second approach  
	Diapositive 15 Application 1:Run-to-failure test on a laboratory benchmark   
	Diapositive 16 Application 1:Case 1: nearby accelerometer   
	Diapositive 17 Application 1:Case 1: nearby accelerometer   
	Diapositive 18 Application 1:Case 2: A remote accelerometer   
	Diapositive 19 Application 1:Case 2: Remote accelerometer   
	Diapositive 20 Application 1:Case 2: Remote accelerometer   
	Diapositive 21 Application 1:Case 3: a remote accelerometer with non-stationary interferences   
	Diapositive 22 Application 2:Safran contest (Surveillance 8): An Aircraft engine   
	Diapositive 23 Application 2:Safran contest (Surveillance 8). An Aircraft engine   
	Diapositive 24 Extension to the variable speed case : Order tracking and synchronous sampling
	Diapositive 25 Extension to the variable speed case  
	Diapositive 26 Application 3: Wind turbine
	Diapositive 27 Application 3  
	Diapositive 28 Conclusion 
	Diapositive 29


