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ABSTRACT

Predicting extreme responses is very important in desmgaibottom-fixed offshore wind turbines. The com-
monly used method that account for the variability of thepagse and the environmental conditions is the full
long-term analysis (FLTA), which is accurate but time canig. It is a direct integration of all the probability
distribution of short-term extremes and the environmeataditions. Since the long-term extreme responses are
usually governed by very few important environmental cooras, the long-term analysis can be greatly simplified
if such conditions are identified. For offshore structu@se simplified method is the environmental contour method
(ECM), which uses the short-term extreme probability distion of important environmental conditions selected
on the contour surface with the relevant return periods. ldeer, because of the inherent difference of offshore
wind turbines and ordinary offshore structures, espegi#tileir non-monotonic behavior of the responses under
wind loads, ECM cannot be directly applied because the enwirental condition it selects is not close to the actual
most important one.

The paper presents a modified environmental contour metké&C(\) for bottom-fixed offshore wind turbine
applications. It can identify the most important enviromtaé condition that governs the long-term extreme. The
method is tested on the NREL 5MW wind turbine supported byplisied jacket-type support structure. Compared
to the results of FLTA, MECM yields accurate results and mvaito be an efficient and reliable method for the
prediction of the extreme responses of bottom-fixed ofshord turbines.

Keywords: environmental contour method, inverse first order religbihethod, offshore wind turbines, long-term
extreme response, statistical extrapolation

1 Introduction
Long-term analysis is very important for determining bafa-time fatigue damage and extreme structural responses
of offshore wind turbine designs. The full long-term an@yiategrates the product of the probability of the enviremtal
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conditions and the corresponding short-term responseapility distribution (extreme probability, fatigue danegtc.) to
calculate the life-time result.

Due to the large number of environmental conditions to biiged, the full long-term analysis is not efficient or eco-
nomical. Thus, many simplification methods are used for #tigde and extreme prediction. The simplified methods are
either improving the efficiency of simulations or reducihg number of environmental conditions for the integratibar
fatigue, there are methods for efficient probability intdgvaluation such as perturbation approach, asymptopicoap
mation [1], or univariate dimension-reduction method BXf;. For fatigue damage, frequency-domain analysis canbals
used instead of the more costly time-domain simulations RJr extreme analysis, there are simplified methods such as
estimating the extreme responses by combining the extrantkes each single environmental load, such as [4-6].

The analysis can also be simplified by reducing the envirariaheases. This is especially effective for extreme anglys
because the long-term extreme is affected by very few enmiental conditions. The environmental contour method (ECM
[7] is such an approach based on the Inverse first order ii@yamethod (IFORM) [8], which uses a single short-term
environmental condition with the desired return period.sltnitially used in offshore structure design and is nowoals
included in the design for land-based and offshore windited Different from ordinary offshore structures, winddines
operate or park under varying wind speed. Thus, it has beandfby [9-12] that the method is not suitable for many
offshore wind turbines. The paper will show that the modifegironmental contour method (MECM) can still be applied
for bottom-fixed offshore wind turbines and find the longriextreme response efficiently with accuracy.

The paper introduces MECM and its implementation. A casgystim the NREL 5MW wind turbine [13] supported by
a simplified 92-meter jacket-type support structure [L4hwiater depth of 79 meter is conducted. The wind turbinetehpi
regulated with cut-in, rated, and cut-out wind speed of 3 {4 m/s and 25 m/s respectively. The environmental cimmdit
are based on a site located in central North Sea, labeledea$5sin [15]. The environmental parameters considered are
mean wind speed, significant wave height, spectral peakgerile the turbulence intensity of the wind speed is assume
to be constant as 0.15.

2 Full long-term analysis (FLTA)

The full long-term analysis (FLTA) is a straight forward rhetl for calculating the long-term extreme response proba-
bility distribution. It is an accurate approach becauseitsiders all the environmental conditions, which is alsq wtls
not very economical. The results of the full long-term as@yre used as benchmark to determine the performanceasf oth
simpler long-term extreme analysis methods.

The FLTA calculates the long-term result by directly inttimg all environmental parameters and the corresponding
short-term response probability functions. There are nveanys for short-term analysis by using extremes (maxima o ea
time period), local peaks, or up-crossing rates, etc. [1B6lising the short-term extremes, the long-term extremelman
found by Eg. (1), wher& stands for the cumulative distribution function (CDF) anid the environmental condition that
satisfies Eq. (2)fs(s) is the probability density function (PDF) ef ;T (§) ande‘g(ﬂs) are the long-term and short-term
CDF of the extreme values of the respoiXseespectively.

R ) = [ FILES) fe(s)ds ®

/ fs(s)ds= 1 @)

In this study, the 1-hour short-term extremes probabiligyribution is used. The 1-hour short-term extremes prditab
distribution is calculated based on the maximum responk&8-minute periods by assuming each 10-min period is inde-
pendent. Since mean wind speed, significant wave height@aatral peak period are the variables for the environmental
condition, Eq. (1) can be rewritten as Eq (3), whggg Hs, Tp are mean hub-height wind speed, significant wave height, and
spectral peak period respective&f_hr( is the long-term 1-hour extreme CDF of response X aﬁ ( luht) is

the short-term 1-hour extreme CDF of response X under emviemtal conditior{u,h,t).

“hr[Uw,Hs, Tj

R / / / ST b, WD T, (wh Odudhdt= $FEST o (Euh ) fu, (s h DAuARA  (3)



For 50-year long-term results, one can either firslich thaF)'ng_hr(E) = 1/(50-36525-24), or find the 50-year 1-hour
extreme probability distributioffy. (£)]°*3%52>24 and calculate its most probable value as the result.

The FLTA is used in design of offshore structures and windings, often with some simplification such as reducing
the number of environmental parameters. The disadvanfaye onethod is that it requires a large number of simulations
to cover all the environmental conditions. For most requiats, only the high exceedance probability (50-year oye&4x;
etc.) is of interest, which means that only the tail part & litng-term extreme CDF is important. This implies that most
of the environmental conditions included are not contrifmito the result of the long-term extreme. If the most impott
environmental conditions are preserved while the uningmtidnes are ignored, the FLTA will still give the same result

3 Environmental contour method (ECM)
The environmental contour method aims at using the shori-extreme distributior’FxslTh”UWH . (€lu,h,t) with en-
- Hs Tp
vironmental parameters combination of a “design point” le& ¢ontour line or surface of environmental condition with a
desired return period (50 year or 20 year, etc.). The basi af ECM can be described by Eq. (4), whake hy, andty

represent the environmental condition leading to the Ergetreme response on the N-year contour.

Py (8) = P (&lun, hn, tn) (4)

1 XehrUw Hs Tp

ECM is based on the IFORM [8]. The idea of first-order relipinethod (FORM) is to transform the known limit-state
surface/line to a linear tangent plane/line at the designtpiw standard normalized random space (U-space) to findheut
failure probability more easily. A limit-state surfacediis the collection of all the environmental conditionst thave the
same value for a response, such as same short-term extreragata. The design point is the point on the limit-statdéaae
that is closest to the origin in U-space. The FORM calcultitesailure probability based on the distance of the des@ntp
to the origin when the limit-state is known. However, usi@HfM to calculate the limit state (extreme) requires itenadi
IFORM is the inverse process of FORM to calculate the extreahge (limit-state) when the probability is known. IFORM
creates a spherical surface with the given probability isgdee and transform it back to the original physical spaat th
include all the variables (X-space) by Rosenblatt trams&dion [17] and find out the design point on the contour in desp
Thus, the IFORM also approximates the limit-state surfadg-space as a linear tangent plane at the design point. IFORM
is included in both IEC 61400-1 [18] and IEC 61400-3 [19] famdl-based and offshore wind turbines respectively. Howeve
the IFORM described in IEC 61400-3 for offshore wind turlsingin fact ECM. ECM is a further simplification of IFORM
as the variability of the response is ignored, which meamsazo consists of only environmental parameters (wind,ayvav
etc.) and without the response as a variable.

From Eq. (4), it can be seen that the return period of the jointd and wave condition is N-year. To compensate the
omitted variability of the response, an inflated contoufae with higher return period or a higher fractile (typlgdfom
70% to 90% for different types of responses) than mediandd as the prediction according to the omission factor [8p20]
the short-term extreme response probability distributMaltiplication factors have also been used instead of éxiditactile
in some studies [21].

For ECM, the procedure is straight forward.

=

. Construct the 50-year environmental contour surfaoe/i

. Select environmental conditions on the contour surfaee/

3. Choose the case with largest extreme response and udees figctile or a multiplication factor to achieve the 5taye
extreme response.

N

The method has been used in the extreme response analydfshore design considering combined loads such as
wave, wind, and current, etc. The advantage of the enviratmheontour method is that it decouples the response and the
environment and requires only simulations of several setedesign cases on the contour surface. However, thisas als
the limitation of the method, as it assumes that the actupbmant environmental condition to be close to that setkote
the contour surface. Because of this, ECM does not perforinfaremany offshore wind turbines. It is mainly due to the
non-monotonic behavior from wind load. The responses dweirtd loads are generally higher when the wind turbine is
operating. This means that they are higher within the omaratwind speed range and lower when it exceeds cut-out wind
speed. If wind load dominates a response, it is very likedt thrger extreme occurs when environmental condition ts no
severe. In this case, the omission of the response vatjalyiECM is not suitable. In earlier studies by [9-11], it vedso
found that ECM is not applicable and only the complete IFORNhoaut omission of the responses can be applied to wind
turbines.
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Fig. 1. Most probable 1-hr short-term extreme responses of bottom fore-aft shear force Fy under wind loads only; dashed line corresponds
to 50-year hub-height mean wind speed.
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Fig. 2. Most probable 1-hr short-term extreme responses of bottom fore-aft bending moment My under wind loads only; dashed line
corresponds to 50-year hub-height mean wind speed.

For example, Fig. 1. and Fig. 2. shows the most probable t-ddreme responses of bottom fore-aft shear force and
bending moment under wind load only against the mean hujhbeiind speeds. In this case, the responses are only under
wind load and the wind speed is the only environmental patamidus the “contour” of ECM reduces to a point, which is
the 50-year mean hub-height wind speed.

From Fig. 1. and Fig. 2., it is easy to observe the non-mornotoahavior of the extreme responses with respect
to the wind speed. The extreme responses at ECM selecteddzeste=d line) is much lower than that of the operational
wind speeds. On the other hand, the same extreme resporesés wave loads only are shown in Fig. 3 and Fig. 4. The
relationship between the response and the wave enviromirgarameters is monotonic, which is the reason the vaitiabil
of the response can be ignored and ECM can be applied whemvenrbyis considered.

For a combined wind and wave load, ECM cannot be applied tijreither if the response is mainly dominated by
wind. The method will generally suggest an environmentatiition with an operational wind speed combined with a wave
condition so that the joint return period is 50-year, whiglk$sentially a frequent wind speed with a rare wave. Howéwer
a response that is dominated by wind, having a rare wave tondvill not increase its extreme value as much. As a result,
ECM will under-predict the long-term extreme responses.aAgxample, Fig. 5. shows the 2-D 50-year environmental
contour, the approximation made by ECM and the true lingitest Ty, is omitted in the figure. The results are based on
the simulations under the environmental conditions oedéhtU,,-Hs combinations and their corresponding most probable
value of Ty , i.e. the one with the highest probability density with givéy, andHs. The selected case by ECM is the one
with the largest extreme response on the 50-year contoaanitbe seen that the tangent line cannot approximate the true
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Fig. 3. Most probable 1-hr short-term extreme responses of bottom fore-aft shear force Fy under wave loads only.
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Fig. 4. Most probable 1-hr short-term extreme responses of bottom fore-aft bending moment My under wave loads only.

limit-state very well.

The assumption of ECM is that the variability of the extremgoonse can be ignored, which requires that there should
not be large non-monotonic behavior in the responses uhdaiddminating environmental parameter. From the examples
shown by Fig. 1 - 5., one can see that the behavior of the raggoriolates the assumption and ECM cannot be applied
directly.

4 Modified environmental contour method (MECM)

Even though the original environmental contour method do¢perform well for wind turbines under wind or combined
loads, the method can still be useful with appropriate modalifdbn. The major problem of ECM is that at 50-year return
period, the non-monotonic behavior of the responses cdahisesvironmental case found by ECM to be far away from the
true case. However, if such an obstacle can be bypassed, E6M applicable.

For an N-year extreme, since there @xe 365.25- 24) numbers of 1-hour periods and assuming each 1-hour period is
independent, the N-year 1-hour extreme CDRig, ., (§) = [F], (£))]"3932>24, The 50-year 1-hour extreme CDF can
be rewritten as Eq. (5).

Prasnsoyr(€) = (IR, GNIMO2 2SN = [B o (B (5)

Thus, the 50-year extreme can be extrapolated from any Ney¢geme as long as the same 1-hour long-term extreme
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Fig. 5. The 50-year 2-D environmental contour in U-space. The triangular symbol and the straight solid lines represents the case selected

by ECM and the approximated limit-state. The “X”s represent the limit-state of the long-term extreme response of Fy with the same return
period (50-year). The dashed line represents the cut-out wind speed.

CDF is used. Further more, if the N-year extreme GRE, . (§) can be well-approximated by ECM, the 50-year extreme
CDF Fx, 1,504, (§) can also be extrapolated from the ECM result.

The idea of MECM is to use t SlThrlu et (€|un,hn,tn) to approximate the N-year environmental contour to represe
- w,Hs, Ip

Py (§) @and extrapolate it to findkx, o, ,,(€), where N is chosen such that ECM can perform well. Eq. (6) show
the idea of MECM, wheréx, ,, ., (§|u,h.t) is the 50-year 1-hour extreme response CDF extrapolatedthie short-term
environmental conditiorfu,h,t). Fig. 6 shows the environmental contour with maximum windespof 25 m/s. This
corresponds to a return period of 0.0766 year or 672 hours.tHeoextreme response with this return period, ECM is
applicable because the tangent line can well approximatértie limit-state curve. It should be noted that the lintitts
curve is not a bijective function if the curve passes bothdperation and parking region. One can see a discontinuity in
the limit-state curve at the cut-out wind speedrt?5S) in Fig. 6. This is because in the operational region, thpaese of

the wind turbine is much higher. Given the same wave corditizere will be two environmental conditions in operationa
(lower wind speed) and parked region (higher wind speedinigahe same extreme response. Hence one can observe an
overlap of limit-state curve near the cut-out wind speed.

Py ansoyr (€) = [Fampuye (817N 2 Py, (Elun Pt = [FRT L (€ fun v )] (6)

X1hr|Uw,Hs,T,

The most probable value of the extrapolated probabilitrithistion by MECM can be used to approximate the 50-year
long-term extreme. The reason for the modification is toétaé non-monotonic behavior of the responses due to the wind
loads and use a better environmental condition for appration instead of the 50-year one to represent the 50-yegr lon
term 1-hour extreme response probability distributiomN i 50, then MECM is the same as ECM. If N is chosen such that
the maximum wind speed on the contour is less than the cigpaed, the discontinuity of the limit-state surface is lsgea
and the environmental contour method can be used. Furthrey, bl is more closely selected to capture the most impaortan
environmental condition that contribute to the tail regminthe long-term extreme response probability distributithe
result should be very close to that of the FLTA and the coiwedactor or higher fractile will not be required.

4.1 Procedure of MECM

The procedure of MECM is more complicated compared to ECMdxttll a huge simplification compared to the FLTA.

When wind is not considered or when only parked conditionfimterest, the wind turbine is similar to an offshore
structure. The original ECM is applicable, because theraptions are valid for responses due to wave load. MECM gives
cases that are close to that selected by ECM and will not geaviuch improvement in accuracy.

When wind is considered and wave is ignored, the original EE@khot be applied due to the violation of its assumption.
To achieve accurate result without correction factor ohhkigfractiles, multiple cases should be tested betweed eatd
cut-out wind speed to find the largest value. The procedureiftd load alone can be described as follows.
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Fig. 6. The 2-D environmental contour with maximum wind speed of 25 m/s (0.077-year) in U-space. The triangular symbol and the straight
solid lines represents the case selected by MECM and the approximated limit-state. The “x”s represent the limit-state of the long-term extreme
response of Fy with the same return period (0.077-year). The green dashed line represents the cut-out wind speed. A discontinuity can be
observed, which is caused by the non-montonic behavior of the response.

Find multiple operational wind speeds
with Ny-yr return period and their
most probable sea statiy, hin, ,ka

l

Find the largest value of all
MOXl-hr.so-yr(anthtNk) and its
corresponding return yea;.

l

From the cases on the contour surface of]
Ni-yr return period, find the largest most
probable extreme valuil OXy 5041 (un; ;P )

\

Fig. 7. The procedure of MECM when considering combined wind and wave loads for bottom-fixed offshore wind turbine.
MOxl_hrsoyr(u,h,t) is the most probable value of the 50-year 1-hour extreme extrapolated from the short-term extreme at environmental
condition (U,h,t)

1. Select multiple wind speed between rated and cut-outispee find their extrapolated 50-year extreme response prob-
ability distribution.

2. Compare the selected ones, and use the largest extepolast probable extreme as the representation for the &0-ye
extreme.

When combined loads are considered, the procedure for sinar# fixed wind turbine will be to select wind conditions
first and pick wave condition for a given return period of thedvcondition. The procedure is also illustrated by Fig. @ an
8.

By following the procedure in Fig. 7, the variability of thesponses are included by checking multiple contour susface
with different return periods.

The results of MECM provides much better predictions coragdo the original ECM for bottom-fixed offshore wind
turbines because the responses are generally heavilyno@ideby wind load. By checking multiple contours within the
operational wind speed range, the most probable value @xtiapolated extreme response probability distributiataines
the result of FLTA.

In addition to offshore wind turbines, MECM may also be agglile to other system whose structural responses are
non-monotonically related to environmental parametech st systems with on-off or active control features accoytth
the external conditions.
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Fig. 8. An example of the procedure of MECM when considering combined wind and wave loads for bottom-fixed offshore wind turbine. Top
figure shows that the first step is to find the most important wind speed within the operational range (between dashed lines). Middle figure
shows the 3-D environmental contour surface corresponding to the return period of identified most important wind speed, where several cases
should be selected and compared to find the most important environmental condition (combination of wind speed, significant wave height and
peak spectral period), which should be located near the top tip of the surface where wind speed and significant wave height are highest. For
better illustration, the bottom figure shows the projected 2-D contour lines of the top tip of the surface in the middle figure. Points on each
contour line have the same wind speed. The triangular markers are the identified most important environmental condition for MECM.



4.2 Number of short-term simulations

Assuming that the correct environmental condition is fouhd extrapolated extreme response probability distobudf
MECM requires enough number of short-term simulations teea® a good extreme prediction. Because of the extrapalati
in Eg. (6), the number of simulations required is differemtéach case depending on their return period. The smader th
return period is, the more simulations is required.

In this study, the short-term 1-hour extreme probabilitstidbution is extrapolated from 10-minute extremes. It is
assumed that each 10-minute period is independent. Sieamalkimums of a normal distribution converges to a Gumbel
distribution, the probability of 10-minute extremes arsuased to be Gumbel distribution, which can be described by th
CDFin Eq. (7). Itis defined by two parametgrandf.

F(x) = e e/

()

Since there are six 10-min periods in 1 hour, assuming intdgece, the 1-hour extreme CDF can be described as the
10-min CDF to the power of six. The extrapolation of 50-yednaur CDF is described by Eq. (8).

Pty nesoye (6 UNPININ) =~ [FRT (&|un,hntn) 20N = [FRT  (Elun,hn ) 25O ®)

1-hr|Uw,Hs, Tp X10-minjUw.Hs,T,

The most probable value or mode of a Gumbel distributiop. isAfter extrapolation, the new most probable value
MO, 50, (UN:INN) i described by Eg. (9).

MOXl-hr,SO-yr(uN7hN atN) = LH‘ Bln(G 50/N) (9)

Generally, whem is large or comparable to 50, since ajsis larger thar3, 1 is more influential on the most probable
extreme value. However, after extrapolation, the valuetbfm yeal is very small compared to 50. For this stublyis as
small as 0.077 for the cut-out wind speed. This meansfiii@imore important to achieve the accuracy of the extrapolate
most probable extreme. The errorofloes not influence the result as much as the err@r &o it requires enough number
of simulations to ensure the errorpfs small.

Eq. (7) can also be rewritten as a linear Eq. (10). For thidystthe parameter is fit by the simple linear regression
(SLR), which is the |east square estimator of a linear mo8elthe extrapolated most probable value fit is shown by Eq.
(11), whereu(n) andp(n) are the estimation from the SLR withdata points.

x=B[—In(=InF)]+p (10)

Mo(n) = f(n) + B(n) In(6- 50/N) (11)

One way to test the parameter fit is to check the 95% confiderterval of the estimation of the extrapolated extreme.
If assuming the error of the value is normal distributed,dbefidence interval can be calculated assuming that the isrro
normal as Eq. (12).

Mog,= (n) = Mo +tg.g75n_2v/var(Mo(n)) (12)

wheretg 9752 is 97.5% fractile value of Student’s t-distribution with — 2) degrees of freedom amds the number of
simulations. Based on Eq. (11) and the variance summatlerofunultiple random variables, the variance can be caledla
by Eqg. (13) with the variances and the covariancg ahdf3. They can be found with the calculation of SLR. It can be seen
that if N is very small, only the variance @fis most influential.



var[Mo(n)] = var[u(n)] + [In(6-50/N)]?var[B(n)] + 2In(6 - 50/N)covu(n), B(n)] (13)

Assuming that it is desirable to achieve a difference betvike upper and lower 95% bound of the most probable value
to be less than 3% of the estimated most probable extremeRf Bk can use a test expressed by Eq. (14) to see whether
the number of simulations is sufficient.

—Mog-(n)
o(n)

Cl9%(n) = MOC'*(:;I

<3% (14)

Itis found that when such requirement is met, the extrapdlatost probable value is stable and accurate. For different
cases and different responses, the number of simulationgreel could be different depending on the variancp.of

5 Simplified FLTA

In Section 2, it is mentioned that the FLTA is inefficient mgibbecause most of the environmental conditions are
negligible for the 50-year extreme. The environmental éword with the largest contribution of long-term exceedanc
probabilityQilT_hr‘UW,HS.Tp(Xl_hr,5o_yr|u,h,t) fUW,HS,Tp(u,h,t) is the most important one for predicting the 50-year extrente

short-term exceedance probabiI(@L”‘UWH&Tp (X1-hr509r|ushit) is calculated by Eq. (15), whedé nesoyr is the 50-year
1-hour extreme predicted by FLTA. '

ST ST
X1.hr\Uw-,Hs-,Tp (Xl—hr,SO-yr | U,h7t) =1- Fxl.hr\Uw,Hs,Tp (xl—hr,SO—yr|Uahat) (15)

In Section 4, it was shown that the extrapolated most pr@bexireme value can be used to find the important envi-
ronmental conditions without the knowledge of the longvtexxtreme value. Comparing the extrapolated most probable
extremeMoxl_hr,Soyr(uN,hN,tN) and exceedance probability contributi@if_hr‘uw,HS,Tp(Xl_hr,5o_yr|u7h,t)fUW,HS,Tp(u7h,t), one
can see that the two methods finds the same most importars déige 9 and Fig. 10. shows the exceedance probability
contribution and the most probable extrapolated 50-yr &direme response of the bottom shear force. They both find the
same environmental conditions that are the most important.

Fig. 9 shows that most cases are unimportant as their exceegaobability contribution is very low. For these
unimportant cases, if value 1 substitutes the CDF valuearHITA, the 50-year long-term extreme result does not change
noticeably. Thus, it means the simulations are not needagllfoonditions. Only the extreme probability distributiof the
important cases will be useful in long-term analysis. Thius full long-term extreme analysis can be simplified as E§),(
where{u;,hi tj} represents all the important conditions gugih; t;}© are the unimportant ones.

F;fh'r(a):{ > }Fﬁlr‘UW’HS’Tp(ﬂu,h,t)fUW,HS,Tp(u,h,t)AuAhAtJr > C1. fUHe. T (U 1) AUARAL (16)
Ui, hi t; {ui,hi b}

This simplification of long-term analysis is also appliedficarine structures when only wave conditions are concerned
and yield good accuracy [22]. The most important and diffithihg is to select appropriate cases to efficiently appnate
the FLTA.

Without the knowledge of the 50-year extreme, the seleatibanvironmental conditions can be similar to that of
the modified environmental contour method, which is to fingl itost important condition based on the the extrapolated
most probable extremiéox,,, ., (Uh,t) and other environmental conditions around it. Dependinghenbin size of the
environmental parameters, different numbers of caseddhewsed.

6 Modeling and simulations
The model used is the NREL 5MW pitch-regulated wind turbinpported by a jacket structure. The jacket structure
is 92 meter high located at 79 meter deep water. Here thetjatikesture is simplified as a six-section monopile with each
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Fig. 9. The exceedance probability contribution of the bottom shear force from each environmental condition (only cases with largest values
are included for a more clear comparison).
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Fig. 10. The most probable extrapolated 50-yr 1-hr extreme response of the bottom shear force under each environmental condition (only
cases with largest values are included for a more clear comparison). The found cases covers the ones in Fig. 9.

section shaped as a cylinder. The bending stiffness andtydamic properties are equivalent to that of the origiaekgt
structure. The model is assumed to be quasi-static, so timbtwibine and the support structure are uncoupled and the wi
and wave are simulated separately. The response from cethhiimd and wave loads is found by summation of response
time series induced by wind only and wave only. The simplifartahas been verified by [14], which significantly reduced
the number of simulations needed. The coordinate systehedbtver, support and the blades are shown in Fig. 11.

Itis modeled by HAWC?2 [23] for wind loads and USFOS [24] forwedoads. The wind load is calculated by blade ele-
ment momentum theory and the wave load is calculated byrliieawave theory with Wheeler stretching. The JONSWAP
wave spectrum is used.

The environmental condition used is from site 15 in centraitN Sea in study by [15]. Mean wind speed, significant
wave height and spectral peak period are the environmeatahgeters considered. The wind speed is fit to Weibull dis-
tribution, and the significant wave height and spectral gesiod are both conditional log-normal distribution. Tleaj
probability density function is as Eq. (17). The turbuleimtensity is assumed to be constant a&50 The misalignment of
wind and wave direction is not considered in this study.

wa,Hs7Tp (U,h,t) = wa (U) fHS\UW (h| U) pr\Hs (tlh) (17)

The 3-D environmental contour surfaces used in ECM and ME@Mganerated by the Rosenblatt transformation,
which transforms the sphere in normal U-space to the costafiaces in original X-space. There are 90 10-min simuiatio
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Fig. 11. The global (left) and blade (right) coordinate system. The wind and wave are towards the negative y-direction of the global coordi-
nate. For blades, the z-axis is from root to tip, x-axis is in chordwise direction and y-axis is towards the suction side. [23]

Table 1. The environmental conditions simulated for the FLTA

min. max. bin

Uy [m/g 2 50 2
Hs [m] 1 15 1
To [9 2 24 2

performed for each environmental condition, which give 8tagoints for the extreme responses. This large amounteumb
of simulations is to ensure the probability distributioniresition is accurate and will not affect the result. The 1sho
extreme distribution is calculated based on the 10-mireex#s by assuming each 10-min is independent. For the FLEA, th
environmental parameters are selected as Table 1.

For ECM, several cases are selected along the 50-year amamtal contour. For MECM, the cases are chosen along
the contour with different maximum wind speed such as theoatitvind speed 25 m/s, etc.

The responses considered are the jacket bottom shear faddeading moment, tower bottom shear force and bending
moment, and blade root bending moments as shown in Tablee e model is uncoupled, the tower and blade responses
are only due to wind loads. The jacket bottom responses agéest under both the wind load only, wave load only as well
as combined wind and wave. The responses due to the combimétkasummation of the responses induced by wind only

and wave only.

7 Results and discussion

The result of ECM, MECM are compared to that of the FLTA. Theutts of FLTA are shown in Tables 3 and 4.

In Table 3, the combined extreme results is relatively lompared to the sum of the extreme values under wind only
or wave only. Especially, the extreme value under combinadd forMy is very close to that under wind load alone. The
reason is that the extreme values of wind and wave do not aotwitaneously. The wave extreme occurs near the 50-year
sea state, while the wind extreme occurs within the operati@nge of the wind turbine. Thus, the low correlation kestw
wind and wave extremes means the combined extreme is mueh tban their sum.

7.1 ECM
The original ECM works well with responses that are underanaad only. This is because the responses are monoton-

ically related to the environmental parameters and thenag8ans of ECM are valid. ECM prediction for responses under
wave loads matches that from FLTA when a higher fractile edus



Table 2. Types of responses considered in this study

Response Description
Fy support bottom fore-aft shear force
My support bottom fore-aft bending moment
Fy,Tower tower bottom fore-aft shear force

MxTower  tower bottom fore-aft bending moment
My Blade blade root flapwise bending moment
My Blade blade root edgewise bending moment

M_Blade blade root torsional moment

Table 3. Extreme responses with return period of 50 year obtained by the FLTA.

Wind Wave Combined

Fy [KN] 2.04E+03 2.58E+03 2.74E+03
My [KNm] 2.39E+05 1.56E+05 2.53E+05

Table 4. Extreme responses with return period of 50 year obtained by the FLTA. These responses are only influenced by wind load, so there
is no responses from wave or combined loads.

Wind

Fytower [KN]  1.46E+03
My Tower [KNmM] 8.37E+04
Mygiade [KNmM] 2.15E+04
Myglade [KNm] 1.05E+04
Mzglade [KNmM] 2.65E+02

For the responses under wave loads only, by following ECM@dare, one case on the 50-year contour can be selected,
and it predict the 50-year long-term extreme well when a 9t#¢tile is used as shown in Fig. 12.

However, when wind is included, ECM will under-predict ewghen a very high fractile is included. This is mainly
due to the fact that the environmental condition selecte@®¥ is far from the true most important one because of the
non-montonic behavior of the responses.

When only wind load is considered, the environmental “caritoeduces to a 1-D point with 50-year wind speed 33.7
m/s, at which the wind turbine is parked. Table 5 shows the 88¢iile value. The results from ECM is significantly lower
than the FLTA results because the wind turbine is parkedegb@hyear wind speed. The responses when parking is gegnerall
much lower than that when the turbine is operating.

Due to the problem with the wind loads, when combined loadscansidered, ECM cannot perform well either as
shown in Fig. 13. ECM prediction dfy is still conservative and acceptable becakgés more dependent on the wave
condition. However the extreme predictionMf, is still more than 10% lower than the FLTA result when a higicfile of
90% is used. When even higher fractile such as 99% is usedtleatreme can be predicted exactly. But it is not practical
because the results of FLTA is not available in reality softhetile level have to be selected intuitively. The fraztigvels
are different for each response and are also influenced nthieonment of the site. For a typical extreme value proiigbi
distribution such as Gumbel distribution, when the fradi#ivel is close to a high value such as 99%, the predicteevalu
in the tail region of the probability distribution. In thiase, a small change of the fractile level will lead to a lanffeince
in the prediction. Fig. 13 shows an example of this probleme @an observe that the change of the value of the percentage
differences is much larger when the fractile is higher th@#9This means that the result based on intuitively seleigtul
fractile level is not consistent.

It should also be noted that the expected or median extretheawionservative empirical multiplication factor such as
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Table 5. ECM prediction against FLTA results of the extreme response under wind load only. ECM results are the 99%fractile level extreme

atUy =337m/s.

Method Fy[kN] MX [kN I’Ti Fy7Tower[kN] MX’Tower[kN I’Ti
ECM 4.51E+02 5.61E+04 2.57E+02 1.16E+03
FLTA 2.04E+03 2.39E+05 1.46E+03 8.37E+04

Method Mx,BIade[ani My,BIade[ani Mz,BIade[ani

ECM 6.08E+03 1.44E+03 9.10E+01
FLTA 2.15E+04 1.05E+04 2.65E+02
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Fig. 13. The percentage difference between ECM prediction at different fractile levels and FLTA results of the extreme response under

combined loads. (EC',\:A[%A -100%
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level and FLTA results of the extreme response under wave loads. For wave only cases, ECM performs even better than MECM when the
appropriate fractile level is chosen, though prediction of MECM is also good (less than 7%).

1.25 was also used for extreme prediction in some studyadseé fractile for ECM [21]. Its advantage is that it requires
less simulations since only the median is required to beighexti

7.2 MECM

In this section, the results of MECM are compared to those®FLTA. The results of MECM shown are Moy, ,, 5., (U;h.t)
values.

Compared to ECM, MECM is similar when only wave loads are aered as shown in Fig. 14. Since there is no
non-monotonic behavior of the responses, the variabifitggponse can be safely ignored. So the case selected by MECM
is close to that selected by ECM as shown also in Table 6. Thaikigher fractile such as 90% is applied, ECM can predict
the long-term extreme well and have the same prediction aSMIESo when only wave is of interest, the original ECM is
the more efficient and effective method.

Table 6. Environmental conditions selected by ECM or MECM.

Hs[m|  Tp[s

ECM 10.8 14.7
MECM 9.3 133

However, as explained in Section 4, the advantage of MECMbeaseen when wind is included. The environmental
conditions tested are listed in Table 7. They range fromirctid- cut-out wind speed evenly with a bin size of 2 m/s, as
well as rated speed and more cases near cut-out speed. ThBlgiEQictions are very close to the reference results from
FLTA as shown in the Table 8. The results in Table 8 includentlost important wind speeds for each response. For most
responses, the cut-out wind speed is the most important.ekemi4 m/s is found to be the most important one for tower
responses. Thus additional cases near them are simuldiad toore accurate important wind speed for each response.

MECM also have advantage when combined wind and wave aregeen. In Table 9, one can see that MECM predicts
the long-term extreme close to that of FLTA. The found cases bottom shear force and bending moment are both located
on the environmental contour (as shown in Fig. 8) of the autwind speed 25 m/s, which is consistent with the results of
the extreme responses under wind load only as shown in Table 8

The results show that MECM can effectively and efficientlggict long-term extreme response as it does not require
a lot of simulations but can provide good prediction. As expdd in Section 4.1, when investigating the responsesalue t
combined wind and wave load, the first step is to test enviemtal conditions with wind speeds between rated and cut-out
wind speed and the corresponding most probable sea statteorine the important wind speed for each response. The



Table 7. Tested wind speeds for responses under wind load only.

Uw[m/s]  Description

4-24 cut-in to cut-out with bin size of 2 m/s

11.4 rated
13 near 14 m/s (important for tower responses)
15 near 14 m/s (important for tower responses)

25 cut-out
24.8 near cut-out
24.5 near cut-out
23.5 near cut-out

23 near cut-out

second step is to more closely search the environmentaitcmmslocated on the contour surface corresponding toghem
period of the important wind speed for each response idedtifi the first step. For this study, seven cases are testégpin s

1 (between cut-in and cut-out wind speeds), and four casetested in step 2 (on the contour surface correspondingto th
return period of the cut-out wind speed) as illustrated i B because the cut-out wind speed is important for Bpénd

My. So the total number of cases required is eleven. The case=piil need less simulations as they are only used to identify
the important wind speeds, while the cases in step 2 mayneemquare simulations to achieve accurate predictions.

7.3 Number of short-term simulations

The results shown in the previous sections are all based simflations. For efficiency, the simulation number should
be as low as possible but still achieve good fits. In secti@na@ method is described to test if the estimated parameter is
accurate enough. Table 10 shows the results of MECH, ahdMy under combined wind and wave with different numbers
of simulations. It shows that whe®i% requirement (3%) is satisfied, MECM result is close to tHierence, with less than
5% difference.

7.4 Simplified FLTA

The results of SLTA is compared with the FLTA. In this stud®, ®ind speeds, 15 significant wave heights and 12
spectral peak period are used. So the FLTA requires simukatf 25 cases for wind load only, 180 cases for wave load
only, and 4500 cases for combined wind and wave. If all thezase ranked by the value of their extrapolated most prebabl
extreme, the top ranked cases can be included in the longeawgalysis while the rest unimportant cases can be discarded
Table 11 shows the comparison of the results of the extresporeses under combined wind and wave loads when different
numbers of environmental conditions are included in the#fiad long-term analysis.

One can see that for different responses, less than 10% chbtes are required to be simulated to achieve the same
result as the FLTA. For both responses, 20 cases gave a eddgaofose results to the FLTA.

However, selecting the important cases will be difficult. eQrossible method is to select the cases the same way as
described in MECM. Following MECM, one target case will béested for each response, and the cases surrounding the
target can be included in the SLTA. For wind only responsdy one case for the most critical wind speed (4% of total
cases) is needed to achieve a good result compared to thaFti@A as shown by Table 12.

For wave only cases, using one case is not enough becausg @owers 05% of the environmental conditions. When
9 cases (3% of the total cases) around the target case foul& 6y are included, the result of the responses are very close
to that of the FLTA as shown by Table 13.

For combined wind and wave cases, the procedure is the sasimulating 18 cases (0.4%) surrounding the target, we
have the long-term results as Table 14. Compared to windamlyave only conditions, the combined load requires fewer
cases in terms of its ratio to the number of total cases foARTalysis.

The result of the SLTA is close to that of the FLTA, each withifiedence of less than 10%. However, compared
to MECM, it does not have advantages as it requires more atinnk and cases to consider but does not achieve a more
accurate prediction.



Table 8. MECM prediction of the extreme response under wind load. The table shows the results of the some of the tested cases. The bold
one are the identified most important wind speeds for different responses.

Un[m/$ RN MKNM FytowedkN  MycrowedkNni
4 5.97E+02 8.30E+04 5.11E+02 2.88E+04
11.4 (rated) 1.54E+03 1.98E+05 1.18E+03 7.17E+04
13 1.64E+03 2.11E+05 1.34E+03 7.64E+04
14 1.71E+03 2.34E+05 1.45E+03 8.41E+04
15 1.70E+03 2.26E+05 1.40E+03 8.02E+04
23 1.84E+03 2.15E+05 1.19E+03 6.84E+04
23.5 1.91E+03 2.19E+05 1.29E+03 7.17E+04
24 2.01E+03 2.27E+05 1.21E+03 7.03E+04
24.5 1.98E+03 2.24E+05 1.23E+03 6.74E+04
24.8 2.04E+03 2.28E+05 1.22E+03 6.91E+04
25 (cut-out) 2.03E+03 2.38E+05 1.32E+03 7.56E+04
FLTA 2.04E+03 2.39E+05 1.46E+03 8.37E+04
Uw[Mm/s  Mygiade KNM  MypgiadeKNM M giade kKN
4 5.40E+03 4.29E+03 3.83E+01
11.4 (rated) 1.94E+04 8.09E+03 1.67E+02
13 1.96E+04 7.79E+03 1.82E+02
14 2.01E+04 7.67E+03 1.72E+02
15 2.03E+04 7.59E+03 1.70E+02
23 1.81E+04 9.31E+03 2.47E+02
23.5 1.90E+04 1.01E+04 2.43E+02
24 2.10E+04 1.04E+04 2.63E+02
24.5 2.03E+04 9.85E+03 2.53E+02
24.8 1.96E+04 9.90E+03 2.51E+02
25 (cut-out) 1.92E+04 9.91E+03 2.46E+02
FLTA 2.15E+04 1.05E+04 2.65E+02

Table 9.

mental contour corresponding to the cut-out wind speed 25 m/s (0.077-year) as shown in Fig. 8.

MECM prediction of the extreme response under combined wind and wave load. All the cases listed are selected on the environ-

Un[m/s] Hs[m  Tp[s] FykN] Mx[kNnj
245 6.2 105 2.79E+03 2.40E+05
24 6.3 106 2.39E+03 2.27E+05
25 56 9.9 245E+03 2.36E+05
24.8 6 10.3 2.65E+03 2.51E+05
FLTA 2.74E+03 2.53E+05




Table 10. MECM prediction of the extreme response under combined wind and wave load with different numbers of simulations.

No. of sim Fy[KN] Mx[KN

Cl% MECM Cl% MECM
90 (ref) 250% 2.79E+03 1.92% 2.51E+05

80 3.00% 2.79E+03 1.96% 2.52E+05
60 3.08% 2.90E+03 2.17% 2.54E+05
40 497% 3.02E+03 2.49% 2.55E+05
20 10.96% 2.89E+03 3.10% 2.44E+05

Table 11. The SLTA prediction of the extreme responses with different numbers of simulated environmental condition under combined wind
and wave loads.

No. of cases Fy[kN]  My[kNnj

1 248E+03 2.30E+05

2 252E+03 2.36E+05

5 2.62E+03 2.39E+05

10 2.65E+03 2.47E+05
20 2.67E+03 2.49E+05
50 2.71E+03 2.52E+05
100 2.72E+03 2.52E+05
200 2.73E+03 2.53E+05
500 2.73E+03 2.53E+05

1000 2.74E+03 2.53E+05

2000 2.74E+03 2.53E+05
4500 (FLTA) 2.74E+03 2.53E+05

Table 12. SLTA prediction of the extreme responses under wind load only. Numbers of simulated cases are labeled in the parentheses.

Fy[kN] Mx[kN IT] Fy’Tower[kN] MX,TOWEI’[kN n‘]
SLTA(1) 2.03E+03 2.35E+05 1.42E+03 8.26E+04
FLTA(25) 2.04E+03 2.39E+05 1.46E+03 8.37E+04

Mx,BIade[kN n'i My,BIade[kN n'i Mz,BIade[kN n'i

SLTA(L) 2.11E+04 1.05E+04 2.64E+02
FLTA(25) 2.15E+04 1.05E+04 2.65E+02

Table 13. SLTA prediction of the extreme responses under wave load only. Numbers of simulated cases are labeled in the parentheses.

FykN]  My[kNm

SLTA(9)  2.54E+03 1.53E+05
FLTA(180) 2.58E+03 1.56E+05




Table 14. SLTA prediction of the extreme responses under combined wind and wave load. Numbers of simulated cases are labeled in the
parentheses.

Fy[kN]  My[kNnj

SLTA(18)  2.57E+03 2.39E+05
FLTA(4500) 2.74E+03 2.53E+05

8 Conclusions

The paper introduces MECM, which is a simplified method fer ltmg-term extreme response predictions for bottom-
fixed offshore wind turbines based on ECM. The results froenghiginal ECM, MECM and SLTA are compared. The
conclusion is shown as follows:

1. ECMis an efficient method when its assumptions are validei\under wave loads only or when parking, the variability
of the responses can be omitted because the responses a®niom relation to the environmental conditions. Thus,
for bottom-fixed offshore wind turbines, the method can bglied for responses dominated by wave or when only
parking condition is considered.

2. For the responses that are dominated by wind when the wibéhe is operating, ECM is not applicable due to the
non-monotonic behavior of the responses in relation to tinel wpeed. The environmental condition selected by ECM
is far from the actual important condition that contributes most to the long-term extreme.

3. MECM is applicable in any situation because it does nobigrthe variability of the responses with respect to the
environmental conditions and bypassed the non-monotatiawor of the response. Thus, it can substitute ECM when
wind load is important. It does not require empirically stileg fractile levels. The results show that MECM predinto
are close to that of the FLTA.

4. The FLTA can utilize MECM to identify the important envimmental condtions and be simplified as SLTA. So less
environmental conditions are required while the same ptiedi can be achieved.

Currently, only ECM and the FLTA are used for offshore winthbines. As shown here, the first method is not suitable
for offshore wind turbines and its results are not consematit is not reliable due to the empirical selection of thghh
fractile level. The FLTA on the other hand is not efficient aeduires a lot of simulations. It can be seen that MECM is
an efficient and effective method for the long-term extremesljztion for offshore bottom-fixed wind turbines compated
the existing methods. It can be easily implemented in theectidesign requirements because it only requires staisti
extrapolation of the extreme responses from load cases.

The offshore wind turbines are inherently different frondioary offshore structures. It is important for the designe
to not neglect the non-monotonic behavior of the wind tuehiesponses, and include that effect in the prediction of the
extreme responses.
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