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This paper deals with the performance of the Modified Envirormental Con-
tour Method (MECM) for determining long-term extreme load effect in a com-
bined wind turbine and wave energy converter system. The wid turbine of
the combined system is in the operational or parked mode depeling on the
wind speed. In addition, the wave energy converter in this stdy also experi-
ences three modes depending on the significant wave height ieduce struc-
tural responses under extreme sea states. These features kaahe original
Environmental Contour Method (ECM) not applicable to the prediction of the

long-term extreme of some responses. However, the MECM is gable for



analysis in such a system as it includes the effect of the chges of operational
mode by considering additional environmental contours. lItis found that the
results of the MECM agree very well with the full long-term analysis (FLTA)
which indicates that the MECM is applicable for such a system In addition,
the MECM can also be used to identify important environmentd conditions
to include in the reduced long-term analysis (RLTA), which & similar to FLTA
but only includes selected environmental conditions thatantribut to the rele-

vant extreme responses.

Introduction

Recently there is a growing interest of combining wave-gynaonverter (WEC) and wind
turbine concept. The reason for such systems is to utilieeottean space more efficiently in
the wind farm because wave and wind energy are naturallglkeded. The MARINA Platform
project MARINA, 2014) aimed at developing analysis tools for new multi-purposatfhg
platforms for marine renewable energy. As a results, segenabined floating wind turbine and
WEC concepts were investigated, including a oscillatirges+column-type WEC or a point-
absorber-type WEC with a semi-submersible type floatingdwimbine “ WindFloat” Peiffer

et al., 2011), a combination of a wind turbine on a semi-circular-shaparye with a surge-
type WEC &oulard and Babarit, 2012), a concept of a 5-MW wind turbine and three point
absorber WEC’s with a single column tension leg platfoBachynski and Moan, 2013), a
combined semi-submersible wind turbine and rotating flge twave energy converters (SFC)
(Michailideset al., 2014) and a combination of a spar-type wind turbik&simirad and Moan,
2012) and a torus-shaped point absorber-type WEC (SM)igwan et al., 2012, Muliawan

et al., 2013, Ren et al., 2015). The latter concept is investigated in this study. It wasithat

the STC system has greater responses compared to an ordparwind turbine. Slamming
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and green water effects were also found in laboratory t&%ie €t al., 2014). Thus, several
survival strategy was proposed and investigated for thi€ System to reduce loads under
extreme conditions including reducing PTO damping and srgimg the torusRen et al.,
2015). Such strategies of the WEC in addition to the operatiorabielur of the wind turbine
make the estimation of extreme responses harder becauasgotral environmental contour
method Haver and Winterstein, 2009) that only investigates the environmental conditions on
the contour corresponding to a certain return period mapesuitable. However, the modified
environmental contour method (MECMi(et al., 2013, Li et al., 2016) that considers multiple
environmental contours to include the difference of défdroperational mode could still be
applicable. The MECM has been tested for a bottom-fixaede( al., 2013, Li et al., 2016)
and a semi-submersible wind turbine, and the results agvetsvith the more accurate but
time-consuming full long-term analysis (FLTA).

In this study, the applicability of the MECM for the long-terextreme prediction for the
wind turbine and WEC (STC) concept is tested. The MECM fordmurbines considers two
environmental contours corresponding to 50-year and gutsand. For this combined con-
cept, the MECM is extended by adding additional contoursesmponding to key significant
wave heights where the operational mode of the WEC is chanfeel performance of the re-
duced long-term analysis using only the environmental tmmdtested by the MECM is also

investigated.

1 Brief overview of the methods of the long-term extreme re-
sponse analysis

1.1 Full long-term analysis

The full long-term analysis is in principle an exact methodd¢count for the long-term variabil-

ity of environmental conditions and the variability of theost-term extreme responses. It has
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been applied for extreme load prediction for wind turbinesnany studiesL(ott and Cheng,
2016). The method integrates the product of the cumulative idigion function (CDF) of
the short-term extremes (maximum response of a short-teoceps) and the probability of
occurrence of its environmental condition to find the loag¥t CDF of the extremes. Other
approaches such as peak-over-threshold (POT) or up-ogpssie can also be used. Full long-
term analysis for N-year return period is often describedEuation 1 if one-hour extreme is
used. Fx (&) is either the long-term or short-term CDF, which is the pholig that X will
have a value less than or equal&o fi,, us 1. (u.h,t) is the probability density function of
environmental conditionl(yy = u, Hg = h, Tp = t). N is the return period in years. lItis
stated in Naess and Moan, 2012) that Equation 1 is based on the reliability theory and is@n a
proximation of the “exact” method though the differencessially very small. Since Equation
1 is straightforward and is the basis of the simplified meth®ach as ECM and MECM, it is

used here as comparison to evaluate the performance ohtipéifsed methods.

FEL(€) = / / / FXT(E) foy e e (w,ht)dudhdt = 1 — 1/(N  365.25 + 24) (1)

1.2 Environmental Contour method

The ECM has been widely used in the to determine long-termeed responses. In theory,
the version commonly applied is a simplified method basedhernverse first-order reliability
method (IFORM) Winterstein et al., 1993), but without the variability of the extreme response.
The method uses a contour corresponding to a desired retuiodpe.g. 50 year) consisting
of all the environmental parameters. Then only the casegddmn the environmental contour
are checked and the largest short-term extreme responsggaimam is the long-term result.
The environmental condition that has the largest long-&xtreme is called the “design point”.

The short-term extremes used are obtained at an empirasilé level of the distribution that



is higher than50%. The fractile value is usually betweéi®% to 90% (Winterstein et al.,
1993, Madsen, 1988). ECM greatly reduces the number of environmental conaltito be
considered since only the ones on the contour are to be athedlsually, only part of the
contour is of interest (e.g. high wind speed or high significgave height). The idea of ECM

can be described by Equation 2, whens an empirical value greater thaa%.

6 = FLT_1(1 — 1/(N * 3695.29 % 24)) ~ FST_I(p|uECM,hECM,tECM) (2)

The method performs well for normal offshore structures tiaae wave-induced responses
monotonically increasing with the significant wave heidfar such systems, the environmental
conditions located on the outer contour will be close to the tritical conditions. For systems
like wind turbines or other structures that may change israjon mode to limit responses
in extreme conditions, the ECM performs poorly and oftenarrekstimates the long-term ex-
treme Garanyasoontorn and Manuel, 2004, Rendon and Manuel, 2014, Li et al., 2013, Li et al.,
2016). When wind turbine rotor is parked, the responses of bladeger or mooring lines may
be greatly reduced under extreme conditions compared totiditions when the rotor is oper-
ational. The long-term extremes of these responses arecdtesed by more frequent occuring

environmental conditions within the operational range.

1.3 Modified Environmental Contour method

In Section 1.2, itis explained that ECM does not work welllirsauations and requires a modi-
fication when applying to systems that change mode dependitite environmental condition.
The MECM uses multiple contours in addition to the contouresponding to the return period
used by ECM. For example, an environmental contour with aimmam mean wind speed cor-
responding to the cut-out wind speed is added in previoulieguo account for wind turbines

extreme responses when operating. In this study, the WH®avie lower PTO damping value



or be submerged depending on wave condition. Thus, two nuafié@nal contours are added
corresponding to significant wave heights of 6 and 12 metanhich the WEC changes its
operational mode. Thus, for the system in this study, thezeadditional environmental con-
tours corresponding to cut-out wind speed, significant wasights of 6 and 12 meter inside
the original contour of the ECM.

Equation 3 demonstrates the idea of MECM. It should be ndigithe CDF of the contours
are extrapolated according to Equation 4, where M is themgiariod in year for the environ-
mental contours. The extrapolation is necessary becaasertar contours have a lower return
period and requires a much higher fractile level of the stearh extreme responses.are the
empirical fractile levels of the extrapolated short-temtreme response distribution for each
environmental contour. The largest value of the extrempareses from all the environmental
contours is the result of MECM. Though MECM is more complkechthan ECM with more
environmental contours, it is more reliable, especiallyviind turbines or the combined sys-
tem in this study. Still, the computational effort is muckdehan the FLTA. More detail of the
MECM are givenin Li et al., 2016).
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1.4 Reduced long-term analysis (RLTA)

Previous studiesL{ et al., 2013, Videiro and Moan, 1999) have shown that it is possible to
perform long-term analysis with reduced number of casetsaihig covers the important envi-
ronmental conditions. Thus, by using the exceedance piidgal) = 1 — F where F is CDF,

Equation 1 becomes 5, where only a part of the environmentaditons are integrated while

the others are ignored.

e = / / / o ST fow.me e (w,ht)dudhdt = 1/(N * 365.25 * 24) (5)

Such a change will always under-estimate the results cadparthe full long-term anal-
ysis because the calculated exceedance probability vallkbenower with the same extreme
responses (i.e§ in Equation 5). However, if the important cases are includled difference
should be very small. One conservative approach is addirigincrease to the results from
Reduced long-term analysis. It has been showiirefal., 2013) that such method will pro-
duce very accurate results even when only less #éh of the environmental conditions are
included. The difficulty of RLTA is to efficiently locate thenportant conditions. This problem
can be solved by applying the same principle of ECM and MECMeWapplying the ECM and
MECM, a number of environmental condition on certain pathefcontours (usually with high
wind speed or significant wave height) will be checked. RLBA e performed by directly
using these same environmental conditions as the imparéesets are generally covered.

One advantage of the RLTA is that the results will be morelstatiimpared to those obtained
by ECM/MECM as there will be not be any large over-estimafmund in ECM and MECM

when the empirical fractiles may be too high for some respsns
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Figure 1: Combined wind turbine and wave energy converteC{System.
2 Combined wind turbine and wave energy converter system

The combined STC system in this study is inspired by spas-tymd turbines such as “Hy-
wind” and the two-body axis-symmetric floating WEC, such ¥avebob”. The system is
illustrated in Figure 1. The torus moves along the spar antdsa wave energy. The combined
concept is based on the NREL 5 MW wind turbider(kman et al., 2009) and the torus inNlu-
liawan et al., 2012). The details of the power-take-off (PTO) and connectiamvien the torus
and the spar are described Myliawan et al., 2012). The mooring systems consists of of three
mooring lines with clump weight and four segments. The deles provide yaw stiffness for
the spar.

In the numerical study, the system is modeled as two rigiddspdhe wind turbine and
the torus which are connected by mechanical coupling atriteeface. The hydrodynamic
coupling is also included. The stochastic analysis of thaldoed system is performed with
SIMO-TDHMILL (Karimirad and Moan, 2012) in time domain. SIMO models the multi-body

system and include the mechanical and hydrodynamic caypfithe bodies. The wave loads



are generated according to the frequency domain analysis YWAMIT, including first and
second order wave forces. The viscous forces are modeldteaddrison drag. The loads
from wind turbine is approximated by TDHMILL as thrust foscen the top of the tower. The
drag force of the tower is also included. The torus is able twerin heave direction while
constrained in other five DOFs. More detail of the modelinghefconnection of the torus and
the spar is discussed iM(liawan et al., 2012). The mooring system is modeled as nonlinear
springs. The drag forces caused by the mooring line motisimiplified as the inertia forces are
ignored. The power take-off (PTO) of the WEC is modeled agiagglamper combination and
the power produced by the WEC is approximated by the produitteoPTO damping and the
velocity of the torus. In this study, the spring and dampenoissidered linear. This includes the
internal force between the torus and the spar proportiarthidir relative velocity and position.
In the previous study on the extreme responses of the sy&emei(al., 2015), it was found
that by implementing a better survival and operation sfygtihe extreme responses of the sys-
tem can be greatly reduced. Three different modes are pedposRen et al., 2015). They
are the normal operational mode, the low PTO damping modetresubmerged mode. The
wave-energy converter changes its mode based on the signifi@ve height. The three modes
are normal operation (wheH is less than 6 meter), low PTO (whéfy is between 6 and 12
meter) and submerged mode (wh€p is larger than 12 meter). The PTO damping of the nor-
mal mode is 8000 kNs/m while the low value is 1000 kNs/m. TheR¥O mode can decrease
the responses caused by WEC. The submerged mode aim to fdctes torrus with sea water
and submerged the whole system so that the torus is belowgeaaesin most cases to reduce
wave loads. It also reduces the probability that torus mabese water level and causes slam-
ming when re-entering. All modes are illustrated from Fegi2 to 4. Therefore, the system has
three modes of the WEC combined with two modes for the windits (operation/parking)

as shown in Table 1, which make the estimation of long-tertreexe responses more compli-



Table 1: Different operational mode for the combined wintbitne and WEC system. The units
are m/s and m for Uw and Hs respectively. The Uw in this tablaéshub-height mean wind
speed. The normal and low PTO damping are 8000 and 1000 kNsfmectively.

4 < Uw < 25 Uw > 25

0< Hs<6 WT: operational; WEC: operational WT: parked ; WEC: operadil
6 < Hs <12 WT: operational; WEC: low PTO WT: parked; WEC: low PTO
Hs > 12 WT: operational; WEC: submerged WT: parked; WEC: submerged

cated. Thus, it is important to include the effects of thdsenges of operational modes when
estimating the long-term extreme responses. For MECM, ¢oatours corresponding to 50-
year return period, cut-out wind speed, wave height of 12Gangkters are required. For some
sites, the number of contours could be less if some of theocositisted has return period larger
than 50 year.

Both motion and structural responses of the system aredenesl in this study. Table 2 lists
all the response variables and the results for the long-éstneme predictions are presented in
Section 4. As stated above, a major concern for this coneeftei possible slamming when
the torus exits and re-enters the water. Due to the limitatiothe numerical model, it is not
possible to include the structural responses caused byrslagn However, it is possible to
use the contact velocity when torus re-enters the water asdicator for slamming. This
velocity can be represented by the relative velocity of $oand wave elevation when torus
enters the water. Thus, this velocity is included as shownainle 2 (response variable 10).

Other structural and motion responses are also shown fresp@riables 1 - 9) in Table 2.

3 Environmental conditions

The information about the environmental conditions usdtiismstudy is from (i et al., 2015).
Site 3 and site 14 are considered, and the basic informateliséed in Table 3. In this study,

the water depth of 200 meter is used for both sites becauséhi¢ idesign value for the system.

10



Figure 2:
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Table 2: Responses parameters of the STC.

Z
e

Response Descriptions

Spar-torus horizontal contact force [KN]

Spar surge [m]

Spar heave [m]

Spar pitch [degree]

Surge acceleratiom{/s?]

Pitch accelerationiggree/s?]

Relative heave [m]

Axial force of upper mooring line 2 [kN]

Tower fore-aft bending moment [KN*m]
0 Torus-water contact velocity [m/s]

P OO ~NOULA, WNPE
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Figure 3: System with normal operation but with reduced Pa@ping.
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whole system is lowered.
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Table 3: Basic information of the two sites. The 50-yearext mean wind speed (10 meter)
and significant wave height are shown.

Site 3 Site 14

Location Atlantic North Sea
Uwso—yr [M/S]  28.37 10.19
Hgsoyr [M] 33.49 10.96

Table 4: Envrionmental conditions for full long-term argily; Total number of cases is 3726.
The wind speed is more coarse beyond cut-out wind speed desponses being lower thus
less important when wind turbine is parked.

Cases

Uw [m/s] 4,6, ..., 26
30, 34, ..., 50

Hg [m] 1,2, ..,20

Tp [S] 3,5,...,25(ifHg < 10)
7,9, ...,25 (ifHg > 10)

Only the environmental conditions (i.e. mean wind speeghicant wave height and peak
spectral period) of the two sites are used. The turbuleneamsity is assumed to be constant
at 0.15. For FLTA, the cases considered are listed in TabMdre detailed information can
be found in (i et al., 2015), including the probability distribution of all the envinmental
parameters.

As mentioned in Section 2, four contours corresponding ¢o5t+year return period, cut-
out wind speed, wave height of 12 and 6 meters (for the chasfggserational mode of WEC)
need to be studied for MECM. Figures 5 and 6 show the contouisite 3 and 14 respectively.
The contours are created using IFORWiffterstein et al., 1993) and Rosenblatt transformation
(Rosenblatt, 1952) of all the environmental parameters. It can be seen thgttbnée contours
are presented for site 3 since the contour correspondingndisant wave height of 12 meter

has a return period larger than 50-year.

14



5

10

Hs [m] 0 o Tp [s]

Figure 5: Environmental contours corresponding to the &yeturn period, cut-out wind
speed, significant wave height of 6 meters (from outsideswl@&) for Site 3.
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Figure 6: Environmental contour corresponding to the 58yeturn period, significant wave

height of 12 meters, cut-out wind speed, significant wavghitedf 6 meters (from outside to
inside) for Site 14.
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4 Results of long-term extreme responses

4.1 ECM and MECM

As shown in Sections 1.2 and 1.3, ECM considers the envirotaheontour for 50-year return
period while MECM studies all the contours as mentioned ictiSe 3. The contour surfaces
shown in Figures 5 and 6 are discretized as shown in Figu@44.tThe black points represent
the “design point’s to be used in MECM. The design pointslaeenes that provide the greatest
short-term extreme response of all the points on each conidwe cross points represents the
cases to be tested for ECM and MECM as these are the ones witlerhivind speed and
significant wave heights. It can be seen that these caseslettthe design points which means
that the selected range is sufficiently large for ECM/MECM.

First issue for ECM and MECM is how to efficiently locate thepontant “design point”s
on the contour. In previous studies of a bottom-fixed offsheind turbine as well as a semi-
submersible wind turbine, the “design point”s were foundedocated near the maximum wind
speed or maximum significant wave heights which should acear each other. The same trend
can be observed in this study as well. It can be seen from &sg8ito 14 that the important
“design point’s for ECM and MECM shown as black dots are nbkar“tip” where maximum
wind speed and significant wave height occur. Thus, it isaealsle to ignore points that are
far away from this “tip” on the contour when applying ECM or @& in future studies for
long-term extreme response predictions. One way to sdlesttcases is to create a plane such
as the one shown in Figure 7. The plane is created based oisthaak to the “origin” and its
normal vector, which goes from “origin” to the “tip”. The salted “origin” is the origin point
in U-space transformed to X-space, which represents thé¢ pnosable combination of wind
speed and sea state. The part of the environmental contaiuistbutside of this plane can be

selected for ECM or MECM. The cross points in Figures 8 to Blsmlected by this method.
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Figure 7: 50-year environmental contour of Site 3 and thaisgn plane, beyond which the
cases are selected for ECM, MECM and RLTA.

The total numbers of environmental conditions for MECM ¢é4d and site 14 are 121 and 211,
respectively. They are significantly smaller than the nunabeases that FLTA uses, which is
3726 in this study.

The responses considered are listed in Table 2. The re$tsTa, ECM and MECM are
compared as shown in Tables 5 and 6 as well as Figure 15. Talded 6 show the fractile
levels required for each environmental contour to achibeesame extreme results as the full
long-term analysis. With reference to the% fractile level for 50-year contour arn&)% for
the other environmental contours, the percentage difteebetween FLTA and ECM/MECM
are shown by Figure 1810% fractile is commonly used for ECM ani% is used previously
for inner environmental contours for MECM for offshore winabines.

Alternatively, a multiplication factor on the mean valudloé extreme was also used instead
of fractile level to achieve the long-term results, and isw&cussed in previous studies on wind
turbines (i et al., 2013) and WEC Muliawan et al., 2012). Factors of 1.2 for ECM and 1.0 for
other contours with extrapolated expected extreme wer Udee percentage differences when

using multiplication factor are shown in Figure 16. Simtiaearlier studies, it can be seen that
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Figure 8: Discrete points of environmental contours cqoesling to the 50-year return period
for Site 3. The cross dots represents the selected comglitibhe black dots represents the
design points.
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Figure 9: Discrete points of environmental contours cqoesling to the cut-out wind speed
for Site 3. The cross dots represents the selected comglitibhe black dots represents the
design points.
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this contour.
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icant wave height of 6 m for Site 14. The cross dots repredbmetselected conditions. The
black dots represents the design points.

1.2 is a good alternative f®0% fractile for ECM when it is applicable. 1.0 can also substitu
50% for MECM when extrapolated expected extreme response & $@wever, it should be
noted that the extrapolated expected extreme value sjillire data fitting.

ECM performs well for most of the responses as the percerddfgeences compared to
FLTA is mostly within10%. However, MECM noticeably improves extreme responses af sp
heave (3) for both sites, relative heave (7) and torus contdocity (10) for site 14, and the
mooring force (8) for site 3, while the prediction of ECM is alulower than the FLTA results.
The under-prediction of ECM here is mainly due to the operati modes of the WEC as
well as the different statistics of the environmental ctiodi of the two sites. Figures 17 and
18 shows the relations between the normalized expectet-&nor extreme responses of spar
heave (3), relative heave (7) and mooring force (8) and tir@fsiant wave heights, respectively.
For spar heave (3) response, it can be seen that there is avpead the WEC changes from
normal operation to low PTO modé/g = 6m). So MECM with contour corresponding to the

significant wave height of 6 meter provides the best prashdidr both sites. For relative heave
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Table 5: Fractile levels of all the responses at each enwiesrtal contour so that the extrapo-

lated short-term extreme is the same as the FLTA result$eaB si

Table 6: Fractile levels of all the responses at each enwiesrial contour so that the extrapo-

FLTA 50-yrD (ECM) cut-out@® hs6d MECM
1 2.29E+03 86.25% 78.88% 60.88% 86.25B0
2 3.07E+01 92.65% 96.59% 85.16% 92.65B6
3  9.93E+00 99.95% 79.17% 3256% 32.5630
4 1.52E+01 88.96 % 85.44%  37.28%  88.96%0
5 3.14E+00 32.91% 86.72% 99.60% 32.91B0
6 1.84E+00 17.42% 86.96% 99.96% 17.42F0
7 9.11E+00 96.05% 78.39%  100.00% 78.39%%0
8 2.86E+03 99.75% 87.32% 27.85% 27.8530
9 2.66E+05 15.28% 5581% 96.73%  15.28%0
10 5.88E+00 94.06 % 1.86 % 64.92%  1.85520

lated short-term extreme is the same as the FLTA result$eat 4i

FLTA 50yr (ECM)D hsl12@ cut-out@® hs6@ MECM

1 3.05E+03 95.58 % 70.74% 97.20%  99.02% 70.78%
2 3.26E+01 90.75% 99.69% 98.16%  95.50% 90.78%
3 9.77E+00 99.50 % 97.01% 1425% 5.87% 5.8@%

4 1.61E+01 91.69% 98.65% 69.23%  48.54%  48.54%
5 4.21E+00 87.47% 95.27% 99.00%  100.00% 87.40%
6 2.79E+00 57.73% 99.99% 99.92%  100.00% 57.7@%
7 1.05E+01 99.50 % 76.00% 98.88%  100.00% 76.0@%
8 2.91E+03 61.54% 91.25% 53.70% 11.14% 61.54%%0
9 3.34E+05 69.04 % 99.30% 92.72%  99.99%  69.04%
10 7.02E+00 99.71% 19.25% 33.48% 8.98% 19.28%
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Figure 15: The percentage differences of ECM (90 % fractita &0-year contour) and MECM
(90% with 50-yr and50% with other contours) when compared to the FLTA results fdhtsite
3 and 14.

30%

: : : : : :
O EcMsite3 @ D ®
20% | -+ MECMsite 3
° ECM site 14 X

< X MECM site 14 5 X
S0 D T
e ¥ + P X + ®
? X
O 0%F
g
£ &
O 10% D
© -10%]
Q
c
o
2 -20% [
a

-30%

@) @)
-40% ‘ I ‘ ‘ ‘ ‘ ‘ ‘
1 2 3 4 5 6 7 8 9 10
Responses

Figure 16: The percentage differences of ECM (1.2 multgilan factor with 50-year contour)
and MECM (1.2 multiplication factor with 50-yr and 1.0 witth@r contours) when compared
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Figure 17: Normalized expected short-term extreme respeorssus the significant wave
heights for site 3. The response values are divided by tharmem. Hg (horizontal axis)
represents its most probable environmental conditionthe combination ot/y;, and7» that
gives the highest probability density with the givER.
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Figure 18: Normalized expected short-term extreme respeorssus the significant wave
heights for site 14. The response values are divided by themmuan. Hg (horizontal axis)
represents its most probable environmental conditionthe combination ot/y;, and7» that
gives the highest probability density with the givAR.
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Figure 19: Normalized expected short-term extreme respeorssus the significant wave
heights for site 3. The response values are divided by tharmem. Hg (horizontal axis)
represents its most probable environmental conditionthe combination ot/y;, and7» that
gives the highest probability density with the givER.
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Figure 20: Normalized expected short-term extreme respeorssus the significant wave
heights for site 14. The response values are divided by themmuan. Hg (horizontal axis)
represents its most probable environmental conditionthe combination ot/y;, and7» that
gives the highest probability density with the givAR.
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(7) response, it can be seen the peak of the short-term extresponse is at thHs = 12m
where WEC changes from low PTO to lock-submerge mode, wiaskrdially eliminate any
relative heave between the WEC and the spar. The 50-yeaoanwental contour of site 3 has
its maximum significant wave height slightly lower than 12tems. The point selected by ECM
on the 50-year contour will provide a good prediction. Tleme, ECM is applicable for the
relative heave (7) response for site 3. However, the 50-}gdior site 14 is around 15 meters
and is larger than the wave height where WEC is locked-sufpade!So ECM under-predicts the
extreme response for relative heave (7) for site 14. MECNuhes the environmental contour
corresponding té/s = 12 and successfully predicts the long-term extreme for tredixed heave
(7). For the same reason, and ECM under-predicts torus covetocity (10) for site 14 but
works well for site 3. On the other hand, the expected slen+extreme responses of mooring
force (8) rises significantly wheA s is above 12 meters (WEC locked and submerged) and has
also a relative smaller peak withs lower than 6 meters. For site 14, the long-term extreme
is contributed mainly by the environmental conditions with above 12 meters. With 50-year
contour atHs of 15 meter, the ECM can provide a good result. For site 3 esihe maximum
Hg for the 50-year contour is lower than 12 meter, the ECM umtedicts. In comparison, for
responses (shown by Figure 19 and 20 that ECM performs wgdinaral monotonic increasing
relation between the responses dilgl can be observed. The expected extreme responses of
Figures 17 to 20 are the responses from the most probableoanwental conditions of the
corresponding value of the significant wave heights (i.ee th-7» combination with the
highest probability density), and the shown normalizedigslare divided by the maximum
value so that they are between 0 and 1.

From the results, it can be seen that the performance of ECkhi® WEC with different
operational mode is dependent on the statistic of the emviemtal condition of each site. Even

for the same responses, ECM may or may not predict the caeselt depending on whether
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the 50-year environmental contour matches the most impioffa. The MECM includes four
important environmental contour (50-year, cut-out winéesh Hs = 12m and Hg = 6m)
to consider all the change of operation mode (i.e. opergtarih of the wind turbine and nor-
mal/low PTO/lock-submerge modes of the WEC) is a much madbesband reliable method
for this combined wind turbine and WEC concept.

While MECM can improve the results, it can also be seen treBGM/MECM can over-
estimate of abou25% for some extreme responses, such as surge/pitch acoheaaitil tower
bending moment. The cause is that the true “design poin¢’alaeady very close to the 50-year
contour, so the ideal fractile level should be arodfth. Thus, with a higher fractile level such
as90% is too conservative.

Compared to bottom-fixed_{ et al., 2013) and semi-submersible wind turbines in earlier
studies, one notable difference of this STC system is tleativer bending moment has “design
point’s that are located near the 50-year environmentatocwrwhich implies that it is domi-
nated by wave loads and is thus suitable for ECM as shown ile$d&band 6 as well as Figure
15. In previous studies, the tower bending moment is gowkhyewind loads and requires
MECM to achieve good long-term extreme prediction. Thigedénce is caused by larger pitch
acceleration of the spar induced by extreme wave conditiwh&h is greater than the effect
of the thrust of the wind turbine when operating. On the camirthere is no pitch motion for
bottom-fixed structure. The semi-submersible wind turlailse has much smaller pitch motion
compared to a spar.

Overall, it can be seen that MECM can be used for this apjphicatiespite the differences
compared to the offshore wind turbines. It improves the {@rgn extreme performance of

ECM by reducing the under-prediction to be witHip{%.
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Figure 21: RLTA percentage difference of sites 3 and 14.

4.2 RLTA

When applying the ECM and MECM, a number of cases (i.e. 1212dridenvironmental
conditions for site 3 and 14 respectively) are tested asudssx in Section 4.1. Since these
tested environmental conditions cover the most importasés for long-term analysis, one can
simply use these environmental conditions to perform th&/ARlirectly as explained in Section
1.4. The difference between FLTA and RLTA are shown in Figutgé. The advantage of the
RLTA is also clearly demonstrated by the fact that there isver-estimation possible for RLTA
by definition, unlike ECM/MECM for some responses. Sincelal important environmental
conditions are included, the under-estimation is alsotleas10%. Thus, if an additional 0%
increase is applied to the results of RLTA, the final estioratill be conservative and still very

close to the FLTA.
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5 Conclusion

The paper focuses on the efficient determination of the teng-extreme responses of a com-
bined wind turbine and wave-energy converter system, whi@nges its operational mode
depending on both mean wind speed and significant wave heidte performance of Envi-
ronmental Contour Method (ECM), Modified Environmental @ar Method (MECM) and
Reduced Long-Term Analysis (RLTA) is studied and compar#h the Full Long-Term Anal-
ysis (FLTA).

ECM is applicable for extreme responses that are causedtbgnex wave conditions but
performs poorly for some responses that are sensitive topkeational mode of the WEC.
In addition, its performance for some responses is founcetddpendent on the statistics of
the environmental conditions of the site. Thus, the MECMhvigur environmental contours
(50-year, cut-out wind speed{s=12 m andHs = 6 m) is required to give more reliable and
accurate long-term extreme prediction. The MECM predicisservative long-term extreme
responses and its under-predictions are within aaky compared to the FLTA results.

The design environmental conditions for ECM and MECM arenfbtio be only on the
part of the contour that are near the “tip” region correspogdo maximum wind speed and
maximum significant wave height is important. Thus, onlg thart of needs to environmental
contour be checked for each environmental contour.

Alternatively, using the environmental conditions chetky ECM/MECM, RLTA can also
be applied. The results of RLTA are very close to the FLTA draldifferences of their results
are lower than 0%. It is found that RLTA provides more stable results as thetenet be any
large over-estimations as in ECM/MECM, which is caused bygtites being too large for some
responses. Since RLTA is inherently under-predictingy)’& increase of the RLTA results can

be added to ensure the method to be conservative.
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Overall, the MECM and RLTA performs well with the combinednditurbine and wave
energy converter system and is a much simpler alternati#eTé. They can also be applied to

other systems that has different operational modes depgiodithe environmental parameters.

Acknowledgement

The authors gratefully acknowledge the financial supporfthe Research Council of Nor-
way through the Centre for Ships and Ocean Structures antteCem Autonomous Marine
Operations and Systems at the Norwegian University of $eiand Technology in Trondheim,

Norway.

30



References and Notes

Bachynski and Moan, 2013. Bachynski, E. E. and Moan, T. (R(R8int absorber design for a
combined wind and wave energy converter on a tension-lggastiptructure. IrProceedings
of the 32nd International Conference on Ocean, Offshore and Arctic Engineering, number

55423, page VOO8TO9A025.

Haver and Winterstein, 2009. Haver, S. and Winterstein,2809). Environmental contour
lines: A method for estimating long term extremes by a slerhtanalysis. IAransactions,

Society of Naval Architects and Marine Engineers, volume 116, pages 116-127.

Jonkman et al., 2009. Jonkman, J., Butterfield, S., Musiglavd Scott, G. (2009). Definition
of a 5-mw reference wind turbine for offshore system dewvelept. Technical report, National

Renewable Energy Laboratory.

Karimirad and Moan, 2012. Karimirad, M. and Moan, T. (201&simplified method for cou-

pled analysis of floating offshore wind turbinédarine Structures, 27(1):45 — 63.

Lietal., 2015. Li, L., Gao, Z., and Moan, T. (2015). Jointtdlzution of environmental con-
dition at five european offshore sites for design of combivadl and wave energy devices.

Journal of Offshore Mechanics and Arctic Engineering, 137(3):031901.

Lietal., 2013. Li, Q., Gao, Z., and Moan, T. (2013). Extrerasponse analysis for a jacket-
type offshore wind turbine using environmental contour hmet In Proceedings of 11th

International Conference on Structural Safety and Reliability.

Lietal., 2016. Li, Q., Gao, Z., and Moan, T. (2016). Modifiee/eonmental contour method
for predicting long-term extreme responses of bottom-fixishore wind turbinesMarine

Structures, 48:15 — 32.

31



Lott and Cheng, 2016. Lott, S. and Cheng, P. W. (2016). Loadpalations based on mea-
surements from an offshore wind turbine at alpha ventushiScience of Making Torque

fromWind (TORQUE).

Madsen, 1988. Madsen, H. O. (1988). Omission sensitivitiofa. Structural Safety, 5(1):35
— 45,

MARINA, 2014. MARINA (2014). EU FR7 MARINA PLATFORM: MarindRenewable Inte-
grated Application Platformht t p: / / cor di s. eur opa. eu/ proj ect/rcn/ 93425 _
en. htm .

Michailides et al., 2014. Michailides, C., Luan, C., Gao, @&d Moan, T. (2014). Effect of
flap type wave energy converters on the response of a semmesslble wind turbine in oper-
ational conditions. IProceedings of the 33rd International Conference on Ocean, Offshore

and Arctic Engineering, number 45547, page VO9BT09A014.

Muliawan et al., 2012. Muliawan, M., Karimirad, M., Moan, &nd Gao, Z. (2012). Stc (spar-
torus combination): A combined spar-type floating wind tneband large point absorber
floating wave energy converter promising and challengingPrbceedings of the 31st In-
ternational Conference on Ocean, Offshore and Arctic Engineering, number 44946, pages

667—-676.

Muliawan et al., 2013. Muliawan, M. J., Karimirad, M., and &g T. (2013). Dynamic re-
sponse and power performance of a combined spar-type fipatimd turbine and coaxial

floating wave energy converteRenewable Energy, 50:47 — 57.

Naess and Moan, 2012. Naess, A. and Moan, T. (20&8&¢hastic Dynamics of Marine Struc-

tures. Cambridge University Press.

32



Peiffer et al., 2011. Peiffer, A., Roddier, D., and Aubaalt(2011). Design of a point absorber
inside the windfloat structure. Froceedings of the 30th International Conference on Ocean,

Offshore and Arctic Engineering, number 44373, pages 247-255.

Ren etal., 2015. Ren, N., Gao, Z., Moan, T., and Wan, L. (2015ng-term performance
estimation of the spartorus-combination (stc) system witterent survival modes.Ocean

Engineering, 108:716 — 728.

Rendon and Manuel, 2014. Rendon, E. A. and Manuel, L. (2014)ng-term loads for a

monopile-supported offshore wind turbirind Energy, 17(2):209-223.

Rosenblatt, 1952. Rosenblatt, M. (1952). Remarks on a vaultite transformationThe An-

nals of Mathematical Statistics, 23(3):470-472.

Saranyasoontorn and Manuel, 2004. Saranyasoontorn, Klandel, L. (2004). On assessing
the accuracy of offshore wind turbine reliability-basedida loads from the environmental
contour method. Ihnternational Society of Offshore and Polar Engineers, volume 1, pages

128-135.

Soulard and Babarit, 2012. Soulard, T. and Babarit, A. (20DNumerical assessment of the
mean power production of a combined wind and wave energfopfat In Proceedings of the
31st International Conference on Ocean, Offshore and Arctic Engineering, number 44946,

pages 413-423.

Videiro and Moan, 1999. Videiro, P. M. and Moan, T. (1999)id#nt evaluation of long-term
distributions. InProceedings of the 18th International Conference on Offshore Mechanics

and Arctic Engineering.

33



Wan et al., 2014. Wan, L., Gao, Z., and Moan, T. (2014). Modst btf the stc concept in
survival modes. IriProceedings of the 33rd International Conference on Ocean, Offshore and

Arctic Engineering, number 45530, page VO9AT09A010, Rotterdam, The Nethdslan

Winterstein et al., 1993. Winterstein, S., Ude, T., Cornéll, Bjerager, P., and Haver, S.
(1993). Environmental parameters for extreme responserdga form with omission fac-

tors. InProceedings of the 6th International Conference on Structural Safety and Reliability.

34



