A Comparison of Wind Turbine
Design Loads in Different
Environments Using Inverse
Reliability Techniques

The influence of turbulence conditions on the design loads for wind turbines is investi-
gated by using inverse reliability techniques. Alternative modeling assumptions for ran-
domness in the gross wind environment and in the extreme response given wind conditions

Korn saranvasoomom to establish nominal design loads are studied. Accuracy in design load predictions based
on use of the inverse first-order reliability method (that assumes a linearized limit state
Lance Manuel surface) is also investigated. An example is presented where three alternative nominal

load definitions are used to estimate extreme flapwise bending loads at a blade root for a
Department of Civil Engingering, 600 kKW th.ree-bladed, stall-regulated horizoptal-axis wind turbine Ioc.ated at onshore.and
University of Texas at Austin, offshore sites tha_t were e_tssumed to experience the same mean wind speec_:l but different
Austin. TX 78712 turbulence intensities. It is found that second-order (curvature-type) corrections to the
’ linearized limit state function assumption inherent in the inverse first-order reliability
approach are insignificant. Thus, we suggest that the inverse first-order reliability method
is an efficient and accurate technique of predicting extreme loads. Design loads derived
from a full random characterization of wind conditions as well as short-term maximum
response (given wind conditions) may be approximated reasonably well by simpler models
that include only the randomness in the wind environment but account for response
variability by employing appropriately derived “higher-than-median” fractiles of the ex-
treme bending loads conditional on specified inflow parameters. In the various results
discussed, it is found that the higher relative turbulence at the onshore site leads to larger
blade bending design loads there than at the offshore site. Also, for both onshore and
offshore environments accounting for response variability is found to be slightly more
important at longer return periods (i.e., safer designgPOIl: 10.1115/1.1796971
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Introduction zontal wind speed at hub height and the standard devidtign
alternatively, turbulence intensjtyf the same wind speed pro-
cess; andii) the ten-minute maximum load/response conditional
gwé the inflow parameters. It should be mentioned that the use of
or

In codified reliability-based desigfte.g., in the conventional
load-and-resistance-factor-design or LRFD proceduree typi-
cally uses a design checking equation to describe what is requi

for safety against a specified limit state and to guarantee that minutes(a widely accepted industry practjcas the duration

reliability will be greater than some specified target minimu which to define the gross inflow parameters and to describe the
9 P 9 M ad/response parameter as is considered in the analysis implies

level. Such a design checking equation involves scaling of ; ! ;
nominal resistance or capacity by a resistance factor and thetset over this duration, the inflow turbulence and the load pro-

. : sses are assumed to be statistically stationary. This is a critical
multaneo_us scaling of a nom!nal Ioad_by a sepa}‘rate ’Iload faCt&i‘sumption that underlies the analysis in this paper, and makes
The nominal loadl ., is typically defined as a “load” or en-

h : . : : . possible computation of response extremes from “stationary” mo-
vironmental input associated with a certain return period—e.g., bnts of the load process as well as dependence of these moments

50-year return period Wl_nd speed. It is important to stress that tO the ten-minute gross inflow parameter statisticgan and
LRFD code places requirements on the return period of the lo ndard deviation

not on the return period of the environmental parameter. For wi . . .
turbine generator systems, a similar reliability-based design for-In the following, we refer to the inflow parameters as simply

mat is employed in the IEC 61400-1 guidelines where the Ioe{ﬁean and standard deviation of wind speed, with an understand-

and resistance factors are combined into a single factor that rapd that we are referring to statistics of the time-varying horizontal

« : wind speed process at hub height. We consider an extreme flap-
_rrecsggtgliggfftgdfazcﬁa)r for “consequences of failutsée IEC/ wise bending moment at the blade root as the load of interest. Our

Various alternative definitions of the nominal load level may b bjective is to establish appropriate nominal design loads for sev-

employed to account for load variability. We discuss a few suc ral target reliability levelgor, equivalently, for several different

definitions here that essentially differ in the degree to which urr]gturn periods These loads defined with different degrees of

certainties in the inflow and response are represented. The ( cﬂpﬁfi';yb|'Qst2$eiiselﬁmcmn§rgg the variability of the key ran-
uncertainties in the design of wind turbines arise fri@nthe gross p '

. . . Because offshore wind turbines are of much interest lately, we
inflow parameters, usually taken to be the ten-minute mean ho&ﬁose to discuss how design loadsr safety against failure in

Commibuted by the Solar E Division of The American Society of Mechan ultimate limit statep for a specific 600 kW three-bladed, stall-
ontribute: y the Solar Energy Division O e American Society 0 echanic H _ H H H H H H Fp
Engineers for publication in the ASMEOWRNAL OF SOLAR ENERGY ENGINEER ?leglf”atEd horizontal-axis wind turbine, might differ in tW.O distinct
ING. Manuscript received by the ASME Solar Division; January 16, 2004, finfeNVironments—one OnSh_ore: the ot_her Oﬁ_Shore- We WI||_f_OCUS on
revision May 10, 2004. Associat Editor: P. Chaviaropoulous. only one of the several differences in environment conditions be-
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tween onshore and offshore sites—namely, the lower turbulence compromises in accuracy relative to the 3-D model that in-
levels experienced offshore relative to onshore sites. In the fol- cludes a full description of response variability. We shall
lowing, we discuss how the inverse reliability approach proposed show that the 2-D model may still be used if fractile levels
here may be applied in each of these sites. For the sake of sim- of the response other than the median are derived based on
plicity, we omit characterization of the wave loading randomness  the use of omission sensitivity factoflsladsen[6]) that ac-

at the offshore site and we also assume that the wind speed at both count for variability in the response term. Saranyasoontorn
sites is of the same magnitude and described by the same prob- and Manuel[5] recommended a simple procedure using
ability distribution. In reality, typical offshore sites will have such omission sensitivity factors and local gradients of the
higher mean wind speeds than onshore sites and will require con- limit state function to derive the appropriate fractile of the
sideration of randomness in wave loading, tides, water depth, etc. response that can lead to reasonably accurate design loads
The present study intentionally only includes two random vari-  while retaining the advantages of the 2-D modeamely,
ables to describe the environment. It will become clear in the that inflow and response are uncoupled

following that the inclusion of environmental parametéesg., . .
9 p In the numerical studies that follow, we address both of these

significant wave height at the offshore $iteeyond the mean and . dd | lusi lated 1o th tent &
standard deviation of the ten-minute wind speed at hub hei ﬁﬁ?‘es and draw some general conclusions related to the extent to
hich they affect accuracy for the selected wind turbine in the

only implies increasing the dimensions of the space of the ge

metrically described inverse reliability procedure outlined here,Onshore and offshore sites. .
y yp By way of background, it should be noted that Fitzwater et al.

Inverse Reliability Procedures [4}] applied inverse reIiabiIity methqu to study extreme loads on
. . pitch- and stall-regulated wind turbines where they employed re-
_Inverse reliability techniques are commonly used when theredgyis from aeroelastic simulations to represent the response given
interest in establishing design levels associated with a specifigflow conditions. The response variable there was treated as de-
reliability of probability of failure. A heuristically appealing In- terministic allowing the use of the 2-D environmental contour
verse First-Order Reliability Methodnverse FORM proposed _approach. As we shall see when we discuss our results, this deter-
by Winterstein et al[2] is one such example of an inverse reliyinistic approach adopted is equivalent to setting the response
ability technique that has been applied to estimate design loads/i}iaple at its median value conditional on inflow parameters.
many applications including earthquake engineeflrigand Fos-  |mprovements are possible using other fractiles than the median
chi [3]), offshore structuregWinterstein et al[2]), and more re- a5 il be discussed and as was also pointed out by Fitzwater
cently wind turbines(Fitzwater et al.[4]; Saranyasoontorn and et 5 [4]. In the present study, our interest is in estimating design
Manuel[5]). In one variation of this approach, termed the “envigyreme flapwise bending loads for a 600 kW three-bladed
ronmental contour” approach, the environmental random vafigrizontal-axis wind turbine that was previously studied by
ables are uncoupled from the structural response. Then, the pi@inold and Larseii7], where results from field measurements
cedure considers, as in conventional “forward-FORM” analysegyere reported and probabilistic models for respogisads con-
that the governing limit state function may be linearized locallyitional on inflow conditions were presented. The distinction be-
near the “design point” and a search performed for the largegfeen the present study and that by Fitzwater ef4lis that we
load resulting from all points on an environmental contour asS@ropose alternative nominal load definitiofane of which in-
ciated with the return period of interest. This approach is appeglydes response variability—the 3-D modahd we employ field
ing in that it uncouples the environmental random variables frofhta instead of simulations in developing parametric models for
the structural response in the analysis. It will be referred to as thg random response conditional on inflow. Our alternative load
2-D Model" in the following since it will essentially involve gefinitions are based on what will be described as 1-D, 2-D, and

including complete probability information for only the two3.p models which refer to how the inflow and response variables
inflow/environmental random variablésiean and standard devia-5re treated—i.e.. whether deterministic or random. The full 3-D

tion of _vvind speedl ) ) _ characterization of variables refers to modeling of all variables as
Two issues related.to accuracy of design loads derived using %dom, while the other two models refer to simplifications
Inverse FORM are discussed next: where, in the 1-D case, only mean wind speed is modeled as

1. Linearized limit state surfacefhe Inverse FORM approach fandom and, in the 2-D case, the mean and standard deviation of

is an approximate procedure for deriving design loads sin&s® wind speed are both modeled as randbut response is npt
it uses a local linearized limit state function with which the Another recent study by Saranyasoontorn and Maffjelised
desired probability of failurgor reliability) is associated. the Inverse FORM approach to estimate design extreme loads for

The true limit state function may be highly nonlinear neaf’® Same turbine as in the present study. That study, however,
the design point where the linearizing is done. Thus, it jwcludes a very detailed description of the differences between the

possible that large errors may result since the target reliabf-D; 2-D, and 3-D models which is omitted here. However, no
ity will be different if the true limit state function is em- detailed investigation of the assumption of linear limit state func-
ployed. Note that the error in FORM depends primarily ofjons is prowde_d in that study. Also, in the present study, onshore
the true curvature of the limit state surface. Assuming simpnd offshore sites are compared; the earlier study focused on re-
lar curvatures at different return periods, FORM estimatéi/lts for the onshore site alone.

for failure probabilities will in general have larger “abso- The a_lternatlve nominal load definitions are presented next,
lute” errors when the probability levels involved are largetlong with a general background on the Inverse FORM frame-
(i.e., shorter return periogi@nd will have correspondingly work for establishing design loads. Design load levels for three
smaller “absolute” errors at low probability levels due todifferent return periods based on the alternative load models will

rotational symmetry and exponential decay of the standa§ compared for the two sites where the 600 kW wind turbine
normal distributions involved. The “relative” errors, on thedescribed by Ronold and Larsgfi will be assumed to be located.

gglieordlgénd, will not necessarily be smaller at longer returthemative Nominal Loads: A Review
2. Response variabilitytn order to uncouple environment vari- The use of Inverse FORM to establish nhominal wind turbine

ables from structural response, the 2-D model that will bleads with various degrees of modeling assumptions is briefly

discussed does not retain the complete probabilistic descripviewed here. Greater detail related to these load definitions is

tion of the response. It instead represents the response sintluded in Saranyasoontorn and Man[f].

ply by using its “median” value conditional on the random Our interest here is in obtaining estimates of a nominal load,

inflow variables. This can lead to significant differences and,,,, for failure in an extreme/ultimate limit state associated with
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Table 1 Summary of design point coordinates in U and X space along with auxiliary variables
needed in the Inverse FORM procedure for the 1-D, 2-D, and 3-D models, given a target reliabil-
ity index, B

Variables needed in the Inverse-FORM procedure

Model U Auxiliary Variables X

X1 =Fx 1®(B)]
1-D U,=8; Uy=Uz=0 None X2=F;21‘X1[<IJ(O)]

Xa=Fily, x,[2(0)]

X1 =Fy,[®(B cose)]
2-D U2+U2=82% Uy=0 @ —T<esm Xo=Fy fx [®(Bsine)]

Xa=Fx jx, x,[P(0)]

X1=Fy [®(B cosesin 0)]
3-D UZ+U3+U3=p2 @, 0, —m<eosm, 0<f<m Xo=Fy jx [®(B sinesin6)]

Xs=Fxix, x,[ P(B cosd)]

bending of a wind turbine blade in its flapwise mode. We assumelt is possible to establish nominal loads by direct integration
that the uncertainty in these extreme bending loads dependsimwvolving the conditional short-term maximum load distribution
inflow parameters and on short-term maximum loads condition@jiven inflow conditiony and the joint density function of the
on the inflow parameters. As stated previously, the inflow paranmflow variables. For the right choice df,,,,, integration will
eters that characterize the wind are the ten-minute mean wileéd to the desired target probability of failufe;, as follows:
speed at hub height),5, and the standard deviation, of the

wind speed. The load, ., considered here is the extreme flap- Pi=P[X3>L,oml

wise bending moment at the root of a turbine blade corresponding

to a specified return period df years. From the field data on the :f f P[ X35> Lnoml X1 X21Fx. x.(X1,X2)dxyd%, (1)
wind turbine considered, ten-minute extremes of the random flap- 12

wise bending moment3M,,;, are used to derive the nominal X1 .Xp

load, L,om. For convenience, in discussions that follow, we will ) N . ) )
refer to the three short-terifi.e., ten-minute random variables, Wherefy x (X1,X7) is the joint probability density function of;
Uyg, 0, andBMg,, asX;, X5, andXs that make up the physical andX,. Using Eq.(1) to obtain the nominal load would provide
random variable space. the “exact” load but would be computationally expensive to de-
Consider a situation where the joint probability description afrmine in practical situations. Also, not much would be learned
X1, X5, andX; is available in the form of a marginal distributionabout the inflow conditions that bring about this lo&dote that
for X; and conditional distributions foX, given X;, and forX; the effect of specific inflow conditions, say from a rangeefand
given X; and X,. The simplest definition ok, is based on a X, values, can be understood by deaggregating the integrand in
representative load derived from tfieyear value of the random Eq. (1) discretely; however, in the following, we discuss alterna-
X; (mean wind speedalone and consideration of, (standard tive less computationally involved approaches for doing Xhis.
deviation on wind spegdand X5 (ten-minute extreme bending verse reliability procedures, on the other hand, are approximate
load only by representing these as conditional median values. bt less computationally intensive and have an important advan-
this model forL o, Uncertainty is neglected in bo¥y, andX;. tage in that they offer useful insights into the derived load and
A second definition might be based on a representaliye@ar about the associated inflow conditions. In particular, we will use
load that includes randomness in bathandX, but still neglects the Inverse FORM approach proposed by Winterstein eft2al.
uncertainty in the short-term loa&s;. Again, this load is held An overview is presented next of how this method based on en-
fixed at its median level giveK; andX,. Finally, a definition for vironmental contours works in the current study.
nominal load could be based on the “trug*year nominal load  Consider a hypersphere of radius equal to the target reliability
including uncertainty in all of the three variables. We refer tindex, B, in ann-dimensional space describing independent stan-
these definitions as “1-D,” “2-D,” and “3-D” probabilistic mod- dard normal variables, one for each of the physical random vari-
els respectively. Note that the load factor in the LRFD checkingbles in the problem of interest. If at any point on this sphere, a
equation will be appropriately different for each of the nominaiangent hyperplane were drawn, the probability of occurrence of
load definitions above in order to ensure that the design checkipgints on the side of this hyperplane away from the origin is
equation leads to consistent reliability estimates in each cadd.—pg) based on a local linearization of the limit state function at
These different load factors for each alternative definition are ithe design point, wheré( ) refers to the Gaussian cumulative
tended to compensate for the different assumptions involved distribution function. Since each point on the sphere is associated
each definition in the 1-D, 2-D, and 3-D models. Since these thredth the same reliability level, if the nominal load desired is also
models involve different degrees of load variability assumption&r this same level, the points on the sphere can be systematically
the factored loadi.e., load factor multiplied by, in each searched until the largest nominal load is obtained. Transforma-
case will attempt to maintain similar levels accordingly so as tion from the standard norm&U) space to the physical random
provide similar reliability levels. variable(X) space is necessary in order to obtain the nominal load.
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This is achieved by using the Rosenblatt transformatiRosenb- a0y ]

latt [8]). In the present study, a complete probabilistic represent e —
tion of the random variables requires thats equal to 3. The g:*ﬂl&: ::;:I’m‘:; P
selection of values ofh equal to 1, 2, and 3 lead to different i b Lt «

nominal loads, and can be explained geometrically. This has be?
done by Saranyasoontorn and Man[&lin detail and is summa- =~
rized in Table 1 which shows how the design loxd, may be &
determined if the various cumulative distribution functions®
Fx,(X1), Fx,x,(X2), andFy x x,(X3), are known and a searchs .}
is employed based on the auxiliary varialjeand the target reli- 3 '
ability index, B. b
In summary, the 1-D model assumes that the ten-minute meg 14
wind speedX;, is random but neglects the variability in the stang
dard deviation of the wind speeX,, and in the ten-minute maxi- 2 |
mum responseX;. In U space then, the-dimensional “sphere” osp
is a degenerate poini; = 3; u,=u;=0. Similarly, the 2-D model
assumes that onlyX; and X, are random; inU space, the . . ) )
n-dimensional “sphere” is a degenerate circlef,+ u§=/32; us " 8 to " o L
=0. The 3-D model treats all three variables as random and 1CTH el Wik B, X, (el
represented by the 3-D sphet§+ u3+ u%= 82. Because our tar-
get reliability is specified in terms of a return peri¢eual toT
yearg associated with the nominal loald,,,, note that since;
is defined as the extreme value in ten minutes, we need to deter-
mine the appropriate value ¢@f to be used in the Inverse-FORM
approach described by the 1-D, 2-D, and 3-D models. This is do

(=]

Fig. 1 Conditional mean and standard deviation of X, given
the ten-minute mean wind speed, X

fame mean wind speed for the onshore and offshore sites may not

) RS strictly be realistic since most offshore sites will in general have
by setting =®"*(1—Py) where 5 and P, are related to the mean higher wind speeds. Here, however, the same mean values
target return periodT yearg and the number of ten-minute seg-,

. 7 for both sites are assumed to illustrate the procedures outlined in
ments inT years. Assuming independence between extremes :

; . . the following.
the various ten-minute segments, for the three return periods stud-
ied here corresponding to 1, 20, and 50 years, the valuBs afe Nominal Design Loads Based on 3 Load Models
1.90x10 5, 9.51x10 7, and 3.8 10 7, respectively, and the 1-D Model. In thi del. onlv th . ind
values of 8 are 4.12, 4.76, and 4.95, respectively. The effect of ~~ odel. ‘In this model, only the ten-minute mean win
considering correlation over a duration longer than ten minut§8€€dXu. is modeledhas random, while the standard deviation of
will modify the target reliability index to be used for each returr‘ﬁ”nd speedX,, and the ten-minute maximum responxg, are

period and therefore the loads. This will be discussed in the n eld at their(conditiona) median levels. Given the reliability in-
merical studies. ex, B, Table 1 may be used to determine the 1-D model nominal

load. Based on extremely simple calculations, the 1-, 20-, and

50-year loads at the onshore site were found to be 420.3, 442.3,
Numerical Studies and 445.2 kN-m, respectively, while the corresponding loads for
. . . . . he offshore site were 390.8, 413.2, and 416.2 kN-m, respectively.
The machine considered in this study is a 600 KW stallye that randomness in the ten-minute mean wind speed alone

regulated horizontal-axis turbine with three 21.5-meter long rotgr ; ; )
blades and a hub height of 44 meters. This turbine has been %{fs needed to derive these loads. At the two sites, the 1-, 20, and

subject of previous studies and is one for which field data as w "year loads were thus derived based on mean wind speeds of

. . 3, 24.5, and 24.8 m/s, respectively. Detailed discussion of the
as extrapolated d.e.s'gn loads have been derlveq by RO“O"?' E?qults is only provided for the 2-D and 3-D models in the follow-
Larse_n[?]. Probabilistic mode_ls for short-term maximum flapW|sqng since the 1-D model seems overly simplified.
bending loads were also derived.

Here, the machine is assumed to be located at onshore an@-D Model. Randomness in both of the environmental vari-
offshore sites with different turbulence conditioti®., different ables,X; andX,, is now modeled while the load variabléz, is
X, descriptiong but the same mean wind speed,}. The turbu- still assumed deterministic at itsonditiona) median level. Given
lence conditions used are based on recommendations of DNke reliability index,3, Table 1 may be used to determine the 2-D
Risg [9] for onshore and offshore environments. It should bmodel nominal load. Using the auxiliary variablg,a search may
noted that the standard deviation X (given X,) referred to as be done over a circle of radiug, in standard normal space, for
D[ X,|X;], is almost the same in the onshore and offshore sité®e largest value afmedian response. This defines the 2-D nomi-
but the mean valuégiven X,), referred to as EX,|X,], is sig- nal load.
nificantly different as may be seen in Fig. 1. This implies that for As shown in Fig. 2, for a 20-year return period, circlesUn
the same mean wind speed assumed for the two sites, the wapdce for the two sites map to environmental contéassociated
turbine at the onshore site will experience greater turbulence thaith the target return periodn physical(X) space. Parts of these
the one at the offshore environment. circles are shown as the soli®nshore and dashedoffshore

The various probability distributions and parameters neededdorves. The shaded surface represents median response levels for
model the inflow variablesX; andX,) and the extreme flapwise different X, and X, values. The 20-year maximum values for the
bending momentX3) are summarized in Table 2. The inflow wasonshore and offshore sites are 444.7 and 415.1 kN-m, respec-
modeled by assuming thaf; has a mean value of 6 m/s andtively. The nominal loads for this 2-D model can also be obtained
follows a Rayleigh distribution truncated at the cut-out windby plotting separate iso-response curves of median valueg of
speed of 25 m/sy. in Table 2 since we are interested only intogether with the 2-D environmental contour Xhspace and lo-
operating wind speed conditions. Also, it is assumed #at cating the iso-response curve of highest value that is tangent to the
(givenX;) has first two moments as described in Fig. 1 and that2:D environmental contour.
follows a lognormal distribution. Details regarding the Hermite It should be noted that the environmental contours and the iso-
model for the response extremes may be obtained from Rono&bsponse curves may be constructed independently; hence, these
and Larseni7]. It should be mentioned that the assumption of theontours are not turbine-specific. The turbine response/load is un-
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Table 2 Distributions and parameters for the random variables

Random
Variable Distribution Parameters
X4 Truncated _ _ 2 A=6.77 m/s,u.=25m/s
(10-min Rayleigh Fy (%)= M (E[X;]=6.0 m/s)
mean ! 1—exg —(u./A?]
wind
speed
Xo| X4 Lognormal In(%,)—by Onshore
(standard sz|x1(x2)=fb(b—)
dfel%aﬂqn * E[ X,|X;]=.00313+.0811k;+.1778
of 10-min
wind D[ X,|X{]= —.00043+.012%, +.1222
speed D[X5]X1] Offshore
b=V I M g E[ X,|X,]=.0044¢ — 0055, +.2934
D[ X,|X1]= —.000%3+.007X, +.1365
1, (using DNV/Risg[9]; see Fig. 1
bo=In[E[X5|X1]1— > b3
X3l X1, X, Hermite y2 = pm(X1), o=0(X1,Xs),
(extreme model based Fy. (y3)=ex;{—vT ex;{ - —” andv =v(X4)
3 2
flap on four
bending moments. X3=X3(Y3, 4,0, a3,a,) az=—0.0066
moment See below. based on a transformation that @,=2.8174
in 10 relates the Gaussian extrenyg, to
minutes the non-Gaussian extreme, in (see ?on.old gr\'f\’/ Lt""rs‘:'t[g[]mg]’rf
duration, T (10 min). parameters; and Vvinterstel or
details on the Hermite model
1
Given p=®(uz), thenys= \/*2 In(iv(x_)TIn(p) and  Xg= (X)) + 0%y, %) - PF(Y3;03,04)
1
13 1/3 a3 a,—3
PF(ys;a3,a5)=[(Vc "+ k+c) "~ (Ve + k—c)"—a], h37€, h,= 22
a:E b=—7—, k=(b—1-a??3 c=15(a+y;—a’
3h,’ 3h,’ ' ' s

coupled from the environment. The 20-year return period envirosmmarized in Table 3where N refers to the number of ten-
mental contours for the onshore sitgolid curve and for the minute intervals in the time corresponding to the return period
offshore site(dashed curveas well as iso-response curves for the
machine are plotted in Fig. 3 from which it may again be con;
firmed that, at the tangents, the nominal loads are 444.7 kN-m
415.1 KN-m for the onshore and offshore sites, respectively.
tailed results for all three return periods, 20, and 50 yeajsare

3-D Model. Randomness in all three variables,, X,, and
is now modeled. For a known reliability indey, one can
pganstruct a sphere in standard norrtid) space and then perform

= Onehons 1
=]
520+ Creshare design paint
4 ‘.1.\4\13. 4441 -E
430 Orifshore: design- point g_
¢ [(24.3 2892 4151])
: w g
= =
B 4 E
400 ;
! L gl 2
3 i i :
c 80 ¥ i
£ o
i 8 i B
20- — Onshode |
=« Offshore |
zag 0 Median response |
Sﬁd* AT L e _'_'_:;———24‘ = =
. R e T
deny, OF Wring 0 w:"ﬁgpﬂ'ﬂd- mis
- My A0-min 1 10-min wind speed, m's
Fig. 2 Median response surface, 20-year return period on-
shore and offshore environmental contours, and 2-D model de- Fig. 3 Iso-response curves and 20-year return period con-

sign points
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Table 3 Results summarizing design points from the 2-D and 3-D models for three return periods at the onshore and offshore
sites

Onshore Offshore
2-D 3-D 2-D 3-D
Return
Period Xy X, X3 Xy X, X3 X3 X, X3 X4 X, X3

(yrs) N B (mls)  (m/9 (kN-m) (m/s) (m/9 (kN-m) (m/s) (m/9 (kN-m) (m/s9) (m/s) (kN-m)

1 52,560 4.12 22.1 3.59 421.9 21.3 3.42 428.7 221 2.42 391.8 21.8 2.35 395.8
20 1,051,200 4.
50 2,628,000 4.

76 24.3 4.13 4447 23.2 3.84 459.4 24.3 2.92 415.1 23.6 2.72 425.2
95 24.5 4.25 448.8 23.6 3.93 467.8 24.6 3.02 419.1 24.0 2.82 432.8

a search using auxiliary variableg, and 6, over the sphere of over the design life of interest will decrease. For example, for the
radius, B, as is suggested in Table 1, until the largest value aihshore turbine, if independence is only assumed over durations
responseXs, is obtained. This defines the 3-D nominal load. longer than one hour, the 20-year return period target reliability
As shown in Fig. 4, for a 20-year return period, portions of thaendex can be shown to decrease from 4.76 to 4.39. The corre-
spheres inU space for the two sites map to the two surfacesponding design load changes from 459.4 kNfam ten minute$
shown for the onshore and offshore sites. The turbine response#41.6 kN-m(for one houj—a change of about 4%. Even larger
load is now coupled with the environments and environmentehanges in derived design loads will result if clustering is assumed
contours cannot be constructed independently. The 20-year maxter longer durations. In general, for both the onshore and off-
mum load values for the onshore and offshore sites are 459.4 atdre sites, such changes may be necessary to reflect extreme
425.2 kN-m, respectively. These are obtained by searching ttesponse clustering.
surfaces of Fig. 4 for the largest value X§. Detailed results for

all three return periods at the two sites are summarized in Table 3-inearized Limit State Function Implications. ~As was dis-
cussed earlier, the Inverse FORM approach is an approximate

Discussion of the 1-D, 2-D, and 3-D Model LoadsThe three procedure since it assumes that the limit state function may be
models presented above lead to different nominal loads. As islimearized at the “design point” and probabilities corresponding to
be expected, the nominal load levels increase with return peridgble target return period are associated with this linearized limit
At both sites, it was found that the 1-D and 2-D models yieldestate surface, not with the trigenerally nonlinearsurface. Thus,
very slightly different loads; this is because the variablg, the there may be errors in the derived nominal load based on the
standard deviation of wind speed, is relatively less important corfmverse FORM approach. In the following, we investigate the ex-
pared to the mean wind speeX;. Greater differences are seentent of the error introduced by the linearization assumption by
when the 3-D model is considered where short-term response emamining the extent to which second-order corrections alter the
certainty is included. The 3-D model 20-year loads are aboatiginally derived loads.

3-4% higher than the 2-D loads. While for this particular prob- If second-order information of the true limit state function is
lem, the difference between the 3-D model and the simpler modeé&tained, the first-order probability of failure at the design point
is small; this may not be the case when response variakbilitig- may be modifiedaccording to Breitundg11]) as follows:

ditional on inflow is large. n-1

Discussion on Use of Ten Minutes as Duration for Independent vaz’*(b(—ﬂ)H (1+ Bk;) 2 2

Extreme Response Realization$n establishing the target reli- i=1
ability index value for each return period in Inverse FORM, avhereP; , is the failure probability including second-order effects
assumption was made that the ten-minute realizations of respogsg «; represents the principal curvatures of the limit state surface
were independent. If, in fact, extreme response values tendi#on dimensions at the FORM design point. For the 2-D model
occur in “clustgrs” over Ionger.perlods of time than ten minutegn=2), there is only one principal curvature that needs to be
the number of independent “trials” to check exceedance of loa ®mputed in order to determir®; ,. The second-order correction

is best explained by studying Fig. 5 where it can be seen that the

500 Cinshare design paint gith=0  aeeees s it state
(23.2, 3.84, 456.4) , v
Offshare design point Uy % — 1% OPer appRe:.
(235,272, 425.2) o
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Fig. 5 Rationale for improving the design point from the 2-D
Fig. 4 20-year return period onshore and offshore surfaces model using a second-order representation of the limit state
and 3-D model design point surface
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Fig. 6 T-year return period onshore environmental contour and iso-response curves at 2-D design points in standard normal
(U) space—(a) T=1yr, (b) T=20yrs, (c) T=50yrs

difference betweeP; and P, can be thought of graphically ashave very small error due to the linearization. However, since this
resulting from computing the difference between using, in ormnclusion is case-specific, it may be prudent to evaluate the in-
case, the points in the unsafe state on one side of the lifieence of second-order characteristics of the limit state surface by
(9,(U)=0) and, in the other, on one side of the quadratic curvemploying the simple procedure provided in this section. A situa-
(g94(U)=0). Since the error in this case is conservative,P; is tion where a highly nonlinear limit state surface in wind turbine
greater thanP;,), one could correct for this by adjusting thedesign can occur, for example, is when an ultimate design load is
reliability index, B, to a different higher levelB.q,;, , that is being sought using an Inverse FORM approach but where the
associated with the equivalent dashed line shown in Fig. 5 whitlirbine state changes from “operating” to “parked” as wind

is such that the probability of failure associated with it is the sanspeeds cross the cut-out wind speed level. It has been shown in a
as that associated with the second-order cugy€lJ)=0. Note separate study by Saranyasoontorn and Mafi&Ithat the vary-

that Bqui, iS easily derived from the principal curvat(sg «;, ing response characteristics due to different performance control
since Bequiy =P 1(1—Ps,). Thus, with the help of an Inverse influences in the different turbine states close to cut-out wind
FORM calculation and computation of local curvatures at the dspeed introduce difficulties with simple first-order approximations
sign point, an improved estimate of the design point can be ob-
tained usingBeqyi, - FOr example, in the 2-D model illustrated in
Fig. 5, the new design point in standard normal space is ~*
(u¥ ,u3) obtained using the original design point;(u,) and the
corrected reliability indexBequi, -

To demonstrate the influence of this second-order correction ,
our nominal load derivation, we consider the 2-D model resul%
for the onshore site that were presented before. Because our lig
state function is not available in analytical closed form, the singz
principal curvatureg(related to the second derivative of the limit3
state functiong(U)) needed at the 2-D model design point irg
standard normal space was determined numerically using
central-difference scheme with error on the orderAaf® where 3
Au is the step size which was taken to be 0(®de e.g. Al-Khafaji & "
and Tooley{12]). For the 1-year return period case shown in Fig
6(a), the limit state function is slightly concave inwar@@ewards &
the origin and hences.q;, is smaller thang (see Fig. 7and the
corrected load is slightly smaller too. For the 20- and 50-yei
return periods where the limit state is concave outwdeigay ) ) )
from the origin as can be seen in Figsi® and Gc), the situation &0 ez &4 48 48 50 52
is such thatB.q,;, is larger thans (see Fig. 7 and the corrected Fleishikity incles
loads are larger than were found from the Inverse FORM calcu-
lations. From Fig. 7, it may be noted that the difference betwed&ig- 7 Reliability indices for different return periods at the on-
the reliability index valuesp and Beqy;, . is not significant at any shore site showing the effect of a second-order representation
return period for the onshore site. Similar results were obtain&j™t state function in the 2-D model
for the offshore site. The curvature at the design point was greajg@ble 4 Results summarizing design points based on a local
at higher return periodésee Fig. €c)) and this leads to the great- second-order correction with the 2-D model for three return pe-
est differences betweghand S, for the 50-year return period riods (onshore environment )
case, for example. Table 4 summarizes the derived loads based-on

1 =ypiar el -+ E

1wt

second-order corrections for the onshore site. Comparing the reggm 2-D (with second-order correction
sults in Table 4 with those of the 2-D model in Table 3, we ob- pegriod X, X, Xs
serve negligibly small differences between the design loads in the (yrs) Bequiv (m/s (m/s) (KN-m)
two cases.

Based on the above findings, we conclude that at least for the 2(1) i% %ﬁ:g i'ig ﬁég
illustrations considered here, the Inverse FORM procedure, where 50 4.99 24.5 4.29 449.8

the limit state function is assumed linear, yields design loads that
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of the limit state surface. If no corrections for the error in linear
ization are made in such cases, derived design loads can be g
inaccurate.

Response Variability Implications. Based on the various re- ™ |
sults presented thus far, it is believed that the largest source§
error in deriving design loads arises when response variability=
neglected(as is done in the 1-D and 2-D model3o minimize £
this error, a complete joint probability distribution of the three
random variables is required, as is achieved with the 3-D mod
The 2-D model, however, is of special interest because it ud
couples the environment from the response. This is especie'f_, s
convenient when considering the same turbine at different@ites 5 "
is done hergas well as when considering alternative turbines fc%
a specified environment. N

The 2-D model’s limitation(relative to the 3-D modglis that it
employs the median value of; conditional onX; and X, to
arrive at nominal design load levels. If appropriately derived frac e = == = e ey o e
tiles for X5 (other than the mediarcan be obtained that account Extrama fiapwies banding load, kh-m
for response variability even approximately, the advantages of the
2-D model(namely uncoupled environment and turbimeay be Fig. 8 Extreme flapwise bending moment for 1-, 20-, and 50-
retained and more accurate loads derived. One approach to arsigar return periods based on various models for the onshore
at the appropriate fractile fof; is to employ omission sensitivity site
factors(see Madsef6]). A “Modified 2-D Model” is introduced
using this approach. The desired fractifgy, for the response
variable is obtained in terms of the direction cosing, of the
limit state function in the direction of the standard normal var
able,U; and at the 2-D model design point.

Yable 3 to verify the accuracy of the proposed Modified 2-D pro-
cedure. It should be noted that the fractile levels required get
ps=P((1— ,/1_a§),g/a3); X4 = F§l|x «.(P3) (3) farther away from the median as the return period increases. Also,
ghte at the onshore site, response variability is slightly more important
whereX3 as given in Eq(3) may be used instead of the value othan at the offshore site. Note that the fractiles needed for the
X3 shown for the 2-D model in Table 1. It should be noted gt conditional respons; (given X; and X5) in the Modified 2-D
is a measure of the importance of the response random variablénadel are higher than the medi@b0% level and range from
higher value ofag will yield fractiles farther away from the me- 70% to over 90% at the onshore site. Use of these higher fractiles,
dian; it is computed using gradients of the limit state function athile not derived there, was discussed by Fitzwater ef4dland

the 2-D model design point in standard normal space. has the advantage of retaining the uncoupling between the inflow
and the response and giving more accurate load estimates than the

N _99(u)/dug (4) Oordinary 2-D model. Here, at the 50-year level, for example, use

37 IVg(u)] of 90% fractiles for the conditional response at both the onshore

and the offshore sitet least for this turbineimproves the ac-

Thus, the required fractileps;, may be determined with a few curacy when the derived loads are compared with those from the
additional calculations following a 2-D model analysis. Here, 98 5" odel

dients of the limit state function were determined numerically by

employing a central-difference scheme with error on the order of Discussion on Response Fractiles in the Modified 2-D Model
Au® whereAu is the step size which was taken to be 0.01. Figurgable 6 presents a comparison of the results for the 1- and 50-year
8 summarizes the onshore site results from the 1-D, 2-D, and 3r&urn periods at the onshore site. It can be seen that the 2-D
models as well as results obtained using second-order correctitizdel predicts a 1-year design load of 421.9 kKN-m versus a more
of the limit state function to the 2-D model and results from thexact 3-D Model design load of 428.7 kN{®ee Table B This is
Modified 2-D model based on Eq8) and(4). The nominal bend- a difference of only 6.9 kN-m, to make up for which, a fractile of
ing loads from the Modified 2-D model are very similar to thos@.72 on the response variable must be used with the Modified 2-D
from the 3-D model indicating that if response variability is acmodel. The difference at this onshore site for the 50-year return
counted for even approximately using the approach outliaed period is greater at 19.0 kN-fwvhich is 467.8 minus 448)8This
summarized in Egqs3) and (4)) the accuracy in design loads istakes a fractile of 0.90 on the response variable as seen in the
improved and the advantages of the 2-D model are preserved. Edle. Note that these higher fractiles only change the peak factor
the offshore site as well, this improvement was observed asads the extreme response as defined in Table 1; the other two terms
evident from Table 5 which summarizes results for both sites uthat appear in calculations fof; as shown in Table 1, namely
ing the Modified 2-D model. The direction cosineg;, are in- u(x;) and o(Xy,X,) are unaffected when one changes fractile
cluded in the table as well as the modified fractile levpls, The levels in going from the 2-D to the Modified 2-D model. The
nominal loads may be compared with the 3-D model loads larger differences between the 2-D and 3-D loads at the higher

Table 5 Results from modified 2-D model for three return periods

Onshore Offshore
Return Period  Direction Modified Direction Modified
(yrs) cosine,a;  fractile for X3  X5(kN-m)  cosine,a;  fractile for X3 X3 (kN-m)
1 0.25 0.70 428.0 0.20 0.66 395.5
20 0.45 0.87 460.9 0.37 0.82 425.5
50 0.55 0.93 471.6 0.51 0.91 435.8
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Table 6 Response fractiles required for different return periods to match the 3-D design loads

Return
Period Xy X, y o X3 Fractile
Site (yrs) (m/9 (m/s)  (kN-m)  (kN-m) Model (KN-m) PF D(Uy)
Onshore 1 22.1 3.59 276.8 42.6 2-D 421.9 3.41 0.50
Modified 2-D 428.8 3.56 0.72
50 24.5 4.25 276.2 50.6 2-D 448.8 341 0.50
Modified 2-D 467.8 3.78 0.90
Offshore 50 24.6 3.02 276.1 42.0 2-D 419.1 3.41 0.50

Modified 2-D 432.8 3.73 0.87

return periods are what require that the peak factors be larger. Thidt is important to note, in conclusion, that the results from this
in turn requires that the response fractiles be larger. study may be case-specific. For wind turbines with different op-
When comparing the onshore and offshore sites at the saprating characteristics, for different load parameters, for other site
return period(say 50 yearg it is seen that the deficit between theconditions, and for alternative modeling assumptions, conclusions
2-D and the 3-D load is less at 13.7 kN-m at the offshore site. Thim the effectiveness of the inverse reliability techniques may be
requires a slightly smaller response fractile of 0.87 than the 0.90ite different. Broad conclusions are possible only after consid-
level at the onshore site. In summary, at the 50-year level, a 96%ng a wide range of turbines, load effects, and modeling tech-
fractile on the response variable appears to be adequate for ogpies. Also, with the Modified 2-D model, the omission factors
with the 2-D environmental contour approach for the particuldand elevated response fractjleierived here might not apply to
wind turbine studied here at either the onshore or the offshore si#dl. situations. Such omission factors depend primarily on the vari-
It is important to note that the results in Table 6 for the Modiability of turbine loads given inflow conditions relative to the
fied 2-D model do not match those in Table 5 because in theariability in the inflow parameters themselves. At some sites, this
table, the omission factors defined in E) were use to derive variability in turbine loads might be greater than that assumed
the fractiles. In Table 6, the fractiles refer to levels needed twere; similarly, for some sites, the inflow parameters might exhibit

exactly match the 3-D model results. greater variability than in the sites studied here. In those cases, the
) omission factors used in a Modified 2-D approach might be very
Conclusions different compared to the values found here.
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