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Workshop 3: Design and Maintenance of Wind Turbines

Presenter Background in Wind Energy

Back in 1996 @ Center of Renewable Energy Sources

>25 years ago @ Physical Acoustics Corp & Envirocoustics ABEE (now Mistras Group)
participated in JOULE AEGIS and other EU funded projects

WORK PRESENTED TODAY IS MAINLY a COMPILATION of MISTRAS GROUP HELLAS
RESEARCH and DEVELOPMENT the past 20 + years and the STATE of THE ART NEW
PRODUCTS from MISTRAS GROUP in the Field of AE remote monitoring of W/Ts

CREDITS TO MISTRAS GROUP R&D, ENGINEERING DEPARTMENT, FIELDS SERVICES and

PRODUCTION (H/W & S/W)
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WHO WE ARE @MISTR)\S

Founded in 1978

MISTRAS Group

MISTRAS’ asset protection solutions
support clients with cutting-edge,
technology-driven mitigation of risks.

NYSE: MG; IPO in 2009

Global HQ in Princeton, NJ - USA

Be the integrated-solution partner to solve
civilization’s unmet asset protection needs

Over 106 Locations Worldwide

We will deliver value by developing,
integrating, and executing asset protection
solutions that maximize uptime and safety

Over 5,000 Employees




WHO WE HELP

Backed by decades of experience, our subject matter
experts (SMEs) understand the unique problems that
our customers face every day, and recommend
solutions tailored to particular equipment and
facilities.

Certain industries operate in some parts of the world
more than others. With locations all over the globe,
we have the ability to operate wherever our
customers are.

9000(

OIL & GAS

AEROSPACE & DEFENSE

INFRASTRUCTURE

POWER

MANUFACTURING

@ MISTRAS



HOW WE HELP

FIELD INSPECTIONS

Individual spot inspections all
the way up to evergreen
inspection program
management and execution

DATA SERVICES

Solutions to manage, analyze,
and digitally transform
enterprise, site, and asset
integrity data

LAB QA/QC SERVICES

In-house testing and quality
assurance solutions for newly-
fabricated components and
materials

ACCESS

Trained and industry-certified
technicians safely access assets in at-
height, confined, subsea, and
hazardous locations

ENGINEERING CONSULTING

Engineering and mechanical integrity
consultation services to optimize
facility design and operations

@ rMisTRAS

MAINTENANCE SERVICES

Complementary light mechanical
services to clean and repair assets
after damages are discovered in
inspections

EQUIPMENT

Innovative, leading-edge
inspection equipment enables
our customers to track their
assets’ conditions

SPECIAL EMPHASIS

Proceduralized programs that use
our asset protection expertise to
target hazardous and costly
damages



Workshop 3: Design and Maintenance of Wind Turbines

WIND ENERGY IS AN EMERGING AND FAST GROWING MARKET — OPPORTUNITIES & CHALLENGES

Depending on the roughnoss of the terraln, the total capacity of a line cluster Is more than proportional to the size of the rotor
This is one reason to install wind turbines as large as possible.

Rotor ckameter |

P: power
H: height of tower
D: rotor diameter

Source: Jos Beurskens, EON
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Workshop 3: Design and Maintenance of Wind Turbines

WIND ENERGY IS AN EMERGING AND FAST GROWING MARKET — OPPORTUNITIES & CHALLENGES

APPLIED REMOTE MONITORING SOLUTIONS
IN WIND INDUSTRY

- ENVIRONMENTAL MONITORING IS WELL
DEVELOPED AND APPLIED IN WIND
INDUSTRY

- ELECTRICAL & OPERATIONS PARAMETERS
MONITORING IS WELL DEVELOPED AND
APPLIED IN WIND INDUSTRY

- SHM (STRAIN & VIBRATION) IS WIDELLY
APPLICABLE THE PAST 20years in WIND
INDUSTRY Together with WEATHER
MONITORING STATIONS

- SCADA SYSTEMS & ADVANCE CONTROL
ROOMS FOR REMOTE MONITORING
WIDELY AVAILABLE

AE IS APOTENTIAL SOLUTION TO MANY OF THE SHM AND NDT NEEDS IN WIND INDUSTRY
THE KEY QUESTION IS WHAT IS THE SUCCESS PATH TO SOLVE INDUSTRY NEEDS

DA AD Goon Acacem xcranga sarvice VERSITY OF
l’ \ [ RAS
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Workshop 3: Design and Maintenance of Wind Turbines

Structural Health Monitoring - SHM

 Structural health monitoring involves the periodically measurement and
analysis of a data from a structure to detect damage to its components,
material and/or changes to its geometric properties.

+» Traditionally the method to inspect and ensure integrity of a structure during its service life is to
periodically perform visual inspection. Now days drones are engaged for this purpose. This works only
in cases where degradation is visible on the surface and provided access for close up is possible.

**However, in the majority of cases the degradation is not visible.

¢ Currently there are numerous sensing technologies that are used for structural health monitoring of
critical infrastructures, most do not detect damage directly but indirectly (strain, displacement etc.)

¢ Acoustic Emission (AE) monitoring is used for inspection of larger areas in order to detect cracks and
defects. AE is a direct damage detection method.
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Workshop 3: Design and Maintenance of Wind Turbines

THE PROBLEM OF TIMELY and EARLY DAMAGE DETCTION, CHARACTERIZATION and
PROPAGATION REMAINS.

TRADITIONAL STRAIN and DISPLACEMENT MEASUREMENTS CANNOT PROVIDE
ANSWER

ACOUSTIC EMISSION MONITORING is a PROMISING ALTERNATIVE if ....
APPLIED CORRECTLY

s capellpmng- VERSI]
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AE & MG & MGH History IN WIND INDUSTRY

- AE is Well Proved for Testing Composite
\WEWELS

- MG Has Long Experience in AE Testing of
Composites

- MG is a Pioneer in AE testing of W/T
Blades

- AE as SHM technique is well suited for
PDM od Rotating parts

- MG has Long Experience in AE Testing of
Slow Speed Bearings, Couplings and Gear
270)

- AE is Well Proved for Fatigue Crack
Monitoring of Metal Structures

- MG Has Long Experience in AE Fatigue
Crack Monitoring

@ rMisTRAS

>25ys / SINCE 1998 LABORATORY AE FULL
SCALE BLADE TESTING

>20ys / SINCE 2000 ON LINE AE BLADE
MONITORING

>25ys / SINCE 1998 MACHINE LEARNING
AND ADVANCED AE DATA ANALYSIS
SOLUTIONS

APPLIED IN BOTH RESEARCH AND
OPERATING LEVEL

MARKET EXPERIENCE FROM AZIPODS —
HELLICOPTERS DRIVE AND OTHER
ROTATING APPS

REMOTE MONITORING OF OFSHORE
STRUCTURES AND W/T TOWERS



AE DURING LABORATORY FULL SCALE BLADE TESTING (DEVELOPMENT & CERTIFICATION - AEGIS) @MISTR)\S

Structural Integrity Evaluation of Wind Turbine Blades Using Structural Integrity Evaluation of Wind Turbine Blades Using
Pattern Recognition Analysis on Acoustic Emission Data Pattern Recognition Analysis on Acoustic Emission Data

EXAMPLE: Blade 7 Static Loading to Failure - Results
TABLE 1: GRADED BLADE #7
Algon

OBJECTIVE: Improve Reliability of Wind Turbine Blades

MEANS TOACCOMPLISH: Develop proof-testing procedures and Pass / Fail criteria
based on Acoustic Emission monitoring during
certification-type tests

ACTIONS: - 10 small blades (4 deliberately defected, 2 with fiber
optics AE sensors) tested to failure (6 static, 4 fatigue) ?
1341 KN

9/2002, PRAGUE

- 2 commercial-scale blades tested to failure (1 static, 1
fatigue)

3/9/2002, PRAGUE

¢ o . AE9d
- One operating blade proof - tested on site g SISy S e i ==+ UAKN

- Classical AE analysis (statistical, graphical, location) 3 AE10d

- Unsupervised Pattern Recognition (UPR) analysis with gty

specialized software AElLd

- Automatic sectional Grading (A-E) of load™=mm | RS TN T A T ' = S 1632 KN

specialized Software based on Supervised
S FREDE Gnition : = W,y - : - e ~ - Sty

GAE 2002, 11-1

E

X ?ﬂﬂ_ﬁa—”ﬂ_ﬂ—ﬁ)—— g 0 ; T 1728 KN
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R&D AND W/T BLADE MONITORING BACKGROUND (20years experience - NIMO) @MlSTR)\S

C i I Monitori s " —
onnection to Central Monitoring System Generation of Real-time Statistics

AE Sensors Layout
S you & Remote Control

Automated generation and reporting of TDD and HDD data statistics to the

Tralling edge
central monitoring system or other servers,

L 2%

A Modified version of NOESIS LIVE was used

Leading Edge TUAL DESKI0P &
~

e

:»').t-ﬂS'TQ‘AS A Warfd of NOT Safetisns JMISTRAS :‘-\J'-"S'TR)\S P ) MISTRAS MISTRAS

Strain Gauge attachment on the Analysis of 28 hours of AE data while wind speed was
Leading Edge of the Blade between 0 and 14 m/s (6 Beaufort)

Strain Gauge Cutput used as a Parametric input to the
w0 nonitoring AL Sys v " . - . - o
condition monitoring AL System Wind Speed, Average Power Statistics Data botween 13 Oct - 21 Dec 2011 (68 days)

What can be achieved with this parametric input
Accurate Sync nization between the AL data v ’ . ’ ‘ﬁ I\ )
acquisition and the Wind turbine operating 4 3 Yy Wn, I‘V\AJ&M Ml

conditions

[

Accurate knowledge of the blade position

Good estimation of the power produced by the W/T

AU LLA o
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WT AE Services @ rMisTRAS

Copyright © 2021 MISTRAS Group, Inc. All rights reserved.



WT PRODUCTS - SERVICES & OLM @MISTR)\S

-l

RN LR RER A

B B R Tk TR
Vb 4 T H s 1 §W

Copyright © 2021 MISTRAS Group, Inc. All rights reserved.



WT Products @ MISTRAS
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SENSORIA™ Blade Monitoring System @MISTR)\S

PURPOSE OF THE BLADE MONITORING SYSTEM

EARLY DETECTION
v Identify damage upon onset

DEFECT ACTIVETY OR STABLILITY

v Track acoustic signature to learn of growth or stability ' \ i -' “l

ANALYZE TRENDS ACROSS SITE AND BLADE SETS _ ITIIY
v" Acoustically rank blades for repair & inspection prioritization i/

Copyright © 2021 MISTRAS Group, Inc. All rights reserved.



SENSORIA™ Blade Monitoring System @MISTR)\S

Sensoria blade monitoring system components

The system consists of a Data Acquisition Unit (DAQ) and three airborne acoustic sensors.

The DAQ is installed in the turbine hub and connected to an uninterrupted power source.

The acoustic sensors are mounted on the blade bulkhead pointing towards the blade tip.

Sensor cables are securely routed to the DAQ

Sensoria DAQ installed in Hub Sensor mounted on the blade bulkhead

Copyright © 2021 MISTRAS Group, Inc. All rights reserved.



WT Products — SENSORIA™ QMls-rR,\s

BMS Enclos
Installation
Location

(A) Details of sensor mounting with magnet and epoxy (B) Sensor and cable gland (C) Cable routing

Copyright © 2021 MISTRAS Group, Inc. All rights reserved.



SENSORIA™ Blade Monitoring System @MISTR)\S

Sensoria is designed to Identify

* High energy / speed Impacts on the blade
* Rupture to the blade skin or formation of perforations
* Non-Penetrating defects

* Acoustic signal changes by blade or operational conditions




SENSORIA™ Blade Monitoring System @MISTR)\S

COMMUNICATION OPTIONS

Customer Network

PIN
(Process Information Network)

Mistras (Azure)

* CELLULAR NETWORK I N } _____________________________
'\amgmlsg ) 7
© WI-FI ACCESS POINT IN THE NACELLE (2 )/ =

* SENSORIA CYBERSECURITY
v Compliant with Standard IEC 62443.
v" DAQ protected by an integrated cybersecurity IC.

PCN
(Process Control Network)

-------------------

Copyright © 2021 MISTRAS Group, Inc. All rights reserved.



SENSORIA™ Blade Monitoring System

@ MisTRAS

SYSTEM

A  IMPACT ALARM

On board data
processing

DEFECT ACTIVITY
£ AND RESPONSE

TO OPERATION
Monitoring system
installed in the
turbine hub or
nose cone
SENSORS

?

analysis

Sensoria data flow

DATA-DRIVEN WEB APP

Back End Post processing

Impact, lighting strike
and blade skin
rupture

* Characterization of
acoustic activity and
grading of blades
over time and per
period

&

@/.

@

o

-~ 56

“REAL TIME” INFORMATION ABOUT
IMPACT ALARMS

customer communication via email with
verified alarms

N\

Blade A Blade B Blade C
@ @ 5]
/' /‘
Blade A v 88 Sade D - v58 Blade ¢

PROBABILITY OF DEFECT ACTIVITY
Based on acoustic response

.

Data transfer for further
ANALYST/MONITORING
Sensor installed on the

postprocessing and
' - L < .
bulkhead of each blade ;

"

+ Alarm verificationand manage customer
website communications
= Verification of acoustic signatures

©

Copyright © 2021 MISTRAS Group, Inc. All rights reserved.



SENSORIA™ Blade Monitoring System @MISTRAS

DATA-DRIVEN WEB APPLICATION

Sensoria” nghts

* Data-Driven web app provides a fleet wide, farm
and specific asset view

*Periodic acoustic activity trend

*Historic blade grade calculations ) | )

*Real time asset status updated every 1.5hrs

23 Copyright © 2021 MISTRAS Group, Inc. All rights reserved.



Workshop 3. Design and Maintenance of Wind Turbines

END of PART A

DISCUSSION ...

WHAT ARE YOUR QUESTIONS ?
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Workshop 3: Design and Maintenance of Wind Turbines

PART A

BACK TO BASICS
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The Acoustic Emission Technology '@ MISTRAS
| =

ACOUSTIC EMISSION ALSO CALLED MICROSEISMIC ACTIVITY

ACOUSTIC EMISSION IS NOT VIBRATION OR SOUND MEASUREMENTS

Copyright © 2021 MISTRAS Group, Inc. All rights reserved.



The Acoustic Emission Technology '@ MISTRAS
|

ACOUSTIC EMISSION ALSO CALLED MICROSEISMIC ACTIVITY
ACOUSTIC EMISSION IS NOT VIBRATION OR SOUND MEASUREMENTS

u‘|
. . - | i' i'ﬂnj‘_ = 2601003 - .
Transient elastic "’U W Signal ] AE Signal Number pf .HItS, Energy,
waves Scaici? s collected by characteristics of AE HITS
P . AEsensor change over time in
== response to:
<= r Operation/Weather/Defect
* Detection
Stimulus Stimulus R presence and status
- —s - *Recording
* Interpretation
. {  Acoustic *Evaluation a = M on n
gtz * Emission =5
Wave
= =
0 SENLE SIS N L "l-"+ TNEHE oS wy
Shape and characteristics i s et E—— ——t
e | Impact = Crack os fretting
(ranges for specific AE == R = =
features) vary depending of = 5% &
the mechanism producing the a o = = | |= =
emission. = e et | e e S e e b : =

Copyright © 2021 MISTRAS Group, Inc. All rights reserved.



Data Analysis Principles @ MISTRAS
|

Four different AE data sets can be acquired simultaneously

1. Complete

RF waveform * +‘ _>

2. Discrete RF

waveform % ]L All analysis techniques can be

conducted simultaneously in
real-time and data stored
— directly to hard drive.

v

Channel, Time,
3. Waveform Amplitude, Duration,

Feature Data Counts, Energy,
Rise Time, etc.

4. Time I
Driven Data

Parametric ——




EQUIPMENT ACOUSTIC EMISSION SYSTEMS W MISTRAS

Manufacture AE sensors, the acquisition systems to collect data,

the software to optimize the data collection and analyze the Look for cracking signals
signals Look for leaks signals

Characterize background noise
changes associated to processes

WHY?

Defects/damages and
process changes produce
acoustic signals

AE is dynamic irreversible
phenomenon not readily
repeatable.

Thus, Once the event occurs
there is no other real time proof.

If we listen correctly....we

can

* Guide Maintenance
* Extend Asset Operation Periods



Practical problems associated with the nature of AE @ MISTRAS

« Attenuation result in different sensitivity of sources ...

« Noise (EMI, RFI, Impact, Friction, etc.) discrimination is sometimes a difficult
task.

« Real Time Evaluation & Alarms during AE monitoring necessitates evaluation
of genuine emission and real time noise filtering

« AE sources and/or failure mechanisms often progress simultaneously
making analysis difficult.

« Complex wave propagation (Multiple paths, different media etc.) make
source characterization difficult task

SIGNAL PROCESSING & PATTERN RECOGNITION HELPS A LOT ...



EXAMPLE of SPR using Artificial data

H=Time {*) Y=Amplitude - Main Set- As Loaded <User-Defined=

T e T «Three MISTRAS-R15I sensors,
ST T > EMl mounted on a thick metallic

) plate in a triangular pattern
s0 | @ oo (320mm X 540mm).

«4ch MISTRAS AE unit was used
for real time data acquisition and

T0F

B

L 3
: : v «NOESIS pattern recognition s/w
sob . . L L . for the analysis and pattern s/w.
10 20 30 40 50 G0
« AE signals produced by
&0 - Simulated AE (26.3 %) mechanical pencil lead breaks at
A 1 :Fnction (63.2 %) various positions on the plate.
- a

L2 ZEMI(10.5 %) » Mechanical friction produced
- The data due to the experimental procedure are by sliding a small metal piece
separated in time. across the surface of the plate.
» Overlapping is evident in Amplitude and other  (EMI) signals were generated by
features (see next slide summarizing measured unplugging the sensor cable

features, waveforms->extracted features) during acquisition
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File Edit Setup Data Waveform Graph Statistics Perodic  Preprocess Clusteing  Supervised Window Page Hep | &5E |

DS HE & g TR [ ® Ao IEOEEE [ |= KRR AT EAE NN & PR S/W
0= &

¥=Amplitude Y=Counts - Main Set - As Loaded:<User-Defined> - B . mmﬁ%ﬂ'ﬁ??’r?}eg‘ﬁmﬁ“““ prpe
o i
3058898 | . o K B A g RN ST S I 550
« FRI| | | |
1000 | ' , Lt L], At X TTOY ] e
500 | 5 . .
L L L L LR LS - * Signal processing
i da 5
100 Q‘ o T = T e
50 | 4 iy : o . : s e i e atia ° CI 'f' t'
fau : L o 1 dSSITICation
10 Ago G | I
. o MR L 1
o : L - :
i : (s ikl * Supervised PR
FYY o o [ - I ............ - |0
1 s ! 1 g ! o, ;
&0 &0 70 80 a0 100 T AR e .
T e, B  Unsu pervise d PR
.. * @ Sg° o | o s
e & A & FRIC e
&
m bl :‘l ‘.:E‘.:" “‘. Oo ° ==
= L i P
125 " 1‘1“““ 4 B o °§° .
" - n b TS
“":‘l.a L v e
100 e ak
i . G
4 COrTOldanat DT A, Feecord 30, R, Ciass 2 FRICTION & —
s - "Wavatorm 30 FET Magn (Time-40.E1 4535000 ST =
& -
L . B e B Z4ET
5 -
------------------------------------------------------------------------- 1553
25 L
-------------------------------------------------------------- =]
oz m oo Qo o o L L L L
a8 130 120 140 160 000

Main Set - As Loaded (controldatal 1.0TA) 114 records (2 or 1.8% selected) X 12 features : Amplitude=85.39, Counts=173.62

@ PRESENTATIONS LTE. IAES17-PR-StaticEq... %2 MNoesis [€] Microsaft PowerPaint ...

DAAD S icatoms trcragn Sarvee UNIVERSITY OF
PALRAS
(UIANESHZ FMMIO HATAON |

Karlsruhe Institute of Technology



Workshop 3. Design and Maintenance of Wind Turbines

BACKGROUND FOR AE DAMAGE ASSESMENT OF W/T BLADES
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Workshop 3: Design and Maintenance of Wind Turbines

History of AE Testing of FRP
Wind-Turbine Blades

To the authors’ knowledge:

1994 - First (in the world) application of AE during laboratory full-scale static and fatigue testing of Wind Turbine Blades
at Sandia National Laboratories, NM, USA, by Alan G. Beattie et allll[2l

Feasibility proved, location capabilities demonstrated, etc.

1998 June — First (in Europe) application of AE during laboratory full-scale static and fatigue testing of Wind Turbine
Blades at CRES W/T testing laboratory, Greece by CRES and Envirocoustics ABEESI4]

Applied Pattern Recognition techniques to AE data
[1] Beattie, A.G., 1997, “Acoustic Emission Monitoring of a Wind Turbine Blade During the Fatigue Test,” 1997 AIAA Aerospace Sciences Meeting.

[2] Sutherland, H., Beattie A.G., Hansche, B., Musial, W., Allread, J., Johnson, J., and Summers, M., 1994, “The Application of Non-destructive Techniques to the Testing of a Wind Turbine
Blade,” Report SAND93-1380, Sandia National Laboratory.

[3] Kouroussis, D., A., Anastassopoulos, A., A., “Analysis of Acoustic Emission Data from a 12m F.R.P. Wind Turbine Blade During Flapwise Bending”, Envirocoustics A.B.E.E., Technical
Report, Ref: TR-001-8/98, Athens, August 1998.

[4] Kouroussis, D. A., Anastasopoulos, A. A., Kolovos, P.V., Vionis, P., “Non Destructive Testing of W/T Blade by means of Acoustic Emission”, Proceedings of the 1st National Conference of the
Hellenic Society of Non-Destructive Testing (HSNT) entitled “The Contribution of NDT in Quality Assurance”, Athens 23 November 1998, pp. 68-71 (in Greek)

DAAD:, il iin™  oQ\ UNIVERSITY OF
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Workshop 3: Design and Maintenance of Wind Turbines

History of AE Testing of FRP Wind-Turbine Blades

To the authors’ knowledge:

1998 September to October 2002, “AEGIS*” EU-funded Research Project, extensive research (10 small and 2 large blades
tested to failure while monitored with AE under static or fatigue loads in lab conditions) and first (ever?) AE test on an installed
blade (not rotating — pulleys used for loading) with consortium members:

Energy Research Unit, CLRC Rutherford Appleton Laboratory, UK

Envirocoustics ABEE, Greece

Euro Physical Acoustics SA, France

CRES, Wind Energy Department, Greece

Delft University of Technology, WMC-Group, The Netherlands

Dept of Mechanical Engineering & Aeronautics, University of Patras, Greece

Geobiologiki S.A., Greece

Engineering Systems Department, Cranfield University (RMCS), UK

2002-2003 within AEGIS: semi-permanent installation (sensors attached on outer
surface) and ATTEMPTS TO monitor rotating blade with Radio Telemetry system — AE
logger on the ground at RAL'’s facilities

13 relevant consortium publications

AN 8 e e \\‘(IT O PATRAS
= Iy \ )
Karisruhe bns!

titute of Technology



Workshop 3. Design and Maintenance of Wind Turbines

OBJECTIVE: Improve Reliability of Wind Turbine Blades

MEANS TO ACCOMPLISH: Develop proof-testing procedures and Pass / Fail criteria based on Acoustic Emission
monitoring during certification-type tests

ACTIONS: - 10 small blades (4 deliberately defected, 2 with fiber optics AE sensors) tested to
failure (6 static, 4 fatigue)

- 2 commercial-scale blades tested to failure (1 static, 1 fatigue)
- One operating blade proof - tested on site
ANALYSIS: - Classical AE analysis (statistical, graphical, location)
- Unsupervised Pattern Recognition (UPR) analysis with specialized software

- Automatic sectional Grading (A-E) of load severity with specialized Software based
on Supervised Patter Recognition

on
fag!
-l

E}%ﬂf{i—

B E B E A E
| @E

JOULE - “AEGIS” EC-FUNDED PROJECT DA AD S sussemacher Asmrch Ooom \\ ll )\"v!\\"lll_\'\]l) n{ \é
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Workshop 3. Design and Maintenance of Wind Turbines

AE Testing of FRP Wind-Turbine Blades - AEGIS

wind Turbine FRP Blades were Tested
under Fatigue Loading and Monitored
with Acoustic Emission.

| Target was to investigate the possibility
of distinguishing Critical Types of AE
signals that indicate damage and
possible failure.

DAAD G cudeme txchane Sorice UNIVERSITY OF
PATRAS
[ UIANESHZTUMIO HATAON

Karlsruhe Iinstitute of Technology




AE Testing of FRP Wind-Turbine Blades - AEGIS

Unsupervised Pattern Recognition Analysis Performed
First-hit analysis for better representation of source characteristics

AE Feature selection, assisted by Feature Correlation Hierarchy. AE feature-
vector non-dimensionalization: O to 1 range

Clustering with selected algorithms

Cluster validity assessment and optimization based on minimization of D&B R,

criterion.

WI/T Blade Testing procedures and special “Condition
Grading” System developed for AE testing during

“Proof” loading of the blade

TABLE 2: GRADED BLADE #8

AEEBON

Period /Load-hold
level (kN)

OT @ @ 1@ B e
& ] A ‘ A @ A Iy A

AEla
6 (50% of max.
fatigue)

AE1b
6 (50% of max.
fatigue)

AE2a
13.2 (110% of
max. fatiguc)

AE2b
13.2(110% of
max. fatigue)

j

Workshop 3. Design and Maintenance of Wind Turbines
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Workshop 3. Design and Maintenance of Wind Turbines

EXAMPLE: Blade 1 Static Loading to Failure — method calibration

PARAM. #10EMY ws TIMECz22)

Final
Failure

Graded Period

| T | T Ii
8 426 548

sLoading Envelope (to failure)

JOULE - “AEGIS” EC-FUNDED PROJECT DA ADN St ncstonic Brcrange sorvice UNIVERSITY OF
PATRAS

CONSORTIUM - L
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1268 1658 2168 2528 2948 3368 37e 4268
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Workshop 3. Design and Maintenance of Wind Turbines

EXAMPLE: Blade 1 Static Loading to Failure - RESULTS

EVEMTS wz ¥ POSITION

[ [&] =]

[E]

|

Sk

5@

4

38

28

la+

488 Sae

1684

20864

2464

*Linear Location
Results

oo o e e

*Automated Blade
Grading Results
(based on critical
class)

simiry

AEEDE

JOULE - “AEGIS” EC-FUNDED PROJECT

CONSORTIUM

O

A

—_—

Failure Area

Load application paint

DU AN s e o UNIVERSITY OF
A\ PATRAS

Karisruhe Institute of Technology



Workshop 3. Design and Maintenance of Wind Turbines

EXAMPLE: Blade 2 Static Loading to Failure — validation test

Automated Grading of Blade 2
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Workshop 3. Design and Maintenance of Wind Turbines

EXAMPLE: Blade 7 Static Loading to Failure

Artificial delamination
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/ Crack st 2.2m.
2eoracks st Amand 1.2m Failure intiation

JOULE - “AEGIS” EC-FUNDED PROJECT DA AP S Aisdermicter Aumuach Oanm UNIVERSITY OF
CONSORTIUM PATRAS

Karlsruhe Iinstitute of Technology

Delamination sres




EXAMPLE: Blade 7 Static Loading to Failure - Results
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Workshop 3. Design and Maintenance of Wind Turbines

EXAMPLE: Large Blade 1 Static Loading to Failure
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Large Blade 1 Static Loading to Failure - Results
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Workshop 3. Design and Maintenance of Wind Turbines

EXAMPLE: Large Blade 2 Fatigue Loading to Failure

Failure damage developed just inboard
of load application point
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Workshop 3. Design and Maintenance of Wind Turbines

EXAMPLE: Large Blade 2 Fatigue Loading to Failure — Preliminary results

EVENTS. ve % POSITION
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blololeld old e

Linear Location results fully coincide with damaged area of the
blade introduced by the fatigue test (between sensors 9 and 10)

*Automated grading of the blade indicates that a static load to
110% of the maximum fatigue load is very severe for the blade
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Workshop 3. Design and Maintenance of Wind Turbines

EARLY STAGES - ON AE LINE MONITORING OF W/T BLADES

PR ARING B e s UNIVERSITY Of
P A l R A S

Karisruhe Institute of Technology



Workshop 3. Design and Maintenance of Wind Turbines

Health Monitoring of Operating Wind
Turbine Blades with Acoustic Emission

Stochastic nature of loading, Possible noise or irrelevant signals from blades’ rotation
Identify the conditions contributing to damage accumulation. Transient (Early Warning)

Comparative analysis of TDD and HDD and Located AE data for each specific case. Different
filtering/processing depending on conditions (Start/Stop Transients, Moderate - High Wind Load)

Case Specific (blade type etc.)

Successful On Line Monitoring for 8 months. Different filtering methodologies validated for the
specific application. Able to set up early warning alarms by monitoring a W/T for 2 months.
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Workshop 3. Design and Maintenance of Wind Turbines

15t Systems used for In-Service W/T blade
AE monitoring
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Pocket AE of Physical Acoustics

Corporation

Operated by battery or low DC power or standard AC
power

Offers full AE features and functions capabilities
Performs traditional AE feature extraction, as well as
advanced waveform based acquisition and
processing

Ideal tool for short-term AE monitoring applications

Sensors with external
Pre-Amplifier
PCI-8 AE board
supporting 8 AE
channels

Compact
Industrial Chassis

Sensors with Integrated
Pre-Amplifier

Micro-Il AE of Physical Acoustics Corporation
Compact multi-channel and fully featured AE system based on a high
performance industrial computer

Scalable to provide from a minimum 8 AE channels up to 32 AE
channels, when multiple PCI-8 AE boards of Physical Acoustics
Corporation are used

Support multiple analogue and digital parametric inputs

Powered by AC or DC input

Can be remotely controlled and also supports wireless data
transmission
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Workshop 3: Design and Maintenance of Wind Turbines

Instrumentation of an In-Service NEG MICON 48/750 at CRES wind farm in Greece
using Pocket AE system — (NIMO project)

Installation of the

= Pocket AE system

' on the rotating
blade’s hub.

Waterproof
enclosure for
protecting Pocket
AE system
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Workshop 3. Design and Maintenance of Wind Turbines

Instrumentation of an In-Service NEG MICON 48/750 at CRES wind farm in Greece
using Micro-Il AE system (NIMO)

An 8-channel Micro-Il AE system installed inside the hub of the W/T
System powered through a slip-ring with 12V DC
System control and Data transmission, to the central monitoring server, performed through wireless

connection
DA AD " Soron scadarme Excrange Sorvce UNIVERSITY OF
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Workshop 3. Design and Maintenance of Wind Turbines

Slip-Ring installation for powering
the multi-channel Micro-Il AE system (NIMO Project)

: l
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Workshop 3. Design and Maintenance of Wind Turbines
AE Sensors Layout

Trailing edge

0.5m 0.75m o
R6I (Ch.3)
R151 (Ch.6) R15! (Ch.5) R6I (Ch.4)
Blade Spar
1.0m
o [ )
R15I (Ch.7) 151 (Ch.8)
R6I (Ch.2) R6! (Ch.1)
T
Strain Gauge Leading Edge

8 AE Sensors Installed:

3 AE sensors near blade’s root
2 AE sensors on an internal spar of the blade

DAAD " o acotome txcrapa sorvce UNIVERSITY OF
PATRAS
TANESHZTMMIO HATAON |

Karisruhe Institute of Technology



Workshop 3. Design and Maintenance of Wind Turbines

Attachment of AE Sensors on an Internal Spar of the blade and on the Trailing Side
of the blade
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Workshop 3: Design and Maintenance of Wind Turbines

Attachment of AE sensors near blade’s root
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Workshop 3: Design and Maintenance of Wind Turbines
Strain Gauge attachment on the Leading Edge of the Blade

Strain Gauge Output used as a Parametric Input to the
condition monitoring AE System.

What can be achieved with this parametric input:

Accurate Synchronization between the AE data acquisition and
the Wind turbine operating conditions

Accurate knowledge of the blade position

Good estimation of the power produced by the W/T
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Workshop 3. Design and Maintenance of Wind Turbines

Connection to Central Monitoring System & Remote Control

WIRELESS VIA WIRELESS CONNECTION /
ROUTER VIRTUAL DESKTOP AT CLOSE PROXIMITY

PAC MICRO Il AE SYSTEM

VIA INTERNET CONNECTION / LTRPPY
VIRTUAL DESKTOP ON REMOTE LOCATION TERMINALS / PERIODIC
STATISTICS TO CENTRAL MONITORING SYSTEM
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Workshop 3. Design and Maintenance of Wind Turbines

Generation of Real-time Statistics

Automated generation and reporting of TDD and HDD data statistics to the central
monitoring system or other servers.
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1. Complete RF
waveform

2. Discrete RF
waveform

3. Waveform
Feature Data

4. Time Driven
Data

Data Analysis Principles

%.-

Four different AE data sets can be
acquired simultaneously

Channel, Time,

Amplitude, Duration,

Counts, Energy,
Rise Time, etc.

All analysis techniques can be
conducted simultaneously in real-

.L_I-._

Parametric

A 4

time and data stored directly to
hard drive.
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Workshop 3: Design and Maintenance of Wind Turbines

Analysis of 28 hours of AE data while wind speed was between 0 and 14 m/s (6 Beaufort)

Wind Speed

Power

ASLofCh 1
attached on
blade spar

ASL of Ch 8
attached near
root

Wind Speed, Avera

Power Statistics Data between 13 Oct — 21 Dec 2011 (69 days)
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Workshop 3. Design and Maintenance of Wind Turbines

Amplitude of AE events during transition of Rotor speed from High speed to Low speed
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Workshop 3: Design and Maintenance of Wind Turbines

Advanced Analysis of AE Data
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Plot of Located AE hits density versus Strain Gauge value (Blade Position)

Y=Time (), Y=Paramoteic 2Coler #3173} Ch (1], Class (ALL)
Main Sat - As Losdes <Usar Defined> (Event Plat) 92 57% flteres)

ERLYS
500

280+ ‘
ooar

28 N
AFh

5465 2000000

)

[

Y=Time (), Y=Parameotric 2(Cokr. #4173} | Ch 2], Class (AL}
Main Sat - As Loaded <UserDefised> (Evant Plat) 99 5% fored)

645
&00
3 we, 2TV '\‘“.‘
28+ ‘. Al e
ooa - .
2Wh, . . 3
4 " A
E4E5 20000.00 0000 00

#=Time ). Y=Parameteic 2/Coke. #TS)  Ch (), Class (AL
Muin Sut - As Losded <UserDefired> (Event Plat) 87 73% fternd)

BASF
s

240
oo}

20
4ml

L2 73

*=Time ), Y=Parametric 20Cake AHITS]  Ch ), Class JALL)
Muin Sut - As Losded <UserDefined> (Event Plat) 53 10% ffersd)

B4 F
s

260
ooo
250
485

Ly 20000.00 00 e 60000 00

100034

#ir

#=Tioss (), Y=Paramutzic 2ol $HITS) | Ch (4). Class (AL}
Man Set - Az Losded <UserDefined> (Event Plat) £5 25% fltered)

=Time (1), Y=Paramatric 2Coke AHITS) | Ch 7], Class (ALL)
Maun Sat - As Losdes <UserDefimed> (Event Plot) 896 82% fltered)

645 645
50 500
280+ 2 260}
Q00 000
260 280}, -
43 4L
5485 5855 200000 000 06 0000 00 E0000 00 100031 41
Y=Time (), ¢=Parametric 2{Colr #ITS) , Ch (5), Class (ALL) Y= Time [,/ =Paramotric 2iCokr #HTS) , Ch 0], Clsas WALL)
Main 5ot - A3 Losded <UserDefinad> (Evinl Plot) 55 657 % Rared) Main Sot - A3 Loaded clisasDefiead> ([Evenl Plat) B0 83% fiteed)
BASF 648
00 b 00 z
500 = x - < > 500
25 ' 1 25
. t 13
oo} oo} ' 2
asb .. ., o Wi Y, 2at »
ek 2 (T .Y [ ey e 2 5 .
a5 2000000 00000 60000 20 0000 00 100031 41 5465 2000000 200000 80000 00 60000 00 100031 41
O U AP s Deection wd Tess | AW on Power a0d Thet | AMF va 28w bl T | 2000 s VWil aned Tiese_Scaltéred 0 LOST-T ) Lo 20 va Tise ) Locdt va Paran ) LODE-3 | LocE-3vs Tte )\ LOOE-S va Paren ) Locotion 7-8 ) Loc7-8 v Twe |\ LocT-8 vs Putwt ) P e we Tone - ASL S/ |

Workshop 3: Design and Maintenance of Wind Turbines

Deutschor Akodemischar Austausch Dienst
‘Germon Academic Exchange Service

DAAD

AT

Karlsruhe Institute of Technology



Workshop 3. Design and Maintenance of Wind Turbines

Linear Location Groups

Trailing edge

0.5m 0.75m o
—><l——>7
R15! (Ch.6) , @ REI (Ch-3)
/ R15I (Ch.5) R6I (Ch.4)
/ Blade Spar
( 1.0m
o @
R15I (Ch.7) 151 (Ch.8)
R6I (Ch.2) Ral (Ch.1)
n -
Strain Gauge Leading Edge

8 AE Sensors Installed:

3 AE sensors near blade’s root
2 AE sensors on an internal spar of the blade
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Linear Located AE Events on Blade Spar

(Channels 1 & 2)
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The number of located AE events &
the comparison of their signatures
with simulated sources signatures

indicate that there is no obvious active

damage mechanism under current
operating conditions
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. : - Workshop 3: Design and Maintenance of Wind Turbines
Data Separation in 3D space between raw AE activity and simulated sources

recorded near blade’s root
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hain Set - As Loaded: <Mo Classification=
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Workshop 3. Design and Maintenance of Wind Turbines

COnCI USiOnS (extracts from NIMO project)

Successful On Line Monitoring for 8 months. Different filtering methodologies validated for the specific
application. Able to set up early warning alarms by monitoring a W/T for 2 months.

AE data indicate an acceptable level of activity for the sensors located on the trailing edge and for the
sensors located on the internal spar of the blade. Contrary, AE data indicate excessive activity for the
sensors mounted near the blade’s root.

Correlations between the AE data rate and the Wind speed, Generated power, Rotor speed and Blade
position have been identified, however they can’t be used the only features to set-up early warning
alarms.

Increased amplitudes of AE activity can be observed during machine start/stop transition periods and
on high loads (above 520 kW). Located AE events were not correlated with structural degradation,
as the blade appears to be in good condition.

Advanced analysis in real-time of TDD and HDD data, using pattern recognition and events location can
provide the means to train an AE system to generate early warning alarms, while keeping false
alarms as low as possible.
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Workshop 3. Design and Maintenance of Wind Turbines

FROM RESEARCH (over ambitious goals) to PRACTICE (application development
to meet industry needs)

SENSORIA™ COMMERCIALLY AVAILABLE SYSTEM

Doutcha Atosemscer ninh Do UNIVERSITY OF
RP AT O st
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INTRODUCTION @ MISTRAS

Blade Failures are the Primary Cause of Insurance Claims
Lighting strikes
Foreign object damage
Fatigue material failure
Manufacturing defects

Blades O&M Challenge

Difficult to predict lifetime

Stochastic loading

Limited access - especially offshore
Limited availability of data — mostly visual

Challenges will Increase with Deployment of Larger Offshore Turbines
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BLADES INSPECTION AND MAINTENANCE @ MIsTRAS

Blade Maintenance

Fixed schedule
Historical data, failure and degradation
information

Schedule based on blade condition
Real-time sensor measurements, data
trends, models and ML & Al algorithms

Blade Maintenance Based on Blade Condition Requires Continuous Monitoring

= Copyright © 2022 MISTRAS Group, Inc. All rights reserved.



SENSORIA™ SHM of W/T BLADES

blade failures are the primary cause of insurance The main causes of failure of rotor blades include:
claims.
* Lightning strikes,
Blade failures account for over 40% of insurance * Foreign object damage,
claims, ahead of gearboxes (35%) and generators * Material failure due to fatigue, and
(10%). * Manufacturing problems

-

e
Longitudinal crack at 25m Longitudinal crack at 10m

PURPOSE OF THE BLADE MONITORING SYSTEM

EARLY DETECTION: Identify damage upon onset
DEFECT ACTIVETY OR STABLILITY: Track acoustic signature to learn of growth or stability
ANALYZE TRENDS ACROSS SITE AND BLADE SETS: Acoustically rank blades for repair & inspection

prioritization

Copyright © 2021 MISTRAS Group, Inc. All rights reserved.
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SENSORIA™ TECHNOLOGY PACKAGE

Sensoria DAQ

Acoustic Emission
Sensor

. '__'“E_:n ,
M Data-Driven
N 7, Web-Application

N :_}é\}"

Data and Real-Time Alarms

Pre-Processed Acoustic

@ MISTRAS

Real-Time Blade
Conditions and Alarms

Analyst

Copyright © 2022 MISTRAS Group, Inc. All rights reserved.
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HOW DO WE USE THE CONTINUOUS ACOUSTIC DATA STREAM? @ MISTRAS

Generate real-time alarms

Continuous Monitoring Data Guide maintenance planning
Generate a grading system

Real Time Alarms

Normal Status Event Heightened Status Time to inform How do we Inform
alarm

Impact no rupture

1hr -1.5hr web app only or email
i if ruptured blade
(Clear after 24 hrs.) \@wensite) i
Skin Email after
m ‘ rupture =p 8-12hr verification only

Impact

m - producing -

rupture

Email after
verification only

8-12hr
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EXAMPLE - SPLIT TRAILING EDGE @ MISTRAS

After Repair Blades ]
show Similar
Background Noise

40 dB Higher Background Noise on Blade A
due to split TE
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GRADING BLADES USING ACOUSTIC ACTIVITY @ MISTRAS

2500000~ |

200.0000 = |

Acoustic Activity change over time in response to
Turbine Operation
Weather
Defect Presence and Severity

—)

-150.0000— |

200.0000— |

' ' |
o am Em &m

Acoustic Emission Hit
Recorded by the DAQ

Probability of Defect Activity (PDA)

Acoustic activity collected over a 7-day Crack-Like Activity (CLA)
period allows to generate Grading Metrics
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CRACK-LIKE ACTIVITY CONFIRMATION BY INSPECTION & ASSESSMENT TREND

@ MiIsTRAS

Severity

77

Defect severity Vs location along biade length for various defect types

{ \\\
0 5 10 15 20 25 30 35 40 a5 50
Blade Length (m)
W Skin rupture ol ng strike damage TECrack (Tip)
LE Crack (tip) ¢ (10 -15m) = TEcrack (Mid Range)
® LE Crack (Mid Range) t 0O ord crack
New
Ll e — O
— . | 4
\\\ |
( 1 \.
v, 2
) 5 10 15 20 5 30 35 10 45 50
Blade Length (m)
W Skin rupture rike damage TECrack (Tip)
LE Crack (tip) (10 -15m) Ecrack (Mid Range)
@ LE Crack (Mid Range) 0O Chord crack

20

—

Ice
storms

Active crack growth period

el Biade B
Biade C

11/4/20 1/18/21 3/28/21 5/24/21 28/6/21 10/26/21 12/21/2021
Test Turbine No  ~ Model . Blade . Defect Type-ID « List Severity Leve « Defect Location Info « Repair Date «
V100-MK7 Al LE Crack - Mid Range Other X Tip
T0006-8 GE1.6 B/2 Root Crack {10m) 55 v 10m 0 7/9/2021
T0002-B Clipper 93 B/2 LE Crack - Mid Range S4 V4 25m 9
T0007-8B GEL.6 A/l TE Crack - Tip 54 v Bond line t.raxke
TO001-B Clipper 93 A/l TE Crack - Mid Range S3 \/ 23m o
T0002-B Clipper 93 A/1 LE Crack - Mid Range s3 v 20m (5 )
43 T0001-B Clipper 93 c/3 LE Crack - Mid Range 3 v 20m (6]
T0006-8 GE1.6 B/2 LE Crack - Mid Range 53 v 30m (7]
T0007-8 GEL.6 c/3 Root Crack (10m) 53 v 10m (2]
T0003-8 V100-MK10 A/l LE Crack - Mid Range 52 v 30m (o}
T0001-8 Clipper 93 B/2 TE Crack - Mid Range S2 v 30m n
Activity passin| Activity not
‘/ fi::tterstyp - x passint;filters
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PDA - PROBABILITY OF DEFECT ACTIVITY @ MISTRAS

100
e @ siade s
. Slade B

&

[ LN
2
®
@

ahted Bl

We

PDA Alarm

Email Communication Summary
Normal Status Event Heightened Status
Email sent after analyst verification of the
acoustic activity (Analyst assisted verification
expected within 24 hrs. of alarm onset).

PDA New PDA -
(green oryellow) - calculation

|

Calculation is performed weekly or
following the monitoring period.

b Acknowledgement requested

L.’ Email reminding need to acknowledge
(sent after 48hrs alarm verification)

78 Copyright © 2022 MISTRAS Group, Inc. All rights reserved.



79

INFORMATION READILY AVAILABLE IN THE DATA-DRIVEN WEB APP DASHBOARD

O Q \
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SENSORIA Blade Monitoring System @MISTR)\S

CASE STUDIES

* SPLIT TRAILING EDGE

* BMS detected high level background noise in a blade split TE.
After the TE was repaired, the background noise level was reduced

* ROOT TRANSVERSE CRACK

* BMS detected specific frequency in a blade with a root transverse crack.
After the crack was repaired, this frequency reduced significantly

 ASYNCHRONOUS PITCH OPERATION

* BMS detected high energy bursts of acoustic activity on blade C during
pitching which was not in synch with blades A and B

* ICE FORMATION

* BMS data showed high energy and high frequency signals in the
02/01/21 to 02/16/21 period, when temperatures dropped below 20° F

Copyright © 2021 MISTRAS Group, Inc. All rights reserved.



SUMMARY @ MISTRAS

81

Early information about defect
activity and onset allows to
proactively plan for repairs and
reduce repair costs & risk.

The monitoring system can help
prevent blade failures by
providing early detection of
damages.

The data driven web app
communicates real time
condition and alarms.

The monitoring system
identifies damages when they
happen and as they grow, by
sending automated email
alarms.

Data from the web app to
compare blade condition across
site & fleet, by using two
MISTRAS proprietary
quantities:

* Probability of Defect Activity
(PDA) and
* Crack —Like Activity (CLA)
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Workshop 3: Design and Maintenance of Wind Turbines

TOWER MONITORING
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Fatigue experience background ‘ OMISTR AS

Copyright © 2021 MISTRAS Group, Inc. All rights reserved.



Verification trial OMISTRXS
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Installation @ MisTRAS

(XY units in mm)

Capture area Weld line D-Plate comer Sensors

r

Y Posibon vs X Fikiion <All Channe IE;'IE'.I{'IE{:l




Background Research OMISTR;\S

55m high wind turbine on Mires Hill
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Monopile Monitoring @ MisTRAS

TP WELD MONITORING



Source Location on welds ‘ OMISTR;\S

88
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WIND R&D @ MisTRAS

Source Location in TP Welds

Y Position vs X Posttion vs Events <Al Channels> Loc[1]




Monopile Monitoring @ MisTRAS

TP SUPPORTS WELD MONITORING



SOURCE LOCATION ON TP WELD @MISTR)\S




Source location on welds @MISTRAS




Monopile Monitoring @ MisTRAS

BOLT AND FLANGE MONITORING



AE Flange experience — Heat Exchangers @MlSTR)\S
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Source Location on Bolted Joints @MISTR)\S

Set up for source location

Using sensors mounted on the bolted flange it
was possible to demonstrate this application
locating artificial AE sources to the area of each
bolt. This was tried on the wall of the tower but
the location provided was not as clear.

Calculated source locations




Source Location on flange ‘ OMlSTR)\S
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Source Location on flange @MISTR)\S

Approximate defect
position
i
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Source Location on flange @MlST RAS

Timelsec) vs X Position vs Events <5-12> Loc[3]




Source Location on flange @MISTRAS

Absolute Energyfal) vs Dated Time(sec) <512z

5 days, and 21 hours of data had been collected

| | I |
15/Dec 12:00:00a 17/Dec 12:00:00a 19/Dec 12:00:00a 21/Dec 12:00:00=a

e ]

Absolute Energy(a) va X Posttion <512 Loc[3]

As can be seen there is no significant emission located around the defect position of
2.5m. There is an indication around 5.5m but following closer examination using guard

sensors it was identified this is not located on the flange but outside and below the
array



Monopile Monitoring @ MisTRAS

OFFSHORE MONOPILE MONITORING



Monopile Monitoring ‘ OMISTR)\S
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Monopile Monitoring “ ‘ OMISTRA\S
| !
Concept design and verification trials: .'.

Hardware design, manufacture and supply:

Hardware installation offshore:

System remote monitoring:

Data management, visibility analysis and reporting:

Copyright © 2021 MISTRAS Group, Inc. All rights reserved.



- Workshop 3: Design and Maintenance of Wind Turbines

THANK YOU FOR YOUR ATTENTION

WHAT ARE YOUR QUESTIONS ?

For Further info contact

Dr. Athanasios (Nassos) Anastasopoulos

e-mail: Nassos.Anastasopoulos@mistrasgroup.gr
Tel.: (+30-210)-2846801,

Fax: (+30-210)-2846805

http://www.mistrasgroup.com
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