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1. Executive Summary

The past decade has seen a rapid increase in renewable project installation, due to the urgent need to
combat climate change. TheEUcommitted to global climate action under the Paris Agreement [cite]
and further collective international action pledges wer made during the Glasgow Climate Pact during
COP26, nations are called upon to phase down unabated fossil fuelt the time writing this report,

the world is facing an unprecedented energy crisis.

Since the beginning of ROMEO project in 2017, there hasen more than 12GW of new offshore

installed capacity in EuropeAt the end of 2021, there were 236GW of wind energy installed in Europe

,with 28GW being offshore!. At the same time, worldwide there was 743GW of wind installed, with 35

being offshore?. During 2021, the European Commission has tabled the Fibr-55 package, a series of

mf hjtmbuj wf!gspgptbmt!up!efmjwfs!uif!FVIt!ldmjnbuf
that, the EU would need 453 GW of wind energy capacity by 2030 (3GW onshore and 79 GW

offshore). GWEC forecasts 235 GW of new offshore wind capacity will be installed over the next

decade under current policies

The growing annual installation rates of offshore wind turbines call for the need to reduce OPEX or
TCO andimprove availability of offshore wind farms. However, this growing installation rate comes
with increase in digital information received from assets and an increase need for maintenance
requirements and decision making These maintenance decisions include

9 Scheduling of orders, personnel, transportation, and procedures

1 Ensuring health and safety of everyone involved in the process

1 Preventing equipment failure or degradation in order to maximise performance, reliability and

safety

Digital technologies are continuously developingnd these include-but not limited to- computational
power, connectivity, storage data sciencealgorithms and data engineering tools. These
developmentsare correlated withthe emergence of Industry 4.((14.0); a modern manufacturing
system driven by information technology (IT) and achieving sustainable sociefy14.0 has remarkable
potential to improve resource efficiencyand maximise social, environmentaland economic benefits.
The opportunitiesand challengesof digitalisation and 14.0 towards achieving sustainable development
have been widely discussed.The challenges are that these new methods require &ransformation in
business practices promote rapid changesp ! j o es\ewvolutisrand raise various concerns in terms
of ethical and social controversies But when digitalisation isresponsibly harnesses, itcomes with
great opportunities for innovation added value greater insightand increase in efficiency The
enhanced analytical capacities and collaborative digital ecosystemsould massively benefit the

1 Wind energy in Europe: 2021 Statistics and the outlook for 2022026 https://windeurope.org/intelligence-
platform/product/wind -energy-in-europe-2021-statistics -and-the-outlook-for-2022-2026/

2 GWEC | Global Wind Report 2022 https://gwec.net/wp -content/uploads/2022/03/GWEC-GLOBAEWIND-
REPORT2022.pdf

3 Khan, Igra Sadaf, Muhammad Ovais Ahmad, and Jukka Majava. "Industry 4.0 and sustainable development: A
systematic mapping of triple bottom line, Circular Economy and Sustainable Business Models
perspectives."Journal of Cleaner Productior297 (2021): 126655.
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renewable energy sectorln the context of offshore wind farns, this could ultimately lead tosignificant
savings in operational expenses (OPEX)mproveddecision making, enhanced safetyand a reduction
in the levelized cost of energ{LCoE)

Digitalisation in the wind energy industnhas progressed in the past few yearsTherehave been
efforts to unify industry practices like thelnternational Energy Agncy (IEA) Wind Task 48 but most
efforts happen siloedwithin organisations and institutions. The wind energy, interdisciplinary as it is
would benefit from acollaborative initiativeto expediate digitalisationpotential and benefit allinvolved
stakeholders from knowledge exchange ad share of information. This has been thecore foundation
of the ROMEO projectwhich isan industry basedconsortium including large companies
(manufacturers, operatoss, service providers, technologynd Alspecialists), SMEs and academia
ROMEQ is an initiative backed by Horizon 202@rogramme (call topic LCE13-2016) which aims to
develop advanced technological solutions that enable the Operation and Maintenance (O&M) costs of
offshore wind power to be redwced.Partners have been chosen to cover the whole value chain,
constituting an interdisciplinary group of experienced partners, providing of its expertise to cover the
different fields required.

SPNFP!'t!pckfduj wft!bsf ;!

1. Greater reliability: Increase windafrm reliability and decrease the number of failures leading to
downtime

2. Lifecycle enhancement: Increase the life time of key turbine components

3. O&M reduction in WT: Reduce the WT O&M costs through the reduction of resources required
for annual inspectionsof the turbine

4. Foundation costs: Reduce the O&M costs associated to foundation through reduction in jacket
substructure inspections

ROMEO has provided efficient and reliable conditidmased maintenance and monitoring as well as
decision supportsystems by early fault detection, diagnosis and prognosis models of components
failures

This report summarizes the innovations developed throughouROMEOproject. The innovations
contribute to increased reliability, lifecycle enhancements and reduction absts of offshore wind
farms, with the potential to unlock added value pathways twards improved O&M of offshore wind

2. Introduction

Jo! mjof! xjui! FYOMEOdRsaljalblenQ&M Decibien Tdols and Strategies for High LCoE
Reduction on Offshore Wd) project is endorsed by the EU Horizon 2020 programmeROMEQ's goals
are to lower the LCoE of offshore wind energy through innovative technological solutions for O&M and
advance the renewable energy sector.

4 |EA Wind Task 4ttps://www.ieawindtask43.org/
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ROMEDO is a 5year project with an industrybased consortium of eleven leading offshore businesses

and a university: Electricité De France, ADWEN offshore, SIEMENS Wind Power, RAMBOLL IMS, IBM
Research, INDRA Sistemas, BACHMANN Monitoring, LAULAGUN Bearings, UPTIME Engineering and
ZABALA Innovation Cosaulting and University of Strathclyde, UKThe project is led by IBERDROLA
RENOVABLES ENERGIA,;

The main objective of ROMEO is to develop new advanced technological solutions to improve the
current O&M strategy, consequently increasing the life span and rability of the assets. A decrease in
the number of failures leading to downtime and reduction in the maintenance contributes to the overall
reduction in OPEX, which, in turn, lowers the LCoE of offshore wind energy

The project hasspan over 60 months.The project consists of 10 work Packages:

WP1defines all thetechnical specifications & project requirementsA common framework ensures

the good integration between WPs and the integration of end user requirements on the final concepts
developed. Additiomlly, critical components (both for WT and support structures) in terms of lifeycle
costs, are determined by failure modes effect and criticality analysis (FMECA).

WP2 provides WT Diagnosis/Prognosis solutions for a new design (physicalyhese focus on new
mechanical drive trains and blade bearingsThe developments of these WHRnclude:
1 Algorithms for increasing CMS capabilities of gearbox and main bearing WT diagnosis
9 Blade bearing algorithms for rolling contact fatigue & structural health monitoring
9 Algorithms to detect failure modes of permanent magnet generators, converter and
transformers
1 Scale model testing allowing extension to full scale components.

In WP3,both physical and statisticafmachine learning models are developed for the diagnosis and
prognosis of critical failure modes on main WT components (main bearing, gearbox, blade bearing
generator transformer). Datasets from the demonstration sites, from pradtypes and from simulated
synthetic environmentsare usedfor model training and validation. Module are integratedwithin the
cloud.

WP4 is focused on Structural Condition Monitoring (SHMY he feasibility of low-cost monitoring
methods for predictive maintenance, risk based inspection and lifetime extension of WT structures
and substructures when applied on an industrial scale using powerful FEinite Element)models and
site-specific dataare assessed Benchmarking of hardware solutions and optimal sesor placement
study, and 2 temporary monitoring campaigns for the foundation have been carried outhe studies
conducted are to provide guidance on the implementation rationales for retrofitting already operating
wind farms and for future wind farms.

WP5 provides a cata framework of the information model for WF O&M strategylt integrates the
different data acquisition and processing elements and protocols that address the needs of the overall
system in order to cover the requirements identified in WPand WP4. Multiple communication
infrastructures, communication protocols and real time data processinghave been demonstrated
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through this work package.The loT cloud platform from WP5 has been consideredInterfaces
wbmjebujpoluftut! poluif! 4l efnpotusbupsdtalert dpngpof o
algorithm identification have beendevelopedfor edge computing capabilities(Node#1).

WP6 develops, deploys and demonstrates a fully operational Information Management Platforrithe
platform is centralised, webbased, fully integrated with central data acquisition and analytics
ecosystem defined in WP5 Monitoring requirements for O&M platformare scoped, along with
requirements for reporting and communication.

WP7 deals with all the pilot testsRequirements are specifiedconnections for real time data
aggregation and integrationare tested, models are validatedPilot validation covers the framework of
the 3 critical and complementary Wind Farm use cases (Wikinger, East Angliaand Teesside)
operated by IBERDROLA and EDISing ADWEN and SIEMENS WTs.

WP8 carries out the impactassessment of the project. An integrated impact assessmentnumerical
model that compares baseline cases withother design cases suggested through the project is
developed. Various KPIs are measuredn terms of costs reliability and environmental impact.

This report gathers the main innovations developed throughout the lifecycle of the ROMEO projdat.
addition, some exploitable results identified by the partners are include@iable 1 provides a list of
exploitable results.

Table 1: List of exploitable results of ROMEO project
Partner Exploitable Result
ADWEN (developer) Reliable product: 5MW WT with algorithms for monitoring
3rd generation 2. CMS integration for new developments (Main Bearing,
Gearbox,Blade Bearing)
3th generation of CMS (above) may be implemented as retrofits on frozen
WTs.
ADWEN (developer) ML / Mathematical Condition monitoring development capability
Tailored Maintenance plan forequipment with 3th generation CM installed
taking into account life degradation, FF curves, based on RCM

ADWEN (developer)

ADWEN (developer)

ADWEN (developer)

SIEMENS GAMESA
(developer)
SIEMENS GAMESA
(developer)

Identification of WT components that have impact in OEE

3rd Generation of CMS integration fonew developments (electrical train)

SIEMENS GAMESA 3rd Generation of CMS may be implement as retrofits on frozen WTs
(developer) (electrical train)

RAMBOLL (developer) RCM procedures for offshore wind industry

IBM (developer) O&M Ecosystem demonstratorleveraging IoT Platform

UPTIME (developer) Harvest O&M management platform

Offline Diagnosis: New generation of CMSincluding diagnosis support
system and CM for Main Bearing and Gearbox

LAULAGUN (developer) Sensorizedbearing

Interface to WFs data sources through BABEL using standard industrial
protocols (ICCP, Modbus, OPOTA, etc.)

BACHMANN (developer)

INDRA (developer)
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APIs and connectors to publish or subscribe to information on the realme
bus, iISPEED, for a partidar product, system or library

Rules and algorithms on top of the edge computing infrastructure already
available in the smart nodes (Node#1).

Offline Diagnosis: Support of RD®P designation system, aunique
component reference for the service.

INDRA (developer)
INDRA (caedeveloper+IBM)

BACHMANN (developer)

BACHMANN (developer) Online Diagnosis: model based unbalance detectiorsofware plugin / module

BACHMANN (developer) Online Diagnosis: software for new hardware generation providing ISO RMS

IBM (developer) Degradation detection and failure prediction models for WT components
Diagnosis and Prognosis algorithms for the electrical drive traip New wind

EDF (developer) wrbines

3. Innovations

3.1. Failure Mode Effect and Criticality AnalysiSFMECA)

Through WP1 of the project, a decision framework to prioritize offshore wind turbine monitoring was
developed.In complex multi-component systems like wind turbines, it is very important prioritize
systems for which condition monitoring would generate higlest value and to understand the
parameters that need to be monitored by a specific system from failure cause to failure mode.

There is a wide range of ISO standards on risk assessmeas part of the ISO 31000 serief§] [°]. In the

context of offshore wind turbines, both qualitative and qualitative methods are needed. FMEA (Failure

Mode Effects Analysis) is a logical qualitative risk assessment process aiming at evaluating failure

modes (FMs) of a process, procedureorsystem ! ui f j sl dbvtft!boel! fggfdut/ !
failure modes classification, includes estimates of the likelihood and the severity of each failure mode.
Therefore, when FMEA is combines with CA, then a serguantitative reliability method cakkd Failure

Npef! Fggfdut! boe! Dsjujdbmjuz! Bobmztjt!)GNFDB*!jt]!
process for identifying potential design and process failures before they occur, with the intent to

eliminate them or minimise the risk associate ! x j u i ’!This ehables!the prioritisation of

appropriate mitigation measures.

3.1.1.FMECA on major components

In the course of 12 workshops, that involved more than 40 technical experts of the ROMEO

consortium partners, the major components risk profileof two wind turbine types and two different

substructure concepts have been assessedkor this approach, the criticality of several failure

tdf obsjpt!pg!luif! xjoel! uvs Rigke pribritizhtiorbapsesses:zt uf nt ! j t ! b
1 Which scenarios may occur
1 How likely this is to happen

5 Purdy, Grant. "ISO 31000: 200Ssetting a new standard for risk management.'Risk Analysis: An International
Journal 30.6 (2010): 881886

6 1SO, I. "ISO 31010: 2009 Risk Managem@Risk Assessment Techniques.CENELEC, Brussel&010).

7 Juhaszova, Darina. "Failure Analysis in Development & Mdaature for Customer."Quality Innovation
Prosperity 17.2 (2013): 89102.

Copyright info -Contract No. 745625 10

Internal Use



D7.7- Report on Innovations
ROMEO PUPublc

1 What consequences will happen if the scenarios occur

The impact resulting from the use of a monitoring system can be evaluated. Criticality is hereby
assessed under the consideration of failure consequences related to personsafety, the environment,
asset availability, maintenance cost and the type of offshore intervention required.

A multi-step process to prioritize certain scenarios for further the further assessmeris illustrated in
Figure 1, as described in the standard§]P][°][**].Criticality was calculated as a combination of failure
probability and the consequences of the potential worst case endffect.

@ Item
@ Function

| Improvement
@ Failure Mode Potential
@ Failure Cause Not Prioritized @ Monitoring Options
@ Likelihood @ Current Regime
@ Failure Effect Yes Q Failure Mechanism

I

@ B-Factor

Consequence 4@ Criticality

Figure 1: Process for FMECA

All failure modes withcriticality values equal or greater than 44 have been prioritizeBigure 2 shows
the proportion of criticality numbers per system in this criticality region.

8 EN, C. "13306: Maintenance terminologyEuropean Committee for Standardization. Brussels, Belgiuf@001).

9 International Organization for StandardizationPetroleum, Petrochemical and Natural Gas Industries.: Collection
and Exchange of Reliability and Maintenance Data for Equipmens0, 2006.

10 DNV, RP. "A203 Qualification of New Technology?ecommended Practice(2011).

11 Standard, Norsok. "Criticality analysis for niatenance purposes."Z-008, Re\2 (2001).
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M Jacket and Monopile Support Structure
Transformer
m Main Shaft
Generator
Gearbox
Yaw System
Converter
B Blade bearing

Blades

B Pitch System

Figure 2: Number of prioritized failure modes for main systems

Offshore wind turbines are subject to maintenancestrategies, with condition based maintenance
beingthe currently most preferred methodology as it offers a balance between unplanned downtime
and premature repairs/replacements.The Condition based strategies rely on information which is
based on data gattered by continuous or intermitted, online or offline condition monitoring systems.

The risk assessment methodology described, provides the most important components that
maintenance strategies should focus on. However, value is generated when status toglés improved.
The improvement potential is evaluated based on the expected benefits on cost reduction and
downtime reduction. An important categorisation happens at this step; evaluation of improvement
potential is carried out differently for the structues and turbine RNA (Rotor Nacelle Assembly)
systems. This is because structures (here monopile and jacket substructures) structures are subject
to an inspection and monitoring regime that shall ensure that structural integrity is kept throughout
the intended lifetime of the asset. RNA systems (here blades, pitch system, yaw system, main shaft,
gearbox, generator, transformer and converter) are, on the other hand, predominantly subject to
regular maintenance campaigns which shall ensure that the componentand systems are fit for their
desired purpose. The evaluation for RNA components is performed usingiPintervals. The evaluation
for substructures is performed based on benchmarking and on known physics in the ibetween steps
of the failure mechanisms.Particularly for the substructure structural components.the focus is on
mechanisms that show time-dependant behaviour to allow for enough time for maintenance
mobilization / failure prevention or mitigation prior to any undesired event to happerAny evaliation
that improves the status today is the focus of this project.

The above described evaluation is deemed to adequately reflect the prioritization procedure carried
out for the ROMEO project. Any evaluation in the categories medium and high reflects an
improvement of the status today. It shall be noted that not all critical failure modes have been
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assessed. Furthermore, it is important to that the design of maintenance strategies should be agile
and flexible and this framework allows for inclusion and gporitisation of further monitoring systems.

3.1.2.FMECA for minor components

Each wind turbine major component is composed of multiple minor componentswith different failure
modes which should also be addressed individuallyVithin ROMEO project, th&MECA mehodology
has also been applied to minor components of wind turbines.

The distribution of failure modes across subsystems is shown irFigure 3.

W Nacelle crane

W Service lift

M Brake system

M Pitch system

M Yaw system

m Central hydraulic system
M UPS system

W Generator cooling system
W Converter cooling system
M Central cooling system

M Obstracle warning system

Central lubrication system

MWacelle and tower lighting
Figure 3: Distribution of failure modes for minor components
3.2.Diagnosis and Prognosis Solutions

On WP1, several failure modes were identified as part of the FMECA proceAdair distribution of
failure modes and components wasconsidered, in order to develop monitoring capabilities on
different areas of expertise. All of them important for cost reductiortHaving a wide set of components
also allows to cover more failures that might develop during the project, giving direct fe¢d WP3
solutions.

However, in order to make the scenarios more certain, test benches were put in place in order to aid
the development of the diagnosis solutions, so failure modes can be generated while the diagnosis
system is being tailored.
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QOpen Design Wind Turbine (WFP2) Running Design Wind Turbine {WP3)

,<
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Figure4. Very early development workflow approach.

ROMEQ is a holistic, vertical integration of tools that focus on running machines. Due to this focus, it
was deemed that also the most novel technologies are covered by thdevelopment effort, therefore
WP2 allowed to provide an edge on the monitoring of the technologies that are yet to come.

3.2.1.Test bench experiments

3.2.1.1.State of the art

CMS implementation takes the approach of deploying a solution on top of an already built maicie. A
more integrated solution, in terms of design and adaption has been tried during this project.

At the same time, test benches would aid the following points:
i Taking the innovative approach of mimicking failure modes that have been selected for
this study.
1 Developing a monitoring system while algorithms are being developed,;

0 Applying the general rule of thumb of investing time and resources at the beginning
of a project is beneficial for the future life of the design and better operational data
gathering from the prototype.

1 Integrative view of ROMEO, taking into account that diagnosis systems form part of a
bigger picture

1 Reuse of data: Preparation of Datasets for the potential feed of machine learning
processes. When less data is available from thdield, the test bench is a good
complementary source.

1 Collaboration: Allowing different partners to collaborate in the same scope (strengthening
European collaboration).

All those points are commented in the followingsub-sections.

3.2.1.2.Main shaft testing innovative approach
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The objective of main shaft component inclusion was to provide advances to the state of the art of
CMS: development, integration and adaptation to >8MW models. This innovative approach was taking
into account bringing main shaft componentsclose to end of life, therefore mimicking the failure.

3.2.1.2.1.0n CMS development:
Ideally on the newest prototypes, CMS would be included in the Test Benching phase of a design.

This would allow to give a window of opportunity for the CMS to get adapted anilored to this
solution. This was an opportunity to get this exercise done on a more general framework of diagnosis
and prognosis.

3.2.1.2.2.Integrative view

Integration with a more general system of decision making for diagnosis and prognosis. This would
allow the operator to have daily infos on the needed changes that will arise on the fleet, on a more
integrated, vertical way.

Ballast tube Flexible ballast

By

Found;uo_n

Figure 5. Main bearing test bench schematics.

3.2.1.2.3.Regarding reuse of data

SGRE and Bachmann studied thorougllthe case as an individual basis, and went for a deployment
on a novel design. At the same time, the operating windfarms from ROMEO were providing enough
guality data on all the fronts, so this was taken as an action for preparation for the future, and
intercollaboration between partners. Apart from that, existing cases of synthetic data were already
provided to WP3, before the testing occurred and in parallel with the start of data gathering on
windfarm.

3.2.1.2.4.0n partner collaboration
SGRE and Bachmann did agjnt effort on locating a deployment of sensors for a newest direct drive
turbine and perform a slot of testing during a test bench rusup.
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Figure 6. Mock-up on sensor colocation for the Bachmann CMS.
3.2.1.3.Blade bearingtesting

The objective of blade bearing development of diagnosis product was to depart and make feasible a
development of CMS for blade bearings for the first time. The objective machines wer8MW models
which could take the whole benefit of the advancesThis is important because, at the same time that
blade bearings have low failure rates, their failures require critical action with a special vessel, complex
replacements and some of the failure modes are worthy to mitigate due to structural considerations
Therefore, even if the failure rate is low, the criticality and the opportunity cost of developing a CMS for
the first time would bring a substantial benefit to the case.

Similar to the main bearing, this innovative approachas takeninto account bringing main bearings
close to end of life, therefore mimicking the failure.

Figure 7. Blade bearing test bench.

3.2.1.3.1.0n CMS Development:
A specific test bench for blade bearings was set (seEigure 7).
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In this test bench, a box with the capability of monitoring was installed (sef€igure 8)

Figure 8. Windbox instrumentation CMS.

Both algorithms were developed, implemented and validated:
1 Rolling contact fatigue
9 Structural integrity

In parallel, for SGRE purposes and joint investigations, a numberaiforithms and a test in field was
deployed in order to check if some of the ideas created within ROMEO project were feasible to
implement in newer designs. This work has been documented in D2.4.

3.2.1.3.2.Integrative view
Advances on the integrative view oROMEO came by using common notation for sensors and the
usage of diverse technologies within the project. (Electrical / Hydraulic)

3.2.1.3.3.Regarding reuse of data

One dataset resulting from the testbench generation of failure was developed. This was parsed for
WP3 anomaly detection consideration, as blade bearing failures are very rare to occur and no samples
were found during the duration of the project.

3.2.1.3.4.0n partner collaboration

SGRE and Laulagun shared knowledge sessions and explanations on the respective aitjons
deployed, as well as the effectiveness of each approach. Alghe data that WP3 could inherit was
done in consensus as an alternative to not having field data (since blade bearing occurrences are
more rare).

3.2.1.4.Electrical testing innovative approach
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Different types of varying speed wind turbine generators have been developed: doubly fed generators,
induction generators with full power converters, direct drive synchronous generators with full power
converters, mid speed synchronous generators with fil power electronics. Among these different types,
most common technologies presently installed in offshore wind farms are direct drive or mid speed
synchronous generators with full power converters, that enables to relieve stresses within the gearbox
(mid speed) or to get rid of the gearbox itself (direct drive) and of the associated O&M costs.

The electrical components of the wind turbines are mainly: the generator, the converters and their DC
bus capacitors, the transformer, the switchgears. Each of #ise components are subject to specific
failure modes related to different physical mechanisms. For instance, thdegradation of insulation of
windings or connection cables can be related to: overheating and chemical degradation of the insulation,
possibly influenced by hotspots, overload; vibrations and associated mechanical abrasion, notably in
slot sections and end windings; partial discharges associated to cavities or impurities, and possibly
influenced by the harmonic content; Overvoltages, electricatress surges due to operations.

Quite often the electrical failures seem to appear suddenly, this is either due to the apparent brevity of
the physical mechanisms of the degradation pattern, and/or due to the lack of adequate observability.

Figure 9. Example of a Converter failure, manifested suddenly when the failure was tracked back with
the aid high frequency data, but difficult to catch on the fly as this would need a manual process.

Most available operational data orconventional wind turbines correspond to 18minute average. Very
few operational data are available to characterize electrical failure modes, helping to develop and testing
diagnosis and prognosis algorithms. In addition, electrical tests of electrical tare modes on full scale
generators, despite not impossible, are generally not done, due to their complexity, and due to reticence
to perform tests possibly destructive at these power levels.

3.2.1.4.1.Regarding reuse of data and partner collaboration

Regarding bdh re-use of data and partner collaboration, the electrical subpart of ROMEO has taken a
particular approach in order to investigate electrical failure modes:
1 Full-scale data from prototypes or operational turbines, with generally lower sensor set up.
o A challenge to overcome with this approach was to get faulty data with high frequency.
o0 Notably fullscale data have been obtained with 8 years dBCADAdata on EDF Group
Teesside windfarm.
0 Siemens Gamesa has listed subsets of fulécale data compatible with the electrical
approach. This fullscale data would enable investigating and scaling up the diagnosis
and prognosis algorithms in the long term.
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1 EDF R&D 60kW Smalcale test bench data with possibility to represent generator faults in a
well controlled environment. EDF R&D has developed a smaltale test bench dedicated to
study electrical machines similar to generators of onshore and offshore wind farms. This bench
test is located at EDF Lab PariSaclay. Commissionedj o! 313 1! g pperatialdj it hbsmu i z L.
cffol vtfel cfuxffo! 3131! boe! 3133! gps! dz fbmui zL
incipient faults). The bench test is reversible, it is composed of two electrical machines (one
permanent magnet synchronous machine and one doublyfed induction machine), that can
work alternatively in generator or motor mode at variable speed. The designs of these machines
are chosen with an electrical and magnetic architecture similar to the generator of wind turbines.
The motor reproduces the rotau j po! pg! ui f! xjoe! uvscjoflt! spup:
dpouspm/ ! Ui f! hfofsbups! boe! gpxfs! fmfduspoj dt!
converters, transformer and the connection to the networkFigure 10 presents a view of the
laboratory and a focus on the doubly fed, the synchronous generators and the one stage
gearbox, and a ondine diagram:
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Figure 10: 60kW p EDF R&D Small scale bench test

The test bench is constituted of: a clamping plate for electrical machines, with housing; two electrical
machines: a motor and a generator; a gearbox; mechanical and electrical sensors; four cabinets of

power electronics developed by EDF R&D; a control system developed by EDF R&D. With this test bench,
joluiflgsbnfxpsl ! pg! Séakhig P! pRvf sspbqufj bpoo!! qusf pt kuf! ddub-t!fdz ! i b\
dzvoi f bmui zL) pqfsbujpo! uftu! dnp phasedroynd)jphasepHase!landp! ED!
interturn short-circuits within the dedicated synchronous generator, despite extended capabilities to

address other topics).

Diagnosis and prognosis algorithms have been developed and evaluated trying to benefit as much a
possible from the smallscale and fultscale data available, and accounting for a methodology suitable
up! bddpvou! gps!uifl!lwbsjpvt!nbdijof!t!tdbmft/!
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3.2.1.4.2.0n diagnosis and prognosis developments around specific components

und Short Circuit

T2.5

Short Circuit
SmallScale atasets for Transfo brnormality
T2.5 ——) ) (asets for Interturn short Circuit
DataGeneratio
— Datasets for Transformer
T2.5 ) Datasets for Generator (identified, loggingissing)

Prototypes EEEEssss——————) Datasets for Generator (normality)

) Datasets for DC capacitor (appeared to be healthy)

s DC Capacitor
PR S SO U UC R =) Phaseto Ground Short Circuit
coverageof study mmmmm) Phase to Phase Short .CII‘CUIt
2.5 mmmmm) Transformer abnormality
) |nterturn short circuit

Algorithmdev

T2.5ElectricalSGRE

. =) Extensive study on converter semiconductor failures
algorithmg coverageof study v

Figure11. Summary of Task 2.5 algorithm work and data generation.

The electrical components addressed are:

1 The transformer: EDF has developed and evaluated an algorithm associated to the transformer.
Transformers in wind turbines have p@rticularities related to the environment in which they are
placed with space and environmental constraints. Generally, in wind turbines, it transforms a
low voltage (for instance 690V) on the generator side into a high voltage (for instance 33 kV) on
the grid side. These very compact transformers are often cooled by a heat transfer fluid.

Many aspects must be taken into account for the operation of transformers: oil quality (for
submerged transformers), quality of cooling, operating conditions, aging ahternal circuits
(windings, insulation). The transformer is therefore inseparable from ancillary components
which must also be kept in perfect working order (cooling system, air dryer).

The transformer must therefore be able to withstand without damageboth the vagaries of the
electrical network: ovetvoltages, short circuits, inrush currents and overloads and other
constraints related to its environment. The algorithm developed is based on several indicators
accounting for the operational conditions, tle refrigeration system, the windings, the oil quality,
the air quality and the oil level. It has been successfully evaluated with operating transformer
data.

9 The generator: EDF has developed algorithms for phasground short-circuits, phasephase
short circuits and interturn shortcircuits. A phase ground shorcircuit is an unexpected current
from an active phase to ground. A phasghase shortcircuit is an unexpected current from an
active phase to another. Interturn shorcircuits are unexpected currentbetween internal turns
with the generator. These failure modes can be associated to degradation of insulation of
windings or connection cable, mechanical breaks related to electrodynamic forces due to shert
circuit, degradation of bushings. The goal of th algorithms developed is to detect early enough
the incipient fault so as to adopt adequate O&M actions, notably preventing the situation from
escalating. The evaluation of the algorithms developed within ROMEO for the generator has
been positive with thesmall-scale data. As future work, implementation and evaluation for en
field fullscale operating wind turbine are considered.
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1 DC bus capacitor: EDF has developed an algorithm to detect degradation of the DC bus
capacitors of wind turbines, that can be réated to aging of the material. A positive evaluation of
this algorithm has been obtained with data from the smaliscale bench test in normal &
abnormal operation. At this date, full scale data have been considered lacking however from
experienced failures

1 Converter: SGRE has developed a humber of methodologies and approaches which could lead
to prevent failures on converters.

o Failures of converters involve IGBT failures which can cause downtime of the converter
and degradation.
0 Approaches taken are:
A Use of SCADA data and variables:;
A Use of high frequency data;
A Possible improvement: Development of a dedicated data acquisition system.

Failure isolation is possible to be done with both SCADA / High frequency data;

o0 High frequency methods for converter failire detection are considered the feasible way
to monitor an earlier defect on semiconductor components (See D2.4)

(@)

3.2.1.4.3.0n converter high frequency methods:

Upon inspection of the converter semiconductor failure signals, it was discovered that many of them
had a sudden change of slope when the signal was close to zero, and this behaviour was almost never
seen under normal operation.

Example: In the following figure, on the left, current signal (three phases) for failure signal (up) and for
normal signal (down) On the right, the comparison between the first derivatives of the current signal
of phase R (failure (up) and normal (down)).

pe
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3.2.1.4.4.Integrative view
Regarding the integrative approach of this line of investigation and development, both partners SGRE

and EDF participated in the proper selection of a machine that would represent betterfstiore

operation.

The amount of sensors present in the testbench was cross checked between the datasets that were
tvenjuufeOpqgqfsbujwf!xjuijo!XQ4! boe! FEG!t!l cfodil! ef
3.2.2.The importance of CMS systems

3.2.2.1.Unbalance algorithm
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Given the current focus on trying to reduce the Levelized Cost of Energy (LCOE) and approaching or
exceeding the wind turbines design life, individual component wear caused by mechanical interaction
has taken the limelight for the industry. One common cpkit of mechanical vibrations for turbines is
rotor unbalance. This unbalance, which originates at the blades, transfers through the entire
drivetrain, shortening the service life of the mechanical components, as well as the turbine structure
and even thefoundation. The resulting component failures translate to long downtimes and
excessive costs to owners.

Traditionally, unbalance measurements require technicians on site. They must equip turbine blades
with trial weights and take several vibration reaidgs in order to calculate the unbalance. This process
presents safety risks and leads to production loss. Moreover, unbalance calculations, as performed
today, are generally only triggered by gross deviations from the norm which cause technicians to
positively identify the need for balancing.

Bachmann implemented a modetbased approach for rotor unbalance calculation, which can reduce
safety risks and production loss, as well as provide a clear trend with greater sensitivity for balancing.
This modelbased approach can estimate the mass unbalance during normal turbine operation
without the need of applying test weights for the unbalance estimation. As part of an online condition
monitoring system, rotor unbalance calculation can enable owners to incorgate rotor balancing into
their predictive maintenance strategy. Corrective actions can be taken ahead of time, reducing wear
on the drivetrain, and leading to increased component life.

The validation within Wikinger was based on a ranking provided Bachmann for the most affected
turbines. Figure 13 shows one turbine with a very high aerodynamic imbalance. This aerodynamic
imbalance was compensated. SGRE were able to correct the pitch angle remotely by adding an offset
to the control configuration and thus compensating the aerodynamic imbalance.

]

15-Jan 30-Jan 14-Fab 1-Mar 16-Iar J1-Bar 15-Apr I0-Apr 15-Mary

Figure 13: Aerodynamic unbalance example fromWikinger (CMIp normalised condition monitoring
index, 100 equals alarm threshold)
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3.2.2.2.FMSA and Damage classification

Modern O&M concepts include the use of software platforms, which gather, link and visualize data
from various sources. Data streams includeamong others- met-ocean data, component availability

or current vessel cost. Condition monitoring data plays a key role supporting the O&M service to plan
and optimize their actions. In condition monitoring, vibration data can be combined with other
information from the turbine control system, like temperatures, particle counts, pitch angle, etc.

Failure Mode Condition
FMECA FMSA Description Monitaring O&M
_ [FMSA: Made 1
List of Failures I/, Fault
au

Mode 1 .' ‘ j [@) Indicators A
IM . I\E'pmpLurnr; Algewilbums SE.""Erit!l" e@
Mode 3 IE‘ f__ _ Classification @9‘

: i e e

3 : Ig}"f” Prognosis b S
Mode N . h — Data

Diturnentation Statistics

* Oprimization: O&M Faedback, Feid Data

FMSA Process Predictive Maintenance

Figure 14: Overview of the analysis

Within the ROMEO project a methodological approach to the failure mode symptom analysis (FMSA)

was developed and implemented. It describes the process of deriving diagnostic indicators based on

sensory input. Based on an FMECA, critical components are identified and further analyzed within the

FMSA. In practice, one failure mode is described by igtl of indicators. Using multiple indicators for
poflgbjmvsf!npef!jt!bewboubhfpvt-Ibt!uifz!gspwjef
Although one indicator may be enough to detect a particular failure; the combination of several

indicators emables the severity classification of this failure, (seEigure 15).

FMSA Model
Failure Mode #... Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

FMSA Model Stage 4
Failure Mode #2 9

FMSA Model
Failure Mode #1

/

Stage 1 Stage 3 ‘ Stage 4 Stage 5

CMS Parameter Parameter Parameter Parameter Parameter Parameter Parameter Parameter Parameter Parameter Parameter
#1 #2 #3 #4 #5 #6 #1 #8 #9 #..

Figure 15: FMSA assigns diagnostic symptoms to failure mode & severity
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This section presents a FMSA for a bearing component. For this exemplaapplication, the set of
indicators shall:

a. detect raceway damages of a particular bearing type from a very early phase.
yield a high detection rate.
exclude (minimize) the chance of a false positives.
enable a severity classification.
enable prognostics / point to failure estimation.

f. work for typical operational states of the turbine.
While (a) to (c) are conventional condition monitoring requirements, (d) and (e) introduce novel
diagnostic challenges to the FMSA process. Following the VDI 3832stages for damage
classification are applied.

®coooT

Figure 16 shows multiple diagnostic indicators and how they can be used for monitoring the transition
from a particular phase to another. The software identifies the change of the monitored parameters
from normal behavior (green) to a more severe state (red).

Stage™3

Par amet

1

Stage 2
|

Jan 2019 Jul 2019 Jan 2020

Figure 16: Parameter change andcorrelation with the severity stages

As shown inFigure 15, these symptoms than can be assigned to the failure mode and severity. The
advantage of theFMSA is the automated combination of the diagnostic symptoms, which can be
supported by machine learning. In addition to the identification of the failure mode, the severity and
lead time to failure can be estimated.

The method has been applied on two offhore wind farms within the project. The selected failure
indicators yielded for a detection rate of 100% with zero occurrences of a false positive. After repair
and replacement services, the O&M team analyzed the condition of every damaged component. Ih a
cases the CMS estimated the damage class correctly. Moreover, both the O&M and monitoring teams
ranked the damage cases according to their severity have a 100% match.

3.2.2.3.Software for new hardware generation providing ISO RMS

3.2.2.3.1.Drive train

For many industry branches standards for measurement and evaluation of machine vibration have
been available for many years. For wind turbines guidelines (Germany , VDI 3834nd 3834-2) and
standards (ISO 1081621) have been published or are under devgbment (ISO 2081621).
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These standards cover the measurement and evaluation of the mechanical vibration of wind turbines
and their components. The ISO 208121, which is currently under development, will cover horizontal
axis wind turbines with a gearlox and without a gearbox (direct drive).

Npefsoldpoejujpo!npojupsjoh!npevmft-Imjlf! Cbdinbo
(RM.S. values) in real time 24/7. ThéR.M.S values can be accessed over various field bus protocols
boe!joufhsbufe!joup! uif! uvBigujed7j. The turbinzBdatBleanceact d po u s
immediately in order to reduce loads and to prevent critical conditions.

Time Signal

Figure 17: SCADA visualization (left) based on ISO R.M.S level (right)

The SGRE main bearing test bench in Brande was used for the evaluation béthardware and
software. Figure 18 shows the results and correlation between théR.M.S torque, and rotor speed.
The characteristic quantities providea very useful real time information about the vibration and of the
drive train, which can be used to avoid critical operation conditions or as a first indicator for required
maintenance actions.
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Figure 18: Results from thetest bench

3.2.2.3.2.0utlook, application forStructural Health Monitoring

In addition to drive train monitoring, load reduction and machine protection play an important role in
Structural Health Monitoring (SHM) applications. The guidelines VDI 3834 VDI3834-2, VDI 5451 as
well as the ISO 1081&1 provide basic characteristic quantities. The example iRigure 19 shows the
daily maximum RMS. level measired at the tower. More than 2 months of lifetime have been
consumed by only 2 events, which can be seen in the comparison of the quarterly rain flow counts
(Figure 20).

Acceleration, Daily maximum RMS
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Figure 19: Events with high vibration level and load in the®1quarter

Further data from our current SHM applications reveal, that single high load events can yield for a loss
of up to 10 months of structural lifetime. A Holistic Monitoring Concept for the whole wind turbine and
data exchange with the turbine control can be sed to reduce these loads and thus avoid critical
operational conditions for the WTG.
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Figure 20: Increased RFC in the 1 quarter as a result of only 2 events

3.2.2.4.Blade bearing

107

The importance of being able to detect a failure mode is crucial, especially for those offshore wind
turbines where the access is very limited. For this purpos€MS systems are becoming very important

and Laulagun ha been working in two test within Romeo Project to develop a technology valid for the
blade bearings.

The objective of both tests is to design and validate a solution for the most critical failureades in blade
bearings and develop a method for the diagnosis and prognosis of these failure modes. For this, 8BMW
Windbox Test bench have been used, where Laulagun CMS has also been tested and integrated for the
development of this new capabilities.

In the following diagram, a description of how the methodology works for the selected failure mode can
be seen inFigure 21jError! No se encuentra el origen de la referencia.

LAULAGUN CONDITION MONITORING SYSTEM

\\'\H |—
i LAULAGUN S DESIGN AND
= CALCULATION DIAGNOSIS AND PROGNOSIS:
SENSORS METHODOLOGY OK | ND OK
=
LOADS FROM THE

TUREINE (SCADA) A—

Figure21: Laulagun Blade Bearing CMS
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As it can be seen in the diagram, the methodology is fed by the information provided from the sensors
and data monitored by the turbine (commonly known as SCADA). For the selected type of failure mode,
the most common sensors are strain gauges and displacement sensors. Depending on the design, also
fiber optic sensors can be used as most complete alternative to the straigauges to measure
temperature and vibrations apart from the strain. That would require to upgrade the CMS, adapting the
acquisition system or even integrating an extra interrogator to the whole system. Apart from the
selection of the sensors, what is alsacrucial is the positioning and the instrumentation of them in the
blade bearing, where criteria rules that the most stressed areas should be sensor equipped. Depending
on the characteristics and design of the bearing, Laulagun’s methodology would calculatiee damage
that is being generated all the time, and this would be accumulated to estimate how much time the
bearing will work or will remain working before any possible failure mode will appear.

The methodology will specifically focus on obtaining thedads in the hoop area where the gauges are
placed (blade root fixed / blade root pitching). In addition, if the calculation in the other hoop area is
needed, it would be necessary to measure the pitch angle. Normally, to get this pitch angle parameter
it is possible to work directly with the SCADA and correlate data using this system.

After understanding the loads provided from the SCADA, together with the data from the sensors, the
stresses in the points of the bearing that have been considered as mormportant for their monitoring
will be known. At the same time, these calculated stresses are valid to estimate the damage to fatigue
that the bearing is suffering at each moment.

To finish off, as it has been stated before, the accumulated damage would bealculated and this will
enable to estimate the remaining life thereof with respect to a predefined threshold of maximum
damage allowed (which would indicate a possible crack initiation).

All this knowledge will be integrated in a ConditiorMonitoring System that will have external
communication capabilities. This system will give information about the status of the blade bearings
and will be configurable to any kind of reception system, depending on the OEM.

3.2.3.Applicability to other wind turbne types and arrangements

3.2.3.1.Integration of the CMS as part of the drive train
3.2.3.2.Diagnosis and Prognosis algorithms for the electrical drive traip New wind turbines

1 New wind turbines in offshore wind have various designs, that the algorithms for diagnosis dn
prognosis have to accommodate as much as possible natively. In ROMEO, the wind turbine
types taken into account are:

o Either a direct drive type: a multipole generator enables to get a low physical rotational

speed for a higher electrical frequency at thetator voltage /A L The use of

this larger and heavier generator enables to spare the use of a gearbox and associated
impact on O&M. As an example, a 7.5 rpm speed with 200 poles will enable a 12.5 Hz
frequency. The generator is connectedo the grid through a back to back converter.

o Either a midspeed synchronous generator combined with a one stage gearbox. This
configuration enables to use a more compact synchronous generator than the direct
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drive, and partly alleviates drawbacks of thgearbox with a simpler and sturdier design.
The generator is connected to the grid through a back to back converter.
These synchronous generators can have several three phases circuits, with or without phase
shifts between the circuits.
Wind turbine powerelectronic converter systems are generally composed of:
o A machine side Voltage Source Converter: assembly of IGBTs. The architecture can be
a one stage (2 voltage levels 0 & Vc being the dc bus voltage), or a multistage (for-a 2
stages, 3 voltage levelsD, ¥z V¢, Vc)
o0 A DC bus: the capacitor value is chosen to limit the DC bus voltage variations.
0 A grid side Voltage Source Converter like the machine side voltage source converter
o Afilter on the grid side to meet required power quality. The size of the dittdepends on
the architecture
0 A control system unit with associated measurements, for control purpose (Phase Lock
Loop, Pulse Width Modulation generation, etc) and for protection purpose (temperature
measurements, current and voltage measurements)
0 A chargng circuit for starts
0 Possibly a Fault Ride Through apparatus connected to DC bus to evacuate energy
during grid faults
To some extent, modular designs can be adapted with several power electronic converter

tztufnt!jo! gbsbmmf m-3-phasds pirouite Thg aprivertér gysténhig poohes b u p s
up! JHCU!'t ' gbj mvsf-!ibsemz!gsfejdubcmf-!boel!]jt!

and unavailability. A significant effort is done in the development of fault resilient architectures
for converters. Redundancy is a costly solution, however the modularity enables operation in
degraded mode.

There are various possibilities associated to the grounding system, that will have their
importance for the purpose of diagnosis & prognosis. The choiceade in the present case is to
consider an electrical drive train configuration with a grounding impedance on the grid side LV
voltage, at the neutral point of the filter. The use of a different configuration will require an
adaptation of the diagnosis agjorithm.

The developments made within ROMEO have taken as much as possible into account these
possible variations of electrical drive trains, with however adaptations being possibly required
depending on the design specificities. Concerning theortability of the algorithms developed, it
can be noted:

0 Hardware changes for measurements: no hardware change is identified as mandatory
for improvement of the detection as, with the diagnosis method presented, the
measured voltages and currents requiredare available from the wind turbine controller.
It however assumes that:

A Either the diagnosis algorithm can be integrated within the wind turbine
controller.

A Either a onevent transmission of data is set in place between the wind turbine
controller and aremote processing unit.

0 Adaptation to different grounding connections: the algorithms developed and evaluated
for phase-ground short-circuits correspond to a grounding connection on the grid side
of the generator. An adaptation of the algorithms for the dter grounding topologies is
required but can be straightforwardly performed.

0 Adaptation to other design differences: the differences of wind turbine design constrain
the portability of diagnosis/prognosis algorithms for various algorithms. Among these
differences, one can note: the converters configuration vel converters, parallel
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converters); the windings & phases arrangements of the generator (for instance
single/multiple stars, parallel or phased), the grounding scheme. The algorithms defined,
implemented, and evaluated do correspond to a specific configuration. Nevertheless, the
methodology/algorithms can be straightforwardly adapted to other configurations.

- Though providing satisfactory results, further improvements of the algorithmsdeveloped are
possible, notably with additional work on classification methods and associated thresholds, or
on complementary decision making algorithms.

3.3. Failure Mode Models for Wind Turbine Components

3.3.1.Physical Models

The objectives regarding ROMEO shalleawell aligned with the development of failure mode detectors
and the integration of those into a more holistic system.

One of the objectives of the ROMEO project is read as:

« 002 Develop the physical approach for detecting and programming failures with a few number
of robust sensors.

The development of physical approach methods with robust sensorics has beedealt within D3.1 and
D2.1.

Each of the technologies/machines that are running and were included inside ROMEO project as part
of the scope have received more or less focus regarding failure mode detector development (see D3.1
within Task 3.1):

- EDF Teesside wind farm: EDF Teesside offshore wind farm is composed of 27 turbines of
2.3MW, that are squirrel cage induction generator with full power electronics. The windfarm is
operating since 2013, enabling EDF and ROMEO project to rely on a significamount of
operational data from the SCADA system and from the CMS system, limited to the existing
monitoring system capabilities. For this operational wind farm, in the scope of ROMEO project,
diagnosis and prognosis algorithms have been developed, impleméed and evaluated on a
monthly basis:

0 Blade/pitch system: the goal of the diagnosis & prognosis algorithm implemented is to
detect failures associated to the blade or pitch system, notably the blade bearing. Due
to identified limitations of the measuremen system available at Teesside, it was
unfortunately not possible to account for the physical degradation modes as thoroughly
as expected. The physical algorithm developed, only relying on the data available at
Teesside, has been implemented and evaluatetipwever it was not performant enough
to meet operational objectives. However, part of the developments performed were
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successfully used by EDF to help the development of performance models on its wind
turbine fleet (outside from ROMEOQO scope).

0 Main beaing: the main bearing faces many degradation types such as micropitting,
debris damage, cage failure, roller edge loading, etc. A diagnosis and prognosis physical
algorithm has been developed based on the CMS data. This algorithm has been enriched
by a decision support model accounting for patterns in the physical algorithm outputs.
Without main bearing failure observed at Teesside wind farm, the evaluation process
conducted provides only preliminary results. Despite false positive having been observed
from the direct output of the physical algorithm, a significant part of these false positive
were filtered out by the decision support model. It however points out the need to adapt
further the classification methodology with the associated thresholds. EDF Isaa strong
confidence in the methodology implemented and has in view to perform the appropriate
adaptations once a failure event will be reported.

0 Gearbox: the aim of the algorithm developed by EDF, based on the CMS data, is to detect
early enough incipiem fault within the gearbox, be it on the high speed part, intermediate
speed part or low speed part. The algorithm developed has been efficiently tested and
evaluated based on the available data, notably relying on one failure event duly reported
at Teesside corresponding to a planetary degradation. Nevertheless the extent of the
evaluation has been reduced by the available CMS data, stressing out, for the purpose
of evaluation, the inadequacy of the data retaining policy with an half life of 6 months.
The methodology developed is thought to be robust by EDF, with however beneficial
adaptations identified to better address the variety of failure modes. Outside from
ROMEO project scope, complementary work is conducted out by EDF for diagnosis &
prognosis of gearbox failure modes on the whole wind turbine fleet.

o Transformer: the aim of the algorithm developed is to detect incipient fault within the
transformer be it for instance associated to a degradation of the insulation within
transformer coils, or degraddion of the transformer cooling system. The evaluation
period for the algorithm ranges from 2014 to end 2021, with 25 events identified. This
evaluation has shown satisfactory performance results with an accuracy of 93.3%, a
recall rate of 3.1%, a precisio of 63.3% and a rate of false positive of 0.1%. It has
confirmed the positive economic evaluation of the use of the algorithm, that is being
implemented on the EDF wind turbine fleet in 2022.

Generator: the aim of the algorithm developed is to detect ingient fault within the

generator, be it related to the stator windings, to the squirrel cage rotor bars, or to the

cooling system. Two methodologies have been developed and implemented to

accommodate with different types of data available. No failure evesthaving been

observed at Teesside, the extent of the evaluation at Teesside wind farm has been

limited, with no false positive observed. Nevertheless, following the developments, EDF

has successfully evaluated the algorithm on onshore wind turbines withlzserved

abnormalities and implemented it on the EDF wind turbines fleet in 202A. patenting

process has been launched on generator diagnosis (&rocédé, dispositif et systeme de
tvswfj mmbodf!e! vof! nbdKFRLA3058) mf dusjrvf!l upvsc
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Figure 22. Teesside offshore windfarm.

- SG Wikinger : Wikinger is composed of 70 wind turbines of 5SMW. They are an hybrid gearbox
with synchronous generator and full converter. The windfarmowned by Iberdrolajs operating
since mid-2018 and it served as a place holder of different investigations within ROMEO, and
also for data collection of SCADA and vibration data in order to perform different monitoring
jobs. The windfarm has a Bachmann CMS and it is limited to the existing monitoring pabilities.
For this operational windfarm, diagnosis and prognosis algorithms have been developed,
implemented and evaluated on a daily basis:

(0]

Gearbox trends: Sliding bearing failures can only be detected with thermal trends by
using the present arrangemen. Models have been arranged and put in place for daily
monitoring.

Blade/pitch system: Regarding blade bearing, models have been put in place in order to
monitor roller or lane damage together with structural integrity potential failures. In this
case, dwe to lack of data, only protective algorithms could be put in place.

Converter: Converter algorithms allow for an increased diagnosis and prognosis of
converter failures, allowing for some maintenance tasks to be avoided and better
diagnosis and isolatian of failures.

Generator: Synchronous machines are now better monitored by calculating the
deviation from design parameters together with the status of health of the windings.
Gearbox gears and inner bearings: In cases of determinate stages of the gearbfaxing,
the detector would trigger and allow for better diagnosis together with the CMS and
visual inspections.

Main bearing: Same as gearbox, especially when failures are close, this algorithm allows
to attain better isolation and identification of the dilure, as well as an accurate timing for
failure occurrence.
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o Transformer: Given the story of trasformers it has been interesting to profile
structurally the remaining life together with the capability of detecting failures.

In all cases, SiemensGamesa process for module development was:

First of all, making a consensus of the initial failure mode effects and criticality analysis, but
complemented with the experts that would work on the diagnosis development.

Once the consensus was achieved, mahkg clear that the workflow involved a diagnosis technical

person writing the code and the method, and having aid from one or two specialists from the electrical
and mechanical area.

Framework for (Module) operation

Standardized sensoric information.
(e.g.: Rotor Speed, Temperatures, Wind Speed, etc) [ Unhealthy (Ph)

_———) e e — _ = - 1
_——) : y =T | I Healthy
— 3 | |
|
_———) I
|
_———— | I
|
) — — - - = =
M02.0.1.4 N
TTF (time)

Figure 23. Framework of Module operation figue.

Finally, the module would be fitted into a framework (see simplied version Figure 23) were data
input was all SCADA data (for convenience and using all data available), together with an output, which
was standardized to the following:

<WindTurbine [integer]>|<module identdt [string]>|<diagnosis phase <int>|<diagnosis confidence [float
0-1]|<prognosis TTF in days [int]|<prognosis confidence [floatl]>|<timestamp execution [UTC Z date
format]>|<time stamp last SCADA [UTC Z date format]>|<RE¥% [string]>|<optional healtinidicator

[float O-1]>

Once the algorithms were ready, a potential add on for each module was to plot a particular visual
method in order to make the analyst aware of the status of health.

The entire process has been documented and attached to D3.1 as wels compiled into deliverables
that would be sent to the cloud computer environment.
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3.3.2.Machine Learning Models

As part of ROMEO project, machine learning modefsr major components were developed and

tested. The models developed are covering, to the extepossible due to data availability, Wikinger and

East Anglia One wind farms owned by Iberdrola, and Teesside owned by EDF.

The process started by selecting the most important features for each of the analysed failure cases.
1 Feature Selection

0 The main feature selection for ML models was done through discussions with the
operators and manufacturers of the Wind Turbines. These experts manually selected
SCADA features per failure mode from the SCADA data, and gave valuable insights into
the processing of the frequency domain data coming from the CMS systems. That
data was further preprocessed so fit the requirements of the ML models.

1 Once features were selecteddegradation models for wind turbineswere developed:

o In this project two types of ML failure moals were developed. The first type is an
Anomaly detection autoencoder model, and the second type is a forecasting model
based on temporal convolutional neural networks (TCN). Both these models work
specifically with convolutional layers CNN, therefore theare both based on
convolutional neural networks which in this case of the ROMEO failure models were a
better fit over the Recurrent neural network RNN based models. This is because CNNs
give us a greater control when working with multivariate time seriesThis is mainly
because these type networks use deep learning layers which can consider all the
features at once, which allows the models to encode intra feature dependencies, all
while considering multiple time step inputs. Therefore these CNN based motieare
able to highlight the individual feature contributions along with the intra feature
contributions across time.

1 Finally, an effort has been done, foexplainabilityof results to wind farm operators to take
more informed decisions.

0 Regarding the explainability of the ML models, an algorithm was developed which help
interpret the results of the anomaly detection models. This algorithm mainly highlights
the contribution of each fature to the detection of an anomaly. This quantifies the
bopnbmz!t! pwfsbmm! fssps!jolufsnt!pg!gfbuvsf
operators of the wind turbines can use such information in order to further post
process the anomalies. Thiscan be done through a decision making systems which
validates anomalies based on the features involved for that anomaly along with the
percentage of their contribution. An example is provided below.
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Figure 24: Feature contributon on the anomaly

Figure 24 shows a scaled version of contribution from 95+ features quantifying the effect and

contribution of each of them on an anomaly. These are provided in a ranked list from most
contributing to least contributing features.

Furthermore, additional work regarding explainable ML models has been carried ouegardingfeature
analysis. This work is described in detail below.

3.3.2.1.Explainable DegradatiorDetection

Being able to detect whether the performnce of a wind turbine is degrading is an important step
towards increasing the amount of energy produced by wind farms.Through the case studies
developed in ROMEO, it wagossible to compute an explainable decision tree that allows the
degradation detedion of wind farms with high accuracy. In factjt is shown that we can detect
whether a wind turbine is degrading or not by simply checking whethex set of features are above a

hjwfoluisftipme!ps!opu/!!Uiftf!t &datibrostatgsfobawing f ! wb mv
farm.

Our analysis consists of two parts: (1) a data analysis to determine among the many available time
series data the ones that could indeed indicate whether a wind turbine is degrading or not, and (2) an
approach for detectingthe degradation status of wind turbines.

3.3.2.1.1.Data Analysis
The exploratoryanalysis of component and channel time seriedias been conductedaiming at:

=

Analysis of the available data. Detection of missing values/periods. Analysis of failures.

2. Understanding general data distribution of the available time series. This is done using
boxplots so that the mean, values, 95% quantiles and abnormal values can be seen.

Studying the behavior of time series for the whole available period by visualizing them.

Detection d the descriptive time series that contain the most variance, have low entropy and

do not correlate with others. This time series are going to be the most beneficial for the
models of degradation and failure detection.

w
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5.

Detection whether the time series behvior is similar across wind turbines, or each wind
turbine should be considered separately.

The steps followed for data analysis are:

aprOdE

Data exploration

Time series expbration
Aggregation periods
Descriptivetime series detection
Time seriesbehaviour across WTs

There are several considerations that need to be taken into account during data exploration:

1

=

Correlated time seriesFor better modeling the nondiscriminative time series should be
removed.

Missing data: These dates were omitted fron consideration.

Labeling data: the degradation periods are defined based on known O&M events on the WTs.
There are many wind turbines with a small number or none degradation periods which can
make it difficult to build per turbine models of failure/degrdation detection.

From the time series depicted inFigure 25, it can be roticed that there are many highly correlated time
seriesfor WT12,

12 Exact location of wind turbine concealed due to confidentiality
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Figure 25: Time series of various channels of component 1 from one WT.

In order to detect the descriptive times series of component, channel pairs we have considered first
the entropy of time series, aiming at keeping the time series with enough variability. For example, on
Figure 26Figure 25. the upper two time series have enough variability while the lower two have low
variability and, thus, were excluded from the list of descriptive time series for failure modelling.
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Figure 26: Time series v03_05 and V03_06 were excluded from consideration due to high entropy.

Second, we kept the time series that @ independent enough from the rest. The independence was
measured in terms of covariance between the time series. If two time series have covariance higher
than 0.9, one of them is removed from consideration as it does not bring new information to the
model. The example of covariance matrix can be seen drigure 27. Following this process, the
components and associated time seriesare described.
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