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Summary:

This report details thalefinition of Condition Based Maintenance (CBM) strategies usdHleirRealTide project andivesa
comparison to other maintenance strategies. Based on previous results, a selection of critical components and mc
techniques to use for thens made. Also a description of the most widely used CBM algorithms and a dwdtyy for the
integration nto a SCADA system is included.

Obijectives:
The objective offask 4.3 is to provide a baseline for development of a generic Condition Monitoring S¥3k8xhat can be

applied tothe majority oftidal turbinesbeing commerdcilised Techniques and stragies defined in this report runs in parall
with Task 4.2where the integration with monitoring techniques is being developed iamalemented
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Humanityis facing a pressing nedd chang the modelof energy supply and useeM clean sources
of energyare required for climate change adaptation and mitigatididal energyhas hgh potential
value as a predictable, concentratadw renewable energy sourcéut isnot yet commercialised nor
is it costcompetitive with incumbent energieRecent costeduction trends in wind power, especially
offshore, and solar PV are divertingarketintroduction funds from tidal energy and Haring the
growth of a competitive tidabower industry According td1], a maintechnical issue holihg back
developmentof tidal energyis the relative complexity of maintenance tasksln addition to being
typical for new, immature technologies, this is considefgdto be due tothe difficulty in a&cesing
tidal turbines underwaterand thehigheroperational costs associated this operation.

5

TheRealTide projecaims atimproving the reliability of tidal devices through development of novel
techniques for reducing downtime due to failures and nb@irance activities. These techniquesed
novel models and designs which, omtbination with proper maintenance and moaoiing strategies,
canlead to a better understanding of tidal turbines and a more efficient Operation and Maintenance
(O&M) effort, therebyreducing the cost of energyroduced bytidal turbines.

RealTidevorks © identify main failure causes of tidal turtes at sea and to provide a step charige

the reliability and performancef key components, namely the blades and drirgrt, across several

tasks in the work plarOnecompletedtaskwasthe development of aeliability methodology based

on Failure Mdes and Effect Analysis (FME#&pwing onLJ NIy SNE Q SELISNASYy OS | yR
In this task, the consortium devegbed an innovative FMEA methodologglapted to 4generic tidal

stream turbineconcepts, epresentative ofthe vast majority otidal energy converters approaching
commercialisationThe analysis was performed to highlighe actualfailure modes induced bthe

specific operating conditions of tidal turbines. This methodology kmndesultsfrom this work was

presented in a paper fohe 2019 European Wave and Tidal Energy Conference (EY\SEE[R)). This

paperis includedas an Annexto the present Deliverablereport.

Thework, including the mentioned paper,pairt of Work Package (WR)addressinghe definition of
advanced monitoring techniguesheir combination with effective strategies foICondition Based
Maintenance (BM), and the study on the potential impact that these techniques can have on cost
reducton. CBM isighly likely to bea more eficient maintenance strateghan other approaches and

will contribute to cost reductionfor tidal turbines. When using this pmach, maintenance is
performed only when necessargs a function othe condition ofthe componen{s) monitored. The
CBMstrategy isusedwith theoretical models, whictgombined withthe monitoring systenused may

lead to more robust fauldetection and identification. WP#ork began with the definition of the initial
monitoring plan (tak 4.1)which produceda selection of pantial monitoring techniquego be
integrated on the most critical elemenésidentified in the FMEA.

The presentDeliverablereport serves as a connecting link between work alreagympletedin other

tasks (T1.173.1 and T4.1andthe remainingtasks ofWP4 which arecurrently under developmen

To achieve this goal, a selection of components to be monitored ancifgpmonitoring techniques to

be integrated in the Condition Monitoring System (CMS) has been ntadbis document, some
integration exanples of the monitoring techniqueare introducedtogether with models develogd

in WP3. A definition of higkevelalgorithms and a generic SCADA system to be used for CBM has also
been made. This deliverable wilean a big push for the project sinceuitderpins the basics in the
definition of the final CMS which will begsented in final deliverables.

Building on his report,development of a detailed cost model with the objective of comparing CBM
strategies toother O&M strategies alsdrom an econont point of viewwill be part of D4.5 dealing
with the impact ofCBMand the proposed monitoring protocohacost eduction oftidal devices.
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Thisreport defines Condition Based Maintenance methodgles that can be adapt and applied to
the four generididal concepts categories of tidal turbineshat were defined inDeliverable 1.1(see
[3] and [2]). The report begins with a review of théate of the art of traditional ad predictive
maintenance strategies used in industwith a special focus on CBM. A comparisiinmaintenance
strategies is presenteds well as alefinition of monitoring strategies to be used in the Condition
Monitoring System (CMS)dopted by the RealTédproject.

The completedFMEAhighlightedthe most critical elements identifielly the criticality assessmeifior

the four tidal concepd. Based on their monitoring needas detected in the FMEA, a selection of
monitoring techniques to be used for CBM Hmeen madeand is describedThis selection is based on
the initial monitoring plan carried out in task 4.1sataking into account the models developed in
task 3.1, especially for the Model Based Monitoring (MBM) tepien Thus, the relevantsectionof

this reportcomplementsthe previous work and acts as a connection link with upcoming tasks. Some
aspects othe data acquisition being developed in parallel with taskig also presented.

Next, a review of the most wlely used data clustering algoritlnfior CBM has been made. After that,
the methodology for identifying through this technique different workiognditions both for
environment and machine is defined. Aglaselyrelated concept to CBM, more and more used
modern industies, a brief intoduction ofd RA 3 A § lisklsolngludgdaand, after that, a generic
multilevel SCADA systeisidescribedvith its componentsFor the latter key parameters andlarm
setupsto be usedhave been made according different criteria

2.1 Abbreviations &efinitions

AE Acoustic Emission

ANFIS Adaptive NeureFuzzy Inference System
API ApplicationProgramming Interface
ARMA Autoregressive Moving Average
BEMT Blade Element Momentum Theory
BPM Basic Permanent Monitoring
CAPEX Capital Expenditures

CBM CGondition Based Maintenance
CMS Condition Monitoring System
DFIG Doubly Fed Inductiofsenerator
DM Direct Measurement

DT Digital Twins

FEA Finite Element Analysis

FMEA Failure Mode and Effect Analysis
FNAT Frst Naural frequency

FRP Fiber Reinforce Plastic
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HMI Human Machine Interface
HMM Hidden Markov Model

IDE Indirect Detection

IVT Inspection Visit Tools

LRUT Long Range Ultrasound Testing
MBE Model Based Estimation

ML Machine Learning

MTBF Mean Time Betwen Failures
MTTR Medium time to epair

MUID Multiple Integrated Detection
NCBMP Number of Condition Based Maintenarneapers
O&Mm Operation and Maintenance
OPEX Operating Expenses

OWF Offshore Wind Farm

PM Permanent Monitoring

RMS Root Mean Square

RNN Recurrent Neural Network

RPN Risk Priority Number

RUL Remaining Useful Life

SCADA Supervisory Control And Data Acquisition
SM Spot Measurement

SVR Support Vector Regression
TEC Tidal Energy Converter

TNP Total Number of Papers

TPM Total Produtive Maintenance
uT Ultrasound Teting

WOS Web Of Science

WP Work Package

WTG Wind turbine Generator
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Industrial maintenance can be defines a set of standards and techniques established for the
improvement and proper operation of machinery and facilities of an indugpieht, in orde to

provide a better performance in the shortest possible time and it is one of the fundamental axas withi

the industry. It can be measured by the quantity and quality of production and throughout history it

has been subjected to differeshangesoverk YS® ¢ 2RI &8Qa YIAYyGSylyOS Aa a
helps to improve and maintain quality in production.

Offshore, die to the complexity of marine operations, Operation and Maintenance (O&M) costs are
higher than onshore. This is onethé main handicps for the development of marine renewable
energies. This fact can be seen in the offshore wind industoye mnaturethan the main focus of
RealTideCrabtree et aJ4] report O&M costs for offshore wind as #w to five timeghose for

onshore, although source data are limited and from early developméwmisording td5], O&M costs
are estimatedat 14%to 30% of the total cost of aoffshorewind farm. Attending toa single turbing

it is estimated 825% to30 % of total energy cost and spent mainly in corrective maintenfgjce

This is whyall players irthe offshore sector are working towards the achievement of more efficient
maintenance stratgies with the objective of decreasing these numbers in the upcoming years. In
this section a cla#fgcation of the different maintenance strategies is exposed and the state of art for
each of them is been presented.

According to[7], maintenance strategies can be classified in the following groups, atigrah the
mean of detection used for detecting the failure and the time when the faulty component is replaced:
Preventive maintenanceF{gure 3.1a), corrective maintenanceFigure 3.1a) and condition based
maintenance Figure3.1b).

Three stages can be distinguished:

1 Smooth running: Itefers to normal workingondition where no anomalies are detected.
1 Degradation: A decrease in the performance of tbmponents is detected.
1 Failure: The component fails and becomes inoperative.

Preventive Breakdown

B

Performance

Smooth running Degradation

Failure

Time

(@)

Fault detection

Performance

Smooth running Degradation

Failure

Time
(b)
Figure3.1. Maintenance strategies.
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3.1 History and evolution of maintenance

The history of maintenarcgoes hand in hand with technidadustrial development, since with the
first machines began the need for first repairs. At the enthefl8th century James Watt invented
the steam engine, which led to the development of railwasteamshig andmechanzed agriculture

All these innovations led to the extraordinagyowth of two industries: iron and coal. Day labourers
from the countryside migrated massively to cities, workim¢ghe new factories of these industries.

At the same timewith the first machinesthe needarose forrepairing them when broken in order to
continue production. Machine stoppages and wadtated accidents began to be controlled to avoid
or reduce prodiction delaysAround 1920 the concept aforrective maintenancéegins to baused,
conceptually only dealgwith the repair ofamachine when it ha stopped.

In the 2" World War, the aeronautical industry raised the need to check airplanes from tirti@éo
to prevent them from failing in the air. This is when the study of ifieeoff each component began and
components wereeplaced after acertainnumber of hours of operation. Thigas how the concept of
preventive maintenanceappeaed.

One of the prokems with preventive maintenance, which greatly limits its effectivenesiseidegree

of uncertainty it presentssince it is not possible to knosxactly when equipment needs to be serviced
or replaced. In order taddresshis limitation, predictive mantenancearose in the 1960s, bad on
knowledge of the equipment's operatirggatus.

In 1969 carmakerToyotadeveloped the concept of TPM (TotabBuctive Maintenanceyvhichwas
implemented in the rest of the worldy the 80s. In the TPM concepespmsibility for maintenance
does not only fall on the maintenance department lon the whole productive structureaiming for
zero accidents, zero dedts and zero failures.

3.2 Corrective maintenance

Corrective maintenance ighere a component is replaced aftdailure occurs. As such, it is the most
basic form of maintenance, as itrgbly involves refacing or repairingvhat has been damaged. In this
sen®, corrective maintenance is a process that basically consists of locating and correcting the
breakdowns ofaults that are preventing the machine from performing its normal function.

Correctivemaintenance was widely used in the past, when modern maimeadechnigues were not
known.Today barring unforeseen circumstancaisis rarely usedon its ownbut iscombined with,in
most casespreventive maintenance. The logic is to userective maintenance only whera
component fails unexpectedly or whengwentive or predictive maintenancae not justified due to
high costs or complexity of operations. In mbdests,correctivemaintenance is considered as a way
to take into accountdilures that were not foreseen in the maintenance pl§is

Inthe RealTide project, due to the lack of information regarding the O&Ntlef turbines, corective
maintenance in wind turbine (WTQ&)as applied by drawing onthe similarity between thee two
technologies as thepproach aiming tacorrect faults once they have occurred. The WTG, when
detecting a failurewill go to emergencynode as a protectio measure. Depending on the alarm
generated, the WT@ay try to start again on it®wn ormay be reseby remote control. If this is not
possible due to the nature of the alarm, the operators will intervene to try to correct the fault.

In the event that tle corrective actiomequiredis of such magnitude thanterventionwith cranesis
needed to replacgart of the wind turbine, such as generator, gearbox, transformer, etc. it will be
considered as major corrective,as a result othe material and humameans tobe mobilized. In
general, this work will be caed out by specialists and personnel with extensive experience in the
technology in which it is carried out.
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As such, today a distinction is madetleen two types otorrective maintenance:

- Contingent corrective maintaance

Contingent or unplanned corrective maintenance is maintenance that is performed in a forced and
unforeseen manner, when a failure occurs, and that imposes the need to repagthpment before

it can continue to be used. In this sense, contingemtective maintenance implies that the repair is
carried out as quickly as possible in order to avoid material and human damages, as well as economic
losses.

- Scheduled corrective matenance

The programmed or planned corrective maintenance is the onelthatas objective to anticipate to

the possible failures or damages that can present a team from one moment to another. In this sense,
it tries to foresee, based on previous experiertbe moments in which a piece of equipment must be
submitted to a maintaance process to identify worn parts or possible breakdowns. Hence, it is a type
of maintenance that proceeds with a general revision that diagnoses the state of the machinery. In
addition, this type of maintenance allows the time when the overhaul isa@#rried out to be set in
advance, so that hours of inactivity or little activity can be taken advantage of.

The main advanige of corrective maintenance is that it extends the useful life of equiptrend
machinery by repairing parts and correcting faults. In this sense, it frees the company from the need
to buy new equipment every time one breaks down, which would raise clsstddition, another
advantage of performing corrective maintenance is thossibility of programming in advance of any
damage, so that accidents can be prevented and avoid decreases in production.

The disadvantages of corrective maintenance are relatethé impossibility, in many occasions, of
predicting a failure, which faes a mandatory stoppage of production while the problem is detected,
the spare part igbtained,and the malfunction is resolved. In this sense, the costs and times of repair,
whenanunforeseen failure occurs, are always an unknown.

3.3 Preventive maintenare

Preventive maintenance is a concept that covers all types of operations aimed at the conservation of
equipment, machines and installations through periodic reviews and profedsigpairs, to ensure

their proper functioning, reliability and durabilitythis type of maintenance is performed while the
equipment is in operating condition, as opposed to corrective maintenance, which is applied when the
equipment or installation has eged to function due to damage and must be repaired so that its
operationcan be restored.

Therefore, we can define preventive maintenance as the type of maintenance that is done before the
fail occurs in which the component is replaced periodically withoe prior knowledge about its state

or condition. The time between regaments is normally based on historical or statistical datéZ]in

we can see a summary of most of the failure and degradation modehiagis used in the wind
industry. For their similarity, these modelan be easily extrapolated to tidal industry.
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The fundamental objective of preventive maintenance is to prolong the useful life of the equipment,
preventing faults and incidents thatagy occur due to lack of maintenance. Generally, it consists on
the rephcement of parts that present wear, the change of oil and lubricants, calibration, cleaning,
tightening, greasing, structural inspection, component inspection, etc.

This type of mainteance is done by recommendations of the manufacturers after a certaie bf

use, by legal rules of use or by inspection of expert technicians. The prevention in the maintenance of
any type of equipment, machine or installation is fundamental to guaraittegood operation and to
extend its useful life.

The main characterigts of preventive maintenance are as follows:

1 Itis carried out periodically and routinely.

1 Itis a type of maintenance whose tasks and budgets are planned. It has a start and an end
time.

1 It is carried out in conditions of total control to avoid accidgnivhile the equipment is
stopped.

1 It seeks to anticipate future failures or damage to equipment.

1 The manufacturer generally recommends when to do so, through technical manuals.

1 The acivities that are carried out follow a previously elaborated program.

1 It offers the possibility of updating the technical configuration of the equipment.

More specifically, applied to the RealTipi®ject, and due to the lack of information on the operatio
and maintenance of tidal turbines, the preventive maintenance of wimdines (WTG) is defined by
appealing to the similarity between these two technologies as the one carried out with thefaim
reducing breakdowns caused by a malfunction of the coneptsmthat make up the whole, foreseeing
the causes for which the brea&dn is going to occur and by means of periodic reviews to be able to
carry out the actions that can correct these breakdowns.

We have three types of preventive maintenance for wind tnels, mechanical preventive
maintenance three months after statip, minor and major preventive maintenance and mechanical
preventive maintenance.

1 Preventive 3 monthsiltis carried outhree months after the startip of the WTG, and basically
consists othecking the tightness in different parts of the WTG such as foundgtimetween
sections, hub union with main shaft, blades, etc. and it is performed with hydraulic tools
mainly.

1 Minor preventive: It is carried out at 6 months and then every 12 monites @t 18, 30, etc.)
in each WTG, carrying out tightening in the mostavourable parts of the machine, crown
and bearing greases, checking of levels, temperatures, checking of theclilomected checks
of Pitch, G.H., blades, gearbox, brakes, cardettrical revisions, etc. That is to say, a very
extensive overhaul.

1 Major Preventive This is carried out at 12 months and every 12 months thereafter (i.e. 24, 36,
48). It is a preventie maintenance with many points in common with the minor.

1 Mechanicalpreventive This is done at 18, and then every 12. It coincides withntiinor
preventive maintenance. It is an extensive revision of the machine's tightness in all the most
unfavourableparts and checking of connections.
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Preventive maintenance is subdivided irttgo types:

1 Scheduledoreventive maintenance

This type of maintenance is planned and budgeted, given that the revisions or inspections to the
eguipment are carried out according to time parameters, operating haxgssumption, among other
factors.

1 Maintenance of opportunity

This is ugally done when equipment is taken out of operation éher purpose, such as a turbine in
a hydroelectric power pint, thus taki advantage of its resting time, or when other mairdene
tasks are performed during scheduled visits for any purpose.

Among the advantages of preventive maintenance are the following:

Reduced cost in relation to corrective maintenance.

Risks due to agjpment failures or leaks are significantly reduced.

Prolongs the useluife of the equipment.

There is less unplanned downtime caused by equipment failure.

Fewer errors argenerated in dayo-day operations.

Substantially improves equipment reliability.

Lower repair costs caused by unexpected equipment failures, whichbawstrrected quickly.
Reduces the risk of injury to operators.

Minimize the likelihood of unplanned piashutdowns.

It allows to improve the control on the operation of the equipmeand its productivity, as well
as the programming of the maintenance thaill be applied in it.

=4 =4 =48 -4 -8 _a_9a_4a_4a_-2°

Preventive maintenance hasreduce number aofisadvantagesSome of these aras follows:

1 The maintenance of the equipment must be performed by specializedopeel who are
usually outside the company, so it has to be hired.

I Sirce the maintenance of the equipment is carried out with a certain periodicity, they do not
allow the exat determination of the depreciation or wear of the parts of the equipment.

1 The ompany must adhere to the manufacturer's recommendations to schedulaterance
work. For this reason, it may be necessary to replace a part when it may have a longer useful
life.

3.4 Predictive maintenance and condition based maintenance

Predictive maintenace determines when repair should be performed according to maintenance
advice and the maximum recommended operating time before undergoing repair.

This maintenance can be amted within the preventive type, but it has some substantial differences:
predictive maintenance is carried out according to the state of the equipntastfollow-up and the
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maintenance schedule of these resulting readings (conditi@sed maintenance).©the other hand,
preventive maintenance as such determines when the equipmelhtoeiinspected according to the
manufacturer's recommendations or alfte average life cycle of the equipment.

In this case, maintenance is also performed before the ailics but, unlike preventive maintenance,
the time between replacements is not §&d on historical or statistical data but it is based in the status
or condition of the component. The information about the condition of the component, it is normally
known for being the maintenance strategy integrated in the monitoring system. In theseetion the
concepts of predictive and condition based maintenandelwei studied in more depth.
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In this section we will show the selected edques for CBM that can be applied in RealTide project
and its application to ta critical elements of a generic tidal turbine. The decision of udieget
techniques is based on the results of the initial monitoring plan and the FMEA so, a brief sunfimary
this work has also been included in this section.

4.1 Definition and origins

Condtion Based Maintenance concept was presented as an alternative tdatitnaal maintenance
strategies and relies on the idea of performing the maintenance tasks only when it is required, based
on the information of the condition of the component. Thencept was introduced in the late 1940s

for the first time by the Rio GrardRailway Steel Company. CBM was used to detect fuel and coolant
leaks in diesel engines by reading the changes of pressure and temperature sensor readings. During
0KS pnQdma n/Qaa il NISR (2 3FAYy Y2NB I yhatY2NB L
combined with the emerging monitoring technologies was presented as a more efficient alternative to
traditional maintenance strategies. Nowadays, due to the great necesditglecreasing the
maintenance cost in a more and more competitive indudtinis increment is more noticeable and it

is widely used in many industries worldwidénis fact can be seen for instance attending to the number

of publication related with CBM the last years. Next figure shows the number of publication per year

in CBMof the WoS database.
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Figure4.1. Number of publications per year in CBM fron970 to 2017. The total number of CBM papers are
denoted in the blue bars, and the red bars indicates the ratio (NCBMP/TNEPxSource{9].

2017-Dec.

For tidal turbines, due to the lack of confidence of the devices since the technology is still under
development and added to the congity of marine maintenance operations (large distances,
necessity 6 big vessels, harsh weather conditions, lack of ssibdlity, etc.), the use of CBM may
contribute in decreasing the cost of this technology which will be certainly one of the aspeackte

for its maturity.
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According to the results exposed[it0], the overall relbility of a generic tidal turbine can increase

from 45 % to 70 % when including different CBM strategies for the components of dhéutidine. In

[11], theauthors developed a model which allows to estimate the infleeeof different parameters in
maintenance of offshore wind turbines. Next figure shows the effect of the use of CBM, compared to
only corrective maintenance. As can be appreciated, the numbeedirs are larger for the CBM but
cheaper so the total costue to CBM is smaller than corrective. The study was carried out assuming a
G/ 2NNE YSIya
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Figure4.2. Influence of conditiorbased mainteanceversus corrective maintenance strateggource{11].
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4.2 CBM strategies

Condition Based Maintenance strategies cannot be defined for all the component anitorimg
technologies either because the monitoring tecthogy cannot be easily integrated into the CMS or
because thelow criticality of the component makes its integration into the CMS economically
inefficient. For that reason, it is important to defiimrewhich way CBM is going to be done.

Next table, takenfrom [12] and adapted for RealTigdesummarizes accurately the vision in the
definition of maintenance strategiedor the project. As can be seen, CBM is presented as sub
categories of predictive maintenance and there igdtidction depending if maintenance is carried out
according to thediagnostic or prognostic of the component.

Table4.1. CBM vision in RealTid&lodified from [12].

Maintenance Approaches

Category

. : Scheduled . . .
SubCategory Fix when it breaks P —— CBM Diagnostic CBM- Prognostic

Maintenance lased on
No schedwdd a fixed time schedule | Maintenance based or|
maintenance for inspect, repair and| current condition

overhaul

Maintenance based or
forecast of remaining
equipment life

When scheduled

Intolerable failure
effect and it is possible
to prevent the failure
effect through a
scheduled overhaul or
replacement

Maintenance Maintenance need is
scheduled based on | projected as probable
evidence of need within mission in time

Why scheduled VLS

Based on the useful
life of the component | Continuouscollection
How Scheduled [RVZS forecastedduring of condition

design and updated | monitoring data
through experience

+ Forecasting of
remaining equipment
life based on actual
stress loading

Near realtime trend Reaidtime trend

Kind of prediction SN None analysis analysis
. Inadequate due to
Application 1adeq .
pplication to Non adequate high costs for repair | Adequate Adequate

tidal turbines materials

As expected, CBM strategies are directly linked to the monitoring strategy to be used. With that in
mind, three differentmonitoring strategies have been defined for thapplication to tidal turbines
namelySpot Measurement (SM), Basic Permanent Monitqigi®M) and Permanent Monitoring (PM)
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1. Spot Measurement (SM)

Minimum monitoring systemlhesystem is not installed permanently on the TEQy(tme transducers
or fixingsystem could be permanent present in the machiaed it is installed ksitu when pe&forming
maintenance tasks.

2. Basic Permanent Monitoring (BPM)

A permanent installation of the transducer in the critical components thawallperformingcomplete
reading during maintenance interventions/visits on the tidal device (included in a pernediew of

the machine or in the context of an additional maintenance intervent@m) more basic readings
during operation This is the mostommonly found installationintermediate solution between SM
and PM. It might integrate some of the basic measaents that can help to avoid a review trip, like a
IP camera, and basic information about the working conditions, thanks to rotational speeclirrent
velocity monitoing. These on the spaompletereading of the status of the device, inside the CBM
philosophy, will allow forecasting the substitution of the element in a future intervention, or directly
in the current visit to the machg, ifsome damage is detectedihis technique is highly susceptible of
used in the blade monitoring system, since igkly reduces the complexity of the system.

3. Permanent Monitoring (PM)

A permanent installation of both transducers and interfacing electommiche tidal device thatlws

an automatic periodic reading of the sensors remotely in-tmaé. Thisstrategy allows performing
remotely the Condition Monitoring of all the critical or more expensive composite material elements.
In this configurationthe monitoring system becones the SCADA system of the machine, including all
the monitoring needed and soe actuation capacity, linked to protection of the device in case of a
problem appears. It will be communicated with the power electronics/electgeakrator control.

Despite predictive and condition basethintenance are very similar as they both are based on the
condition of the component, there are certain differences in their definition. Some authors do not
distinguish béwveen these two definitionsind they use them indistinctly (s¢@]). Since the boundary
between the concepts may be a bit ambiguous, it was decided to dedicate this section in explaining
the main differences between them hitreal examples, at leagir the philosophy that was conceived

in RealTide project

As it was seen ifable4.1, predictive maintenance is a general term that covers two different CBM
approaches depending if maintenansecarried out attendinga diagnostic or prognostic techniques.
Diagnostic techniques are based on statistical methods for data analysis that can be classics or
advanced such as machine learning. After that, a prediction model is created which allovesipgedi
future breakdownsNexttable summarizes some of degradation model methods that can be iase

this kind of maintenance.
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Table4.2. Degradation modelling approaches for diagnostic techniques. Souite].

Approaches Methods*

Reliability based

Paris law
approach

Moving average

Autoregressive Moving

Statistical Average (ARMA)

methods
Bayesian filter

Particle filter

Data driven
approach

Recurren Neural
Network (RNN)

Adaptive NeureFuzzy

Artificial Inference System (ANFIS
intelligence
methods Support Vector

Regression (SVR)

Hidden Markov Model
(HMM)

*Brief description of the methods in the ngstragraphs.

Model bagd approaches use physical and mathematical relations in order to model the degradation

Advantage

Ability for interpretation
by physics. Provide
accurate Remaining
Useful Life (RUL) at
component level
prognostics

Understanding the
degradation mechanism
is not required. Effective
in describing the
uncertaintyof the
degradation pocess

Able to learn complex
nonlinear relationship
between data.
Understanding the
degradation mechanism
is not required. Expected
to have a good
performance in RUL
prediction of complex
systems.

Drawback

Detailed knavledge of the
systembehaviour is
required. Complex systems
degradation model is hard
for construction

Highly depends on the
trend information of
historical observations.
Less precise in the RUL
prediction of complex
systems.

Need sufficient datadr
training.Lack ophysical
meaning. Difficulty to
select the parameters of
the models.

trend. Some of these models are based in a physical phenomenon (relibbsiégd approach) like the
Paris Law, which is one of the most commordgdimodels for predimon of failures in bearings. Data

drive approach models on the other hand, transform data gathered from sensors into relevant
information. Statistical methods estimate the Remaining Useful Life (RUL) by processing the historical
dataof the machine whilartificial intelligence methods are able to find complex relationship between
monitoring parameters in an automatic way. They are suitable for complex systems where developing
an accurate physical or statistical model is not feasible.

In some cases, artifial intelligence methods are able to predict failures that would be impossible to
detect for humans. In the followinggure, we can see an example of advanced fault detection using a
deep convolutional neural network. The turbine peaits two distinct falts, a rotor bearing faultat

time t2, which causes nearly instant failuesyd a helicatstage bearing faulthat the neurainetwork
algorithm registers as beginning to appear shortly after the first fault was rectified and the meachi
restarted at t3, lmt which results in failure only later, at.t&he shaded regions and B indicate the
corresponding timevindowsin whicha human expertvould diagnose the same fault§/e can see
how the smart algorithm was able to detect the degrada and predict thefault at a point in time
severalmonths beforea human expertcould have
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Figure4.3. Deep convolutional neural network fault probability output as a function of time for a turbinethvi
distinct faults, ane rotor bearing fault and one helical stage bearing faultdapted from[14].

Techniques dasibed above are characteristic of CBM diagnostic techniques. In prognostic techniques,
all descriled techniques caalso be used but the philosophy for failures detection is slightly different.
Prognostic techniques rely on the idea of using real timesgenand maintenance is performed only
when the component fails or need to be repaired. For thag tondition of he component under
study is being continuously monitored and, if the value of the measured parameter exceeds certain
threshold (previously efined) an alarm is activated which indicated that repair is necessary. In the
following figure wecan see de degradion of a bearing temperature by monitoring the temperature
residual in time compared to a population of turbines without bearing faults:

25 -
At
20 -

residual, °C
=]

0 WWMW'VW ‘

A GO G
5¢“'L w\'l' P\o‘érz' 52\’1

S e ge®
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Figured.4. Rotor bearing temperature residual ptted for a bearhg with a confirmed fault. Sourcq14].
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The picture above shows three criteria than could be used for alarms definition when monitoring the
rotor bearing temperature residual. The three critesi@ marked byhe green, blue and red horizontal
lines. As can be observed, with the green line gatalarms can occurs even when system is working
properly (false positive), instead, if we attend to the criteria given by the red line the fault is not
detected untilit is too late. In this example can be seen the great importance of having a goadhcrite

when defining alarms and that is something that will be treated in more depth in se&fon

4.2.2 Comparative

In this sectiona comparisorof the maintenance stragiesreviewedis madein order to identify
when one technique is more appropriate than oth@&ne following tablesummarizeghe pros and
cons of each maintenance strategy:

Table4.3. Maintenance strategies comparativ@reparedusing data from[12].

Maintenance Strategy

Pros

Cons

1  High risk obe@ndary
; 1 al OKAySa I NB failure
CONECHVE YIEAYyidlrAySRE f  High production downtime
GwedpyT I A f dzNB ¢ 1 No condition monitoring 1 Overtime labor
related costs 9 Safety hazardous
1 Maintenance is performed
. in controlled manner 1 Machines are repaired
Preventive 1 Fewer catastrophic failures when there are no faults
4 C A E I 9  Greater control over stored 1 There arevstillﬁ 3 s
o . parts and costs adzya OKSRdzft SR
1  Unexpectedmachinery
failure should be reduced
1 Unexpected breakdown is
. . reduced
CBMg Diagnosis 9 Parts are ordered when 1  High investment cost
o > z needed 9  Additional skills required
alitk & )/ Qu 1 Maintenance is pedrmed
when cawenent
1 Equipment life is extended
2 Eg:f;ﬁnégﬁnﬁnfgtended 9  High investment cost
. Reduced I T Additional time invested
CBM(c, Prognostic T Reduced overal upfront
. maintenance costs 1 Requires a change in
GCAE Al Il ﬁ:;g;neznt reliability philosophyacross all
1 Fewer failures, ths ewer management levels

secondary failures

In the followingTable, the maintenance strategies have bemmbinedwith the three means of
monitoring (St, Basic Permanenand Permanenimonitoring) explained in Sec. 4.%Ve can see
the selection of the most suitablaeans oimonitoringand maintenance strategies.
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Table4.4. CBM and monitoring strategiesocparison

Maintenance strategies

Corrective| Preventive| CBM Diagnostic| CBM Prognostic

0

ks ++ + + -
(@]

i

=

17

o = ++ + +
£

S

=

(@)

= - - ++ ++

Where
1 abbé RSy20GS8a G(KI{ teySuitabRigrihis maideyafce arategly.d S3& A &
1 ab RSYy2:GS8a GKIFG (KSitabfedoythigingaN®ngre siafetht ( S3I& A &
1 & RSy 2tth&moniibriag strategy ison-suitablefor this maintenance sategy.

4.3 Critical elements

In Work Package Deliverablel.1 established dur tidal turbine onceptsor categories as a useful
classificationwithin the RealTideproject. In the following, the main results obtained during the
criticality assessment are exposed for each of ther conceps anda selectionis made of the
components to be monitoredrigure4.5 shows a summary of theonceptsandtheir characteristics.
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Concept 1 - Complex bottom fixed

Horizontal axis

Open rotor

3 blades

Bottom fixed with pile
Pitch control

Yaw mechanism
Gearbox drive

Concept 2 - Simple bottom fixed

Horizontal axis

Open rotor

Multi blade (>3)

Bottom fixed gravity base
No Pitch control

No Yaw mechanism
Direct drive

 Concept 3 - Floating multi rotor

Horizontal axis

Open rotor

2 blades

Floating

Pitch control

No active Yaw mechanism

Gearbox drive

Concept 4 - Cross flow turbine
Vertical axis

Close rotor

Multi blade (> 3)

Bottom fixed (gravity or pile)
No pitch

No yaw

Direct drive

Report on Conditimbased maintenance strategies and comparison to other maintenance strategies

‘s
<

Figure4.5. Generic Tidal Turbin€oncepts and features.

Once the four conceptsave beeridentified, they can be subdivided intive levels:
Sb-systems,
Assemblies,
Sub-assemblies,
GComponents and
Sub-components.

The failure modes and potential effects of failure were defifiedeach level and concepind their
criticality assesse[8] & [2]. After the ciiticality study the most criticahssemblies and suissemblies
for each ofthe conceptsould beidentified and the results for each concepse shown inFigure4.6

at subassembly level.
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Figure4.6. Criticality assessment for the four RealTide concepts

This Document is the property RéalTideConsortium

Access into
nacelle (subsea)

Page |29



The followingTable shows a summary of the most critical assemblies anéissémbles that were
found during the FMEA artd be integrated in the CM3Jonitoring and CBM strategiese based

on the relevantomponents (In contrast to wind turbineghe yaw mechanism is not critical for tidal
turbines, asit is only used to reverséné assemblyat slack tide, operatingt low load)

Table4.5. Most critical assembly & sulssembly for CBMs applied to tidal turbines

Critical Assembly Critical SubAssembly
PowerElectronicConverter

Electical System Generator
Transformer(s)

Drivetrain Low speed shaft
Gearbox
BI
Rotor ades

Pitch System

With reference toa generididal turbine (Figure4.7), an adaptable monitoring system is developed.
Most of the subassembliesire described singrelevant examples from wind turbines.

Composite blades

Main gearbox Inspection hatch

Main shaft Nacelle

[/
—_ Generator and
power electronic
converter
Stab mechanism
Yaw clamp

Buoyant

nose Pitch gearboxes

Foundation
structure

Tube containing
cable to shore

Figure4.7. Generic tidal turbine ofttea 02 Y LI SE ¢ wS tategaky sh@vin@ 2 y O S LJi
sub-assembles discussed in the followingAdapted from[15].
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a.Bladess NB (i KS & LodlBdvigthe¥de@pited thdlowing water in a tidal stream
They conert its linear movement to a rotational movemerikhis energy isransmitted to the
hub and from there usually viaa mechanical transmission systéma generatorconvertingthe
rotational movement(or torque)into electrical energy.

b. TheBlade Rtch Systemallows the rotation of the blade arounttsivertical axisasrequired by
the safety and control system (power generation, start, stagufes and extreme conditions)
Thepitch system (motors, gears and bearingdpcated between the root of thélade and the
hub. The control and safety systennides electric motos until the desired pitch position is
reached. The pitch actuator motor drives a pinion through the multiplier. The pinion engages
with the pitch crown tgposition the blade as indatedby the controlsystem.The pitch system

consistof:
T An electric motor controlled by the control and safety system.
1 A planetary type multiplieusuallydriven by the electric motor and connected to the

multiplier pinion.

A multiplier pinion that engagewith the pitch crown.

A pitch crown machined dirdg onto the inside track of the bearing.
A pitch control box (axial box and batteries).

An encoder.

Pitch limit switches.

=A =4 -8 -8 9

Modern large turbines, both wind and tidal, have individual blade pitctitagh kade has an
independent pitch system, with its owset ofemergencybatteries Themainbraking systenis
alsousuallybased on the pitch. The existenceindependent pitch systems for the three blades,
including a stanglone uninterruptible power suppliyn each blade, maximizes thefsty factor

in case of failure of a system of pitch, the wind turbine is capable of braking.

1 Pitch motor 4 Pitch bearing 7 Pitch limit switches
2 Pitch gearbox 5 Gearbox pinion
3 Pitch control box 6 Encoder

Figure4.8. Pitch system type. Sourc§l6].
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¢. TheLow speed shaftransmitsthe rotationto the gearbox (irdirect drivesystemsto the
generator). Normally it is supported by one or two makearings that should be monitored

Figure4.9. Main shaft type. Sourcef16].

d. TheGearboxcontainsgears, bearings, shafts, planetary gear, #tis used to increase the
rotational speedr.p.m.)to the nominal revolutions of the generator.

1. Bearing/s fast shaft Coupling side (DE)

2. Fast shaft beanig Opposite side Cpling (NDE)

3. Intermediate shaft bearing Side Coupling (DE)

4. Intermediate shaft bearing Opposite side Coupling (ND
5. Bearing slow shaft Side Coupling (DE)

6. Bearing slow shaft Opposite side Coupling (NDE)

7. Saellite Bearings

8. Bearing/s mainisaft Side Coupling (DE)

9. Bearing main shaft Opposite side Coupling (NDE)

A. Fast shaft sprocket

B.Intermediate shaft sprocket.

C.Intermediate shaft sprocket

D. Slow shaft sprocket
E.Sun sprocket (main shaft)
F.Satellites (3 unis)

G.Planetary Crain

Figure4.10. Scheme of a gearbox type.

e. TheGeneratorisin charge otransforming the mechanical energyto electrical energy.
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1. Baring on the coupling side
2. Bearing on coupling side

3. Rotor shaft

4. Generator Supports

5. Generator connection box

Figure4.11. Doublepowered asynchronous generator. Sourdds].

f. Power electronic converterThe power converteserves three main purposes:

1 To control the wind turbine so that it casperate in a full range of speeds.
1 To adapt the generated power to a suitable waveform to be exported to the grid.
1 Toenable the wind turbine to ride through voltage dips in a dynaiastion.

PRECHARGING CIRCUIT

AUXILIARY CONTACT —
e (7 ey
CHARGING
TRANSFORMER RECTIFIER
LSC CIRCUIT LSC Msc
GRID -
BREAKER e o
~ ol =
A .
=] . X
MAINS
REACTOR DC-LINK

dvidT

STATOR CIRCUIT-BREAKER

©

DOUBLY-FED INDUCTION
GENERATOR

Figure4.12. Generator converter System. Sourdésg].

g. Transformer.It increaseghe generation voltag¢o the high voltage level of the distribution
network, redwcingthe electrical losses and the hgag of the wiring.
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4.4 Monitoring needs

An exhaustive analysiby the RealTide teanB] & [2] produced needs and recommendations to
increase the reliability of tidal turbinem the followingwe daborate onthe decisions made in order
to adapt them to the peticular necessities d tidal-turbine CMS.

Once we have identified the critical cgranents for each concepandthe monitoring techniques that
could be usedit is necessary to focus only in those components and technigues that are more
susceptible tdoe integrated in the CMS. Througylit this section, the monitoring needs are defined as
well as the monitoring techniques that are considered as the most ap@i@pri

The strategies defined in thisport build on completed RalTide work, especially tHeMEAresultsin
Taskl.1 and the initial monitoring plam Task 4.1Figure4.14 showsa globaltaxonomyfor defining
the subsystems and components of a tidal turbiRigure4.15illustratesthe methodolog followed in
the FMEABelow, his methodology will be described in summarized form.

The four generic concepts of tidal turbis@sdescribed inFigure4.5 were establishedirawing on all
literature and applyinghe experience of the RealTide Consortiwith the objective of obtaining a
better representation of the most commonly usédal turbines on their way to commercialisation.
Theguidelinesachievedduring the stug shouldtherefore be easily adaptabléo most if rot all tidal
turbinesin the incipient tidal industry. For the four definedncepts, by using similarities with wind
turbines and previous studien the literature, Tidal turbines are divided into various levels of the
functional hierarchy.
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Tidal turbine
Reaction system

Foundation system

Generic

| Hydrodynamic system
- Nacelleshe

Nacelle joints

| Power take off
i Fire fighti t
Cabinets

Ballast (liquid & solid ballast)
Bilge system

Foundation fixation
Pre-tensioned anchor pile
Suction anchor

Interface with supporting structure Cooling system

Penctratons - ubees nterface withfoundaton R

Lifting point Main structure Beacon/light
Seafastening/tug point Installation interface

Sub-assembly frame Interface with turbine support Low speed shaft

Lifting equipment/reaction points Corrosion protection Low speed shaft bearings
Access to nacelle (hatches) Low speed shaft dynamic seals
Corrosion protection High speed shaft

High speed shaft bearings
Gearbox/high speed shaft

Braking system
Blades Coupling

i

Hub Shaft lubrication
Front bulb

Pitch system Control & Control system
Corrosion protection communications Condition monitoring
Ring Systems cabinets

Other equipment
Electrical system Generator
Power electronic converter
Transformer

HV switchgear
LV switchgear
Power cabling system

Yaw Yaw shaft Auxiliary cabling system & connector
Yaw gear UPS systems
Yawing mechanism power actuator Subsea cabling system
Yaw locking/brake mechanism Subsea cable joints
Cable and pipe management system Dynamic cable
Yaw load bearing Lightning protection

Electrical protection & safety

Figure4.14. Generic Tidal Turbine Taxononakeveloped inRealTide see also Annex

FMEA is agichniqueapplied in the projecin order toincrea® the understanding anceliability of tidal
turbines Thisis done by recommending actions whibuldmitigatee or eliminatethe critical failures.
It was alaptedil 2 w S lobjektivdd Sc@aiding to the standard IEC 60812:2006y | f @ aA & G S

for system reliability P2 OSRdzNBE F2NJ FIF Af dzZNB Y2RS FyR SF¥F¥FSOda |

The methodologyllustratedin Figure4.15 consists ofhree main parts:

1. Failure identification:A numberof failure modes has been identified and characterized for
each concept. In the characterima the following aspects have been takimto account:

{ Root cause

1 Effect
ALocal effect
A System effect
AProduction effect

Y Risk reduction measures
A Design controls generic types
Aln-service monitoring types

2. RiskassessmenBaa SR 2y GKSANJI ONAGAOFft AdGe GKSF ¥t dzNB
GYSRAdzZY ONRGAOITE¢ YR dASR GHRNIXNBAGRCRBKE ¢ REAAFRi
Priority NdzY 6 $nWthod which allowslassification of the ftures based on théollowing
aspects:

7 Detectability

{ Occurrence

1 SeverityA bythree criteria:
AEconomic
A Environment
A Health and Safety
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3. Preventive and corrective action®ased on the criticality obtainad the risks assessment
it is decided whether or nanitigation actionsare needed. The followgrecommendation
levels have been taken into account:

1 Monitoring
1 Redesign
1 Monitoring and redesign

Apart from these recommendation levels, an aggregated criticality assessment is also carried

out in this step. The objective is tokinto account the cumative effect of all failure modes
that are susceptible to appear for a certain element. Three roéshwere proposed:

A Lookup table

A Adjusted function

A Simplified adjusted function

Definition of the Generic|
Tidal Turbine concept

Selecthe System

ent

Fonction
v

Identify Failure Modes fo
AssemblieSComponents |

v

Identify Failure Mode Rogt
Causes

v
Identify Failure Effects

v

Identify Failure Detectioh
Control Measures

L 2

Identify Existing Risk
Reduction Measure

v

Perform Criticality
Assessment

al

Mode/ Rool

ause Critic;
2

yes
Suggest recommendatior]

L7

Perform Criticality
Assessment

Is Criticality’
acceptable?,
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Figure4.15. Methodology followed in the FMEA. Sourcg] & [2].

The results of this depth analysis establish a total of 243 recommenuadiforthe four concepts
where 137 areecommendationgor monitoringand 106 are for redesign. Trable4.6 is shown an
application example of the FMEA. Specificalis Table showthe procedure followed for selected

failure modegelated tothe blades of Concept3.
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Table4.6. FMEA: Example of application. Sour¢8} & [2].

Nacelle shell 4 T VES GOP VT, I0E i § 3| w4 | Hoh 3 2| Meonstaring O | GO, DTA
Nacelle Trverface with Frdesipn &
supporting structure * L jcoP i 5| 5 5| = High Ed = Moritong IVT.OM  [GOP. FON
Redesion & VT, IDE,
41 2 YES IGDP, DTA VT, IDE 4 7 7] L Hgh s - Moritering D GOP, DTA, EXF
Fedenm® T IOE
tade shell a2 2 YES GDP, DTA VT, IDE 4 [ B| e High 24 24 W‘[t""g ]N‘:rln‘u GDP, DTA, EXF
Fiedesin ;
4 2 YES GDP IVT.IDE 4 5 6| 4 High 24 24 Monitoring MUID GOP, DTA, EXF
edengn & VT, 1DE,
Blades a 3 YES IGDP, DTA VT, IDE 5] 5| 5| 15 Hgh 5 Pl Moritering MUD GDP, DTA, EXF
5 3 |vEs GoP. DTA IVT.IDE o| 5 s| = Hgh E = Moritoring [T I0E. |aoe.ora
@ 3 |ves Goe, OTA T I0E B 5 5| @ | Ho 5 P e T e [aoe, oTa £
Elade structural slemant g e
fitor ] 2 |ves GOP, DTA T, I0E o [ EEE I B | Morstaring T-PE Jaoe, oma
5 2 |ves 0P T, I0E 1 7 o w0 | Hon = PR Evwe— VT ooe
Blade cosiing e

In the FMEA metbdology, several techniques were proposedRisk Reduction Measurasghich are
the methods or actions currently planned,already in place, to reduce or elimimethe risk associated
with each potential causef failureidentified in the FMEA.

These rethods were groupd into two classes: Design controls andsgrvice monitoring. In this
Deliverable we focuenin-servicemonitoringbeing more related with the topic of the task. Depending
on the type of monitoring performed, five levetsf monitoringwere defined based on thexpected
effectivenessnamely:

1.

Inspection visit tools:

The monitoring is donby means of direct human actuation or impltasman presence in the
local area of the system. For example: Divers, dock inspections, ROVs, etc.

Indired detection. Integrated effect:

When using tlksekind of technique faults are not detected diectly buttheir consequences
for a third system/suksystem. Sometimes it is not possible to obtain the root cause of the
failure by using this techniqués anexample: An ovetemperature in the nacelle indicates
that somehing is not working mperly in it,however, this carhavemany causessuchasthe
generator, transformer, inverter or cooling system.

Model based estimation

Asdescribed, tiis is similar tomdirect detection but in this caseit is possible to find the root
cause bycorrelating several indirect measurements using a proper analytical model. For
example:How meters in dynamic ballast systems are sometimes used for detegiumgp
failures. Aralternative way to checthe pump flow might be by using a model which calculates
the time required by the pump to fill a certain water volume (by using level sensors/ switch
level sensors) once the pump is working. Comparing tipeeted time to fill thetank (i.e. the

time taken for the pump to reach the highest switch level) with the mestimated time, one

can detect if there exist problems with the pump or with the tank.

Direct measurement; Cause or effect

In this casemonitoring is done directlpy detecting &her the cause oeffect of the failure.
Example:Abroken bearing provoked by shaft imbalance. In this ciskyre can be detected
by monitoringbearingtemperature (effect), orvibrations on the bedng/shaft (cause).
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5. Multiple integrated detection.

Direct measurement of possibtauses or effects by using batdundant measurementand
redundant sensors. For examplmonitoring can be dne redundantlyby using several
conventional sensorglaced in the same locatigor by using a speaif redundant sensor with
multiple electronic conditioning Bidethe same encapsulation.

Followingthis classificationModel Based Estimation &eento offer a good compromise between
economy and effectiveness.dhould be notedhat this technique @nalso be used integrated within
0KS tS@St aadz (A LiaSa wayfibGamiNg raddheant masute@eniseniaps
the highestpotential value of this techniqueis when u®d in redundant system foits ability to
decrease the costfanonitoring andincreasecomponentreliability.

Based on the results of the FME#Task 4.1 a reviewas madeof the state-of-the-art of the most

suitable monitoring techniques for tidal turbieelsing as example concept 2, concrete ntoring
techniques were defined for each subsystem and a first sensor selection was made. This concept was
selec¢ed for being the closest tthe Sabella machim, for whiche being inside the RealTide projagt

better characterization of the machenIn addiion, an initial definition oModel BasedEstimation as

an alternativeto traditional monitoring strategies was suggested. In the following table, techniques
identified as the most appropriatfor tidal devicesre listed éxtendedfrom Task 4.1

Table4.7. Monitoring techniques proposedextendedfrom Deliverable 41).

Proposed technique Description
Visual inspection Monitoring is performed by means of humantuation

Temperature control Monitoring is peformed by reading the change of the temperature
Pressure control Monitoring is performed by readintpe change of the pressure
Tilt measurement Monitoring is performed by reading the change of tiléng

Monitoring is performed by rading the change of the torque of the rotation shaft throu

Torque measurement a set of strain gauges attached to it.

Oil/Debris Analysis It consists in collecting and analysing oil samples. It can be done offliherdine.

Ultrasound Testing Detection is dae by measuring the reflection produced by a change in the acol
0 &/ télva & A C impedance of the bodynder analysis

Vibration analysis It is a technique that looks for changes on thieration signal of a system.

The detection is done by measuriagelease of energy, due to the presence of a flaw
the form of an acoustic emission wh propagates through the body. If the propagatic
occussin air, and it is in the audible frequency spectrutiis techniqueis referred to as
sound analysis

Thermography It consists in analysing the images of a thermal pattern eftibdy.

Acoustic emission

The method is to generate acoustic waves that propagate through a body which bou
conditions defines thenodes and its velocities of the waves. In phase array, the s
principle of classic UT is used but with an organized array oitagon-reception
transducers and coordination of signal to concentrate the wave

Current signal analysis = The failure is deteled by measuring the change on the current spectra.

Long Range Ultrasound
Technique (LRUT) and
Ultrasonic phase array

It consists in analysing the change in the magnetid fiehich is created by the edd
current created by an alternating magnetic field

It allows to detetthe failure by measuring changes in the monitored variable over |
periods

Eddy current testiig

Intelligent SCADA analysis
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It allows to detect the failure by comparing the monitored variable with its analog
which has been previously calculated in adeb I.LE. Power curve control wher
Monitoring is performed by compariadetween the real and theoretical power mer

It allows to detectorrosionby anelectro-analytical techniquallowing measurement of
power difference between the motdred element and a reference electrode.
It allows to control thegpresence of humidity in the environment.

For instanceand consideringnly established critical assembliggroposed monitoring techniques
and sensors for the rotor artthie drivetrain for conept 2 are summarized in the neteble:

Table4.8. Preliminary initial monitoring plan for the rotor and the drivetrain (based on concept 2).

Assembly Rotor Drivetrain
Sub Hub Blades Front bulb Bearing Seals Generator Lubrication
assembly system
®w / NFOlA w 58StFYAw 58St Y?w CFiAddz w ClIiATcw LA2TF G w t | NIAOE
w CFiA3dd o / NF*O1Fw /NTO1Aw /NOlA w / NO1? w h@SNKS w hISNKSIH
®w *#A0NI G w CFHGAIc w 9NRAAZ w isalignmen W tFNIGACw AONF G w [SF1a
Failure w / 2NNRP& w 9NR&Az w .A2F2C @ +A0NI (G deposit w / NFOlA w t NBaadz
mode w . A2F2¢c wOverheating w 5NE NI w [2aa 21
w t 22N properties
lubrication
wVibration w [w!¢ w [w!¢e w *#AONIG w #A0NF{ w /dNNBYy w LyftAyS
analysis w *Aadzl f w A adzl f analysis analysis analysis degradation and
w t 2{Sy i inspections inspection w CKSNX¥2 w ¢SYLISIH w ¢ SYLISN particles in oil
w! O2dza G A control control w ¢ SYLISNI
. emission wOilDebris w ¢ KSNX¥2 contol
Monitoring (audible and analysis. w t26SN) o t NB&adz
technique ultrasound) control w LydsStta
w ¢SYLISN SCADA analysis
control
w [/ af w wht 6vw wht ovw [/ af w [/ af w al {! w {/ 15! t
(Condition operated operated (Condition (Condition Instrument
monitoring vehicle) vehicle) monitoring monitoring ®w ¢KSN)Y2
system) system) system) canmera
Equipment | @ t2iSyi w CKSNXY2 w {/!5! w {APE
camera
w {/!5!
w ! 00StS w [w! ¢ w [w]¢ wAXxial w 'EAIf | w LyRdzO{ w/ngamination
(2, radial and transducers (8 | Transducers (3 | accelerometer radial sensor sensor module
axial) 6) 6) 3) accelerometers  w / dzZNNBY © -100
®w LyRdzOi w wlRAIE w 100 w esshde sesors
Sensors sensor (1, for acceleometer Contamination
type rpm) L (©)) 5 | sensor module
w 9f SOUN w ! 02dzad w -100 (one
(number) reference and emission sensor

indicator)

3).
w 100 (one for
each bearing)

for each seal)

Forthe most critical components identified in the FMEA for each conegygropriatemonitoring

recommendations were proposedhe followingable groups theemonitoring recommendations
for concept 2 together with the monitoring techniga proposed in the initial monitoring plawith
the objectiveof unifying both criteria in order to select the most suitablectenique/s for the CBM
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aeaidsSyo ¢KS 02t dersyo thetop e aiticed goipbrientdedified in the
criticality sssessment for concept 2 (s€gure4.6).

Table4.9. Monitoring recommerdations and techniques proposed for concept 2.

Componens Monitoring recommendations Monitoring techniques (proposed in the initial monitoring
P (Identified in the FMEA) plan)
Power electronic Humidity contro] temperature control, thermography, image
IDE, MBE g . . .
converter processing, intelligent SCADA analysis
Blades IVT, IDE, MUID LRUTVisual inspections
Thermography, vibration analysis, Temperature control, onlin

Low speed shaft IDE, DM, MBE analysis of oil degradaticsnd particles in oil, power curve

dynamic seals control, Eddy current testing, LRUT.

Electrical signal monitarg, thermography, power curve contro

Generator PMSG DM, IDE L . ' L2 .
vibration analysis, acoustic emission (including sound analys
Transformer(s), Dissolved gas analysis, Online analysis of degradation and
Liquid insdated DM, IDE particles i oil
transformer

4.5 Application to tiél turbines
Thenextsections develop generic monitoring systems for the most critical components detected:

- Electrical Sstem
- Drivetrain
- Rotor

In the followingthe finally proposednonitoring techniquesto be used in the RealTide project for
CBMare described The proposed techniques have been selected according to the results exposed in
Table4.9 for which a selection of most suitable monitoring technigues for integration into the CBM
system has been made. Although heiques are referred to concept two, the final selection made in
Table4.10is also valid fothe otherconcepts becauseapplication of these techniques to the critical
components of all conceptender analysis is vernynsilar. These techniques are being developed in
parallel withthe ongoing @sk 4.2 and will be fully implemented when the monitoring is finished.

Table4.10. Elements andnonitoring strategies defined for bimg integrated into the CBM system.

Element Monitoring strategy

Model based estimation
LRUT

Extensometry

Acoustic Emissions
Vibration analysis

Blades

=A =4 =8 =8 =4

Model based estimation
Currentmeasurement
Vibration analysis

Drivetrain

= =4 =1
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Model Based EstimatiofMBB, briefly introduced in Deliverable 4.1s an alternative to traditional
monitoring techniques. A great number of successful applications has demonstrated its efficiency in
detection of faultsMBE beingr & @A NIi dzI f Yd&Seéndiba dsddyoFedicsrédkindadndy of
critical sensors or even to eliminate somensors Todaymodetbased fault diagnosis techniques are
fully integrated ilfmanyapplicatiorssuch as veiele control systems, robots, transport systems, power
systems, mnufacturing processes, etc.

In a modelbased method, the condition of the physical system is represented in a dynamic model. The
goalis to reproduce the condition of the phigal system in the model anflany mismatchs found
betweendata acquied and the model estimationthe system will act accordingly axhievea safe

state. Figure4.16 shows a schematic description of a redundant model based parameter égtima
applied on a generic tidal turbine. As can be seabffierent measurements are collected from thddl
turbine sensors and implemented into two different models. In the moabelrepresent the actual
measuremendirectly or indirectly from the tidal turbine.

Uy

Uz Xm

v
.
]
2
s
7}
c
7]
w
©
=
=
3
4]
o

Ld Xez
Model 2

Figure4.16. Schematic dscription of the residual generator

An often applied method to reconstruab is an online parallel estimation of inpubutput
relationship, based in a model which describes a certaysjgal phenomena which alle to estimate

@ analytically. Consider the following nominal model that describes the transfer behaviour of the
system or a part of the system under monitoring:

() 0O o (Eq.1)

In this schemep representsmodel lestimated variable, for which a redundancy will be established,
andd the model input vectord , 6 ] which can be either a measured or model estimated variable.
Each model, will estimate the actual measurem@a by ushg different plysical principles. In the
same way can also be estimated by using a different model:
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®w O ¢ (Eq.2)

Where bothw andw are an estimate ofo and is called analytical @oftware redurdancy.”O

and"O represent the transfer function for the models 1 and 2 respectively. The output parameters
i hi FBH hrepresent the generated residual after comparing different input signals. These
residud can be usedhter asan estimator in order to check the correct operation of the element under
monitoring.

Even though the principle behind this technique promisiesple online implementationand seems
easy tounderstand, it cannot beimplementedin all cases due to the difficulty or even impossibility on
generating a precise analytical modet complexprocessesFor that reason, in order to generate an
efficient model, it is necessaty choose thevariables involved in it carefullye.they shouldbe easily
measurable and comparabte the real device.

This technique will be implemented together with the models generated in WP3, previously adapted,
to haveestimatiors of the stresses onhie blades. Another application of this technigneRealTidas

the detection and characterization of defects in composite materials. In the following, the methodo
logy adopted for these applications is detailed.

As an application of the MBE concépt the RealTide mject,a model for estimation of the stresses
along the bladéas being madehat will allow correlating the stresses obtained on the bladieectly
measured by the transducers, witlalculatedstressegrom the BEMT model (finished in task 3.1). The
correlation ofboth sets ofstresesvalueswill allow to predict any deviations the acquisition signal.

In the following subsections, descriptions and current development status of each modkilguiie
4.17 will be pregnted.

Environmental

variables BEMT STRUCTURAL STRAINS/

N - > —_— |

Control variables MODEL MODEL STRESSES

Correlation

Acquisition signal

GAUGE STRAINS/
MODEL STRESSES

ELECTRONIC GAUGE MODEL }—'

Figure4.17. Strategy for implementation of MBE in the blade monitoring.

BEMT model

This model wasevelopedin Deliverable 3.1 (sefl7]). It was implemented in pytin andallowsthe
calculation of forces (axial and shear) and bending moments along the blade given a settain
initial conditions. In the following picturéhe general working scheme of the BEMT tool developed
duringthis task is shown.
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« Blade geometry.
» Lift, drag coefficients.

* Flow environment (density, ) BEMT TOOL
viscosity).

* Flow velocity.

* Rotation.

Qutputs

+ Blade forces.

+ Bending moment.
* Thrust.

« Torque.

+ Power.

Figure4.18. BEMT tool calculation scheme. Sour&7].

Figure4.19 below ows the distribution of forces (axial and sheabtained by the BEMT td@
generic tidal bladeThe blade is considered as a cantilever beam, fixed at its root, and subjected to this
force distribution.Thusthe shear force and bending moment at any poilairey the length of the blade

can be found.

al Axial Forces. 0 vs Length along blade

700 | —e— Python BEM

Elemental Axial Forces{Njm]

0.05 o.10 015

Shear Force-Blade O vs Length along blade

0.20 0.25
Length along Blade in m(origin at blade centre)

Shear Force(N)
@
o

—e— Python BEM

0.05 o.10 01s

0.20 0.25
Length along Blade in m(origin at blade centre)

Bending Moment-Blade O vs Length along blade

20 1

—e— Python BEM

0.05 o.10 015

0.20 0.25
Length along Blade in m(origin at blade centre)

Figure4.19. Distribution of forces, shear force and bending moment along blade length. SoJicH:

Structural model

It congitutes an adaptation or complement of the BEMT model for stresses cttmulaased on the
forces and bending moment that are obtained from it. It could be based in both analytical methods
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conditions are implemented in a FEM blade model msed to obtairthe stressvalues Thismethod
is costlyto implementbut more precisehowever BEMT appears as a more suitable strategydat r
time monitoring In[18], we can see a practical example wai¢he BEMT methodology is applied.

General gauge model

¢ KS

G9ft SOGNRYAO 3l dAS Y2RSt¢ o0f201 Aa
dedicated in obtaining the measured strains and/or stresses by measuring the variation afnesist

of the gauge. In the following piate a simplified scheme of this process is show.

—ﬂ Signal conditioning }~ » Amplification Vour |

Figure4.20. Schemeof the gauge model.

f

az

Long Range Ultrasound Testing (LRUT) uses the gemeaatibreception ofiltrasonicguided waves
for monitoring the integrity of the monitored volumésee [19] & [20]). Theoriginal use of this
technique was in pipes and structural tubular files mainly in the Oil & Gas industry.

A Y LI

Using several piezoelectric transductor rings, it is possible to generate symmetrical guided waves. In
pipelineswith a circumferential wel for example, reflected waves will be symmetrical whilsthie

presence ofcorroded points and crackbey will be asymmetricalDetection of defects in a material
using ultrasonic waves usuall/because the propagated ultrasic wave interacts with a different

acoustic impedance boundary at tii@ult. Thiswill cause the propagated wave to reflect back. This

reflectionnot only give information about the presence of a defect in the t@étce, but alsabout
its location andin some casedts nature. The location of a defect is detemed by the time of flight
used in the pulse echo technique. This is usually done by transmitting and receiving the ultrasonic wave

from the same location (i.e. the same probe). The traveliatpcity of the ultrasonic wave can be
derived from the materia properties of the test piece and the time for the signal to travel forward

and bounce back is monitoreBigure4.21 shows the principl®f this technique.

) Flange
Guided wave transducers

(access point)

SRR

100% Tnspection Weld CoiD Metal loss (Defect)

Metal loss I |

Figure4.21. Schematic diagram of Long Range Ultrasonic Test. So{2d¢:
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This technology has reached a high level of maturity in the Oil & Gas industiyas been applied to
other fieldssuch axomposite material imffshore turbinesLRUT can be used to detect flasuxchas
delaminations bond failures, or cracks that might be found in these type of materialsigre4.22
an example of possible flaws that may be detected in a tidal turbine blade is presented:

Monitoring directions
using ultrasonic guided

Leading Upper sl

edge / shell \
Skin Delaminations or Unbonding

skin / adhesive / main spar
Internal
delaminations inside
skin or main spar
\ Unbonding

skin / skin

e ./

Trailing
edge

\
Foam-filled Main spar (CFRP) Lower shell Foam-filled

Figure4.22. Cut view of a tidal turbine. Flaws ahpossible guided waves propagatio Saurce:[19].

At least two sensors are necessary: One to emit the signal and another one to receive it. Nevertheless,
the use of 4 or morsensors are commonly employed in order to impedhe detection of the defect
using trianglation.

In the following figure, two ultrasonic signals are presented, with and without defect, red and blue
respectively. As can be appreciated, the fundamentatlenof propagation is affected.

Guided waves praggation dependwery little on some composes parameters such as: structure,
geometry, layer orientation, material, etc. As a result, even small structural changes may lead to
measurable changes in the guided waves propagation parameters, thimidatinspection should

be developed and testedhiareas as close as possible of the structure.

On thepositiveside, high sensitivity means that low damage levels can be detected, and can be used
even for identifying manufacturing deviations.

Disbond vNo defect

2= ’ No Defect

I P TH |
I

Amplitude (mv)
=
T é T

J

20 ._

sl l 1

r i i i I I
200 400 600 800 1000 1200 1400
Time (us)

Figure4.23. Ultrasound signal comparation, with and without defect. Sourde2].
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In this cae, the objective is to develop a methodology that allalesectionand characterization of
flaws of different nature. For this purposie, RealTiddour specimens (fiber glass plates) have been
instrumented and tested using the LRUT metlasdlescribedabove.In the following picture we can
see the arrangement chosen ftire tests:

Transducers
1/\\‘ ",
-~ .,
™~ Defects?
e R
Input signal — Driver LRUT ] — \-—— Output signal
Wave propagation

Figure4.24. Plate tests seup.

As can be se® the plates have been instrumented with two piezoelectric transducers and installed
on the plates in opposite sides. Three different flaws hlagen reproduced in thre different plates,

and the remaining one has been tested without the presence of lamywith the objective of using it

as reference. Test conditions have been carefully chosen in order to ensure that the result will not be
affected by external factors:

1 Flaws have been created carefully in a CNC milling machine.

1 The sizeof the plaesis the same and transduce have been carefullglacedaccording to
EnerOcean internal protoctd ensure that there is nalistance deviations betweea plate
and another.

1 Four silentblocks have been installed in the plates acting as supparder to avoid the
transmission of external exaition coming from the work table or the floor. The holes for the
support allocation have been also performeatafully and using a CNC milling machine.

The objective of these tests is to characterthe change of the signal under the presence of a known
flaw. By comparing the signal acquired on the three plates with the plate without flaws, system must
be able todetect whether or not there is a flaw and its nature.

In the next table the defectaés on the plates are summarized:

Table4.11. Defect sizes on the plates.

Plate ID Defect Number ofholes

1 No defect -
2 Single hole 1
3 Multiple holes 3
4 Groove -
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The following piatre shows the acquired signal using this frequency in different plates:

l No defects I‘ Single hole

(s ] M.

| Multiple holes l Groove

Figure4.25. LRUT acquired signal.

As can be observed, the trsition between echoes is quite smooth. Comparing tesults of the plate
2 and 3 a greater distortioncan be observedbetween echoes in plate 3. Regarding platethe
distortion between echoes is greater in this case and some reflection can be appdedis is due
to the shape ad size of the groove.

Extensometry concerns the measurement of changes in length and as such is helpful when applied to
stressstrain measurements and gauges as well as other health condition monitoring systems.

Strain gauges offer a simpleconomical and highly sensitive method for monitoring strain and
GKSNBEF2NBE (KS adNBaa I LI A SRuludigknown dhtl theSidin gauge | a4 & dz
is correctly calibrated. Strain gauges offer a numberopportunities for the structual health

monitoring of marine energy machines. In addition, strain gauge outputs can be used in verifying
numerical models that predi the performance and loading at key areas of a device.

Strain gauges work by monitoringcaange in electrical resista@of the gauge as it deforms with a
deforming material on which they are stucked. This change in electrical resistance is related to t
YIEGSNREFEQa aidNXYAy o6& GKS 3+ dzaAS FFO0G2N®

Due b their sensitivity and naturestrain gaugs are not particularly robusand if not well protected

they canonly be relied upon for long term monitoring in harsh marine environmehgsproper en
capsuation and protection system for the gge and its cabling is designedlthough they are simel
devices, it is irportant to consider the positioning caréully. Due to their vulnerability, access is
important, ads their location in verifying design work (e.g. finite element models). Temperature is also
a consideration, as it can have significaffect on theperformance of the gauge.

In[23], arelevantmethodologywas applied for strain measurements on a wind blade by using strain
gauges. The blade was instrumented along its length and weesiteadera cyclical flapwise load. For
every 02 m, strain was measured at four locations as shown in the follofignge:
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Strain gauge
207.1

Strain gauge
207.3

Strain gauge
2074

Strain gauge

207
207.2 Skin

Main

Direction of
load

laminate

spar

Towards lead-
ing edge

Figure4.26. Location of strain gauges, exampler a section20.7 m from the root sectia. Source{23].

In the next figure we can see the strain measurements, in normal conditions, obtained by the four

strain gauges in a section given at 20.7 m ftbmroot. The strain values were normalized (dididsy
the same number) for confidentiality reasons.

strain []

-0.2

-0.4

-0.6

-0.8

0.8

0.6

0.4

——2074
——2072

0.2

—2071

0.0

——207.3

005

0.10
load []

0.15

Figure4.27. Strain gauge measurement during test of sectionat 20.7 m from root section. Sace:[23].

In the test, the blade is partially unloaded from a level of approxityade09 to 0.07 and then loaded
up again resulting in the small loops. During the tests, the blade failed at 4amtife root (close to
the largest chord). In the following picture warcsee the obtained stresses around this area:
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Figure4.28. Measured strain on four locations during test of section 3, showing Himear behaviour. Source:

[23].

As can be appreciated, the strain is seento be-hichy S| NE SaLISOA L f f &
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close to the location where the blade finally failed.

Acoustic Emission (AE) is a wave generated by the rapid release of withigya material when an

WSPSyiQ
identify, locate and monitor defect$-igure4.29). Various parameters are used in AE to idgrthe

nature of the source, including: count, duration, amplitude, tisee, energy, frequency and RMS

2 O thelaM@nsion (pRal dhack ) By tiedecting these emissions, AE equipment can

(Root Mean Square).
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Figure4.29. Principle of the acoustic emigm technique. Source[22].
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AEis in the ultrasonic regime, typically within the ranb@0 kHzo 1 MHz. Acoustic emissions can be
monitored and detected in frequency ranges under 1 kHz and have been repopdd 100 MHz.

Rapid stresseleasing events genema spectrum of stress waves starting at 0 Hz and typically falling

off at several MHz, but one strength of the techregis that background noise, particularly airborne,

falls off more quickly, so the sigA@l-noise ratio reaches an optimum value arouhe conventional
frequency range. A commonly accepted definition for AE is a transient elastic waves within a material
due to localized stress release. Hence, a source which generates one AE event is the phenomenon
which releases elastic energy into theaerial, which then propagates as an elastic wave. AE events
can also come quite rapidly when materials begin to failytiich case AE activity rates are studied as
opposed to individual events. AE events that are commonly studied include the extensidatigiue

crack, or fibre breakage in a composite material among material failure processes. AE is related to an
irreversible release of energy, and can be generated from sources not involving material failure
including friction, cavitation and impact. ahsducers are attached to the material to detect these
waves. Most of these sensors are in the frequency range of 230 kHz. Some geophysical
studies with AE use much lower frequency sensors, while sensors in the MHz range are also available
commeiially. A major limitation of acoustic emission technique is defect sizing.

When a component is stressed, this ro@structive technique can provide a great deal of information
about the presence or otherwise of defects. Sensitive to plastic deformatidplase transformation,

AE can provide information on the formation and progress of a crack. In metals, it can deigittgyr

weld defects, corrosion (general, localized or pitting), friction, mechanical impact and leaks and can be
used to detect defects service.

AE is now a well proven technology for steel structures and is used for monitoring nuclear vessels, oil
storage tanks, etc. One of the most common materials used in the construction of large wind turbine
blades igylassfibre reinforced plasts F£RP. The mechanisms that cause acoustic emission events in
FRP monitoring include the following:

Fibre cracking Matrix plastic deformation and cracking
Fbre interfacial debonding Interlaminar debonding
Fibre / plastic deformation Chafing of fibreagainst the matrix

The two most significant failure mechanisms in a tidal turbine blade are cracking in the bond betwee
two pieces of the structure, such as the joint between a spar and the skin, and tears in the skin or spar.
Both involve the progresg fracture of many fibres. At laboratory scale, AE has been very successful
at detecting all of these failure mechanismaad sometimes at identifying them from amplitude
analysis of the AE signals. However, in large structures, the high acoustic atterind&RP precludes
amplitude analysis unless the origin of the individual signals can be identified and correctitres for
distances travelled can be applied to the signal amplitude.

The usual method of testing FRP structures has been to use an arsnsirs spaced so that a
moderate amplitude AE signal occurring midway between them will just barely trigger each.sensor
One then looks at broad areas of damage defined as the area within the range of each individual
sensor. In the following picture, w&an see a real example in which this technique was successfully
implemented for detection of a crack on a blade after @d@ycles. As can be seen, the presence and
location of the crack were detected in an accurate way.
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(b)- Final source location of same area of blade around 2000 kcycles.

Figure4.30. Application of AE technique to blade defects detection. Sour@zt].

Vibration analysis is a technique that looks for changes omagige vibration of a system. The
vibration of a system in main is charactezed by the frequencyral amplitudeof the motion Any
modification on these parameters can be the sign of a defect or changes of the base operation
conditions. It is widely useth rotatory assemblies for its characterization and monitorifigne
methodology can be divided into four principal domains:

i Time domain. Baskon the signal as received with basic signal processing.
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i Frequency domain. Based on the Fast Furrier Transfatieal to the time domain signal
what provides extranformation in terms of the energy distribution at each frequency.

1 Joint domain (time/fregency domain). Based in a combination of the two previous
techniques.

1 Modal analysis. This is based in a complexlysis of the modes of vibration to determine the
origin of the defect.

The most extended method for vibration detection and analysis isuthin accelerometers attached

to the point locations to be controlled. As it was already exposed in deliverableifiration analysis

is applied mostly in the folloilwg assemblies: shaft, bearings and gearbox. In the following, we expose
some of the mostommon failures that may appear in these assemblies which can be detected by
vibration analysis.

Itis theelement in charge of transmitting the rotation proded by the rotor to the gearbox (in systems
without gearbox the transmission will be ditdo the generator). Normally it is supported by one or
two main bearings that are also monitored (deigure4.9).

Some of the failures that are susceptible to appear in the shaft are:

UnbalanceA rotating machine is alanced when the centre of gravity of the rotor does not coincide
with its centre ofrotation.

MisalignmentOccurs when there is a deviation of the geometrical shafts of two coupled shafts.
Eccentricity Occurs when the centre of rotation and the geonietcentre do not coincide.

Bent shaft.It is produced by the permanent curvature thle axis(without taking into account the
flexion by one's own weight).

It is composed of gears, bearings, shafts, planetary gear, etc. It is responsible, dgpamds ratio,
to raise the revolutions of the fast shaft to the nominal revolusa@f thegenerator.

Some defects that are typically found in gears are:

Misaligned gearsOccurs when there is a deviation in the movement of gears. Misalignments can be
parallel or angular in reference to the plane of action.

Tooth wear It provokes a bad engageent of the gears due to a bad tooth profile.

Inadequate tooth geometryThe effet is similar to tooth weatNormally due to manufacturing errars

Broken tooth The appearanceof a broken tooth can be deteetl by measuing the separation of the
lateral bands provoked by the failure. The separatibthese bands corresponds to the frequency of
rotation.

Appearance of phantom frequenciedlormally due to machiningrror.
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The information exposed here is valid Bty bearing of the tidal turbine assembly. Vibration caused
by impactsbetween rolling elements and imperfections in the raceways cause impact waves, high
frequency and small amplitude, are bettegtdcted with the vibration acceleration measure. Next lis
shows the typical problems that can be normally found in bearings:

Wear. The material is gradually removed due to frictions between parts.
Race danage:Deformed races cause a vibration than carde&cted by vibration analysis.

Lubrication problemsThey can be due to excessive or insufficient lubricant.

Incorrect mouning: Some of the most common problems of incorrect mounting are: outer race
deformed or concave support, inner race deformed akeveged installation.

The approach with vibrationralysis of oscillating structures is to identify changes in thelaisoii
behaviour of the blade. Damages in the inner structure will lead to reduced stiffness. This in
consequence will shift natat frequencies to lower values. Therefore, the naturagifrencies need to

be monitored and a trend analysis of the frequeneyues have to be performed.

The shift of natural frequency is also influenced by several external parameters, e.g. tengioa

of the material and/or the stiffness of material depénd on the environmental temperature. The
followingFigure4.31andFigure4.32 show an example of a 2.5MW wind turbine bla@iae mentioned
influences (and possible others) need to be considered when performing the natural frequency trend
analysis.

Figure431a K2 ga GKS | YL AddzRS 2F mad ofl RSeve.fofeRA y 3
output of wind turbine (red: scatter data, green: trend line). Acting to the higher pretension of the
blade, the natural frequency is shifted to higher values.

Figure4.32 shows the aplitude of the 1st blade bendg mode vs. environmental temperature (red:
scatter data, green: trend line of amplitude; cyan: scatter data, blue trend line of temperature). The
data show an inverse correlation, since higher temperatures cause a decretise stiffness of the
material Only data points are selected for the evaluation, where the wind turbine power output was
around 1IMW.
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Amplitude 1st 1, Blade 1 strain compression side [ust] vs power output [kW]
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Figure4.31. Amplitude of F' natural frequency (fNAT) of one generigl blade in compression sidstrain
signal vs. power output (kW). Sourcg2].
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Figure4.32. Trend plot of 2 fNAT Frequency and temperature of one generic bla8érain in compression side
vs. time atP=1 MW. Sourcg?22].

Forelectrical condition based diagnosis, mainly oriented to the turbine generator, the measurement
points will be as filows:

- Output current for each of the phases digt generator stator.
- Input/output current for each of the phases of the generator noto

- Input current to the grid side converter (optional). It is possible to read current in the grid
side converterat its input. Spl#Core probes would also be tafled for each phase.

- Generated voltage and mains (optional). Read directly from tlagmatothermal of the
converter cabinet.
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- Temperature and humidity inside the converter.

In the following, the mascharacteristic faults that can be detected byngsithis technique will be
mentioned and will be described in the forthcoming deliverabe?2.

Electrical faults
1 Faults in thestator.
Mechanical faults

I Misalignments

1 Bearing failures

1 Gear failures

1 Eccentricities: static and dynamic

4.6 Monitoring plan foridal devices

In Table4.8 above,a typical monitoring system that can be applied for the tidal turbine concept 2 was
shown. Base on the FMEA developed in DI3] & [2], the fault modes were defined for each sub
assemblyandin D4.1[25] the monitoring techniques for each diese fault modes were established
and the necessary equipment and sensotsoduced

In this sectiona more ddailed description of all the characteristics and specifications that the drive
train and blade monitoring systems must meeashbeen made. This is applicable to the four tidal
turbine concepts that are the object of study in this projéatcontinuing wok, a fnal monitoring plan
and specific characteristics will be descritzad is pariof Deliverable 4.2.

It is evidentthat the configuration and installation of the equipment and sensors for each tidal turbine
concept will be conditioned by the desi@space, accessibility...) and the type/model of components
(bearings, gears, powequipment...), as well as by the dasignd concept of each turbine itselthus

for the final configuration of the systems, it is advisable to take into account the falijppoints:

- The main shaft monitoring must be done with low frequency accelerometers; this means that for
tidal turbines without gearbox (direct drive) all vibration sensors must be of this type.

- For the spectral analysis of the vibration signals in iit@atidal tubines, the natural frequencies
of the waves in their location must be taken into account.

InFigure4.33, a general schemis shownof the complete drivetrain mondtring system. It details and
describes the equipment and sensors thatrgose it:
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NACELLE
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and temperature
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Figure4.33. General scheme of the drivetrain monitoring system.

4.6.1.1 Ingesys® CMS

The INGESYS® CMS equipment consists ofPfdec@ntrol unit and IC3 data acquisition module(s)
asembled in the same&ommunicationsport (obtaining a single Rackhe PLC power supply and
module for reading is 24 Vdc.

The communication with the PC and analysis saffeacan be carry odnline, either by the Internet
network of the facilities or by ntule router with dda download, or Offine, directly connecting the
CPU of the CMS equipment to the PC with the analysis software by means of the Ethernet cable.

Figure4.34. INGESYS® CMS.

4.6.2 Generic monitang system for blades

Regarding the blades,\itas decidedo follow the samestrategy for the four conceptssat least for
the three first conceptsthey are very similar. The blade monitoring gystwill consist in several
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modules that wilbe installed along the blade. In each module, all the sensors needed are integrated
in a single unit. This is presented as a more cost effective and robust solution compared to traditional
blade monitoring systas. Each module will allomeasuring the streses on the blades as well as the
defect detection and characterization. In the next figure, we can see a schematic of a generic
monitoring system for the blades composed by 3 modules:

Figure4.35. Genericmonitoring system for blades.

In the Table4.12 below can be seen in detail the characteristics, equipment and sensors needed for
the mornitoring sysem of each of the element of the four tidal turbine concepts.
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Table4.12. Drive train and blades monitoring pladeveloped
CONCEPT 1| CONCEPT 2| CONCEPT 3 CONCEPT 4
IMAGE -
v)!"‘:jr
DENOMINATION Conplex bottom fixed Simple bottom fixed Floating multi rotor Cross flowturbine
W I 2NAT 2yt w 1 2NIlis2ydlf o | 2NAT 2y G w +SNIOAOKE |
®w hLSyYy NBi2Nw hLSY NRG2Nw hLSYy NRid w / foAS NJ
w o o0flRSa w adzfdésX>30f+ | w H 0fl RS&d | w adzZ GA of R
&) 20G2Y FTAHQw .2002Y TAQw Ct2FGAy3 | w tosfixed (gravity or
CHARACTERISTIC | | i 6k o2 y { base w tAGOK 02y pile)
w , 8 YSOKIYyw b2 LAGOK qw b2 0iAB w b2 LAGOK
w DSINB2E RN w b2 méhagism mechanism ) w b2 &lg
w 5ANBOG RNW} w DSINDB2E Hw 5ANBOG RNJ
Monitoring equipment Ingesys® CMS Ingesys® CMS Ingesys® CMS Ingesys® CMS
Minimal monitoring: Minimal monitoring: Minimal monitoring: Minimal monitoring:
- 1 lowfrequency radial - 1 low-frequency radial - 1 low-frequency - 1 lowfrequency radial
acceleromete per acceleometer per radial accelerometer accelerometer per
bearing bearing per bearing bearing
- 1 lowfrequency axial - 1 low-frequency axial - Llow-frequency axial | -1 lowfrequency axial
accelerometer accelerometer acceleroneter acelerometer
Main shaft sensors | Optimal monitoring: Optimal monitoring: Optimal monitoring: Optimal monitoring:
- 1 lowfrequency radial - 1low-frequency radial - 1 lowfrequency - 1 lowfrequency radial
accelerometer per accelerometer per radial acelerometer accelerometer per
bearing bearing per bearing bearing
DR - 1 lowfrequency axial - 1 low-frequency axial - 1 lowfrequency axial | -1 lowfrequency axial
\Y accelerometer per accelerometer per accelerometer per accelerometer per
E bearing bearing bearing bearing
TR
Al [< Optimal monitoring: Optimal manitoring:
N % - 1 radial accelerometer -1 radial
M [ per stage acceleroneter per
o) | Gearbox sensors - 1 axial accelerometer N/A stage N/A
NI % per stage - 1 axial accelerometer
TO g per stage
RI [ N o N o N o N o
N |m Minimal monitoring: Minimal monitoring: Minimal monitoring: Minimal monitoring:
G < - 1 radial accelerometer | -1 radial accelerometer | -1 radial - 1 radial accelerometer
per bearing per bearing accelerometer per per bearing
- 1 axial accelerometer - 1 axial accelerometer bearing - 1 axial accelerometer
Optimal monitoring: Optimal monitoring: - 1 axial accelerometer | Optimal monitoring:
- 1 radial accelerometer | -1 radial accelerometer | Optimal monitoring: - 1 radial accelerometer
per bearing per bearing - 1 radial per bearing
Generator sensors | -1 axial acelerometer - 1 axial accelerometer accelerometer per - 1 axial accelerometer
per bearing per bearing bearing per bearing
-1 Temperature sensor - 1 Temperature ensor - 1 axial accelerometer | -1 Temperéure sensor
per bearing per bearing per bearing per bearing
- 1temperature sensor - 1 temperaturesensor -1 Temperature sensor| -1 temperature sensor
per wound per wound per bearing per wound
- 1 temperature sensor
per wound
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NILSAS LINIFNIFHNSVYIN LNIHIND

Converter sensors

Optimal monitoring:
For the inverter and the
rectifier:

- 1 current sensor per
phase

For the stator:

- 1 current sensor per
phase

For Vcc Bus:

- 1 voltage sensor per
phase

For Vca geerated and

Vca grid:
- 1 votage sensors per

phase

- 1 temperature sensor
for converter cabinet

- 1 humidity sensor for
IGBT's cabinet

Optimal monitoring:
For the inverter and the

Optimal monitoring:
For the inverter and the|

Optimal moritoring:
For the inverter anthe

rectifier:

-1 current sensor per
phase

For \¢c Bus:

- 1 voltage sensor per
phase

For Vcagenerated and
Vca grid:

- 1 voltage sensors per
phase

- 1 temperature sensor
for converter cabinet

- 1 humidity sensor for
IGBT’s cabinet

rectifier:

-1 current sensobper
phase

For the stator:

- 1 current sener per
phase

For Vcc Bus:

- 1 voltage sensor per
phase

For Vca generated and
Vca grid:

- 1 voltage sensors per
phase

- 1 temperature sensor
for converter cabinet

- 1 humidity sensor for
IGBT's cabinet

rectifier:

-1 current sensor per
phase

For Vcc Bus:

- 1 voltage sensor per
phase

For Vca generated and
Vca grid:

- 1 voltage sensors per
phase

- 1 temperature sensor
for converter cabinet

- 1 humidity sensor for
IGBT’s dainet

ONIHOLINOW S3avd

Piezoelectric sensor:
- Transmitter

Piezoelectric sensor:
- Transmitter

Piezoelectric sensor:
- Transmitter

Piezoelectricsensor:
- Transmitter

= - AD receiver - AD receiver - AD receiver - AD receiver

By

C Hardware - Capture - Capture - Capture - Capture

= - Communications - Communications - Communications - Communications

Strain gauge: Strain gauge: Straingauge: Strain gauge:

Q - Wheatstone bridge - Wheatstone bridge - Wheatstore bridge - Wheatstone bridge
_|

m

5, Hardware

() Piezoelectric sensor: Piezoelectric sensor: Piezoelectric sensor: Piezoelectric sensor:
I_Zn - Integrator - Integrator - Integrator - Integrator

_|

Py

<

Piezoelectric sensor: Piezoelectric sensor: Piezoelectric sensor: Piezoelectric sensor:
E‘? - Receiver AD - Receiver AD - Receiver AD - Receiver AD
8 Hardware -DSP -DSP -DSP -DSP
2
3}

Strain gauges and Strain gauges and Strain gauges and Strain gauges and
= Piezoelectric sensors: Piezoelectric sensors: Piezoeletric sensors: Piezoelectric sensors:
g Hardware
8‘ - Random decay - Random decay - Random decay - Random decay
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As already described, Conditi@ased Maintenance (CBM) is a maintenance strategy that monitors
the actual condition of aasset to deitle which maintenance is reqeid. Verification of a machine for
these indicators can include nénvasive measurements, visual inspection, performance data, and
scheduled tests.

Unlike planned maintenance (PM), where maintenance is performegradefined scheduled
intervals, conditim-based maintenance is only performed after egdading on thecondition of the
equipment has been observed.

The goal of conditioitbased maintenance is to anticipate equipment failures so that maintenance can
be pmoactively sbheduled when necessary. Assebnditions must trigger maintenance within a
sufficient period of time before a failure occurs, so that work can be completed before the asset fails
or performance falls below optimum. Critical systems that requiomsideralbg initial capital
investment,or that could affect the quality of the product being produced, requirgayphe-minute

data collection. When performed correctly, conditibased maintenance is a minimally invasive form

of maintenance that redues overall osts, risk to workers and dowime due to unexpected
breakdowns.

The previous step to the development of prediction algorithms, anomaly detection, etc., is the
application of clustering methods to discover the structure of the data and seéasifpiossite to
separate data sets so thiater algorithms have less computational cost and more precision.

5.1 Data clustering

The concept of data clustering refers to the idea of grouping a data set into specific groups based on
similar features. It is enajor task @ exploratory data mining and common technique for statistical
data analysis, used in many fields, including unsupervised automatic learning.

Clustering can be achieved through various algorithms that differ significantly in their undengtand
of what @nstitutes a cluster athhow © find them efficiently.

The notion of clustering cannot be defined precisely, which is one of the reasons why there are so
many clustering algorithms. There is a common denominator: a group of data object. Howeve
differentresearchers use different cliggsing models, and for each of these clustering models different
algorithms can be given.

Clustering techniqueare highly relevant in RealTigeoject in order to categorize efficiently the great
amount of information that v work with namely environmentonditions (waves, tidal flow,
turbulence, etc) and machine working condition (temperature, vibrations, currents, etc.). There exists
so many dferent techniques of data clustering available for different nature of appboaiccording

to [26] clustering procedures can be classified into the following categories:

1. Hierarchical Clustering Methodslt consist in creating a group of nested clusters
structured as a visualizedhd hierarchical tree as a dendrograithe algorithms can be
classified in agglomerative or divisive.

2. Partitioning Clustering Methodsdlt result in a group of M clusters, eachritébelonging to
a unique cluster.

3. Densitybased Clustering MethodsThe densit based clustering algorithms discovke
cluster in arbitrary shape. From region of low density, objects are separate into denser
regions. They are connected until satisfyirnsiity criteria.
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4. Model-based Clustering Methodsthey are a set of advancedcteiques that attempt to
optimize thefit between the data and some mathematical model.

5. Grid-based Clustering Methodstt is used for reducing computational complexity. It
consigs in creating a grid structure then calculates cell density and after tlegitiftes
cluster centers.

6. Fuzzy Clusting: It is referred to soft computing and the data points belong to more than
one cluster.

Understanding these clustering techniques is teeynderstand the differences between the different
algorithms. Typicatlustering algorithmsinclude: connectivitymodels, centroid models, distribution
models, density models, subspace models, etc. In the next table, some of them are show:

MIniBa(chKMeaMini;yPropaga(iop Meanshift _SpectralClustering Ward AgglomerativeClusteringDBSCAN OPTICS i Birch GaussianMixture
} | 0ls ‘ Ols.
k3 -

bt

03s! 0ls. 84s.

3.03s!

Figureb.1. Clustering algorithms in diérent types of datasets. Sourc¢27].

There is no objectively correct clustering algorithm, the most appropriate clustering algorithm for a
particular problem often needs to be chosen experimentally, unless therenathematical reason to
prefer one clusteringnodel to another. An algorithnthat is designed for one type of model will
generally fail in a data set that contains a radically different type of model.
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Table5.1. Clustering algorithms and features. 8@e: scikit-learn.org.

Method name Parameters Scalability Usecase Geometry
(metric used)
K-Means Very hrge Generalpurpose,
n_samples, . .
: even cluster size, flat Distances
number of clusters medium n_clusters cometrv. not oo between points
with MiniBatch 2 Y, P
many clusters
code
Affinity damping, sample Not scalable with Many clusters, . Graph distance
ropagation preference n_samples uneven cluster size, (e.g. nearest
P - non-flat geometry neighbor graph)
. . Not scalable with Many clusters, . Distances
Mean-shift bandwidth uneven cluster size, .
n_samples between points
non-flat geometry
Medium Few clusters, even  Graph distance
Spectral .
clustering number of clusters n_samples, small cluster size, nofilat  (e.g. nearest
n_clusters geometry neighba graph)
Ward Many clusters, .
. . number of clusters or Large n_samples . ... Distances
hierarchical . possibly connectivity :
. distance threshold and n_clusters ; betweenpoints
clustering constrants

number of clusters or

Many clusters,

Agglome_ratwe distance threshold, Large n_samples possml)_/connectlwty A_ny pairwise
clustering ! . andn_clusters constraints, non distance
linkage type, distance . .
Euclidean distates
Very large Nonflat aeometr Distances
DBSCAN neighbourhood size  n_samples, g V> petween nearest
. uneven clustesizes .
medium n_clustes points
Nonflat geometry,
- Very large ; .
minimum cluster uneven cluster sizes, Distances
OPTICS : n_samples, large . .
membership variable cluste between points
n_clusters .
- density
. Flat geometry, good Mahalanobis
Gaussian . .
) many Not scalable for density distances to
mixtures o
estimation centers
branching factor, Large n clusters Large dataset, outlier Euclidean
Birch threshold, optional gen_ removal, data distance between
and n_samples . .
global clusterer. reduction. points

After doing a liteature research, it was found th&tmeansalgaithm is one of the most widely used
for condition monitoring. In the following, we show a couple of examples where this algorithm has
been used for working conditions categorisation and faults detection id wirbines.

In [28], the authors use the data collected from the SCADA system of an operational wind farm. The
parallel factor analysis (PARAFAC) to process the data coming from the SCADA antkedms k
MSGK2R F2NJ Of F aaATe Ry & CANBOK! ¢RI N¥ ¢ AQFRRADRNY® t £y
the active power output is represented against wind speed, where the blue dots represent normal
measurement points while the green triangles representtfpoints and the rd stars represent alarm

points.

The following features can be appreciated:
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1 The active power normally increases with wind speed until it reaches as stable valu
MW.

1 During the fault operation the active power is reduced to aun5 MW despite th
increase in wind speeds.

eof25

e

9 Discretepoints marked in red stats indicate short excursions of the active power outside

the normal range.
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Figure5.2. Active power otiput for fault detection: (a) Fault free turbine; (b) Turbine with confirmed faults.
Source]28].

In[29], the authors use also thetkeans algorithnfor clustering the data coming from the SCADA. In

this case, the vilation of the drive train and the tower of a wind turbine were monitored and

the

anomalies were detected based in these parameters. For instareegpresent the obtained clusters

after analysing the data of the drive train acceleration for beimye relded to tidal turbines:

Wind speed [in/s]

0 200 400 600 800 1000
Drivetrain acceleration [mm/s?]
Figure5.3. Clustering results from monitoring drivetrain acceleratioSource]29].

Tableb.2 collectsthe criteria chosen for the definition of the cluster exposed above. Clust&$19,
10 and 11 represent the normal vibration status of the drivetraineystWe can observe faxample
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the cluster 3 which is associated with a fault status since tdoelaration is too high for a low wind
speed. Clusters 4,5,7,8 and 12 correspond to a period that turbine is shut down after the fault of cluster
3.

Tableb5.2. Clustering criteria. Sourcg29].

Cluster Drivetrain Wind speed Generator Number of

number  acceleration (mm/3$) (m/s) torque (Nm) points Percentage
1 71.% 9.98 75.06 313 8.76
2 65.84 9.42 61.08 295 8.25
3 233.92 9.58 41.36 96 2.69
4 17.42 7.13 1.11 240 6.71
5 3.37 8.99 0 437 12.22
6 0.37 0.40 0 217 6.07
7 18.14 8.10 0 410 11.47
8 0.77 10.57 0 419 11.72
9 62.05 8.81 51.46 283 7.92
10 81.75 10.68 83.12 181 5.06
11 83.81 8.11 56.12 101 2.83
12 0.93 9.79 0 583 16.31
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In the absence afeal data today, a SCADA data set has been obtained from-aharawind turbine
maintainedby Ingeteam These data contain teminute data of multipé signal types from 20136-
30 to 201908-31, for site conditions have the following/indSpeedlemperaure andWindDeviation

Ten-minute site conditions in on-shore wind turbine

WindDeviation

10 &
Windspec s 30 -150 4

WindSpeed

Temperature
Temperature

T T T T T T T T T T T T
o 5 10 15 20 25 -150 -100 =50 o 50 100 150
WindSpeed WindDeviation

Figure5.4. Tenminute site conditions data points.

This d#éaset alone does not show a structure with apparent and \diferentiated clusterg-igures.4.

Even so, clustering can be interesting to differentiate the different types of day, differentiate them i
later analysis and help train the model. Different unsupervised learning algorithms will be applied to
make the clusters and then comparading theSilhouette Coefficient

TheSilhouette Coefficiern$ calculated using the mean intcduster distanced) and the mean nearest
cluster distancek) for each sample. The Silhouette Coefficient for a samgite is a) /max(a, b).

To clarifyb isthe distance between a sample and the nearest cluster that the sample is not a part of.
Note that Silhouette Coeffient is only defined if number of labels is

2 <=n_labels <= n_sample$ Referencd30]

This data set alandoes not show a structure with apparent and wdifferentiated clusters. However,
clustering can be usef to obtain the different types of days, either to differentiate them in later
analysis or to help train the model we can apply different algorithnuse the Silhouette Coefficient
to compare the goodness of the clusters.

The algorithm to be applied nstibe computationally light to be able to iterate faster in the tests. In
this sense, the algorithm used to segment the climatic measures wasrtieahks[31] with a number
of clusters of 11.
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Ten-minute site conditions in on-shore wind turbine
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Figure5.5 Tenminute site conditions with KMeans clustering.

This segmentation by site conditions is done to make a first segmentatfothe data.
characteristics of the clusters can be found in Trable5.3.

Table5.3. KMeans clusters features.

WindSpeed WindDev Temp
Cluster Count | Min  Max Mean Std | Min Max Mean  Std Min Max Mean  Std
0 37146 | 508 1431 7.66 142 | -55.65 51.03 0.36 6.06 | 14.66 37 20.59 3.56
1 49449 | 0.40 5.18 3.24 115 | -29.69 29.04 0.21 7.78 -36 11 5.61 2.95
2 59560 | 4.52 9.56 6.71 1.11 | -43.68 39.05 0.21 5.32 8.3 17.79 12.46 2.26
3 12804 | 0.4 8.65 1.36 1.07 16.55 79.69 4041 9.84 -5 37.84 11.7 7.24
4 47764 | 351 1057 6.82 1.17 | -46.61 4512 0.18 5.36 -36 8.64 444 | 2.66
5 1381 | 0.4 772 129 1.09 -180 -79.99 -1245 24.03| -5.01 7229 12.87 9.14
6 29298 | 0.4 869 384 153 | -533 53.65 0.34 10.85| 20.81 38.94 26.68 3.58
7 2034 | 04 561 1.03 0.68 | 78.09 135 118.3 19.44 -5 37.86 13.08 8.94
8 9560 | 0.4 831 141 1.03| -83.26 -15.8 -39.7 10.52| -3.53 36.10 10.75 7.04
9 43487 | 0.4 559 336 1.15| -26.27 28.04 0.61 7.68 | 10.54 22.19 15.76 2.99
10 30134 | 8.73 2431 1122 184 | -44.36 4513 0.46 5.02 -7 2459 8.08 4.11
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Once the first segmentation is done, the clusters will be selected one by one and treated separately to
apply clustering to machine conditions.

For the following examplecluster 10 (yellow) will be used, which medhe optimal operating
conditions of aron-shore machine and whose clustering by machine conditions could be interesting.

There are 67 machine conditions variables, among which are: power, tower deflecactiyegpowe,
voltage, current, generator spel, rotor peed, blade positions, gearbaemperatures, bearing
temperatures, etcetera.

As this data set has many variables, a dimensional reduction is needed to make the task easier for the
clustering algorithra. In this case a dimensional reduction hastbapplied using8ENE ttdistributed
Stochastic Neighbor Embeddjrmganifold.

T-SNE goal is to take a set of points in a fghensional space and find a faithful representation of
those points in a lowedimensional space, typically the 2D plane. Bhgorithm is nodinear ad
adapts to the underlying data, performing different transformations on different redid2k

Ten-minute machine conditions (Site conditions cluster = 10) on two t-SNE proyections

-30

-40

Figure5.6 Tenminute machine conditions onwo t-SNE projections.

In Figure5.6 Tenminute machine conditions onmo t-SNE projectionare seen at first glancehe
dgroupsof clearly differentiated points. A series of algorithms were applied to seehadtitained a
higher silhouette coefficient anthe best result was obtained by BBAN. The following figure shows
the division made by the algorithm in the points projectediy t-SNE.
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Ten-minute machine conditions (Site conditions cluster = 10) on two t-SNE proyections with DBSCAN Clusters

-40

-40 -30 -20 -10 0 10 2 3 P

Figure5.7 Tenrminute machine conditions on two-SNE projectioa with DBSCAN clusters.

To understand how to cluster the teminutes, the algorithm is used boxplots of each signal to see the
difference between the cisters. The most significant differences are found in the following figure. The
varidbles that appear in the figures are showriliable5.4.

Table5.4. Signals descriptions using in boxplots.

SIGNAL DESCRIPTION
SIG001 Power
SIG002 Tower deflection
SIG013 Blades, actual value
SIG014 Wind speed
SIG015 Nacelle position
SIG018 Wind deviation
SIG034 Temp. Bearing A
SIG039 Temp. Generato@ooling Air
SIG041 Temp. Shaft Bearing
SIG056 Hydraulic pressure
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To see wht really the algorithm does, boxplots were made Fiigure5.8 to see the distribution of
clusters in each machine condition and site condition variables.
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Figure5.8 Cluster boxplots by signal.
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Analysing the previous graphs, the following descriptive table of the clusters has been extracted.

Table5.5. DBSCAN clusters descriptions.

Cluster Count Color Description
0 8105 Good performance, low relative wind speed
1 13129 Best performance
2 699 Machine Stopping
3 43 Generator cooling problem
4 111 Low hydraulic pressure
5 581 Hydraulic pressureaflure
6 149 High bearindemperature
7 67 Unstable wind direction
8 7489 Good performance but possible tower deflection sensor is brok

5.2 Model based monitoring & Digital twins

The Digital twin is a concept that is taking more and more importantdgei modernindustry. It refers

to the digitalization of a physical system based on data collected from it and/or models representing
the real system. In the following picture, we can see the graphic representation of this concept applied
to a generic tial turbine:

Actual measures Digital equivalent

./

=

| ~
Figureb5.9. Concept of digital twin.
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Among others, one of the most relevant application of DT is the combination with the CMS for
predictive maintenance purpose. As the topic of theivkglble is the implementation of condition
based maintenance strategies in tidal turbines, we will only focus on this approach.

According to some recent studies, it is estimated that digitalization of products and services can add
more than EUR 110 bdh of annual revenue to the European economy in the next five yE&8k
Some milestones of DT development in the recent years are shown in the following picture:

A similar concept was DT was defined Whitepaper of D1 DTS was proposed by
2003 proposed by Grieves 2 by NASA 201455 s published 2017 Beihang University
£ o Y £ ‘e Y
Three subtypes of DT was listed as key DT was applied 5-D DT model
mirrored spaces model technology by NASA in Industry 4.0 was proposed by
were differentiated and U S. Air Force by Siemens Beihang University

Figure5.10. The milestones of DT development. Sourcig4].

According td35], the basic DT model consist of three main parts:

a)

b)

Physical products in Re@pace: It refers to the aal measures which are cotieed from the

real system: Torque, speed, currents, temperature, etc.

Virtual products in virtual Space: It refers to the magnitudes that are obtained from a virtual
model and they do not be necessgriéquivalent to the real masurement. This have been
significantly improved in the last years thanks to the emergence of ML that, combined with
the models, it allows a more efficient implementation of DT since the system can be modeled
without having a vasknowledge about if36].

The connection of data and information that tie the virtual and real products together: This is
the most relevant aspect when using DT. First of all, it is necessary to make a selection of
variades that are represemitive enough for maintenance purposehich must be easily
measurable. Once done the selection of such variables, it is necessary to think in how they can
be integrated in the digital equivalent system and if they can be easily estihiat using
models. Tlrein lies the real power when usimigital twins, there can be a great amount of
options to make an estimation of the real measurement so we have just to seek the most
efficient one for our particular system according to our poditigs and the degreef accuracy

we would like to reach.

In the next figure we can see the routine that is being applied for detecting failures in data centers by
using Digital Twin approach in order to improve the anomaly detection on them.
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—
—_—

Validation
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Figure5.11. Routine for faults detection in data centers by using Digital Twins. Sou{8&].

5.3 SCADA integration

Supervisory Control and Data Acquisition (SCADA) ésn&rol system archécture, that uses
programmable logic contrldr (PLC) and discrete PID controllers to interface with the machinery and
graphical user interfaces for higbvel process supervisory management.

The SCADA shows us the digitalization efrttachine, which ighe representation of the signal, usually
andogy, in a series of numbers that describes a discrete set of its points or samples. This is called digital
representation or, more specifically, a digital image.

Digitization provides valudd support in tidaturbines, providing operation with fewer prédms and
without interruptions, more powerful and reliable components, perfectly integrated and with optimal
availability.

The Figure5.12 shows all SCADA levels, their description and their integratith the different
information available.
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MULTILEVEL
SCADA

TURBINE
&
COMPONENTS

ENERGY TIDAL FARM
GENERATION MANAGEMENT

ENVIRONMENT

Figure5.12 IngeteamMultilevel SCADA.

As seen in the figure, four SCADxels have been proposed, with which it is intended to develop a
monitoring system bsed on the scalability of the processes.

1. Turbine andcomponents:

Providing a consistent digitalization and precisely attuned components the digital twin of the tidal
turbine is obtained.

1.1. Digitalization
All processes associated with a tidal turbine carebtablished from the prototype stage in a
common daa model. The digital twin allows digital design and testing of marine energy farms.
This saves valuable time and costile increasing the quality of engineering. The digital twin
of a tidal turbine &0 allows a simulation of the critical phase, as agl safe implementation.

Digital Twin Digital Twin Digital Twin
Product Production Performance

Performance data

Virtual Real

(

production production

Automation

Realize and optimize

Collaboration platform

Industrial Security

Figureb5.13 Digital twins for continuousmprovement. Modified from [38]
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Accordingtodeliver 6 f S no®mY aLYANEAFE2NY 2K HIBR MIRFEEDIAIS 4 ¢ 0 &
will show the digialization of the following elements:

1.1.1.Nacelle and frame (electrical & mechanical)
1.1.2.Blades

1.1.3.Hub & Shaft bearings

1.1.4.Generator (electrial & mechanical)

This digitalization will be carried out by the following sensor:

1.2. CMS & SHM sensors
1.2.1.Displacement sensors
1.2.2.Inclinometers
1.2.3.Accelerometers
1.2.4.Current sensors
1.2.5.Voltage sensors
1.2.6.Pressure sensors
1.2.7.Temperature & humidity sensg
1.2.8.0Oxidation sensar
1.2.9.Strain gauge
1.2.10.LRUTransducer

TheTable5.6 shows the necessary stepisintegrate themonitored sensors fnm the tidal turbine in
the SCADA system:
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Table5.6. Definition of monitored sensors for tidal turine.

Definition of monitored COMPONENTS

TIDAL TURBEN CMS SHM
COMPONENT| Mechanical Electrical Movement Surface
Nacelle shell Oxidation sensors
Frame Inclinometers
Blade Strain gauge, LRUTransducer
Blade baring | Accelerometers Temperature sensol
Hub seals Accelerometers Humidity sensors
Rotor bearing | Accelerometers Temperature sensol
Shaft bearings| Accelerometers Temperature sensol

Drive train Accelerometers

Voltage gnsors, Temperature &
Generator Accelerometers L
Current sensors humidity sensors
Voltage sensors Temperature &
Converter L
Curent sensors humidity sensors
Voltage sensors Temperature &
Transformer o
Current sensors humidity sensors
Cabling system Pressure sensor Strain gage
Protections LRUTransducer

2. Environmental conditions:

Thanks to the combinatio of physicdased simulations with analysis of environmental data, it
allows to obtain a digital twin of the completely virtual marine environment. Additional data is
generated when the tidaurbine or the farm is put into operation. Operational perfornta data

is recorded, analysed and returned for incorporation into the development. This is used to support
the optimization of production processes and the optimiaatof the tidal turbine.

2.1. Weather conditions
2.1.1.0ffshore Wind speed
2.1.2.0ffshore Wind directin
2.1.3.Temperature & humidity
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2.2. Marine conditions:
Current and wave measurement for site selection, design and performance monitoring, and
environmental impact studies. REtime wave-current measurement for decision making

during production.
2.2.1.Tidal flows

2.2.2.Wave current speed and direction
2.2.3. Temperature sensor

Tableb5.7. Definition of monitored sensors for enkwnmental condiions.

Definition of monitored COMPONENTS
ENVIRONMEN’ WEATHER CONDITI®N MARINE CONDITIONS
Speed Anemometer ADCPs sensor
Direction Vane ADCPs sensor
Temperature Temperature sensor Temperature sensor
Humidity Humidity sensor -

3. Energygeneration:

With highly efficient tidal generators and converters, a highly effectigams of reducing the cost
of energy is obtained. The digitalization advantage is clear: lower operating costs for maintenance
and operation, higher electricity yieldaa, therefore, educed energy costs in a sustainable way.

3.1. Turbine generation
With an irdividual digital system for each generator, an exact andtiea parameterization

of each of the power quantities is obtained:
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Table5.8. Definition of monitored sensors for turbine gneration.

Definition of monitored COMPONENTS

COMPONENT SENSOR

Winding Voltage sensors, Current sensors
Temperature sensor

Rotor Voltage sensors, Current sensors
Temperaturesensor
GENERATOR Magnet Temperature sensor
Insulator Temperatire sensor
Frame Temperature sensor &

Accelerometers

Bearings Temperature sensor &
Accelerometers

COMPONENT SENSOR

Rectifier Voltage sensors, Current sensors
Temperature sensor

Coder Temperature sensor
Converter Voltage sensors, Q@nt sensors.
CONVERTER Temperature sensor
Transformer Voltage sensors, Current sensors

Temperature sensor

Capacitor Voltage Sensor
Crowbar Power dissipator sensor
Power cabling Acoustic emission seor

3.2. Turbine protection
A functioning tidal turbine is. power plant designed to generate electricity, although it is
continually subject to a variety of environmental influences. For this reason, a tidal turbine
needs to remain available and functiondlal times, against shorcircuits and overloads,
control and protection of electric drives, protection for personnel and a gradual concept of
protection against lightning and surges. A measurement and monitoring system equipped
with communication capagptis necessary to ensugehigh level of transparency the farm.
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Table5.9. Definition of monitoring sensors for turbine protections.

Definition of monitored COMPONENTS

COMPONENT SENSOR

Main circuit Short circuits, ground faulesnd
overloads sensors

Electrical protections Fuse circuit breakers andwitch
PROTECTION: disconnectors
Safety protections Lightning strike or overvoltage
sensor
Fire protections Fire detectors

4. Tidal farmmanagement:

Tokeep the costs of the electricity gerated as low as possible, a highly efficient power generation
is necessary and continues smoothly with a eféctive and lowloss transmission in the tidal
turbine.

4.1. Power transmission andlistribution

Industrial ommunication is the basis for automati and digitalization, and ensure the
reliable and highly available communication in the networking of tidal farms

Tableb.10. Definition of monioring sensors fotidal farm management.

Definition of monitored COMPONENTS
FARM ITEMS COMPONENT SENSOR
Turbines Power output Voltage & Current sensors
Turbines Location - GPS device
Power Busses DC & AC buses Voltage &Current sensors
Communication Communications elvice Communicationgine
Busses
Generated Power Power buses Voltage & Current sensors
Consumed Power Power buses Voltage & Current sensors
Alarms Alarm bus Control system
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4.2. Cloudbased conditionrmonitoring system.

Table5.11. Definition of monitored sensors for turbine monitoring system.

Definition of monitored COMPONENTS
COMPONENT SENSOR
Temperature Temperature sensor
Torque Torque transducer
Vibrations Accelerometer
TURBINE RPM Tachometer
Compornt resonance Accelerometer
Alignment error Alignment sensor
Field error Voltage sensor
Bearing damage Accelerometer

HMI (HumanrMachine Interface) is a 'mamachine interface’, a control panel designed to achieve
interactive communication beteenoperator and process / machine, with the function of transmitting
orders, graphically visualizing the results and obtaining aga®seituation / machine in real time.

TheFigure5.14 shows the multevel SCADA anti¢ four proposed HMI.

Page |79

ThisDocument is the property &ealTideConsortium



REALTIDE RealTide Projeat Grant Agreement No 727689 -
Report on Conditimbased maintenance strategies and comparison to other maintenance strategies

MULTILEVEL

Figure5.14 Proposed HMI.

The first HMI shows the turbine componertsd monitor the reatime status for all of them.
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Figure5.15 Turbine HMI.

The second HMI shows the complete environment analysis:
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Figure5.16 Environment HMI.

The third HMI shows the uiiléir sheme of the power electronics devices inside the tidal turbine and
its parameters:

I.’;...'“ A ET - 3 THE UNIVERSITY sahe] a domingo, 31 de didembre de 2000
.\_\_\.\l @j @ @ ~rl.n|:\:|su|«.n ’é 10:50:39

REALTIDE &= "lfremer 793w Ingeteam

Jooo acarm cope | ooo Error cope | fooo TursmENe |

POWER OUTPUT

000 KW

TURBINE & COMPONENTS

ENVIRONMENT

TIDAL FARM MANAGEMENT

i

o | woron [ v Jrowfecrre Jeoweare] vl oscrod) oner o cref rorecron | —ve-]
vource | NN | I | I | | | | | e | e | e | e e
BT | oo J| oon J[ oon J| oo J| oon J| ooa J| oon J[ oon J| ooa | oon J[ wox || wox |
BREEN [ e ) [ ooec J| ec || oec || ooec Jf ooec J| wec || swec | sec | sec || ook IIWI.

Figure5.17 Energy export HMI.

The last one shows the complete tidal farm management HMI:
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Figue 5.18 Farm management HMI.

Some sofivare for data analysis are mentioned in order to integrated business intelligence and
analytics solutionKigure5.19) [39], that helps to analyse key business data and generate mgauni
insights. The software collect data from multiple source points such as SQL databases, spreadsheet
etc. to crede a collective dataset.

i Power Bl ﬁ » Qlik Sense ﬁ % Tableau (%

Power BI (®) Qlik Sense +,+ Tableau
Visualization Capabilities Easy-to-use Platform Self-service Analytics Tool Perfect Graphics and
Visualization Capabilities
Advances Analytics Capabilities Supports R Language- Does not support R or Provides fully integrated
Based Visualizations Python-based objects. support for R and Python
Compatible with Offers a Saa$ cloud Compatible with robust
Cloud Capability Microsoft Azure product cloud platforms like,
Azure, AWS etc

Places the solution above  L-€ts youaccess and manage Connect to nearly any data

Big Data Integration Tableat and Qlik al! your d?ta, big ar.1d small, repository, ranging from
within a single environment MS Excel to Hadoop clusters
Storage Limits 10GB cloud storage 500GB of cloud storage 100GB data storage

Figure5.19 Software comprison Source{39].
Tableauis a visual software for analytics and interactive dashboard, that allow slicing & diatasgts
for generating relevant insights and exploring new opportunities. Users can create interactive maps
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and analyse data across regions, temies, demograplds and more. Tableau helps to create a
narrative story of the data analysis with interaetiwisualizations that can be shared with their
audience.

Microsoft PowerBh & aA ONR &a2F0iQa OSNEB 26y RI G thehestda £ AT | {7
someways as it is compatible best with Microsoft Azure and Microsoft cloud environment. Atss, u
can connect to Excel to import data and create personalized data dashboards.

Qlik Senseis a simple and interactive data visualization tooliskhenables userto import and
aggregate data from varied big data sources. They can further use the datdization tools of the
software to shape raw data into meaningful information. Qlik also claims QlikView as a potential
contender as an efficiertiig data tool agt can also capable of integrating with multiple data sources
at a time.

SASsoftware is ahigh-performance analytical program that enables the implementation of data
analysis in cloud environments. In addition, SAS facilitates data rearea as standard.

This software includes higherformance features that divide analytical tasks into pant@ctcelerate
processing. As your data grows and you need more complex analytics, yoyrehighmance code
automatically scales to run in a digthted environment.

Once these different solutions have been studied, the afsthe Ingeboard® platform is proposed,

due to its specific approach to power generation farms, O&KIBM oriented tool and direct and
expert suport an Independent Service Provider for renewable industry like the Service Division form
Ingeteam.

The softvare created by Igeteam Ingeboards® is proposed in this case in order to satisfice the data
aggregation software.

Advanced Exploitation Tool:

Dataanalysis operations.

Analysis of errors, alarms, defects and stops.
Predictive data analysis and inspections
Visualization ad comparison of variables.
Data processing service.

=A =4 -8 8 9
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Figure5.20 Ingeteam Ingehoards scheme

Some examples tested of results in the management of the O&M are the following:

- Determination of thebest maintenance team to perform a specific corrective work based on variables
such as:

GGSNI NBaztdziazy GAYS 02LIAYFE ac¢cecwod
@n&sOidl resolution (optimal MTBF).

& GAYS (2 NBaz2t@gS GKS FldZ Go

NJ | RR SR lo$3 »fPpridfitrothe reSdBitivi of thif breakdown.

€ € € €
2 0

9
[
[

N U
= Q¢

(s}

Ingeboards® is a web platform that integrates any type of information floeedgily operatiorof a
tidal farm, in such a way that it allows data to be imported both online and offline, adatutithee way
in which they are registered and / or exported.
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Figure5.21 Ingeboards® economic KPIs.

Ingelpards® can try all kinds of file formats and read data directly from a form ehabltheplatform

itself.
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Figure5.22 Ingeboards® O&M KPIs.

As outstanding features in terms of treatment of operationatl gredictive data, for the analysis of

the errors, Ingeboards®rovides a very powerful graphical interface that determines the root causes

that cause the unavailability (temporary and eneligeanalysing from the general to the particular,
being able tesee from the data added by company to the work part indivighgmforms comparative

and statistical analysis of the variables, efficiency analysis, calculation of the deviation of the power

curve and the generation of alarms based on anomalies.
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Figure5.23Ingeboards®erformance KPIs.

Key parameters definitions

Based on the state condition monitoring, the following physisagnitudes are established to define
of the key parameters involved in the ddfion of a maintenance strategy: direct, inditeand
heuristic measures.

Table5.12 Key parametersdr physical magnitudes.

Element Direct physical magnitude

Tidal Véocity
Environment Tidal direction
Tidal temperature

Nacelle shell oxidation
Inclination
Pressure
Deformation

Nacelle

Cracks
Deformation

Blades

Accelerations
Bearings Vibrations
Temperature

Accelerations
Torque

Drive train

Acceleratiors
Generator Voltage
Current
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Tempeature

Converter

Accelerations

Voltage

Current

Temperature

Humidity

Transformer

Accelerations

Voltage

Current

Temperature

Humidity

Cabling

Deformations

Temperature

Pressure

Protections

Temperature

Smole

Voltage

Current

Indirect measurement is a method of using proportions to find an unknown physicameter.

Table5.13 Key parameters for indirect measurements.

Element Indirect parameters
Blade Resonance time
Bearings Energy lost by hot
Drive train Energy lost
Generator Energy generated
Converter Power output
Transformer Sy e

Energy consumed

In humancomputer interaction, several stepseafollowed D create systems that are user friendly. In
the evaluation step, two types ¢ésts are performed: usability and expert. In the latter, the heuristics

created by Jakob Niels¢#0] are used to evaluatthe design of the user interface:

1 Visibility of the system status.

ThisDocument is the property &ealTideConsortium
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Relationship between the system and the real world.
User control and freedom.

Consistency and standards.

Error prevention.

Recognize rather than remember.

Flexibility and efficiency afse

Table5.14 Heuristics indicators.

Element Indirect parameters
) Tidal speed prediction
Environment
Temperature prediction
Blade Compound fatigue
_ Life extension
Bearings N
State predition
Fal probability
Interventionsprediction
Generator __
Life time
Availability prevision
Intervention prediction
Converter Error prevention
User control facility
Life time
Transformer _ o
Intervention predictions

5.5 Alarms seup

Based on the imrmation about thestatus of the machine, aommon criterion is defined for alarms
setup, criticality levels and multilevel integration, to do properly a maintenance strategy.

The following table shows the alarms setup limits amitically levelsdefined on a standard wind

turbine.

Table5.15 Operator defined limits and critically levels.

Alarm description

Cold Oill

Defined limit

-10°C

ThisDocument is the property &ealTideConsortium

Critically level

-10°C defined
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Gearbox pressure 3.5bar 5bardefined
Control cabinet temperature 55°C 60°C defined
Power cabinet temperature 60°C 65°C defined
Blades Vibrations 5%nom >5% defined
Tower Vibrations 10%nom >5% defined
Transformer temperature alarm 80°C 85°C defined
Pitch +-3° +6°
Pitch 1Incoherence 3° >3% defined
Pitch 2 Incoherence 3° >3% defined
Pitch 3 Incoherence 82 >3% defined
Anemometer 1.5m/s >2% defined
Low wind 2m/s 1.5m/s
High wind 23m/s 25m/s

High nacelle temperature 50°C >5% defined
High environnental temperature 45°C 50°C defined
High Gear Oil temperature 80°C >5% defined
High Genl temperature 150°C >5% defined
High transformer temperature 150°C >5% defined
Low Genl temperature -20°C >5% defined
Low nacelle temperature -5°C >5% defined
Lowfrequency <45Hz >5% defined

High fequency >55Hz >5% defined

Next table shows the alarms proposed on standard tidal turbine:
To understand the table, a legend is shown with the description oétfext produced by the alarms.

1 Alarm description: Describe the type of fure produced in the element.

1 Control name Displays the label used by the HMI in the alarm list.

1 Effect on turbine Describe the state in which the turbine enters once @leem has occurred.

1 Soft stop:Turbine shutdowroccurs slowly and in a controlledanner.

T SOFT STOFault YAW The turbine is stopped in a slow and controlled manner and the yaw
system enters into error mode.

1 SOFT STOPfault: Turbine shutdown occursahly and in a controlled manner and it goes
into error mode, forcing a manual rese

1 SOFT STOPWARNINGTurbine shutdown occurs slowly and in a controlled manner and it
goes into warning mode, needing an automatic reset.
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i Fault GRID+ SOFT STOR: causesthe decoupling of the network and algbe turbine
shutdown occurs slowly and acontrolled manner.

Table5.16 Alarms setup based on standard.

Alarm description

System Error
Cold Oil
Gearbox Oil Level
Failure gearbox lubrication system
Gearbox pressure
Control cabinet temperature
400v Protection
690vProtection
Overvoltage protection
Converter fuses
Hydraulic level error
Main switch 690V
Power cabinet Emperature
Blades Vibrations
Transformer temperature alarm
Inverter fault
Manual Stop
Encoder error
Inverter Cooling
Pitch
Blade 1 Emergenc
Blade 2 Emergency
Blade 3 Emergency
Pitch 1 Error
Pitch 2 Error
Pitch 3 Error
Warning pitch general
Yaw Brake bloked
Anemometer
Low wind
High wind
Preventive maintenance
Corrective maintenance
High nacelle temperature
High environmental temperature
High Gear Oilemperature

Control name Reaction
SystemError SOFT STOP
Gea-Cold SOFT STOP
GearlLevel SOFBTOP
GearFlow SOFT STOP
GearOQilPr SOFT STOP
TemCab SOFTISTOP
400\+Surge SOFT STORault YAW
690\ Surge SOFT STORault YAW
OverVolt SOFT STORault YAW
ConvFuse SOFT STORault
HydLevError SOFT STOHRault
MainS SOFT STORault
TemCab SOFT STOP
Vib-Blade SOFT STOP
TemTrf SOFT STOP
Inv-Fault SOFT STOP
ManualStop SOFT STOP
Inv-Encoder SOFT STOP
Inv-Cooling SOFT STOP
PthError SOFT STOP
PthEmergB1 SOFT STOP
PthEmergB2 SOFT STOP
PthEmergB3 SOFT STOP
Pthl SOFT STGRault
Pth2 SOFT STOP +fault
Pth3 SOFT &P +fault
Main-Pth SOFT STGRault
YawBrBlock SOFT STOP +fault
AnemCheck SOFT STOP
LowWind SOFT STOP
Hi-Wind SOFT STOP
PrevMaint SOFT STORPMARNING
CorrMaint SOFT STOPMARNING
HiTempNacell SOFT STOP
HiTempEnviro SOFT STOP
HiTempGear SOFT STOP
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High Genl temperature HiTempGenl
High transformer temperature HiTempTrf
Low Genl émperature LoTempGenl
Low nacelle temperature LoTempNacell
Low frequency Low-Freq
High frequency HighFreq
System Error SystemError
Cold Oill GearCold
Gearbox OiLevel GearlLevel

SOFT STOP
SOFT STOP
SOFT STOP
SOFT STOP

Fault GRIB SOFT STOP

Fault GRID SOFT STOP
SOFT STOP
SOFT STOP
SOFT STOP
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The objective of the task 4.3 has been achieved by the development of a methodology that can be
applied for Condition Based Maintenance of the four RealTide tigthine concepts which are
representative enough taover most of the cases that can be fouindhe current tidal market.

The first step was to perform a study of the state of the art of the maintenance strategies that are used
in the industry. It has En seen how predictive maintenance and, more spegliff, CBM strategies

are gaining more ah more relevance and they are gradually replacing traditional maintenance
strategies which are based purely in preventive and corrective maintenance or a combiobkioth.
According to the maintenance strategiesposed, three monitoring strategies wedefined and they

will be taking into account for the development of the electroniSpot Measuremen{SM), Basic
Permanent MonitorindBPM) and Permanent Monitang (PM).

After the analysis of the critical compents identified in the FMEA it was dectbi® focus only on the
bladesand thedrivetrain to be integrated on the CMS for being critical in tidal turbines and worth to
be monitored. This decision is presad in the fact that apart of being the most criticmes, they are
very significate in the tidal industry since they are not so kedlwn as other elements that highly
resemble to tidal turbines. A selection and description of suitable monitoring tquaksito be
integrated into the Condition Monitorin§ystem has also been made, where we can highlight the use
of the Model Based EstimatioMBE as an alternative to traditional monitoring techniques. In the
case of the blades, two different Model Basedifdation approaches have been defined. One of them
will combine the actual reading of the blade stresses acquired by the CMS with the testinadue
coming from the BEMT model. The other one, which can be very useful for SM strategy, will allow to
detect and characterise defects that might appear in thiade. After defining the monitoring
techniques to be used, the specifications that thévdrtrain and blade monitoring must meet have
been presented, including a list with sensors considered. Thesersamrsocurrently being tested as a
part of the workto be developed in WP2.

In last instance, a review of the state of the art of most widete cluster techniques for CMB was
made, and also an application to tidal turbines was presented. Particulbek-rineansalgorithm is

used satisfactorily to clust the environmental data of a turbine. Based on a representative cluster of
the environmental conditions data set, a clustering technique for the machine condition data set has
been presented. In this sa, as there are many variables involved, t#&NEalgorithm has been used

to perform a dimensional reduction of them and tB8BSCAMIusteiing algorithm has been found as
the most appropriate for this purpose obtaining good clustering which collectseseptative
operating condition of the machine.

After that, the methodology for the integration of CBM strategies into a SCADA system wgsaset

well as the definition of KPIs and alarms. Multilevel SCADA allows to manage and control in real time

all the aspects related to the tidal farm. The followirgéls have been proposed: environment, energy
generation, tidal farm management and tunlei & components. A review of the most widely used data
analysis package has been performed, where the usa@iready commercially availablpackage
(Ingeboard®hai 0SSy NBO2YYSYRSRW Yt LQA FYyR FfFN¥Ya asSi

The final goal of the work undertaken hegetlat the methodology serves as a benchmark that can be
applicable to CBM in tidal turbines as well as a starting point for the integration of these techniques
with the electronic that runs in parallel in the rest of the tasks of WP4 and the modelsdeiatpped

in WP3. Here are the next steps to take, following the work exposed in this document:

1 Integration of the already finished models with the electronic that is being developed in
parallel within WP4. It will be included in D4@w S LJ2 NIi  dryhande foSthe LISWIF
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integrated monitoring strategy I Y Ra & 8 i YNB LJ2 NIi  a S8tumehtedd £ f 2 |
of F RS¢ o

Fully integration data acquisition system, including models, into the SCADA system.

A development of a detailed cost model in further stepl be done with the objective of

comparing CBM strategies to other maintenance strategies fatsn an economic point of

view. It will be included inD4.%tt dzo f AaKF o6t S adzYYFNE 2y GKS AY
reduction of Tidal Devices and propose@ Y A G 2 NAy 3 LINBPG202f RNI Fi¢ o

= =
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Improving reliability of tidal turbines: a new

step by step methodology for initial
quantification of criticality and
recommendations

Pedro M. Mayorga, Vincent P. Le Diagon, AnaI. Mayorga, Ningxiang Li, Manunggal Sukendro,

José M. Barranco, Mairi Dorward and Jan E. Hanssen

Abstract—In order to understand and contribute to in-
creased reliability of tidal energy devices, the EU project
ReqlTide aims to develop a reliability methodology based
on Failure Modes and Effect Analysis (FMEA) methodo-
logy with inputs from the experience of project partners
and existing literature. The methodology has been applied
to four generic tidal turbine concepts resulting in recom-
menddations such as design improvements and condition
monitoring, activities intended to reduce or eliminate the
probability or the severity of critical failures.

This paper presents the FMEA methodology that has
been adapted to obtain a reliability analysis in line with
the specificities of tidal turbines.—The recommendations
are selected based on the criticality of the mitigated failure
mode in order to prioritize the recommendations that are
most likely to increase tidal turbine reliability, generating
a method to choose the best action, or potential course of
action, from the potential set of options available to the
developer—The FMEA analysis performed in the four
generic tidal turbine concepts resulted in a total of 243
recommengdations where 137 are monitoring recommenda-
tions and 106 are redesign recommendations.
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The specificities of each design strongly affect the type
and number of recommendations.?

Keywords —Tidal Turbine, Reliability, FMEA,
Methodology.

L INTRODUCTION

HE Horizon 2020 project “Advanced monitoring,
Tsimulaﬁon and control of tidal devices in unsteady,
highly turbulentrealistic tidal environments” (Real
Tide) [14], runs from 2018 throughout 2020 and includes
partners Bureau Veritas, Ener Ocean, Sabella, Ingeteam
Power Technology, Institut Francais de Recherche pour
I'Exploitation de la Mer; 1-Tech; and The University of
Edinburgh. The Real Tide project aims at developing the
next generation of tidal devices in line with energy
market and environmental policies expectations to identi-
fy main failure causes oftidal turbines at sea and to pro-
videa step change in the design and advanced monito-
ring of key components, namely the blades and power
take-off systems, adapting them more accurately to the
complex environmental tidal conditions.

Tidal turbine technology has gained prominence due to
its simplidity, the ability toharvest energy directly from
tidal currentsand itslimited ecologically intrusivenature.
This emergenttechnology is still under development and
thereislimited dataavailableaboutthe operating reliabi-
lity of tidal turbines.

Three important factors limit the developmentof main-
tenance and monitoring plans for tidal turbines:

¢ Given thatthis technologyisat an early stage of
development, the data used mustbethat which
is gained from accumulated experience in similar
technologiessuch as wind turbines [1].

¢ Thereis not asingle design of tidal turbine, R&D
continuesinto differenttypes oftidal turbines
(horizontal axis, vertical axis, floating tethered,
seabed fixed, etc.)[2].

e Tidal turbines mustbedesigned to withstand
and operatein the harsh marine environment
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with associated considerationsrelating to
accessibility for maintenance [1].

In order to understand and contribute tothe increased
reliability of tidal turbines, one of the EealTide project
objectivesis to develop a reliability methodology based
on Failure Modes and Effect Analysis FMEA) methodo-
logy writh inputs from partners’ experience and existing
literature. FMEA is a systematicand comprehensive ana-
lysis that aims to increase reliability of equipment and
systems by identifying actions which wiill mitigate or
eliminate the critical failures.

This paper presents the FMEA methodelogy that has
been adapted in order to obtain a reliability analysisin
line with the objectives and specificities of the RealTide
project goals butalso to demonstrate a methodology that
is applicable to any type of tidal turbine.

II. RERALTIDR CEBCTIVES

One of the objectives of the RealTide project is to con-
duct a reliability analysis on a generic tidal rotor using
the Failure Mode and Effects Analysis (FMEA) methodo-
logy, with the FMEA being based on partners’ experience
and existing literature.

Iany traditional failure modes of components in off-
shoreconditions are already referenced in databasessuch
as OREDA -offshore and onshore reliability data and IS0
14224 - "petroleumand natural gas industries —collection
and exchange of reliability and maintenance data for
equipment” [15], both are from the oil & gas sector.

Fig.1. GenericFMEAmethodology.

In addition, as tidalturbine povwertrains have simila-
rities to wind turbines, they share a significant nurmber of
failure modes that are relatively well known and docu-
mented, e g, by the ReDAPT (Reliable Data &cquisition
Flatform for Tidal) project [4].

This FMEA was performed to highlight new failure
modes induced by the specific operating conditions of
tidal turbines.

Given thattidal turbines will operate for many yearsin
rernote and harsh environrments, enhanced turbine design
and monitoring contribute to preventing the occurrence
of failures and conssquently to reducing operational costs
and increasing performance over its lifecycle.

This is why the methodology focuses on generating
recommendations for design improvemerts and/for moni-
toring activitiesto beimplemented on tidal turbines. The
recommendationsare selected based on the criticality of
the mitigated failure mode in order to prioritize the re-
commendationsmostlikely to increase the reliability of
the tidal turbine.

III. FLEA MRTHOODOLOSY

A mpoduction

The FMEA is a methodology widely used in the
industry to increase the reliability of assets identifying
requirements for design improvernents, better manufac-
turing and operational procedures or maintenance opti-
tization.

The FMEA methodology, the principles of which are
describedin standard [EC 60812:2006 “Analysis techni-
ques for systemreliability — Procedure for failure mode
and effects analysis (FMEAY [5], hasbeen adapted to the
Feal Tide objectives.

8. Objecives and Principle

Failure Mode and Effects Analysis (FMEA)is a method
designed to:

s [dentify and fully understand potential failure
modes and their causes, and the effects of failure
on the systern or end users, for a given product
or process.

# Azzeszthe risk assocated with the identified
failuremodes, effects and causes, and prioritize
im=ues for correctiwe action.

s [dentify and carry outcorrective actions to
address the most serious concerns.

The FMEA is based on a “single failure concept” so
thateach considered comporentis assumed to fail by one
probable cause at a time. The effects of the failure mode
are analysed and classified according to their severity.
Such effects may include secondary failures effects (or
multiple failures effects). The generic FMEA methodo-
logy process is shown graphically in Fig. 1.
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Fig. 2. RealTide adapted FMEA methodology.

I FIME& METHODOUOSY BORTIDAL TUREIVNES

Z Cuerview

Despite there being seweral FMEA standards and
guidelines setting up the process and principles of the
methodologysuchas [EC 60812 [5], SAEJ1739[11], AIAG
FMEA-4 [12] and MIL-5TD-16234 [13], moedifications to
the methdelegyare required given projectobjectives, the
scope and the context.

Since the objectives of the RealTide project are to re-
comumend improvements in tidal turbine design and to
establisha monitoring strategy to enhance reliability, the
partnersmade the necessary adaptations to the methodo-
logy resulting in the process presented in Fig. 2.

D, Steps and definifions

I} Funchonal analysis

After defining the system boundaries of the tidal
turbine, a top-down process of splitting up the tidal
turbine system can be used to define the indiwidual
componentsand their functonsthatare to be assessed in
the FMEA.

The tidal turbire, as a system, is divided into various
lewels of functional hierarchy, such as sub-systems,
azsemblies, sub-assemblies etc down to individual
componentlewel, the lowest level of the FMEA analysis.

Fig. 3 presents an example of a functional breakdown
for a generic tidal turbine to sub-assembly lewel. The
figure was generated by using similarities with wind
turbinesand prewious studies available in the literature
[1-2], [e-9].

The function is the purpose for which the sub-assermbly
or component iz designed to ensure the operation and
integrity of tidal turbines.

The function supportsthe FLEA analysis by defining
the failure modes and also helps define the local and
systern effects of the failure modes.

2)  Hdemtification of falure modes

The failure mode is defined as the means by which a
failure is observed on the failed unit. &sper OREDA 2009
[3]. the failure modes describe the loss of required system
function(s) that result from failures, or an undesired
change in state or condition.

The failure mode description may include:

s thefailureto performa function within
defined limits;

s inadequateorpoor performance of the
function;

s intermittent performance of afunction;

+  performance of an unintended or undesired
function;

The failure mechanism is the physical phenomenon
leading to the failure mode (eg.: corrosion, fatigue,
erosion, wear, friction, overheating...}.

The failure modes of a component are studied
according to the component's design, its function and
operation, and are assumedto ocour one at a time.

3) ldemfification of falure mode roof cavses

& root cauge is aninitiating cause of either a condition
or a causal chainthatleads to the failure mode. The root
cause, by definition, is extrinsic to the item being studied.

The FMEA focuses on the following root causes:

& Causesdueto the marine environment (e g
turbulence, overload due to excessive tide,
algae growth, presenoe of sand rocks in water,
fouling);

s Chaineffect: causes coming from defectsthat
hawe occurred on other assembliesfcomporents
(2.g. rotor vibrationdue to mooring line failure;

# Failure due todesign defects, poor marufac -
ring practices, or installation errors should al=o
be recorded as per analysts' experience.

Itisassumed thatthere isonly one possible cause at a
tirme. Since a failure mode mayhawe more than one cause,
the potential independent causes of each failure mode ars
identified.
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I Tidal rurbine

[
| Reaction syetem

Hydrodyramic sysles
Nacelle Macelle shell

Rartor Blades

Hub

Fig. 3. Generic tidal turbine functional hierarchsy.

4) Hdenfificalion of falvre effects

The consequence of a failure mode on the operation,
function, performance or status of a component or a
systermn is called a "failure effect”. Failure effects on a
specific sub-system or component under consideration
are called "local failure effects” In sorne cases, there may
not be any local effect beyond the failure mode itself.

Theimpact of a failure mode on the systemis called an
"end effect” or “"systemeffect”. The “end effect” takes into
account all safeguards included in the design (such as
redundancy, by-passes.. ) that minimize the impact of the
failure on the system, sub-system or function The safe-
guards must be able to reduce the likelihood of occur-
rence of the failure mode or to prevent or reduce the
effects of the failure mode.

Effects may include secondary failure effects (or mul-
tiple failure effects). In such cases, all effects of each fail-
ure mode are identified.

Theend effects are categorized according to their im-
pact on Personnel safety, Environment and Economics.

5} Hdentification of failure detection awd control measures

Detection and control measures are the means of detec-
tion of the failure mode by the maintainer, operator or
built in detection systern.

In other words, detection and control measures de-
acribe how the occurrence of a failure mode is detected
and made evident.

Detection and control measures are intended to in-
crease the likelihood of detecting the failure mode before
itresultsin the end effect; mitigating the consequence at
systern level.

Power take off

Failure detection and control measurescan be wisual or
audible warning devices, automatic sensing devices,
sensing instrumentationor other unique indicators, and
have to be identified in the FMEA for unacceptable
failures when existing. Failure detection is almost im-
mediate when it results from a monitoring system
tripping. Where failure is detected by occurrence of its
effects, detection might be immediate or postponed.
Failure detection, if not linked to an autormatic action
lequipment tripping, back-up equipment starting ...},
warns maintenance staff, in order thataction canbe taken
without delay and before the situation worsens.

Failure detection and control measures are to be
identified and taken into account to ewaluate failure
effects, particularly for unacceptable failures.

6)  ldemfification of existing risk reduction measures

Risk reduction measures are safeguards which can
reduce thelikelihond of occurrence of the failure mode or
prevent or reduce the effects of the failure mode.

More precisely, risk reduction measures are the
methods or actons currently planmed, or thatare already
in place, to reduce or eliminate the risk associated with
each potential cause.

Rigk reduction measures are divided into two
categories:

1. Design controls: methods applied during pro-
duct dewveloprnent that prevent or detect po-
tential failures onthe systernin orderto im-
proveits design, suchas:

a. (Generaldesign practices. Rules,
practices and standard,
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b. Detailed analysis. CAE (computer
aided engineering): FEM (finite
element model), CAD (computer-
aided design), CFD (computational
fluid dynamics), etc,;
Redundancy;
Experimental campaign (simple),
scaleprototypes;

e. Extended experimental campaign, full

scalecomponents.

In-service monitoring: actionthatdetectsthe
imminenceof a failure during service before it

n

occurs or it becomes catastrophic, such as:
a. Inspection visittools;
b. Indirect detection (integrated effect);
¢.  Model based estimation;
d. Direct measurement (cause or effect);
e. Multipleintegrated detection.
Therecanbeboth designcontrolsand in-service moni-
toring associated with a failure and its cause.
Design controlis usually intended to reduce the occur-
rence of the failuremode while in-service monitoring is
intended to increase its detection.

7)  Criticality assessment

As defined in the standard IEC 60812:2006 “Analysis
techniques for systemreliability — Procedure for failure
mode and effects analysis (FMEA)” [5], criticality is the
impact or importance of a failure mode that would
demandit tobe addressed and mitigated. The purpose of
a criticality analysis is to quantify the relative magnitude
of each failure effect as an aid to decision making to
prioritize actions to mitigate or minimize etfect of certain
failures.

One of the most common methods ofdetermination of
criticality is the “Risk Priority Number”, RPN. Risk is
hereevaluated by a subjective measureand combination
of:

o theseverity of theeffect ;

* theexpected probability of its occurence (for a
predetermined time period assumed for
analysis);and

s thechanceofdetection of the failuremode
beforeit affects thesystem.

The success of the FMEAmethodology in industry is
due to the fact that criticality can be assessed quickly,
utilisinga work team’s experience and common sense
ratherthanextensive data. This is particularly relevant
when the criticality assessment is carried out on new
concepts or in researchand development projects where
data and operating experience are unavailable or very
limited.

The RPN and the criteria for severity, occurrence and
detection are described below.

a. RPN Calculation:
The RPN is expressed as follows:

RPN =5:0'D (N

Where:

S - severity: is a ranking number for severity, ie. an
estimate of how strongly the effects of the failure will
affect the system or the user.

O -occurrence: is a ranking number for probability of
occurrence of a failure mode for a predetermined or
stated time period;

D - detectivn: is a ranking number for the chance to
identify and eliminate the failure before the system or
customer is affected.

b. RPN criteria :severity, occurrence &detection:
Based on criteria proposed by Peter Tavner on wind
turbines [7], the RealTide partners developed
criteriamore relevant to specificities of the tidal
industryand ranking scale for severity, occurence and
detection
Each criterion is divided into 4 levels in which the
partners defined a range of ranking scale to be selected
for each failure mode. The ranking scale varies from 1 to
10, where1 is the value that least impact the criticality
and 10 is the value that impacts criticality the most.
The assessment of RPN criteria for a given failure
modeis made in a funnel-ty pe process that consists in:
» first, selecting the level which corresponds to
thefailuremodebased on information given
for root cause, failure effects, detection / control
measure, and risk reduction measure;
o then,selectinga ranking scale value withinthe
range proposed in the corresponding level.
This funnel-type process gives flexibility in fine tuning
thecriticality assessmentfor failuremodes thatare in the
same criteria level.
The criteria and ranking scale for severify, occurrence
and detection are described as follows.

i. Severity

Severity is arankingnumber associated with the most
serious effect for a given failure mode based on the
criteria presented in the Table .

Severity criteriaaredivided into 3 categories: economic,
environment and health & safety.

When a failure mode presentseffects thatimpact more
than one category (e.g. economic and environment), the
worst affected category will be selected.

Severity is determined without regard to the likelihood
of occurrence or detection.

ii. Occurrence
Occurrence is a ranking number associated with the
likelihood that the failure mode and its associated cause
will occur during the operatinglife cy cle of thesystem. It
is based on the criteria presented in Table IL
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TarLEl
5 - SEVERITY RANKING SCALES

Seale  Description  Economic Criteria Environment criteria Health frsafety criteria
Temporary imperceptible impact/ Mo significant injury £ Ilinoz Injursy /
1-3 Minor ﬁ::?::;s to < 2% ofthe total amount Permanent Imperceptible impact / Arecident vaithout time off wrork
____________________________________________________ Tempovary slightimpact
From 2% to < 10% of the total Permanent slightimpact 7 Accident with time off work <6

amount investad

From10% to < B0% of the total

6-7 Critical ;

amount investad

From B0% to > 100% of the total
8-10 Catastrophic  amount invested or totalloss of

turbine

Temporary moderate impact

"""""""""""""""""""""""""""""""" Permanentmoderate impact/ Accidentwithtme of work =8
Temporary severe impact
"""""""""""""""""""""""""""""" Permanentsevereimpacty  Full permanent disability / Severe
Temporary major impact
P ermanent major impact

Accident with time off work = 6
months / Partial disability

Full permanent disability / Severe
disability f Death

Oecwrrence has a relative meaning rather than an
absolute value and is determined without regard to the
severity or likelihood of detection.

iii. Detection

Detection is a ranking number associated with the
chance of detecting and then acting onthe failure mode
before it affects the system based on criteria presented in
Table III.

Deeteciion is determined without regard to the sewerity
or likelihood of occurrence.

The defection scaleis ranked in reverse order from the
severfy or occwrrence scales: the higher the detection
walue, the less probable the detection is. The lower
probability of detection consequently leads to a higher
R, and a higher priority for mitigating or eliminating
the failure mode.

c. Criticality Matrix and Risk &cceptance Criteria

TarLE I
Q- QCCURRENCE RATING SCALE

Scale Descripion  Criteria
Extremely A single Failure Mode probability of
L umllly | ocomenceislassthenD0lparysa

A single Failure IMode probability of
ocourenceis motre than 0.001 per year but

A single Failure IMode probability of

occourrenceis more than 0.01 peryear butless

A single Failure IMode probability greater

430 Frequent 010 per year
TarLEIN
D -DETECTION RATING SCALE
Scale Description  Criteria
1.3 Almost Current monitoring methods almo st alwrasys
o Cetwin detectthefubwe
) Goodlikelihood current monitoring methads
s He vill detectthefidhwe
6.8 L Lowrlikelihood eurrent monitoring methods
T will detectthefallwe
Mo known monitoring methods available to
a.10 Adrmnaost detectthe failove /Detection beforefailnot
B impossible  possible or needs special

equipment/d e shuctive testing

The criticality is presented on a criticality matrix, as
shownin Fig. 4. Thesevenfy (5) is presented in f-axis and
increases with the ascending order of ranking scale from
1to10. The X-axis representsproductof ranking scales of
ocerprence and defecfion (O x D), and is represented in
ascending order from to 1 to 100 (which corresponds to
the minimum and maximum walue of O x D).

The criticality matrix gives a visual indication whether
failure mode is critical or not according to the risk
acceptance criteria adopted by project partners as
degcribed further below.

The red zone corresponds to the unaccepiable area, ie,
the failure modes in this area are considered to be of high
criticality and need to be mitigated or eliminated by
design improvement and/or extra monitoring.

The yellow zone corresponds to the folerable area, ie.,
the failure modes in this area are considered to be of
medium criticality. The failure modescan be mitigated or

2 &0 80 100 120

30 40 &0 &O 70

g0 90

100

i 20 30 40 50 60 70 50 90 100
Oeonrence () x Detection (D)

High Critical - Riskis unacceptable

Medinmn, Critical — Risk iz tolexable

Low Critical — Risl is acceptable

Fig 4. EPN Criticality Bateix
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eliminated by design improvement and/or extra
monitoring if theimplementation of these actions is cost
effective.

The green zone corresponds to the gceeptable area, ie.,
the failure modes are considered low criticality. In this
casethe failure mode does not impacteconomic, environ-
ment nor health & safety categories and doesn’t need to
be mitigated or eliminated.

Risk acceptability and the definitionof the three zones
were defined subjectively by RealTide project partners
based on their experience in previous FMEA studies.

The limits between the criticality zones have been
defined as follows:

» High criticality componentsarethose thatpre-
sentascalerankingofat least “5” for each criti-
cality eriterion (S, O and D). It means that the
RPN of a critical elementis :-RPN25x5x 5
=125;

¢ Thevaluetodefinethelimit between medium
and low criticality zones was set as being half
thevalue of the limit between high and medi-
um criticality (RPN =125+2= 60).

8)  Recommendations

As explained in the previous section, recommendations
shallbe made for high criticality failure modes, i.e., where
riskis considered unacceptable.

Recommendations are the actions identified by the
workteam to reduce or eliminate the risk associated to
the failure mode.

They should consider:

. existing controls (i.e, risk reduction
measures);

. relative importance (prioritization) of
thelissue;

. cost and effectivenessofthe corrective
action.

There can be many recommended actions for each
failure mode.

As the objective of the methodology is to increase
reliability, improve design and elaborate an effective
monitoring plan for tidal turbines, RealTide partners
havedeveloped a methodology to prioritise the recom-
mendations for failure modes in terms of redesign and
condition monitoring as follows:

1. Thefirst stepistoconsider the RPN value.
If the RPN of the failure modeis:

s RPN>125,then actionsare required,
and recommendations shallbe
proposed;

s 63>RPN=>125,then actions could be
required, and recommendations
should be proposed;

¢ RPN<63then actions arenot required
and recommendations don't need to
be proposed.

In order to determine whether the action to
mitigate the failure mode should be associated
with condition monitoring and/or redesign,
criterion were devised, inspired by the concept
of sensitivity:

ay
aX,

, @
x

i.  Condition monitoring:
Applying this concepttoidentify the parame-
ters most affected by defection results in the

following finding:
dRPN
ap "7 &)
Where:
RPN=5§-0-D

In that case, we should consider the highest
product Sx O to affect the detection by using
condition monitoring.

The proposed criterionis:
If 5 x O 2 40, then it is recommended that the
riskis mitigated via condition monitoring.

ii.  Redesign:
In the same way, toidentify the parameters
most affected by occurrence we should consider

the highest product S x D:
IRPN D
a0 (@

Themost obvious way to affect the occurrence
is by redesign. The proposed criterion used to
determine if redesign shall be recommended
is:

If $ x D = 40, then it is recommended to miti-
gatetherisk via redesign.

iii. Criterialimits:
The value of 40 comes from aiming to focus on
thetop 30% of the productsSx O and Sx D.
Indeed, among the 100 possibilities of S x O
andSxD (e 1x1,1x2,1x3...5x3x5,5x%
6...10x 8,10 x 10), 32 of them is equal or
higher than40.
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Asitis not possible to get exactly 30%, it was
decided tokeep totheclosest value above
30%,1.e. 40.

i Particular cases:
In some cases, RPN is higher than 125,
howeverthe products Sx D and Sx O areboth
low er than40as for the following example:

RPN=SxDx0O=7x4x5=140>RPN > 125
SxD=7x4=28 >SxD<40
Sx(0O=7x5=35 =>Sx (<40

When this case occurs, it is proposed to focus
on the highest product. In theexample, the
highest productis 5 x O, socondition
monitoring shouldbe prioritised.

3. Checkif both condition monitoringandre-
design arerequired:
Sometimesthisthreshold is insufficient and
both redesignand condition monitoring are
required, for exampleifthe productSx O
and/or Sx D arevery high for a certain failure
mode.

The proposed criterionused todetermineif
both redesignand condition monitoring are
tobe recommended is:

If Sx O2 63 or S xD 2 63; thenfailure
modeneeds tobe mitigated by bothredesign
and conditionmonitoring.

9)  Criticality assessment after recommendation

After recommendation, a new criticality assessment is
performed taking into consideration the actions thathave
been recommended. Normally after the recommendation,
the RPN targetcriteria should be reduced to medium or
low criticality. This demonstrates the potential effective-

Nrattures

Cr= Z w(s) - w0y -w,(py
i=1

ness of therecommendationto mitigate or eliminate the
risk presented by the failure mode.

In case thenew RPN isnotlow enough toreach atleast
the medium criticality level, new or further recommenda-
tions have to be made and re-assessed.

Sometimes, after severaliterations, it is not possible to
reduce the RPN to the medium criticality level. In such
cases, the recommended actions can be validated by
undertaking an As Low As Reasonably Practicable
(ALARP)analysis in order to demonstrate that the cost
involved in reducing therisk further would be grossly
disproportionate to the benefit gained [9].

If that analysis concludes that the two strategies
(monitoringor redesign) are not sufficient to reduce the
criticality of the failure mode, then a systematic
preventive maintenance could be recommended.

However, given that tidal turbines are generally in
remote areas where accessibility is limited, excessive
preventive maintenance activities requiring presence of
personnel, complex logistics and costly maintenance
utilities should be avoided.

This is why the methodology prioritises design im-
provements and enhancement of monitoring strategies
toincrease tidal turbine reliability and durability.

V.  AGGREGATED CRITICALITY ASSESSMENT —

CUMULAT IVE EFFECT CALCULATION

Thecritical element selection criteria exposed hereis
based on the cumulative effect of all failure modethatare
susceptible to appear for a certain element (system,
subsystem or component).

RPNindexis anindicator that allows to quantify the
relevancy of a particular failure mode, and it is specific
for each element. Nevertheless, if one wants to compare
different RPN, this cannot be donejust by adding them
up since they haveexponential nature. In order to avoid
this problem, several techniques of aggregated criticality
assessment can be used. The aggregated criticality
assessmentallows to compare the criticality of assemblies
and sub-assemblies across different tidal turbine
concepts.

One of them consistin obtaining a linear indicator that
will allow toadd termsin thesame scale. Thus, criticality
can be defined as:

Nfailures

Cr = Z f(S.0.D)
=1

Where: Niiwe 1s the number of failures that can be
found for a certain element.

Analternative way of RPN is to define some weights
Ws(S), Wo(0), Wo(D) which replace the severity,
occurrence and detectability factors respectively in the
RPN, in order tomake them comparable. The criticality
function can be defined as:

Where:

o Ws(S):istheseverity weight. It is defined
according to the economic criteria within
severity (see TableIV),sinceitistheonly
criteria defined in the severity tables which
allows theseverity to be quantified numeri-
cally.For health & safety or environmentim-
pact, weassume thisnumber tobe equivalent
tothat in theeconomicscale.

s Wo(O):is the occurrence weight(see Table IV).
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