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Introduction

Toroidal bearings special design combines the self-aligning capability with the axial displacement ability.

I
L

Inner and outer raceways are

parts of a torus
Ability to adapt to Ability to adapt to
Torus equation axial misalignment angular misalignment

(r - W)2+y2= r?
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Why Toroidal Bearings

ADVANTAGES DISADVANTAGES
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Motivation

» TRBs are newly produced type of bearings.
» First was CARB by SKF, TORB (Schaeffler)

and ADABT (Timken)

www.schaeffler.com

* Recently by ZKL (C2)

www.zkl.cz
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Motivation

» TRBs are expensive, and should be tested using a Non-
destructive method.

« AE is one of the most sensitive.
« Availability in our research group.
* Promising results.

True energy
(Area under the Squared Signal Envelope)

Amplitude |

» A gap in the literature. Volts]

Risetime

MARSE energy
(Measured Area under the Rectified Signal Envelope)

* The use of AE Time-domain parameters ) /
IS predominant, while frequency-domain //
parameters were not applied in Lo I ﬁ
studying RCF on bearings. VVV”

* The subject of testing TRBs using NDT |
was not studied. |
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Using AE to detect and locate
defects of RCF in bearings.
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Aim of the Dissertation @

Provide a correlation between AE frequency-domain parameter and the

detected damage in the monitored Toroidal Roller Bearings (TRBS).

 Experimental procedures, in-situ (in Wind turbine) and in

laboratory (production site).

« Using different methods to confirm the correlation.

* Visual and statistical representation of the results.

Designing and assembly of the testing stand to fit the requirements.

Remote online monitoring of the tested subject

PHotos courtesy of skf.com
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Scientific Questions and Hypotheses

Q1. How frequency-domain parameters of AE (mainly Dominant Frequency) could be used
to evaluate the level of defects on the bearings’ raceways?

H1. This would require experimental study that involves in-situ measurements and laboratory
experiments, where AE hits could be collected and their DFs (for example) could be
extracted. Those DFs could be represented on a plot called DF map. A synchronous
comparison with other solid and proven methods to establish a correlation between the DF
map and the condition of the monitored bearing. Then reading the DF map statistically, by
different means, would give a quantifiable measurement of the level of defects in the
monitored bearings’ raceways.

INSTITUTE OF MACHINE
AND INDUSTRIAL DESIGN 9/27



Scientific Questions and Hypotheses

Q2. How does the ability to tolerate angular and axial misalignments in toroidal bearings
affect their performance and their life expectancy? And how such effect can be specified
or even measured?

H2. Contact pressure is one of the main parameters controlling the propagation rate of
surface initiated RCF cracks in bearing steel. The contact line (toroidal contour) between
the rollers and the raceways in TRBs is longer than other types of bearings.

The ability to tolerate axial and angular misalignment should have a positive impact on the
RCF and other characteristics of the bearing, since there is a wider (extended) contact
surface between the rollers and the races.

INSTITUTE OF MACHINE
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Results from the Lab. experiments

AE is more sensitive than vibration, and it can detect the defects in the bearing in early stage.

AE parameters were more sensitive to r.p.m than to loading.

Temperatures was less sensitive and less reliable for detection of RCF effects on the bearing.
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Material & Methods (In-Situ)

/ AE Analyzer

AE
Sensors

Mini-PC

Vibration
Sensor

Ethernet -5
> DECE

— -
@ Ld._-:H.I AE Measwrement Syslem o

AE Analyzer

Secure connection
to the Internet

R __N®

Bearing B
(SRB)

Bearing A (TRB)

' /. |
nstant electrical\sburce . Rated wind Sp}?ed | 13.0 m/s
from the grid Rotor Diameter | 90.0 m




Acoustic emisson parameters
04 /2022

70 | = 2022-04.aggreg.65.0A.RMS' === 2022-04.aggreq.65.0A.ASL' 12 0om
60 -
i 50 +1,5m
<
g 404 |-
= —1,0m
30+ -
20+ —+-0,5m
10 7
78_—' 2022-04.aggreg.65.0B. RMS' === 2022-04 aggreq.65.0B ASL’' | R I __g’Om
60 .
i 50 —+1,5m
<
g 40 .
- "—1,0m
30 ’
20 4-0,5m
10 N
" N
0 T T T - T o R B I e T 0
7000 | Rotor speed =——om Wind speed == Grid power {95
- 15
60001 L L _
N W
5000+a | 1 a
E _E. 10+ :_15 w
=, 4000+ - - B
© s 1 &
% 3000—:% B :_10.§.
o __'5 5 4 -
2000+ [ W
e 5 =
oot g WY Y W ™\
0__ 0 | | I i I | i I I Ll | | | [ . | i | | !” I I | i 0
442022 542022 6.4.2022 7.4.2022 942022 10.4.2022 11.4.2022 12.4.2022 13.4.2022 14.4.2022 16.4.2022

Time

[A] aBejjon

[A] aBejjon

NSTITUTE OF MACHINE
AND INDUSTRIAL DESIGN

15/27



= ChAADC_Sample
.
1,0:-; I Threshold
= | Ll 1
= PME | | LN A A
=l ’wwww my““ | uer gl = e Spsctat Density by e et
-0,5m-:
Aom 8r :
_1 5m—£ b Duration (length’
om- | :
(|) 0,2|m 0,4|1m O,ém 0
Sampled signal [seconds]
Es,%s—;
52,5e5—:
c : :
qu_z,Oes—:
< = i
= 15%350—; | . - 2 A i
- WM J | LIJM. ,/\/A L\\/\f\/\/j\/\/\l\fv\/\/\f/\x/\/\/\»
0,5e5 : | L 1 1
0 c L | 00 100 00 300 400 500
13.2.2022/03:05:01 0_4:28|:22 Frequency (kHz)

Time
INSTITUTE OF MACHINE
ANDINDUSTRIALDESIGN ~ 16/27



m—= 2022-04.ChA_RMS | © ChA_PPHD_Dominant Frequency
70111 SR e e T e T —70000
: —50 —-50000 =
Bearing A = | 2
TRB O 400u-{ 40000 §
% F.., P o OOl O Y  aogl®H | | .. B g
§ 300u— —30000=
200u —-20000.N,
100u- —10000
0 T T R L [ B4 g ! 1 | L1 i
m—— 2022-04.ChB_RMS | © | ChB_PPHD_Dominant Frequency 250K
1,8m- ] ° ]
1,6m- v 00 o o % "o o H:% B
- o ' =To R ~ 200K
1,4m | .
L _ly 150K ¥
_ SR >
Bearing B @ 1,0m- 5
SRB ol B - 3]
o L o e =
O)Gmﬁ e e s e 7 T I ‘f ‘\””””’rj”””_”
I o9l P - N . @0 =R ar ..o 1
0,4m- 50K
:\ TTTae— T T T TTTTTTTTTTTTTTY > SRR N = N I > 1 o Oog¢ ToTTTTTTTTOIO T : i
Q2m—_ *************************************************************** e I e e
= L _
oL | O | : | | | [EE ) L | i N S S (S|
8.8.2022/08:00:05 08:00:10 08:00:15 08:00:20 08:00:25 08:00:30
Time

INSTITUTE OF MACHINE
AND INDUSTRIAL DESIGN

17127



Results from the WT measurements
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Results from the WT measurements

» The DFs of AE hits are grouped in well-defined bands. Those groups represent different types and sizes of
defects.

« AE time-domain parameters, such as RMS, did not completely correspond to the events. Alone cannot be
depended upon for the determination of the condition of a bearing.

» The comparison between DF maps for both bearings, taken simultaneously, provided the basis for assessing the
condition of the bearings.
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Results from the TRBs experiments
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Results from the TRBs experiments
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Results from the TRBs experiments

DFs of AE hits were naturally distributed to different discrete frequency ranges

« During running-in, No. of AE hits with DFs in the H-band is significantly larger than the number of
DFs during the defects formation period (concentrated in the highest band ~ 430 kHz).

 Intermediate frequency bands, the number of DFs was larger than the other two bands. It is a
combination of AE hits from both the running-in and the defect formation periods.

» No. of AE hits with DFs in the L-bands was low. Entirely from the defect formation in the last 12 hours
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Conclusion

» The main output of this work is a method by which we can Quantify the Condition Monitoring

of bearings using AE frequency-domain parameter (DF).

Results ]—>[ Confirmation ]—>[ Numerical results ]—>[ Correlation ]

T QUANTIFICATION T

 The resulting number of Dominant Frequencies of AE hits can be used by codes in a

programming languages or in a Machine Learning model.

« A statistical representation of the results was provided.

« We established a reliable remote monitoring system for valuable assets.
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Self-aligning ball bearings

Photos courtesy of skf.com

Tapered Roller Bearings
for Wind Turbines

Future Steps - Extending the Results

Participation in design of new AE
sensor

Development of a Preventive CM
model for WT bearings using AE
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Conferences & Cooperation

EUROPEAN

The 2"d European NDT & CM Days in Prague NDT2CM202 156i06cx 4.5, 2021

BETTER CM & NOT - WARRANTY OF QUALITY, RELIABILITY AND SAFETY

5th International Conference on CM and Diagnostics, Finland

Regular participant in CNDT activities and Defektoskopie

The R&D department in ZKL a.s.

Technology Agency of the Czech Republic (TACR).

The Czech private AE producer of AE systems - DAKEL L[H.EHE |]

VYSOKE UCENI
Multiple funding research programs by VUT CZ I TECHNICKE
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Thank you for your attention

Housam Mohammad, Ing.

215325@vutbr.cz
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Answers to the oponent’s questions:

Q1. | assume that Mr. Mahammad carried out the essential parts of the research work himself.
For me, however, his part and also the parts that existed before his work are not entirely clear.
Answer:

| confirm that the whole essential parts of the research were carried out completely by myself.

However, | have been supported by the experience of my supervisor doc. Pavel Mazal, and my
colleague dr. Frantisek Vlasic, who are experts in the field of AE.

| have been supported by the head of the R&D section in ZKL, Eng. Nemecek, and other workers
there.
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Answers to the oponent’s questions:

Q2. What is the difference between broad band sensors and resonate sensors, and which are the
advantages and disadvantages of this different sensor types?.

A2.

Broadband Sensors:

Frequency Range: Detect a wide range of frequencies.

Advantages: Can capture a broad spectrum of acoustic emissions, making them versatile for detecting
various types of faults.

Disadvantages: Less sensitive to specific frequency ranges, which may result in lower detection precision
for certain faults.

Resonant Sensors:

Frequency Range: Tuned to a specific frequency, amplifying signals around that range.

Advantages: Highly sensitive to emissions within their frequency range, making them excellent for detecting
specific types of events.

Disadvantages: Limited frequency range, which makes them less suitable for detecting faults outside their
resonance band.

Therefore, Broadband sensors offer versatility and a wide detection range but may lack sensitivity in certain
frequencies. Resonant sensors provide higher sensitivity in a narrow range but are limited in detecting
events outside that range.

INSTITUTE OF MACHINE
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Answers to the oponent’s questions:

Q3. What are the measures used to filter out noise in acoustic emission measurements?

A3.

1. Thresholding: Set a minimum amplitude level to ignore low-level noise and capture only significant AE
signals.

2. Bandpass Filtering: Use filters to allow only signals within a specific frequency range, eliminating high-
and low-frequency noise.

3. Waveform Analysis: Analyze the shape of the AE signal to distinguish between noise and true AE
events.

4. Duration Counting: Ignore brief, non-repetitive signals typically associated with noise by focusing on
consistent AE events.

« Signal Averaging: Average multiple signals to reduce random noise and emphasize genuine AE events.
« Sensor Placement Optimization: Position sensors away from external noise sources and vibrations to
reduce noise interference.

These techniques help ensure the accuracy and reliability of AE measurements by minimizing noise
interference
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AND INDUSTRIAL DESIGN

30/27



Answers to the oponent’s questions:

Q4. Explain briefly what is source location in AE measurement and how it is done?
A4,

= Sensor Array Placement: Multiple AE sensors are strategically placed around the
material or structure.

= Time of Arrival (TOA): The difference in the arrival times of the AE signal at each
sensor is measured.

= Triangulation: Using the TOA differences, the location of the AE source is calculated

through triangulation, similar to how GPS works.
S 2 5""":‘" /Q:TE
. N -
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Answers to the oponent’s questions:

= Q5. Physical origin of AE

AbS.
» Crack Formation and Growth: As cracks initiate or propagate, they release elastic
waves.
» Plastic Deformation: Dislocations and movements of atoms in stressed materials
generate AE.

= Friction and Wear: Contact between surfaces, such as in bearings, emits AE signals.
= Corrosion, Fatigue, Chemical, and mechanical processes also release energy as AE
signals.

» Phase Transformations: Changes in the material’s structure (e.g., solid to liquid) can
generate AE.

The definition of AE by ISO 12716:2001:

Class of phenomena whereby transient elastic waves are generated by the rapid
release of energy from localized sources within a material.

It is included in ISO/ TC 135/ SC 9, which is the category of the Non-Destructive
Testing (NDT) methods. k
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https://www.iso.org/standard/34090.html?browse=tc
https://www.iso.org/committee/542404.html

Answers to the oponent’s questions:

Q1. Have you considered introducing feature selection procedures for the selection of the
most relevant subset of features of AE signals?

Al.

Well, feature selection is an important aspect, and although we did not apply formal feature selection
techniques in the context of ML for this work, we carefully selected the most relevant AE parameters
manually. These parameters were chosen based on their known relevance to the detection and analysis of
rolling contact fatigue in bearings. However, we do recognize the value of automated feature selection
techniques, particularly in machine learning models, to improve accuracy and reduce redundancy. In future
work, we plan to explore these methods to identify the most significant features from a broader set of AE

signals, enhancing the robustness and efficiency of our analysis.

INSTITUTE OF MACHINE
AND INDUSTRIALDESIGN ~ 33/27



Answers to the opponent‘s questions:

C4030V, variable loading

20m{—— ZKL_C4030V.65.0A.RMS =mmmmm 7KL _C4030V.65.0A.Total Hits2 ‘ 6600
= ' | -+
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§’1°m‘; ’ < [ “|  T40000F
S O,Sm_f ' 2,4 MPa 3 MPa 2,4 MPa 3 MPz [ ,3'1? M ia ( 2,4 MPa M&G MPa ;zooooé
) ) g :lj %E1C4JO3O\;.6K5.OA.I11it2 EnoIay 1 I el
The relationship 600n | Y
between AE & oot
= 5
parameters (voltage, 5
. 2 200n-|
energy, and duration) S
with the rotation 05T IZKEi‘(A‘:tt‘E)SO\l/AGS.IOA.IlIiQ Eisetine.
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the toroidal bearing. 8o
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09:17:02 10:40:22 12:03:42 13:271:_(i)"21e 14:50:22 16:13:42 17:37:02
Stage 1 Stage 2 Stage 3
Speed (r.p.m) 250 500 750

Loads (MPa) 2.4 3 36 | 24 3 36 | 24 3 3.6
Duration (hour) | 1 1 1 0.5 1 1 0.5 1 1
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Answers to the oponent’s questions:

Q2. What is your insight on the introduction of established ML methods in the study? How
would the introduction of established ML methods affect the diagnostic ability to detect
defects on the rolling surfaces of bearings?

A2.

Introducing established ML methods, such as KNN, Random Forests, or Neural Networks, into our study
would surely enhance the diagnostic ability of AE testing for detecting defects on rolling surfaces. While we
manually selected AE parameters in this work based on their known relevance, ML could automate feature
selection and identify patterns that may not be obvious through manual methods. In future research, we aim
to integrate machine learning techniques, which could provide a more comprehensive and data-driven
approach to diagnosing bearing defects. This would ultimately increase the efficiency and precision of our

diagnostic process.

Machine learning models, such as convolutional neural networks (CNNs), could help to recognize
complex patterns in AE that are strongly correlated with specific defect types. As a result, the introduction of
ML could significantly enhance early fault detection, diagnostic accuracy, and the ability to differentiate

between various types of defects (e.g., spalling, pitting).
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