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Fatigue and Aerodynamic Loss in Wells Turbins:
Mutriku Wave Power Plant Case
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Abstract Wave Energy Converters (WECs) needoferate
in a harsh environment, where fatigue in materials satd
accumulation regularly lead tgremature failures of
components.In the course ofsevenyears of continuous
operation ofthe Mutriku Wave Power Plant, seaéevents
of this kind haveoccurredand are described in detail tinis

article Preventive maintenance t®nducted regularlin the

plant However, lhe novel machine learning amacch could
help to optimize maintenance worksas failure can be
predicted withotiunnecessary replacementooimponents.

Keywords Machine learning, Operation & Maintenance,
Oscillating Water Column (OW)X Wave power generation,
Wells turbines.

I INTRODUCTION

In July 2018, the Mutriku Wave Power Plant will complete
its first 7 years of operatioburing this period, the power
planthas supplieadver than B6GWh of energyto the power
grid, a figure representingsignificant progresswithin the
wave energy sector. The Basque Energy Agency
(EEE/EVE) commissionedhe wave power plant in 2011
with the support ofthe 6" Framework Programme of the
European Commission(through the Nereida MOWC
project) and the Basque Governmetitigure 1showsan
aerial view ofthe wave power plant

EVE is currentlyresponsible fobperatios and maintenance

r

Figure 1: Mutriku Wave Power Plant located at the breakwate
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work. Information onthe reinforcemenwork requireddue

to winter storm damages arlbe first year of operations

detailedin [1] and [2], respectivelyThe aim of thigaperis,

on one hand,to presentparticular eventswhich have
occurredduring the plant operatioand, on the other hand,
to inform on the regularly performed maintance
procedure

Although [3,4 give a brief explanation othe working
principle of the Mutriku Wave Power Plant, more technical
aspects are addressed in this sectiorbriog the reader
closer to the dayo-day operations of the power plaftt.is
well known thatthe wave power plant located ithe
breakwaterin the harbourof Mutriku uses the Oscillating
Water Column (OWC)principle to harnes®nergy from
waves. The plans composed of 16 OWC aithambers that
generate paumatic pressure variations which trigger a-two
way oscillating air flow through the turbe. All chambers
are the same size:5Mm long, 3.1m wide and 97m high
above the MLWS (Mean Low Water Springs) levighe co
rotating double monoplane Wells turbine always rotates in
the same direction regardles$ the air flow diection, as
this kind ofturbine isselfrectified. The diameter of the-5
bladed Wells turbine is 0.75rThe turbine is connected to
an 185kW induction generator with squirrebge rotorThe
generator voltage is 460V and its nominal speed is 3000rpm.
Since variable speecdperation is allowed, the generated
power is first turned into DC and, atlater stage, switched
to AC with the same0Hz frequency and phase as the
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Figure 2: Instrument layout drawing of Mutriku Wave Pow
Plant.
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power supply grid. Thus, each generator is conndcte a to, mayproduce fatigue and the subsequent breakage of a
variablefrequency drivewhich acts as a rect#i as well as component.Figure 3 shows the corrosion in one of the
holding primary control over the turbgeneratorA group Wells turbins at the Mutriku Wave Power Plant.

of eight power converters are arranged in a unigoeV Furthermore high levels of salt concentrationay provoke
DC-link, which uses a single regenerative inverter dfore aerodynamic losses in Wells turbineBoth events are
each groupto convert DC into AC The Mutriku Wave addressedelow

Power Plant is e of the few wave power plants, and the

first of its kind, to be connected to the local power supply A. Material fatigue

grid. The generated power is delivered through the output
power transformer in 13.5k\Figure 2 shows a schematic As has been mentioned abo¥@®WC devices usually work

view of the Mutriku Wave Power Plant. with two-way air flows. The force applied by neronstant
air flow can be decomposed into two axes. Tdree of the

This paper is organized as followSection Il describes the horizontal axis caugs the turbingo rotate always in the

events occurred and difficulties faceder seven years of same directions. However, tharce of the vertical axibasa

continuous operation, due to the harsh environment where different directiondepending on the air flow ansl absorbed
the equipment is located. The maintenance work regularly by the turbindtself as there is no vertical displacemertis

carried out to prevent thequipment failure igletailed in produces stresson the material resulting in possible
Section Ill. Section IVoutlinesan approach to the machine premature breakage of the componéfigure 4 shows the
learning technique to predictive maintenanceFinally, brekage of one of the blades oféells turbine installed in
Section IV ends the papueiith a series o€onclusions. the Mutriku Wave Power Planas a resultof the winter

storms inFebruary2016. The broken blade also hit the
generator housing violently, producing the crack seen in
Il. HARSH ENVIRONMENT Figure 4(b).

Several factors were taken into consideration in the design The broke turbine was analyzed identify the cause of the

of the turbegenerator set of Mutrikusafety of operation, turbine breakage and rule out possible risks on the rest of the
efficiency, ®rvice loads, cost, corrosion angase of
maintenance. However, the adverse conditions at the
Mutriku Wave Power Plant, where many components are
exposed to high humiditievels and a saline environment,
produce fatigue @ the materials that impacon the
performance of WECs antbad to failure ofthe power
equipment.

A humidity sensor was installed in the turbine room within
the European project Opera [5] fauge the impacof
saltpetre o componentsAs expected, restd showed &igh
percentage of humidity in the turbine room where most of
the components are locate@onstantexposure tealtwater
corrodes the componentand together with strong
oscillating mechanical forces that OWC devices are subject

(b)
) : Figure 4: Breakage of a blade. (a) Wells turbine with a brol
Figure 3: A Wells turbine after five years of operation. blade and the breakage detail; (b) Damages in the generator.
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turbines.To conduct te tests, the damaged areas were first
defined.Figure 4(a) showshe failure analysis area and the
metallographic specimen and the tensile specimen extraction
ares.

The failure analysis study was carried out by inspecting the
fracture area in micrographic detail using optical
microscopy andcanning electron microscopgsshown in
Figure 5 Initial inspection revealed a lawgamount of salt
residue embedded othe surface. Therefore, the sample
needed to be cleaned in an aqueous solution Bidmitric
acid in order to observe the metallic material.

Figure 5: Failure analysis study of the broken turbine.

The tensile testswere carried out in accordance with the
UNE-EN ISO 68921 B: 2010 standardwith a specimen of
«10 extracted in aadial direction on one of thblades
adjacent to the brokdrlade.

From the morphology of the breake, wherewell-defined
fatigue slipbands can be observed, it is possible to
determine the origin of the initial crack that gave rise to the
breakage It can therefore be deducethat the blade
breakage was produdedy fatigue.In addition, nhumerous
holes and spots of oxidizeduminiumin the central area of
the beginning ofhe rupture suggest that the breakage could
have been initiated by pitting corrosi from the surface.
Pitting corrosion was also observed inside the specimen
extracted from the blade adjacent to the breakage.

Signs of wear produced by vertieakis forces have also
been observed in the generatbhe most frequent failure
cau®d by oscillating forces in the turbgenerator shaft is
usuallybreakage of thavasherbetweenthe bearing and the
housing of the generatobue to theforce exerted by the
shaft,the washer is subject to high peese that caes itto
fail. The bearings congeently rubagainst thenside of the
generator coveandwear occursThis wear can be clearly
appreciated in Figure 6. Figure 6(a) shows a generator cover
prior to its installation in Mutriku, whereas Figure 6(b)
displays a worrdown geneator cover. Tieinner steel land
(indicated with anarrow) can be seen to have worn away
considerablyThis may produce undesirable high vibrations
attributable to the friction of the bearings againshe
generator cover. For safety reasons, turbine high tiims

(b)

Figure 6. Bearing cover of the generato(a) Before being
installed; (b) Worrdown.

are ot permitted duringnormal plant operation, sdhe
turbo-generator must be shdown.

B. Salt accumulation

Another factor tdake into accournis salt accumulationThe

air flow through the turbine contains a large amount of
saltpetre that remains embedded on tilmbine blades, as
shown in Figure 7This may lead t@a sudden perforiance
drop, as it not only caes vibration but also significant
aerodynamic losses.

To avoid this, the turbm blades are regularly washed with
freshwater. The interval betweasach waslilepends on the
rotational speed of the turbine and the amount of vibrations,
butis usuallyaround 90 mintes.

Figure 7: Salt accumulation on the surface of the Wells turb
blade.
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Figure 8: Average power of two turbines, each associated 1
different regenerative inverter drive.

A real exampleof performance dropttributable to dack of
bladewashing is shown in Figure 8, which showghe
average powegeneratedy two differentturbo-generators
The bladewashing event is controlled by the regenerative
inverter unit, which handles a group of eight turbirBise
green area indicates theperation of both regenerative
inverter units with regard to bladeashing.Thus, thke red
line in Figure 8 is a consequence of a failure in one of the
regenerative inverter usit where the bladeash function
ceased to workThe blue line, howeveshows theaverage
powerof the second turbayenerator controlled by the other
regererative inverter unit, which perford the bladevash
functionnormaly.

From Figure 8 it can beleduced thatverage generated
power dropedalmost7kW in eight hours (yellow areaue

to bladewash failure, which correspond to a 5446 of
efficiency lossin the case ofa single turbinein this
particular caseTaking into account that a group of eight
turbines is controlled by each regenerative inverter drive, the
losses can be very sifinant in case of bladevashfailure

in one of these units. Hence, it is vital to ensure that the
turbine blades are washesbularly.

Said

DTN
ahii

€Y (b)
Figure 9: Salt accumulation on the cooling system. (a) Variat
frequency drive heatsink; (b) Cabinet cooling fan.

Nevertheless, once th@ant operator madbladewashing
compulsory the average powaose steadily to its normal
level in a few minutes, as the blue area in Figure 8 shows.
Once again, this demonstratés importance ofvashing the
bladesproperly.

The salt accumulation also produces negative effects in the
power electronicsAlthough the equipment is located &n
power cawerter room, far away frornthe turbine room and

its salty environment, the accumulation of the salt is visible.
As thenearshorair contains large amounts of saltpetthe
cooling system of the generator drives is affected by the salt.
The variablefrequency drive heatsink is the component
mostly affected by salt accumulation, causingdrive
overheating and subsequent turbire. Figures 9(a) and (b)
show the baclof the drive heatsink and the cooling fan of
the cabinet where the power convertere docated,
respectively.

Il PREVENTIVE MAINTENANCE

Preventive maintenance is regularly carried out in Mutriku
Wave Power Plant so as to avofdilure or breakageas
explainedin the previous sectiomn the equipment and
components installed in the power planRegular
maintenance is carried ootonthly andannuallydepending
on the degree of wear of each componantd coverdoth
mechanical and electrical components well as control
equipment angerverchecking.

During schedulednonthly maintenance, a visual inspection
of the plant is carried oufThe following components are
revised: snsas, emergency stopwitches, fasteners (i.e.
concrete interface, dampeturbogenerator attenuators,
etc), the generator terminal bo cable trays and cables,
fresh water piping andthe danper actuator. A general
review is also conducted for sigreorrosion, including
staning on surfaces. The power converter room cooling fan
is also checked

In the course of annual maintenance mechanical
maintenance is completed with the lubrication of the

roller

Figure 10: Greasing of
maintenance work.

bearings during schedul

7" International Conference on Ocean Energy 2018 // Cherbourg, France

4



O\ 1C0F
2018

12 /14 JUNE CHERBOURG FRANCE

generator bearings. Figure 10 shows the annual mechanical Certain mathematical approaches can be tsé&q to adjust

maintenance carried bin the Mutriku Wave Power Plant.
This kind of maintenance work is generally performed
during the ammer monthslue to better weather conditions
It must be taken into account that working with RMS
chamber pressures above 8000Baa safety hazardor
maintenance personal precautionary measures are
recommended to be takevhen the RMS presseirexceeds
4000Pa. Apart from greasing theearings an electrical
inspection $ conductedannually coveringcontrol system
cabinets in the turbine room, thewer converters cabintd
detect any sign ofwerheating andhe cables, as well dke
SCADA alarm and trip indicators

After five years of continuous operation of the power plant,
generator bearings and turbine rotors wemeewed as per
the recommenrations of the equipment manufacturiue to
the breakage of thblade in one of the turbines caused by
fatigue, the decision was taketo replace the rest of the
turbine rotorsduring the second quarteof 2017. The
replaced Wells turbines can be seefigure 11.

Figure 11: Replaced Wells turbines in Mutriku Wave Power Pla

V. PREDICTIVE MAINTENANCE

Following a traditional maintenancapproach, failures or
breakages may occur, thereby necessarily triggering a
reactive maintenanceesponse to change or repair the
component(s) in question. As a resuglsts associated with
plant shutdown during maintenance work may have a
considerable impact on the costeofergy.

Scheduled maintenancmay also be carried oubased on
prior knowledge, the average times betwedaitures etc.In
this case, th supervisodecides that aftera certain number
of cycles or adeterminedperiod of time or number of
operational hours certain elements must be replaced.
However,planned maintenanaaayalsoproveuneconomic
asthe plant is once again likely to be shut domvore than
necessary. Using this approacto, informationis available
on the state of repair ofthe componentor how longthe
component can remaoperationabefore its likely to fail.

this type of maintenanc8y collecting data from the facility
and applying machine learning techniquiéss possible to
developalgorithmsthat enablgredictive maintenance be
performed The machine learning teclipnies may be either
supervised or unsupervised. In the case of unsupervised
techniques just operating datais used In the case of
supervised algorithmshowever,information onwhen the
failure occurred or when the performanceromped
significantly that triggered maintenance actiaa known

In the case of unsupervised algorithms, pattern recognition
or clustering technigues can be applied to detect the settings
in which normal operation occurs. This requires looking at
the underlying infrastructure tdetect any natural pattern
that helps tainderstand the performance of the pl@m the
other hand,n the case of automatic learning technigues with
supervision, it isa matter of predicting failures, i.&low
long is left untilbreakageDepending on the state oépair

of each componenit may be necessary and convenient to
perform maintenanceln the case ofthe Mutriku Wave
Power Plant andWECsin general usingmachine learning
techniques applied to predictive maintenarités possible

to schedulemaintenance worksaking into accountvave
forecass throughout the yearand consequently, the
availability of the power plant may be improved.

There are a large number of algoriththat can be used with
the same data to choose the one that best predicts the
behaviar of the system rad when maintenance has to be
performed In generalthe workflow should be as follows

- Data collection from sensors.

- Pre-procesing of data by filtering to detect corrupt
data coming from sensors.

- Extraction and selection of characteristiesg.
through principal components analysi®CA) or
other techniques.

- Predictive model training based on the operation
data.

Once a point cloud is obtained from collected dathe
challenge is to findthe dimension or axis in whicthe
cluster shows more variatienin this sensehe first step of
PCAis to analyseavhich straight line explainthe maximum
variance, i.ethe maximum dispersion of the dafihe first
principal componenti.e. the one that containshe highest
percentage ahformation ancbestexplains the behaviw of
collected datg is thereby obtained. Thesecond principal
component explaing the remaining variance cahen be
found. This brings a new set of axes where the data can be
drawn and measutle as showrin Figure 12 PCA enable
most of the information to be capturadd simmarisedn a
small set of dimensions.

In the case of OWC devices the nature of the collected data
is usually oscillating and the operating point depends on
input conditions. Hence, it may be difficult to deténe a
single pattern that describes the wand of a component.
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Figure 12: The point cloud of PCA obtained from a case study

Nevertheless, the Mutriku Wave Power Plant has the
advantage of having more than one tugemerator,
enabling comparison of the behaviour of each device. Thus,
healthy turbines may coest alongside others requiring
maintenance, and their parameters can be analyzed to decide
whether they need maintenance or not.

@)

In Figure 12 data from only eigloff the turbines have been
analyzed to reduce the computational workload.he
parametersanalysed includeoutput voltage and currents,
generated average power, rotational speed, output
frequency, chamber RMS pressusgbration and damper
position. Due tothe oscillating nature of the data antb
simplify the study, the average hourly value of each
parameter has been calculatéche results of thePCA
approach demonstratbat some turbineseed maintenance
as some componerg are ouwside thedesirable operating
rangeasindicated by the yellow dots

Having detected that a turbine is in need of maintenaoce

X . . . (b)
thata particular component is reaching the end of its useful
life, regression models can be trained so as to predict the
normalrespamseof the entire system or a single component

Figure 13: Turbine rotational speed vs. vibratidevel. (a) non
degraded turbine; (b) degraded turbine.

In Figure 13one of these thines has been analyzed Figure 13(a)according to PCA analysis the turbiskould
study the deviation that some parameters show when they pe in neecf maintenanceThe trained modellemonstrates
are near the failure or breakageint In this sensethe that, in effect, the values stand sidethe regular operation
figure comparse rotational speed(horizontal axis) ath range, as theturbo-generator system producelsigher
vibration (vertical axis) Vibration is the parameter that vibration levels at the same rotational speeds. Thus, the
usually shows the highest degree of deviatidren some decision can be made about whetmaintenance iso be
components begin to suffer wear and tef@igure 13(a) performed o not.

shows vibration levels duringormalturbine operation The

turbo-generators in Mutriku Wave Power Plant Aedanced

around 2500rpm andboth end of the valley reveal V. CONCLUSION
undesirable vibration levels

Seven years of continuous operation have been reviewed in

The machine learning approadan be used to predict the this article. Over this course of timeseveral undsired
responsg where the yellow dots indicate the predicted  events haveoccurred andhave been describeih detail
model. Hence, any turbine should show vibratiolevels Fatigue and salt accumulation are the most important factors
around the predicted values duringpormal operation. which causethe WEC to fail. Moreover, if regular
However through the data in Figure 13(b) aretained from maintenance is not performesbme componentsearaway
very similar wave conditions and the same turbinenas due to conhuous fatigue and breakages magcur.

7" International Conference on Ocean Energy 2018 // Cherbourg, France

6



