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Addressed problem: fault diagnosis 1n industrial machines

o Damage detection

* Vibration-based condition monitoring is commonly used for maintenance of
mechanical systems Gear’s fault

* Detection of the local fault on the early stage is critical to minimize repair costs

* Focus is usually set on gearboxes and bearings, as these elements appear in most
transmission systems

» The most popular approach is to use the envelope analysis to select an appropriate
frequency range to demodulate the signal

* The optimal frequency band could be chosen by the statistical analysis in frequency,
time-frequency or frequency-frequency domain

* In the presence of the non-Gaussian noise (outliers) the results of the envelope
spectrum and standard statistical indicators considered in the literature might be not
appropriate.

* The presence of the non-Gaussian noise have a negative influence on final diagnostic
results

? Cases where the noise is not Gaussian
? Minimize the number of outliers through more controlled data measurement conditions




Addressed problem: bearing fault diagnosis

° Damage detection in mining machines Hummer crusher
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The non-Gaussian noise could be linked directly to the technological process
of the working machine and correspond to crushing, milling, sieving or cutting.




Methodology START

Simulated signal ! !
20
3
E 0 LOAD DATA
20 1 |
1 Kurtosis selector 0 02 o.;ime [Sc;.s 08 1 TIME - FREQUENCY
N REPRESENTATION OF DATA
o | v YA ; . z:seecor
gO.G \ { U [l o ximum |
a | o8 L
§04 | Vs - otb socns INFORMATIVE FREQUENCY BAND
2 s S04 ! 1 SELECTOR - APPLICATION
YWV v l < et .
’ L ATan L i
requency i\ S04
0 | NS 820284
1 o A

0 2 4 6 8 10
Frequency [kHz]

* Q&P FILTRATION

Envelope spectrum of the raw signal: ENVS indicator's value = 0.28
T ¢ ¥ ¢
3

.+ | ENVELOPE SPECTRUM OF

Amplitude

05+
1 A !
0 50 150 200 250 300
Filtered with the kurtosis sel.: ENVS indicator's value = 0.13 TH E RAW/ FI LTE RE D S I G NALS
§
gos/ ‘ ' ‘ ' 9
EL 1 e I ol | e Al i R ®
204t LU AR i W I an Y AL At ARRR LA |
<02f | v
[
0 250 300

. | ENVSI - APPLICATION TO
b el FILTERED SIGNAL

| ! Al v )y
0 50 100 150 200 250 300

_Filtered with the CVB sel.: ENVS indicator's value = 0.48 l
T T

50 100 150
Filtered with the alpha sel.: ENVS indicator's value = 0.31
T o ¥ T

Amplitude
°

100 1 50 200 250 300
Frequency [kHz]

)
ab

Frequency of the local fault detection

. The schematic idea
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Informative frequency band selectors

Kurtosis selector:

The most known impulsive
measure in the statistic theory.
Widely used in the diagnosis of
bearing faults.

1. When the outliers are observed in the recorded signal then the kurtosis takes maximal value.
2. The value of the kurtosis decreases when the repetition rate of the impulses increases.

Alpha selector:

Alpha (x) =2 — @&,

where @ - scale parameter of @-stable distribution:

Elexp i0X] = ¢x(0) = {

o—0"(6|*{1—iBsign(6) tan(rra/2) }+ip6

o—716{1+ipsign(6) % log(|6| p+in6

7

x # 1,

a = 1.

where 0 € R, B € [-1, 1], 1 € R — scale, skeweness and shape parameters

1. For a =2 the data distribution is Gaussian and Alpha selector tends to zero.
2. The Alpha selector increase if the impulsiveness of the data increase.
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Conditional Varinace Based Selector (CVB)

The 20/60/20 Rule - global equilibrium state

20-60-20 rule for the standard normal distribution
T T T T T

0.35

Statistic definition:

Ly = (—o0, (), Ry =& (1 -

o

My = (®,5(0), 2,5(1—q)),

The main property of divisions Ly, My and R

is that their variances are equal:

2 _ 2 _ 2
OLy = 9Mm, = 9R,>

Dispersion balance for the conditional populations.

. Methodology

p —normalizing constant value
n — length of the vector

Application:
1. Financial data

2. Leadreship & change management




Conditional Varinace Based Selector (CVBYS)
Extension of the Rule 20/60/20

Partitioning into 7 subsets for the standard normal distribution

Ay = (—o0, @, (0.004)],

| Ay = (91(0.004) L (0.062)],
| Ay = (951(0.062), @5 (0.308)],
£ oo L Ay = (071(0.308), @77 (0.692)],
| As = (@51(0.692), @5 (0.938)],
| Ag = (9,1(0.938), @ (0.996)]
Sl e e A= (9,5(0.996), 00),

CVB selector: The main property of the Rule 1s

still fulfilled:
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Envelope spectrum based indicator (ENVS)
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Note that bandwidths should be the same M;- fi,,;; = M,- ', where f is frequency resolution
in envelope spectrum.

This measure is a sum of amplitudes at the fault frequency and its M; harmonics
(abbreviated as the sum of the side-bands) normalize by the total energy of all components.
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f& Model of the signal

Additive model of the vibration signal from the crushing machine

sg = ANO - randn(length(t),1), sqg~ N(0,ANO)
5 Standard Normal Distribution, ANO =1
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. Simulated data analysis

ANO =1
t =1 sek
Fs =25000 Hz

ACI =4

Tim ~ U(500,Fs-500)
Fs =25000 Hz
CF,=2500 Hz
BW1: 1

ANCI, = 15
ANCI, = 35

CF, = 6000 Hz
BWy~ U(0.4,0.5)



Analysis of the simulated data — relatively small CNIR = 5.4
ANO =1, ACI =4, ANCI =15

1. Time_frequency representation of data: 3. Filtered signals with the selector’s spectrum:
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2. Informative frequency band selection: 4. ES of the raw and filtered signals:
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Analysis of the simulated data — relatively big CNIR = 21.8
ANO =1, ACI = 4, ANCI = 35

1. Time-frequengy representation of data: 3. Filtered signals with the selector’s spectrum:

30+~ Filtered signal - Kurtosis selector
T T T T T T T T T
20}
2 o 10+ 1
E g ‘ |
=2 10F = L | | | - | [
£ » " ' ? >
£ £ r \ T | ™
-10
_10 L 1 L 1 1 1 1 1 1
I I 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 Filtered signal - Alpha selector
Time [secs] [ ‘ ! I I ‘ I
Spectogram 3 10 J ‘
; = 2
= 2 2
~ 40 I a th.‘.LJ;L A‘{J‘JHIM\AIIALIIJAJ\l
T1of 05 R s o 010 B A e b e e
= 60 = < l ‘ ‘
> g 10 L 1 1 L L L 1 L -
9 80 &
5 ] 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
B 5 -100 E R Filtered signal - CVB selector
[} = T T
s -120 2 ©
o o 1
0 g L pLsE S J 3 ok = ” % 140 & 2 o
100 200 300 400 500 600 700 800 900 g-
Time (ms) <-1
1 L 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Time [s]
. . B
. .
2. Informative frequency band selection: 4. ES of the raw and filtered signals:
; : ] KU”°5r'5 selectorv : ‘ , Envelope spectrum of the raw signal: ENVS indicator's value = 0.28
/ . / O Maximum [} T Y T 1
° i I
g 205l
205} - g
=3 <
£ 1 i |
< e 0 50 100 150 250 300
oY ) L I Filtered with the kurtosis sel.: ENVS indicator's value = 0.13
0 2 4 6 8 00sl ‘ T
Alpha selector 8-
1 T T - T g
[} “ )
3 | \ )
2 | v
"—10.5 r 7 -
£
< | Vo 38
0 W 1 I oLl v I A 2
0 4 6 8 10 12 20-5 I
. CVB selector < \ A~ A
° ‘ I O Maximum 0 50 100 150 200 300
] 4 Filtered with the CVB sel.: ENVS indicator's value = 0.48
%-05 - - % “t) T T‘/ Q T é T T
3 \ o5k | I 7 ? i ‘ |
E | v 5os¢ I I )\ I I @
0 L SN WSO SANSVAVAS WSSV N P - 1 1 E / s M [ - 7,\9»
0 2 4 6 8 10 12 0 50 100 150 300
Frequency [kHz] Frequency [kHz]

. Results |



New selector’s advantages and disadvantages
1. Increasing amplitude of the non-cyclic impulses

1000 Monte Carlo simulations of the ENVSI value for a different values of the CNI ratio. The noise has been
assumed as the Gaussian white noise with non-cyclic impulses added (the ANCI € [5:2:49]), whereas the ACI

parameter has been set on 4.

CNIR = 5.4 (case 1, ANCI = 15) CNIR = 21.8 (case 2, ANCI = 35)

I Noise ~ N(0,1), ACI=4
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If the CNIR 1s < 8 then the ES of even
the raw signal give the information
about the fault frequency and chosen
selectors work correctly.

For CNIR > 4 the selectivity of the
kurtosis starts suddenly decrease.

If CNIR > 13.8 then the selectivity of
the Alpha selector starts significantly
decrease.

The new selector outperforms classical approaches, especially in the case when the

non-cyclic to cyclic impulses’ amplitudes ratio is high

. Discussion



2. Increasing number of the non-cyclic impulses (100 Monte Carlo simulations)

If the amount of the non-cyclic impulses
grows 1n the signal then the
effectiveness of all considerate selectors
decrease.

ANCT
ENVS Indicator
ANCT
ENVS Indicator

Y B N T S The same happens if the amplitude of
o i the non-cyclic impulses grows.
Considering the hard conditions in case
of the big FIM,/ FIM, and big ANCI
- ¢ only the CVB selector gives the most
reasonable results, where the kurtosis

- selector 1s be the most affected by the
I L Fmwen U impulses and it is better to consider the
ES of the raw signal than filtered with
the kurtosis selector.

ANCT
ANCT

FIM, - frequency of cyclic impulses 30 Hz

FIM, - the mean value of the non-cyclic impulses
frequency

FIM; ~ N(p,0),

FIM,/ FIM,= 1 means that (u= 30 Hz,6= 5 Hz)
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Comparing with other methods — the noise i1s Gaussian
ANO =1,ACI =4, ANCI =15
Informative frequency band selectors’ results
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Comparing with other methods — non-Gaussian noise
ANO =1,ACI =4, ANCI =35
Informative frequency band selectors’ results
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Only the CVB selector clearly identified the frequency band corresponding to the
cyclic impulses
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Conclusions

.

The definition of the proposed selector originates from the statistical
phenomenon commonly referred to as 20/60/20 Rule and the statistic can be
simple modified.

Intuitive definition based on conditional second moments and very easy
model implementation.

If the cyclic impulses appears in the vibration signal in the presence of the
Gaussian noise and there is no non-cyclic impulses, the problem is relatively
casy and could be solved by all selectors.

The new selector outperforms classical approaches (Kurtosis and Alpha
selector), especially in the case when the cyclic to non-cyclic impulses’
amplitudes ratio is high (there are local damage and oversized pieces of the
ore crushed).

. The new selector is superior also if the numbers of the non-cyclic impulses

growth.
CVB selector does not take into consideration the periodicity of the
impulses, it bases only on the distribution of their amplitudes.
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