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Abstract

Wind turbines subjected to highly irregular loadings due to wind, gravity, and gy-
roscopic effects are especially vulnerable to fatigue damage. The objective of this
study is to develop and illustrate methods for the probabilistic analysis and design of
fatigue-sensitive wind turbine components.

A computer program (CYCLES) that estimates fatigue reliability of structural and
mechanical components has been developed. A FORM/SORM analysis is used to
compute failure probabilities and importance factors of the random variables. The
limit state equation includes uncertainty in environmental loading, gross structural
response, and local fatigue properties. The CYCLES fatigue reliability formulation,
based on assumed specific functional forms for the controlling quantities of fatigue
life, represents a useful compromise between level of detail in probabilistic modeling
and the state of knowledge of many components to which it may be applied.

Several techniques are shown to better study fatigue loads data. Damage densi-
ties show which stress ranges are most important to model. Common one-parameter
models, such as the Rayleigh and exponential models are shown to produce dramati-
cally different estimates of load distributions and fatigue damage. Improved fits may
be achieved with the two-parameter Weibull model. In fitting such models, it is cru-
cial to well-represent the most damaging stress levels. High b values require better
modeling of relatively large stress ranges; this is most effectively done by matching at
least two moments (Weibull) and better by matching still higher moments. For this
purpose, a new, four-moment “generalized Weibull” model is introduced.

Load and resistance factor design (LRFD) methodology for design against fatigue
is proposed and demonstrated using data from two horizontal-axis wind turbines. To
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estimate fatigue damage, wind turbine blade loads have been represented by their first
three statistical moments across a range of wind conditions. Based on the moments
#1... 43, new “quadratic Weibull” load distribution models are introduced. The fatigue
reliability is found to be notably affected by the choice of load distribution model.
Typical failure probabilities for a 20-year life were found to differ by more than 5
orders of magnitude between lognormal and Weibull models fit to the same loads data.
Results show that when an abundance of load data is available, computed reliability
is governed by uncertainty in the fatigue resistance R, while the load factor v, is
relatively flat. In contrast, when load data is sparse, load and resistance uncertainties

are found to be of comparablc importance.
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Chapter 1
Introduction

The deterioration of engineering structures due to fatigue has been a difficult problem
facing engineers for many decades. This is due in part to the complex nature of the
fatigue process, which makes a deterministic engineering description of the problem
difficult. Traditional deterministic fatigue analyses have often employed rather large
safety factors, in order to compensate for the large degree of uncertainty involved.

Recently, within the last few decades, probabilistic design techniques which ac-
count for statistical distributions of stress, strength, geometry, etc., have promised
to provide a more rational ard consistent design approach for fatigue (Committee on
Fatigue and Fracture Reliability, 1982). The use of stationary random (or stochastic)
processes to define statistical loads models for earthquakes, wind, ocean wave forces,
and vehicle environments have played an important role in probabilistic analyses. The
advantage of a probabilistic approach to fatigue design lies in the logical framework
for analyzing design uncertainties and the quantitative basis for assessing structural
integrity in the form of the risk or probability of unfavorable performance.

Wind turbines used to produce electrical energy from the wind are especially vul-
nerable to fatigue damage. Highly irregular loadings due to wind, gravity, and gyro-
scopic effects combined with extremely variable material properties make an efficient
design against fatigue a challenging task. Virtually all turbines built in California in
the early 1980’s and operating in energetic sites (average wind speeds > 7 m/s) have
experienced fatigue problems (Sutherland et al, 1994). Although significant progress
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has been achieved through inspection, maintenance programs, operating experience,
and research activities, deterministic design approaches currently employed by the
industry have serious shortcomings as evidenced by continued turbine failures.

The objective of this study is to develop and illustrate methods for the proba-
bilistic analysis and design of fatigue-sensitive wind turbine components. (Note that
while the specific focus lies with wind turbines, the methods shown here may be of
use across a range of problems of damage accumulation, crack growth, etc.) We seek
to capitalize on a rapidly evolving set of computational methods, grouped broadly
under the topic of “structural reliability” (e.g., Madsen et al, 1986, Thoft-Christensen
and Baker, 1982, Melchers, 1987). In particular, powerful asymptotic numerical tech-
niques known as “FORM/SORM?” (First- and Second-Order Reliability Methods)
have been found quite efficient in estimating probabilities of rare failure events, asso-
ciated with well-designed engineering systems. Simulation techniques—both ordinary
Monte-Carlo and more sophisticated importance sampling schemes (e.g., Rubinstein,
1981, Melchers, 1987)—give a useful alternative for systems with higher failure rates,
for which FORM/SORM may become inaccurate.

The net result is that computational analysis methods are available to estimate

the reliability of complex engineering systems, which may involve
o A large number of random variables (e.g., tens to hundreds)

e Arbitrary probability distributions, given analytically or through numerical al-
gorithms

e Arbitrary probabilistic dependence among variables (defined through a sequence
of conditional distributions; e.g. Madsen et al, 1986)

Since we have gained this generality of analysis capabilities, the burden has been
shifted back to the task of appropriate probabilistic modeling. We are free to use
whatever probability distribution is most “correct” given the available data. With
this freedom comes the associated need for more flexible distribution models, more
robust distribution fitting techniques, methods to include uncertainty due to limited
data, and finally a vehicle to propagate all of these to estimate the net consequence on
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fatigue reliability. These topics are addressed in the following chapters of this work.

An overview of each chapter follows below.

1.1 Organization

Each of the following three thesis chapters is devoted to a particular topic of interest
for wind turbine fatigue reliability. These are described in turn below. A brief
concluding chapter is also offered to suggest topics of future work.

CYCLES Fatigue Reliability Formulation (Chapter 2). A FORM/SORM based
computer code capable of computing failure probabilities of wind turbine com-
ponents has been developed. Based on Miners law to predict fatigue failure,
it utilizes a closed-form expression for the limit state equation made possible
by simplifying assumptions for distributions of wind speed and structural re-
sponse. The resulting analytical form of the limit-state equation facilitates
study of important parametric variations, e.g., of distribution parameters, S-N
curve properties, etc. An example that demonstrates the impact of distribution
type (for the S—N parameter C) on predicted reliability is given.

Load Models for Fatigue Reliability (Chapter 3). The availability of load mod-
els (e.g., probability distributions) that adequately reflect wind turbine response
to environmental loading is required for a probabilistic fatigue analysis. There-
fore, empirically based load models that are useful for describing structural
response for a wide range of wind turbine components are established. Expo-
nential, Rayleigh, and Weibull distributions are investigated from the stand-
point of goodness of fit, damage density, and implications on predicted fatigue
damage. A new “generalized” Weibull distribution is proposed and shown to

offer improved modeling characteristics in some cases.

Load and Resistance Factor Design for Fatigue (Chapter 4). LRFD method-
ology for design against fatigue damage is proposed. The methodology is imple-
mented using data from two different wind turbine rotor blades. The effects of
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turbine design and limited data are discussed and shown to be important on the
resulting partial safety factors. Results are presented for different load models
(Chapter 3) and appropriate load models are shown to be highly important to
the reliability calculations. The usefulness of LRFD in moving probabilistic
fatigue methodology from a research topic to design practice is emphasized.




Chapter 2

CYCLES Fatigue Reliability

Formulation

CYCLES is an algorithm and computer program that estimates the fatigue reliability
of structural and mechanical components. It includes a rather flexible model of un-
certainty, both in distribution parameters of randomly varying quantities (e.g., load
environment parameters such as wind speed) and in uncertain material properties
(e.g., S—N fatigue properties). The formulation is intended to be of general applica-

bility across a range of fatigue problems.

2.1 CYCLES Overview

The CYCLES algorithm is based on a deterministic fatigue life formulation specifically
for structural components operating in a continuously varying load environment. The
fatigue formulation is intended to be of rather general applicability. Originally devel-
oped by Veers, (1990), and since extended at Stanford with wind turbine applications
in mind, it is equally useful for offshore applications (Winterstein and Lange, 1994).

The fatigue formulation employed by CYCLES is intended to reflect uncertainty in
environmental loading, gross structural response, and local fatigue properties. Fa-
tigue damage is modeled probabilistically using Miner’s Rule, including the effects
of variable loads, mean stress effects, and stress concentration factors. A critical







