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From Disconnected Models and Data ...
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CFD SIMULATION

]wo@owe- Cover_2:+Z WWF 231 [1196.3-3489.1 rpm) I

SIEMENS
lhg«ev\uffyfor&‘ft

TEST MODELING

CONTROLS

1D SIMULATION
-2




... to “Digital Twins” enabling SIEMENS
Predictive Engineering Analytics lngenuity for Life
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Executable Digital Twin
Definition

Precise virtual representation of a physical
product or process

Used across its lifecycle to simulate, predict and
optimize the product and production system

Made up of multiple representations or models
for different aspects of physical behavior

An evolving object with a lifecycle that needs
to be managed

Closed-loop digital twin provides for bi-

feed back insights to continuously optimize
product and production




Executable Digital Twin
Definition

For smarter
products, systems, processes

developed, packaged & released by experts

real time enabled Y
leveraging Al and model order redqction techniques -
self adapting / calibrating

averageable by anvone one at any point in the
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Executable Digital Twin
Creation and deployment process

Physical assets Create xDT Deploy xDT
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Model based testing
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Executable Digital Twin

Measure the unmeasurable with smart virtual sensors
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The Digital Twin SIEMENS
Creating value along the life cycle lngenuity for Ufe

I[deation Realization Utilization

Digital Product Twin Digital Production Twin Digital Performance Twin



Simcenter Portfolio SIEMENS

Engineer Innovation for Wind Energy Performance lngenuity for Life

Systems Performance and Controls @

Complete (sub) system optimization

Turbine detailed engineering @

Engineer Loads cascading, Lifetime, Noise & Vibration, Magnetics

Innovation

Asset Management & Reliability 0

Big Data, IoT, Remaining Useful Lifetime

Aero-dynamic performance

Wind loads, Wind farm layout, Blade yield optimization




Offshore Wind Turbine Foundation Monitoring

BSH (Bundesamt fiir Seeschifffahrt und
Hydrographie), legally imposes a
Foundation Condition Monitoring
System (FCMS) on 10% of the turbines
of each off-shore wind park.

Why? Example: Degradation of grout
between monopile foundation and
transition piece of steel tower in first
off-shore turbines in Belgium.

* Towers tilted
* Huge repair costs

Brackets for
temporary support
before grouting

Transition piece
1 with angled surface

Grout

Monopile with
angled surface
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Offshore wind turbine foundation monitoring SIEMENS
Model-based structural health monitoring lngenuity for Life

accelerometer O App to assess structural health — remaining life time
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: Operational Modal Analysis example: On-shore wind turbine: bending modes
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Extend with models of damage and changing environmental conditions SIEMENS

Ihg&huf{y«for&""g
Damage Yalidateq
scenarios Wind Turbine
model
Variation

e.g. Damage scenario Scouring —> dynamic

properties
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e.g. Wave depth and tidal level

Discrimination
Analysis
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Winergy IEMEN
Predicting the remaining useful lifetime of each wind turbine gearbox > ,,\;f\lu.-{y{f&h

Radical change in the Operations & Maintenance of the wind industry

Classify data
using a trained
neural network

Machine learning based approach

» Use operating data to train a neural network to detect and predict faults
* Sync the model with the operating condition to validate the digital twin

Individualized digital twin based approach

Optimize the maintenance planning
of the wind turbine fleet

Limit the number of spare parts

Prediction and reduction of failures
Feedback from the field into the “We wanted to safeguard the functional performance of our gearboxes. Thanks to

development of wind turbine the Simcenter Engineering expertise, we can now predict the remaining useful

gearboxes lifetime of the bearings and gear teeth in each gearbox.”
Edwin Hidding, Head of Customer Project Management

Page 14



Dual Technical approach

SIEMENS
lhﬁ%ai‘y{or&ft

Monitoring data - 78 Wind Turbines (SCADA)
72 channels (wind speed, rpm, gearbox temp, faults, ...)

Machine learning

Training Neural Network

Failure prediction and detection

Turbine Model
(Digital Twin)

Digital Twin: Model creation and correlation

Accumulate load cases

Remaining lifetime of gears and
bearings for each wind turbine gearbox



Lifetime prediction SIEMENS
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Loads (per turbine) Load capacity — design life time

As collected over Mindsphere Material data, manufacturing data, design information, field data,
supplier information

The “DigitalTwin” created individually for each gearbox
and contains the connection between load and load capacity.

Output (per turbine) = @ E

| Bearings | Remaining Useful Life (RUL)

11— Hl *0 = new component
Generals H H H H H D H H D B o *1=lifetime reached
0 0 (theoretical failure)
X\ Q)

S N D & N -o‘\\ - ConsumedLoadCycles
O & N & & ¢ & - ConsumedLifeTime
S 2 & & O & 3

AN ,»\ 0 Q\ N Q\Q\ - ExpectedLifeTime. O Q;‘Q @‘o" Q;& <b*°" Q)& Q‘q @‘Q Q)‘g @& Q?&
f\?‘ Vo9 @ N - RemainingYears ?



ReliaBlade project description

ENTIRE LIFE CYCLE

PHYSICAL |

DIGITAL
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Design and model
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As-built blade Numerical model
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In close collaboration with DTU
- Contribute to WP1 — Digital platform

integration
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Blatigue2 project description

The purpose is to develop a suite of software, tools and methods to enable
significantly faster, realistic and more efficient fatigue testing methods for
large wind turbine blades. The combined solutions will increase the quality of
blade testing to reduce unplanned blade repairs by an estimated 10% and
reduce the time to market for new blade designs significantly.

BLATIGUE-1 (Funded and completed)

* Test methods

(Multi-axial fatigue optimized method developed)
» Simulation tools

(Tools developed and implemented)
* Test equipment

(Multi-axial fatigue exciters demonstrated)

* 3D digital measurement
(Focusing on full-scale displacement)

/  Bring fast, smartand efficient fatigue test

BLATIGUE-2 (Current application)

* Method improvement

(More accurate and faster fatigue methods to
meet market needs)

+ Smarter fatigue exciters . :
(Hardware & software adaption) An integrated solution

« Efficient Digital Image Correlation (DIC) | for future wind turbine
blade fatigue testing for
successful market entry

(Reduce labor-intensive contact sensors to
measure strains and damages)

* Drone-based automated inspection
(Structural diagnostics and prognostics utilizing
computer vision)

* Application of digital twins
(Create added-value from digitalization)

* Market-orientated demonstration
(Bring the-state-of-the-art solutions closer to
the market)
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Digital platform integration

IBM
Internet of Things
Cloud

Live data
stream to the
IBM Watson
loT platform

w10 Simulated 4

5 \f —Measured 2% 10 .
a = | --Estimated —Measured
W gl .
g 2 . - Estimated
g Z
~ 0 20 a0 60 F—
time [s] 2
ot —Simulwed S () L
= B —Measured|
a =1 — . -~ Estimated
8 o |
o £ V -1
N Hl ' ' 0 10 20 30 40 50
H .
@ 5 10 15 time [SJ
time [s]

SIEMENS



Wind turbine blade testing for certification

IEC 61400-23 standard for wind
turbine blades certification

— l ™~

Fatigue Tests:
ensure that the blade will be
reaching the designed lifetime
of about 25 years

Static Tests:
verify the structural strength of
the blade

DTU Wind Energy Large Scale Facility

Page 21

Dynamic Tests:
limited to the identification of the first and
second flapwise natural frequencies, and
of the first edgewise one.
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DTU Wind Energy Large Scale Test facility
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Test setup:
free-free boundary conditions for FE model validation




Correlation: Test vs FE model

Mode 1 — 15t flapwise mode

Mode No. 9: 2* Edgewise Bending (58 —49.85 Hz), Mode No. 11: 6th Flapwise Bending (66.8 — 60.8 Hz),
MAC=0.92 MAC=0.86

Mode No. 12: 2 Torsion (80 — 71.75 Hz), Mode No. 14: Higher order mode (100.1 — 96.78 Hz),
MAC=0.87 MAC=0.66

FE model provided by DTU Wind Energy

SIEMENS




Strain-based Operational Modal Analysis
Pull & release test

Pull & release test

- 4 different force levels (1.50kN, 2.17kN, 2.65kN, 3.17kN)
76 strain gauges along 12 sections

Data processing (no force, no accelerometers)

- Strain-based Operational Modal Analysis
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Digital Image Correlation for wind turbine blades testing

Off the shelf solution for
full field 3D deformation
measurements based on
camera images

Complementary with
Simcenter structural
dynamics testing

Full field correlation with
Simcenter 3D simulation
results

Advanced image processing for
measuring full-field
3D displacements, strains and vibrations

(DIC)

TEST GEOMETRY
(3D COORDINATES)

OJ O

2 CAMERAS

A

10’000+ TRAXIAL
ACCELEROMETERS

> i "/:_.

i

10’000+ STRAIN
GAUGEROSETTES

‘MatchiID

Metrology beyond colors
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DIC activities on 31m IWES blade

* X4 4096x3000 (12 MPx) 10GIigE 68FPS
(3.45 ym)
e X416 mm lenses

* X6 2448 x 2048 (5 Mpx) 15FPS (3.45 um)
* X6 16 mm lenses
* X6 8 mm lenses

SIEMENS:
« X4 5 MPx USB3 Camera 75 fps (3.45 uym)
e X412.5 mm lenses
e X425 mm lenses

Bandwidth 0-10 Hz
Blade 31 m (Test on 2 to 8 meters)
DIC for Damage Detection and Crack Propagation Analysis

Top View

d:"e«\&’; 95 m

Siemens Camera  Siemens Camera wuTt WuT wWuT

Pair 1

Pair 2

Camera Pair1 Camera Pair2 Camera Pair 3

Damaged Area

ETE

>
o>
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Executable Digital Twin

Measure the unmeasurable with smart virtual sensors

Challenge
Improve accuracy of durability
testing for composite blades

Currently relies on a few physical
Sensors

Suboptimal sensor positioning
decreases accuracy of durability
results

Model updating can be lengthy
and complex

Solution
Estimate full field stress and strain
response with smart virtual sensor

Benefits
Detect critical locations on the full

blade

T R
5 v “‘.'r.‘i'. ‘.- -o .;.. =y
® |[nstrumented location
® Non-instrumented location

Expand strain data from 10’s of
data points to 100’s

I I Accuracy of durability testing

Time reduction for model
updating and instrumentation

SIEMENS




What is Smart Virtual Sensing?

Observations set FE model
e A \@
t[s] -

Input | |
models !

® Instrumented location Noise Smart Virtual Sensing
® Non-instrumented location statistics l

Predicted responses at unmeasured locations

Full field response estimation el

. %107 —Simulated %107 —Simulated
= 1F ] i —Measured I =—Measured
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xDT Smart Virtual Sensing — Wind Turbines

Demonstrators
GOAL #1: GOAL #2:
Physical demonstrator on composite scaled wind turbine

Physical demonstrator on 3D printed scaled wind turbine blade

(b) Speckled blade.

HE

SIEMENS
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xDT Smart Virtual Sensing — Wind Turbines

Demonstrator #1

TopSecO
TopSecl
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Impact location
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uni TopSec3 TopSeck1

Shaker location BottomSecd

Boundary Condition:

* Blade-on-block configuration;
Installed sensors:

* 4 uniaxial strain gages;

* 10 rosettes;

» 10 triaxial accelerometers.

Y
|rx
Z

Pull&release
static load
location
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Numerical modes

TopSecH

(L TopSecG

/

Input estimation
=
ik st U kB _‘ 0 A |
Observed locations s T o g b - \/\'
Acc: Top sec. Hdir. Y | Timets) Time(s)
Acc: Top sec. E1, E2 dir. Y| g E Vv W
NZ g
. cc: Topsec. D1dir Y | = ""é"\j;‘“md i
Correlation MAC Results - modelUpdate . . ) X S
Scal 5 = = = = = = = =
W1:24.8Hz, -“1 " Frequoncy(z)
W2:54 5Hz| =0.B - -
=07 H - H
W3:93.4Hz 0 niSG: Bottom sec. 3 dir. Z| Response estimation “
W4:187.9Hz g:; 4 x10° S s 10! — ; Ry
WS5:242.4Hz L 02 EZZ 3 2t
W6:349.8H o 2. *’,\S Euist
a a ¥ g ~
FEFEE L N4 ,
22z p niSG: Top sec. 2 dir. Z_| SR SESESECECISES S e e
e & = M = A z
§ 8288 : 5
z & B P os: Top sec. 1dir. Z | 3 3
= Z 2
Page 1 of 1 £ 2

Experimental modes

Types of excitation

Impact testing:
- Mid

- Tip

- Tip2

Pull & Release testing:
- 1.5Kg

- 3Kg

- 45Kg

Random excitation

ace

Sensors

Shaker testing:

- Sine (20 Hz, 86 Hz);

- Chirp;

- Continuous random;

- Burst random;

- Sine sweep (linear, logarithmic).
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>
o>
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XxDT Smart Virtual Sensing —Wind Turbines SIS s e o o
Demonstrator #1

Home > Agenda > Masterclass - Supportive technologies for offshore wind energy

Masterclass - Supportive technologies for offshore wind energy

According to the Green Deal, the European Union must become

Combined SIM3D (Smart Virtual Sensing) / Testlab NEO capabilities: QR ety 205 g eyt i an s ki

managing and maintaining wind turbines is becoming crucial

Massive investments will follow. So lots of material for a
JUNE 2021 fascinating masterclass!

Successful demonstration at Sirris Master Class
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xDT Smart Virtual Sensing — Wind Turbines

Demonstrator #2
%@E% Several parallel activities on Demonstrator #2: (e R

 Digital Image Correlation

Computer

(b) Speckled blade.

« MSc thesis on: 7 7
« Static tests (clamped-free) : ‘ F Ry 2
* Modal tests (free-free) o Bla(jii L L PICvs ACC
» Fatigue tests (shaker) . /\f‘v
« ...to be extended to rotational conditions F
Damage Detection algorithms i
« MSc thesis work on the use of Automated Modal Analysis and Anomaly =

Detection Autoencoders to identifying damages (e.g. added masses)

an |
wm o
Mode 1 - Detected anomalies = | :
Healthy frequencies Damaged frequencies - o - T
25 25 ; . »
+ Deteced [ —— T T . : ] i
%L o © © 06 g © 0 g 0 0 ¢ ® o 26 2 -
* [ [} 0 I 1 w
255 255 = nl{mﬂw " " | ] v 0
s -
25 .
. .
.
.
. ]
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xDT Smart Virtual Sensing — Wind Turbines
Demo preparation: 12.6m wind turbine blade setup

- 64 Installed strain gauges
« 13 Strain gauges measured with the Scadas

(handmade cables to connect HBM strain gauges to LEMO)
« 4 Strain gauges used for estimation (Augmented Kalman filter)
6 Accelerometers to check modal behavior

Operational tests: pull-release

SIEMENS



XxDT toolchain

Operate in real-time the xDT of a wind turbine blade and stream the
estimated results to Simcenter Testlab RT

Sensor

Ethercat

7

Simcenter
Testlab RT

N\

UDP

Estimated and measured
values

Web
e
e
AR

visualization
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Wind Europe Electric City conference (23-25 November 2021)

Demonstration on 12.6m long blade
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Future outlook

- Apply developed Digital Twin architecture from full scale blade laboratory tests to operational environment
- Embed Machine Learning methods for the automated model updating
- Vibration based Structural Health Monitoring

L uiniean :
TE Debonding Delamination

Full Scale Fatigue Test
Data Collection
- SHM
- Machine Learning Training

- Damages Induced DTU
- Digital Twin Creation —
>
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Conclusions
Digital twin: final considerations

Models

o Collection of different information Operational data

o Exploitable in several domains Structural data

o Living concept evolving throughout the life-cycle Production process data

o Fluid representation of the individual specimen
rather than a generic model

o Integrating simulation and test data, e.g., via

Smart Virtual Sensing
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| Thank you!

Emilio Di Lorenzo
Research Engineering Manager
emilio.dilorenzo@siemens.com

Silvia Vettori
Research Engineer
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