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1 Introduction

This document is one of a set of Design Guidelines (DG) developed by the National Renewable Energy Laboratory (NREL) to assist manufacturers with the task of developing and presenting a comprehensive wind turbine design.  The guidelines provide useful tips for developing, analyzing and presenting a wind turbine design suitable to submit for Type Certification.

The advice provided in this and other DG is not intended to represent a comprehensive plan for wind turbine design, but instead to complement and suggest alternatives to current design practices.  Following any or all of the suggestions set forth in this or any DG will not inherently improve a design or guarantee its Type Certification, nor does it relieve its designers, engineers or manufacturers of any liability.

2 Scope

This Design Guideline presents suggestions to conduct, track, and compile the results of a loads analysis for wind turbine design.  It is one of a suite of Design Guidelines intended to assist with the application of the International Standards listed in section 3.

3 Relevant Recognized Standards and Guidelines

The following is a list of standards, guidelines and other documents both referenced in this text, and considered useful corollary material for the reader.  At the time of publication, the editions indicated were valid.  All listed documents are subject to revision, and the reader is encouraged both to apply the most recent edition and record the edition of any documents applied in the design process.

3.1 International Standards

IEC 61400-22:
(Draft) Wind turbine generator systems.  Wind turbine certification

IEC 61400-2: (1996-04), Wind turbine generator systems.  Safety of small wind turbines

IEC 61400-1 Ed.2: (1999-02), Wind turbine generator systems.  Safety Requirements

IEC 61400-13: (Draft), Wind turbine generator systems.  Mechanical load measurements

ISO 2394 Ed. 2: (1986) General Principals on Reliability for Structures

ISO 4354 Ed. 1: (1997) Wind Actions on Structures

3.2 Design Guidelines

DG02: Strength Analysis

DG03: Yaw and Pitch Rolling Bearing Life

3.3 Significant Interpretations

Currently none are available.

4 Definitions

annual average

“mean value of a set of measured data of sufficient size and duration to serve as an estimate of the expected value of the quantity. The averaging time interval shall be a whole number of years to average out non-stationary effects such as seasonality” IEC 61400-1

annual average wind speed

“wind speed averaged according to the definition of annual average” IEC 61400-1

annual wind speed distribution

wind speed distribution based on the annual average wind speed
blade

“rotating, aerodynamically active part of the rotor” IEC 61400-13

blade root

“that part of the rotor blade that is connected to the hub of the rotor” IEC 61400-13

blade span

blade spar
brake

“device capable of reducing the rotor speed or stopping rotation” IEC 61400-1

catastrophic failure

“disintegration or collapse of a component or structure, that results in loss of vital function which impairs safety” IEC 61400-1

characteristic load

characteristic value

“value having a prescribed probability of not being attained in a hypothetical unlimited test series” IEC 61400-1

chord

“length of a reference straight line (the chord line) that joins, by certain defined conventions, the leading and trailing edges of a blade airfoil cross-section” IEC 61400-13

chord line

“reference straight line that joins, by certain defined conventions, the leading and trailing edges of a blade airfoil cross-section” IEC 61400-13

control system

“sub‑system that receives information about the condition of the wind turbine and/or its environment and adjusts the turbine in order to maintain it within its operating limits” IEC 61400-1

cut‑in wind speed (Vin)

“the lowest mean wind speed at hub height at which the wind turbine starts to produce power” IEC 61400-1

cut‑out wind speed (Vout)

“the highest mean wind speed at hub height at which the wind turbine is designed to produce power” IEC 61400-1

design limits

“maximum or minimum values used in a design” IEC 61400-1

design loads

“loads the turbine is designed to withstand.  They are obtained by applying the appropriate partial load factors to the characteristic values” IEC 61400-13

downwind

“in the direction of the main wind vector” IEC 61400-1

edgewise

“the direction that is parallel to the local chord” IEC 61400-23

emergency shutdown

“rapid shutdown of the wind turbine triggered by a protection system or by manual intervention” IEC 61400-1

environmental conditions

“characteristics of the environment (altitude, temperature, humidity, etc.) which may affect the WTGS behavior” IEC 61400-1

equivalent load

external conditions

“factors affecting operation of a wind turbine, including the wind regime and the electrical network conditions, and other climatic factors (temperature, snow, ice, etc.)” IEC 61400-1

extreme wind speed

“highest average wind speed, averaged over t seconds, that is likely to be experienced within a specified time period of N years ("recurrence period": N years)” IEC 61400-1

fail‑safe

“design property of an item which prevents its failures from resulting in critical faults” IEC 61400-1

flapwise

“direction which is perpendicular to the swept surface of the undeformed rotor blade axis” IEC 61400-13

direction orthogonal to the local chord and the blade span (longitudinal axis)
gust

“temporary change in the wind speed” IEC 61400-1

horizontal axis wind turbine

“wind turbine whose rotor axis is substantially parallel to the wind flow” IEC 61400-1

hub

“fixture for attaching the blades or blade assembly to the rotor shaft” IEC 61400-1

hub height

“height of the center of the swept area of the wind turbine rotor above the terrain surface” IEC 61400-1

in-plane

idling

“condition of a wind turbine that is rotating slowly and not producing power” IEC 61400-1

lead
-lag (edge)

“direction which is parallel to the plane of the swept surface and perpendicular to the longitudinal axis
 of the undeformed rotor blade” IEC 61400-13

limit state

a state of a structure and the loads acting upon it, beyond which the structure no longer satisfies the design requirement (ISO 2394)

NOTE - The purpose of design calculations (i.e. the design requirement for the limit state) is to keep the probability of a limit state being reached below a certain value prescribed for the type of structure in question (ISO 2394).

logarithmic wind shear law

see wind profile – wind shear law
longitudinal axis.
longitudinal wind speed
maximum power

“highest level of net electrical power delivered by a wind turbine in normal operation” IEC 61400-1

mean wind speed

“statistical mean of the instantaneous values of the wind speed averaged over a given time period which can vary from a few seconds to many years” IEC 61400-1

nacelle

“housing which contains the drive‑train and other elements on top of a horizontal axis wind turbine tower” IEC 61400-1

natural frequency

“frequency at which a structure will chose to vibrate when perturbed and allowed to vibrate freely” IEC 61400-13

normal shutdown

“shutdown in which all stages are under control of the control system” IEC 61400-1

operating limits

“set of conditions defined by the WTGS designer that govern the activation of the control and protection system” IEC 61400-1

outboard

“toward the blade tip” IEC 61400-13

out of plane

parked wind turbine

“depending on the construction of the wind turbine, parked refers to the turbine being either in a stand-still or an idling condition” IEC 61400-1

partial safety factors

“factors that are applied to loads and material strengths to account for uncertainties in the representative (characteristic) values” IEC 61400-13

power law for wind shear

see wind profile – wind shear law
power output

“electric power delivered at any time by a WTGS” IEC 61400-1(note)

protection system

“system which ensures that a WTGS remains within the design limits” IEC 61400-1

radial position

“distance from the rotor center in a plane perpendicular to the rotor axis” IEC 61400-13

rated power

“maximum continuous electrical power output which a WTGS is designed to achieve under normal operating conditions” IEC 61400-1(note)

rated wind speed (Vr)

“specified wind speed at which a wind turbine's rated power is achieved” IEC 61400-1

Rayleigh distribution

probability distribution function, see wind speed distribution
reference wind speed (Vref)

“basic extreme wind speed parameter used for defining WTGS classes. Other design-related climatic parameters are derived from the reference wind speed and other basic WTGS class parameters

NOTE - A turbine designed for a WTGS class with a reference wind speed Vref, is designed to withstand climates for which the extreme 10 min average wind speed with a recurrence period of 50 years at turbine hub height is lower than or equal to Vref.” IEC 61400-1
resonance

“phenomenon appearing in an oscillating system, in which the period of a forced oscillation is very close to that of free oscillation” IEC 61400-1

rotationally sampled wind velocity

“wind velocity experienced at a fixed point of the rotating wind turbine rotor

NOTE - The turbulence spectrum of a rotationally sampled wind velocity is distinctly different from the normal turbulence spectrum. While rotating, the blade cuts through a wind flow that varies in space. Therefore the resulting turbulence spectrum will contain sizeable amounts of variance at the frequency of rotation and harmonics of the same. ” IEC 61400-1

rotor center

“intersection of the main shaft and the blade pitching axis
” IEC 61400-13
rotor cone

surface swept by a pre-coned rotor
rotor plane

“plane perpendicular to the main shaft and which includes the rotor center” IEC 61400-13

rotor speed

“rotational speed of a wind turbine rotor about its axis” IEC 61400-1

roughness length

“extrapolated height at which the mean wind speed becomes zero if the vertical wind profile is assumed to have a logarithmic variation with height” IEC 61400-1

safe life

“prescribed service life with a declared probability of catastrophic failure” IEC 61400-1

scheduled maintenance

“preventive maintenance carried out in accordance with an established time schedule” IEC 61400-1

serviceability limit states

“limit states which correspond with criteria governing function related normal use” (ISO 2394)

(normal) shutdown

one in which all stages of the shutdown are under the control of the control system.

spanwise

“direction parallel to the longitudinal axis of a rotor blade” IEC 61400-13

standstill

“condition of a WTGS that is stopped” IEC 61400-1

stationary operation

“state of operation during which the turbine remains in a steady state, such as during power production, power production + fault condition, and when in a standstill or idling condition and for which the external conditions also remain essentially steady for the duration of the measurement” IEC 61400-13

stiffness

“ratio of the change of force (or torque) to the corresponding change in translation (or rotation) displacement of an elastic body” IEC 61400-13

strain

“ratio of the elongation L of a material subject to stress, to the original length of the material L” IEC 61400-13
support structure

“part of a wind turbine comprising the tower and foundation” IEC 61400-1

survival wind speed

“popular name for the maximum wind speed that a construction is designed to withstand

NOTE - In the IEC standard, this expression is not used. Design conditions instead refer to extreme wind speed ” IEC 61400-1
swept area

“projected area perpendicular to the wind direction that a rotor will describe during one complete rotation” IEC 61400-1

turbulence intensity

“ratio of the wind-speed standard deviation to the mean wind speed as determined from the same set of measured data samples of wind speed, and taken over a specified period of time” IEC 61400-1

turbulence scale parameter

“the wave length where the non-dimensional, longitudinal power spectral density is equal to 0.05

NOTE – The wave length is thus defined as (1 = Vhub/f0 , where f0S1(f0)/(12 = 0.05” IEC 61400-1

ultimate limit state

“limit states which generally correspond to maximum load carrying capacity” (ISO 2394)

unscheduled maintenance

“the maintenance carried out, not in accordance with an established time schedule, but after reception of an indication regarding the abnormal state of an item” IEC 61400-1

upwind

“in the direction opposite to the main wind vector” IEC 61400-1

Weibull distribution

“probability distribution function, see wind speed distribution” IEC 61400-1

wind farm

“see wind power station” IEC 61400-1

wind power station

“group or groups of wind turbine generators, commonly called a wind farm” IEC 61400-1

wind profile - wind shear law

“mathematical expression for assumed wind speed variation with height above ground.

NOTE - Commonly used profiles are the logarithmic profile (1) or the power law profile (2).
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where

V(z)
is the wind speed at height z
z
is the height above ground
zr
is a reference height above ground used for fitting the profile
z0
is the roughness length
(
is the wind shear (or power law) exponent” IEC 61400-1
wind speed distribution

“probability distribution function, used to describe the distribution of wind speeds over an extended period of time.

NOTE - Often used distribution functions are the Rayleigh, PR(Vo), and the Weibull, PW(Vo), functions.
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where

P(V0)
is the cumulative probability function
V0
is the wind speed (limit)
Vave
is the average value of V
C
is the scale parameter of the Weibull function
k
is the shape parameter of the Weibull function
(
is the gamma function
Both C and k can be evaluated from real data. The Rayleigh function is identical to the Weibull function if k = 2 is chosen and C and Vave satisfy the condition stated in equation (4) for k = 2.

The distribution functions express the cumulative probability that the wind speed is lower than Vo. Thus (P{V<V1}-P{V<V2}), if evaluated between the specified limits V1 and V2, will indicate the fraction of time that the wind speed is within these limits. Differentiating the distribution functions yields the corresponding probability density functions” IEC 61400-1

wind shear

“variation of wind speed across a plane perpendicular to the wind direction” IEC 61400-1

wind shear exponent

“also commonly known as power law exponent, see wind profile - wind shear law” IEC 61400-1

wind speed

“at a specified point in space, the wind speed is the speed of motion of a minute amount of air surrounding the specified point. 

NOTE - The wind speed is also the magnitude of the local wind velocity (vector) (see wind velocity).” IEC 61400-1
wind turbine generator system (WTGS)

“system which converts kinetic energy in the wind into electrical energy” IEC 61400-1

wind velocity

“vector pointing in the direction of motion of a minute amount of air surrounding the point of consideration, the magnitude of the vector being equal to the speed of motion of this air "parcel" (i.e. the local wind speed).

NOTE - The vector at any point is thus the time derivative of the position vector of the air "parcel" moving through the point.” IEC 61400-1
WTGS electrical system

“all electrical equipment internal to the WTGS up to and including the WTGS terminals, including equipment for earthing, bonding and communications. Conductors local to the WTGS, which are intended to provide an earth termination network specifically for the WTGS, are included” IEC 61400-1
WTGS terminals

“point or points identified by the WTGS supplier at which the WTGS may be connected to the power collection system. This includes connection for the purposes of transferring energy and communications.” IEC 61400-1
yawing

“rotation of the rotor axis about a vertical axis (for horizontal axis wind turbines only).” IEC 61400-1

5 Symbols and Abbreviations

5.1 Symbols

C
scale parameter of the Weibull function

k
shape parameter of the Weibull function

P
cycles per rotor revolution

PR(V0)
Rayleigh probability distribution, i.e. the probability that V<V0
PW(V0)
Weibull probability distribution

T
time length of a data set

V
wind speed

V(z)
wind speed at height z

V0
limit wind speed in the wind speed distribution model

Vave
annual average wind speed at hub height

Vhub
wind speed at hub height averaged over ten minutes

Vin
cut-in wind speed

Vout
cut-out wind speed

Vr
rated wind speed

Vref
reference wind speed averaged over ten minutes

z
height above ground

z0
roughness length

zr
reference height above ground used for fitting the wind profile

(
wind shear (or power law) exponent

E
Euler’s constant (= 0.5772)

(
the gamma function


mean

0
mean crossing frequency

· standard deviation

x, y, z
co-ordinates of a right-handed system

5.2 Abbreviations

AC
Alternating current

ASTM
American Society for Testing and Materials

DC
Direct current

DG
Design guideline(s)

DLC
Design load case

ECD
Extreme coherent gust with direction change

ECG
Extreme coherent gust

EDC
Extreme wind direction change

EOG
Extreme operating gust

EWM
Extreme wind speed model

EWS
Extreme wind shear

EWTS
European Wind Turbine Standards

FEM
Finite element method

FMEA
Failure mode and effects analysis

HAWT
Horizontal-axis wind turbine

IEC
International Electrotechnical Commission

ISO
International Organization of Standards

NACA
National Advisory Committee for Aeronautics

NREL
National Renewable Energy Laboratory

NTM
Normal turbulence model

NWP
Normal wind profile model

NWTC
National Wind Technology Center

VAWT
Vertical axis wind turbine

WTGS
Wind turbine generator system(s)

6 General

One of the most important steps in designing and building a wind turbine is to develop a complete set of design loads, both for fatigue and extreme-load conditions.  The process and results should be documented in a loads document - a required element for the design conformity statement which is an essential part of Type Certification.  The purpose of this guideline is to assist in generating this Loads Document, and it does so by providing methods and presenting suggestions for demonstrating the competence of a wind turbine design through system loads analyses.

The contents of the Loads Document is governed by the publication IEC 61400‑1, Safety of Wind Turbine Generator Systems [[1]].  It is important, therefore, to become familiar with IEC 61400‑1 before attempting to generate the loads document.  Other important publications useful in developing design loads exist, including ISO 2394, General Principles on Reliability for Structures [2], which can be helpful in applying safety factors.  Although the Germanischer Lloyd (GL) Rules and Regulations [3] is in most respects similar to IEC 61400-1, it does include an additional ice-load requirement, which may be of interest for installations susceptible to icing.

As specified in IEC 61400‑1 section 5.2, Design Methods, verification of the adequacy of the design shall be made by calculation and/or by testing.  This guideline addresses some of the issues involved with the use of test data to generate design loads.  It’s focus, however, is outlining the development of a structural dynamics model for purposes of analyzing overall performance, and predicting design loads on the major components of the wind turbine in order to produce the loads document.  The model is used to simulate response to extreme wind conditions, as well as normal operating conditions and any other conditions applicable to the turbine.

This document takes you through the steps of a complete dynamics analysis, from creating the model to presenting the results, providing useful tips along the way.  This document is not a standard or required procedure for certification.  It is meant to be an informative guide to designers of wind turbines, or other applicants, who wish to ensure sound design and obtain type certification for their product.

The suggestions provided herein stem from experience modeling numerous wind turbines.  Despite such experience, this guideline cannot be expected to provide definitive answers for all loads analysis situations.  Nor should the suggestions presented here be regarded as anything more than that - suggestions.  Questions pertaining to the Loads Document for a specific design to be submitted for Type Certification are best directed to the certification body.  Contacting a certification body is the first step toward obtaining type certification for a design, and such contact is strongly advised before attempting to compile the loads document.

7 Loads Evaluation Overview

Simple design calculations are not sufficient for a complete loads analysis (although they may be all that is necessary for a workable design).  Accounting for simultaneous steady and unsteady aerodynamic loading, inertial loading and control-induced loading requires either rigorous testing and/or complex structural dynamics simulations.  Each of these approaches presents unique challenges to determining design loads, and in turn to compiling an accurate Loads Document.

7.1 Experimental Approach

Experimental data can be used to analyze some of the design load cases required by IEC 61400‑1.  However, if test loads are used to compile a Loads Document, several issues must be addressed.

First, the external conditions and test configurations must be shown to reflect those defined in the IEC standard.  This will require statistical data on the external conditions at the test site, both in terms of annual averages of wind speed and turbulence intensity, as well as specifics for the test intervals.  Note that meteorological data often considers hourly averages and IEC 61400‑1 considers 10-minute averages, so statistics must be converted for comparison.  A method for doing this conversion can be found in ISO 4354 Wind Actions on Structures Appendix B3 [5] which is summarized in Appendix F.

Second, extreme conditions analogous to those in the IEC standard are not likely to occur during testing, and evaluation of these conditions must be achieved otherwise.  Options include an analytical approach, statistical analysis of test data, or extreme condition tests.  The analytical approach, described in detail throughout this guideline, requires detailed model verification.  Limits in the use of statistical methods to determine extreme loads are usually given by non-linearities of the external conditions and/or the wind turbine behavior.  Statistical methods to derive extreme loads from normal operating loads is the subject of papers by McCoy, et al. [6], and Madsen, et al. [7, 8]. Testing of some of the load cases in IEC 61400‑1 may be possible through simulated faults, or specific test configurations.

Third, if experimental data from normal operation is to be used for extreme design loads, it must be demonstrated that the database used is appropriate to the method employed for extrapolating the extreme loads.  Both the amount of data available and the test conditions during data collection can play a significant role in any such technique.

7.2 Analytical Approach

The continued improvement in the economics and capabilities of computers has made the use of computer modeling in wind turbine design more common throughout the industry.  Almost all designs now incorporate some computer analysis, at least those of medium and large size turbines.  Furthermore, increased confidence in aeroelastic modeling makes the economics of computer based design much more attractive.  For this reason, and for the specific requirements of the IEC 61400-1 standard, computer modeling is the main focus of this guideline on design loads analysis.

Wind-turbine dynamics simulation requires several components: an aerodynamic model, a structural model, control systems model(s), wind inflow model, and an aeroelastic analysis procedure usually in the form of a coupled aerodynamics structural-dynamics analysis computer program.  We begin with an overview of available analysis programs before discussing requirements for the models.

7 Loads Analysis Programs

Although dynamic simulation is a later step in the design loads analysis, choice of analysis programs should be among the first considerations.  This choice will define the requirements for developing a proper model, and should consider the complexity required of the model as well as the desired output.  The analysis code also needs to be able to account for the items listed in IEC 61400‑1 section 7.5, Load calculations, deemed relevant to the analysis.

Many programs exist to conduct various analyses of wind turbine models.  These codes range in capability from simple aerodynamic performance to complex structural dynamic interactions.  Several currently available programs are listed in Appendix A, along with a summary comparison of their capabilities.

The particular analysis program employed is relevant only so far as the program is validated (i.e., the capability of the program to conduct the required analysis - and confidence in the results - is well established), and its capabilities are sufficient for the complexity required of the model.  While we try to address the question of the complexity required of a model in the following chapters, a certification body will ultimately decide what is sufficient for your specific situation.

In all likelihood, multiple codes or techniques will be used in the machine design.  A simpler and faster code may be more beneficial in the early design stages, when sufficient information for a sophisticated analysis is unavailable.  Also, use of more than one analysis technique can uncover errors in input or the interpretation of results.  A favorable comparison between results from different analysis methods can greatly increase confidence in those results.

All efforts to validate various models (aerodynamic, structural, control system, etc.) should be recorded in a validation section of the loads document.

Even if a single program is used, it is possible that more than one version of that program may be used over the course of model development and analysis.  It is important that all programs used, including version numbers, are tracked throughout the design.  Additional information, such as the date that an analysis was performed, and the turbine model designation, should be noted as well.  This is most easily accomplished by labeling all program output with the program name, version number, date of analysis, and model identifier.

8 Models

A complex dynamics model is best developed in stages paralleling the steps in a design process.  The exact steps taken depend on your starting point; either beginning with an existing model, or developing a new one from “scratch.”

If developing a new model from scratch, it is advantageous to start with as simple a structural dynamics model as possible while developing the aerodynamics model.  This simple model will reflect overall geometry and component masses.  It can be used to check deterministic loads such as gravity, as well as overall performance predictions such as power curves.  When developing a model with this approach, it is wise to keep in mind how the model will increase in complexity over time so as to minimize the difficulty of that task.

Once a satisfactory aerodynamics model is achieved, a more complex structural model can be developed to include system dynamic response.  This model will include more details such as distributed mass and material properties, or modal representations.  It is usually best to increase the structural dynamics model complexity incrementally to avoid the introduction of errors that are difficult to trace and eliminate later.  The ultimate complexity of the model will depend upon factors such as the size and flexibility of the turbine, and should accommodate the expected dynamics of the machine and the need to model significant system interactions to achieve satisfactory load predictions.

If the situation is suitable, it may help to begin with an existing, well-validated model of a design that is similar to the desired design, rather than starting anew.  The existing model can then be incrementally changed to meet design goals.  This approach may prove to be the most efficient and reliable way to achieve a correct model in many cases.

An important aspect of a complete wind turbine model is the control system.  Modern turbines use active control for nacelle yaw, blade pitch, rotor speed, rotor teeter, blade flaps, and rotor aerodynamic and mechanical braking.  To model system response thoroughly for all conditions required in IEC 61400‑1, control system responses need to be modeled as well.

The wind turbine model will likely undergo many changes over the course of its existence.  Initially it will be used for preliminary design, then modified to reflect design changes, and eventually fine-tuned to better match test results in an effort to validate the model for increased confidence in extreme event loads and fatigue life estimates.  These iterations need to be documented, and analysis results should be updated accordingly when changes are made which may affect the analysis results.  IEC 61400-22, section 8.8 specifies requirements for updating documents as the design is changed.

Another factor worth considering while developing the model is the need for a Loads Verification Document.  Taking into account aspects of future wind turbine field tests can simplify the comparisons with test data required for this document.  For example, accounting for turbulence characteristics of a test site in the turbulence model allows more direct comparisons of load and performance predictions with test measurements.  Also, if locations of simulated loads coincide with those of measured loads, comparisons between them can be made directly.

8.1 Aerodynamics

One of the most crucial elements in an accurate aeroelastic analysis is the airfoil aerodynamic properties.  Great care must be taken to ensure that the values used best represent the turbine blade aerodynamic properties.  Many sources of airfoil properties do not contain data directly applicable to wind turbine applications.  This is because most airfoil properties are measured for aviation applications, but the operating state of wind turbines differ from most aircraft in three significant ways.  First, wind turbine blades generally operate at Reynolds numbers well below those experienced by most aircraft.  Second, wind turbine blades are subject to a wider range of angle of attack during normal operation.  And third, wind turbine blades are more susceptible to contamination from dirt and bugs, so the degree of surface roughness tends to be greater than the aeronautical data consider
.

The ideal solution to this lack of data is to perform wind tunnel evaluations on a physical model and under conditions directly pertaining to your wind turbine design.  However, this option is rarely feasible.  Low Reynolds number airfoil data is available for some airfoils.  One reference is Miley [9], though most airfoils therein are not considered useful for wind turbine applications.  Another reference is Althaus [10], which includes high thickness, symmetric airfoils that can be used for streamlined towers.  There are also airfoils designed specifically for wind turbine applications [11], which have been analyzed at low Reynolds number, and for a complete range of angles of attack [12, 13, 14].  Lacking any more applicable data, classic airfoil data for aircraft application may suffice, such as that found in Abbot and von Doenhoff [15].  Note also that these references in most cases contain airfoil geometry as well, which is useful in developing a structural design for the blades. A lot of helpful information can be found on the UIUC Airfoil Data Site of Prof. Michael Selig at http://amber.aae.uiuc.edu/~m-selig/ads.html.

Whether or not data can be had for the full range of angle of attack, accurate data is necessary in sufficient detail (i.e., data at least every 2 degrees) at least over a range of approximately –10 to +30 degrees, covering the pre-stall, stall, and near post-stall regions.  The remainder of the data to cover –180 to +180 degrees can be much coarser (every 10 degrees).  Although the turbine will likely spend little time in this region, operation here may account for some extreme load conditions, making its inclusion important.

Data over this extended range of angle of attack can be achieved in different ways.  One way is to use a synthesis procedure based on flat-plate behavior, such as that of Viterna and Janetzke [16].  (This method has been employed in the program FoilCheck to generate airfoil data files for use with the AeroDyn routines; see Appendix A.)  A synthesis method must be used with caution because it can provide erroneous results if the actual airfoil behavior differs from that envisioned by the author of the synthesis procedure.  A more reliable approach would be to “patch in” existing (180 degree wind tunnel data from another airfoil for those angles of attack for which data is lacking for the airfoil of interest.  One source for such data is Pope [17], which investigates the NACA 0015 airfoil.  However the airfoil data are achieved, it is well worth the time and effort to assure its accuracy as it will have a direct effect on load calculations for the model.

Another choice you may be confronted with when choosing data for a particular airfoil is whether to use data for smooth (clean) or rough (dirty) conditions.  Both of these are often provided for airfoils because environmental conditions can lead to leading edge surface contamination from insects or other debris.  This contamination will largely manifest itself in a change in performance such as power production.  For constant-speed turbines, loads are not always significantly affected.  Variable-speed machines, however, could see a change in rotor speed, which is closely related to turbine loads.  Likewise, a constant-speed machine confronted with a loss of generator load could see a different rotor speed response and hence a different load scenario.  Also, start-up and shutdown loads could be affected by a change in performance resulting from blade conditions.  It is worth investigating such cases, therefore, to see if loads for your design are affected by airfoil roughness.  This can be done by repeating a representative load case analysis for both smooth and rough airfoil data (this requires constructing both smooth and rough airfoil tables), and seeing if the peak loads and maximum load cycles differ significantly between the two.  Then the airfoil data causing the largest loads or load cycles can be used in subsequent analyses to provide the most conservative estimate for design loads.

The blade aerodynamic model will include three-dimensional aerodynamic properties for lift and drag for multiple locations along the span of the blades.  Aerodynamic moment coefficients should be included as well, especially for pitch-controlled rotors where pitch actuators and linkage must be designed to overcome blade pitching moments, and loss of control can lead to serious consequences.  A minimum of 10 and a maximum of 20 span-wise blade stations are recommended for accurate results.  The number of span-wise blade stations and their locations should take into consideration blade twist and taper distributions, location of ailerons or flaps, as well as airfoil distribution.  More aerodynamic load detail is required, and therefore more span-wise blade stations are needed, near the blade tip than near the root.  For wind turbines with ailerons, flaps, tip brakes or other aerodynamic control devices, aerodynamic properties necessary to model all possible operational conditions (e.g., full range of flap deflection angles) must be included.

It has been well established that unsteady aerodynamics – particularly dynamic stall – often have a profound effect on wind turbine rotor aerodynamic response.  Thus, it is necessary, at least for stall regulated machines, to include such effects in the aerodynamic analysis.  Therefore, any parameters required for the unsteady aerodynamic analysis need to be included for each airfoil section.  (The FoilCheck program - see Appendix A - can help provide these parameters for airfoil data used with the AeroDyn subroutines.)
The aerodynamic properties of other components should be included as necessary.  For example, tail vanes should be modeled for appropriate aerodynamic response.  Tower and nacelle should be evaluated for the aerodynamic blockage effects they produce in terms of wind velocity deficit at the rotor plane.

8.2 Structural Dynamics

For all major components, the material(s), material properties (strengths and fatigue), mass and stiffness properties, and component interactions (load paths and joint properties) should be specified as necessary for the structural model.

Coordinate systems must be defined for each component so that load definitions are clearly understood.  Figures should be used to convey the conventions of the model.  A good guide to major wind turbine component coordinate systems is available in IEC 61400‑13, Measurement of Mechanical Loads [18].  Examples of these coordinate systems are provided here.  These definitions are similar to those in European Wind Turbine Standards (EWTS) Volume 6, Mechanical Load Measurements, section 4.4 [19].  Coordinate system locations and orientations should be consistent with those used in load testing for ease of load comparisons during load verification.

In developing the structural model, it is necessary to determine the complexity required to model all the system and component modes and degrees of freedom that are important to an accurate loads analysis.  In addition, the degrees of freedom should be selected such that the analyses provide desired section loads as needed for the design of important components.  The definition of an appropriate model must be made on an individual basis for each wind turbine design.  Some rules of thumb and general advice can be offered here.

Generally, component and system modes with frequencies less than 10 cycles per rotor revolution, or 10 P (measured with respect to rated rotor speed for variable speed machines), are considered important to the load response of the machine and, therefore, should be included.  Careful consideration should be paid to the possibility of coupled modes.  For example, if a blade edge mode frequency is sufficiently close (within 0.1 P) to a flap mode frequency, there is a strong possibility for a coupled mode.  Coupled modes in system components can be investigated using finite element analysis, although this method will likely lack aerodynamic damping effects which may be a significant factor in mode coupling.

Full system modes need to be examined rather than just component modes.  For sufficiently rigid machines where component interactions can be shown to be minimal, component modes and a Campbell diagram may suffice.  However, it is up to the designer to demonstrate that this approach is appropriate.  Although some system interactions are easily understood - such as decreased tower bending frequencies with the addition of nacelle and rotor mass - many are not.  Wind turbines are complex machines with component interactions that can be difficult to foresee, and aerodynamic loading and damping further alter turbine response.

It is important to bear in mind that not just system modes of vibration, but operating(rotating) system modes are of the most interest to the designer.  These have proven very difficult to predict, so designers should be very careful when developing the dynamics model.

8 Blades

Material properties and blade geometry should be specified such that the model is capable of simulating all blade vibration modes significant to the response of the wind turbine system, as well as the overall blade tip deflections.  For very rigid blades, the first flap bending mode may be the only mode with a frequency below 10 P, but many models will require edge and additional flap modes as well.

Although it is possible to have a coupled torsion and edge or flap mode, blades themselves are usually sufficiently stiff that torsion is not a concern.  However, despite the stiffness of the blade itself, torsional freedom may be introduced by the blade pitch system or mounting configuration.  A soft pitch mechanism or air entrained in the hydraulic fluid of the pitch actuators could introduce torsional frequencies and motions significant in the dynamic analysis.  Therefore, -and this pertains as much to bending modes as to torsion modes- it is important to consider the entire rotor system response and not just the isolated blade response.

8 Blade Coordinate System

An example of the total blade coordinate system defined in IEC 61400‑13 is shown in Figure 3.1.  In addition to a coordinate system for the entire blade, it is often necessary to place local coordinate systems at span-wise locations along the blade.  Systems will define the elastic center, center of mass, and aerodynamic center for the blade section, as shown in Figure 3.2.  Each of these systems will be oriented to best describe the properties they help define.  For example, the local aerodynamic coordinate system would have one axis pointing along the local chord line, and another towards the suction side of the blade, with the system origin located at ¼ chord (or pitch axis).  Thus, axes will point in the direction of local normal and tangential (chord-wise) forces at each blade station.

8 Hub
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Rigid, teetering, or free-flapping hub design should be modeled to reflect the dynamic behavior of the wind turbine as closely as possible.  In general, significant hub dynamics are limited to teetering or other free motions permitted by the design.  The hub model will include control system couplings, such as delta-three, as well as any springs, dampers and hard stops of the hub design.

8 Hub Coordinate System

The IEC 61400‑13 hub coordinate system is shown in Figure 3.3.

8 Low Speed Shaft and Drive Train
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Concern for the low speed shaft and drive train dynamics are usually limited to the torsional wind-up permitted in the path from the rotor to the generator or high-speed shaft brake.  This tends to influence the blade lead-lag dynamics, and therefore can be essential to an accurate rotor system model.  A long and/or flexible main shaft could also include bending frequencies that further affect the dynamics of the wind turbine system.  In this case, any significant bending modes of the drive shaft should be modeled.  Likewise, the gearbox and other drive train components should be modeled for dynamic behavior if that behavior significantly affects overall system dynamics.

8 Nacelle Coordinate Systems 

A nacelle shaft coordinate system is oriented with the x-axis parallel to, and therefore tilted with the main shaft.  The origin is located on the centerline of the main shaft at the point closest to the tower axis (or at the intersection of both).  An example is shown in Figure 3.4.  This coordinate system does not rotate with the main shaft.  The x-axes of the nacelle shaft and hub coordinate systems are coincident, simplifying transformations between the two.  This coordinate system is identical to the nacelle coordinate system defined by IEC 61400‑13

A yaw bearing coordinate system is defined in the plane of the yaw bearing with the x-axis pointing nominally downwind, and the z-axis vertical.  An example is shown in Figure 3.5.  This coordinate system yaws with the nacelle.  The transformation between the nacelle shaft and yaw bearing coordinate systems is through the rotor tilt angle and any offset.  For an untilted rotor, the two coordinate systems would be identical, but offset by the distance from the yaw bearing plane to the main shaft axis.  The yaw bearing system is useful to define yaw position relative to the tower top coordinate system (see section 8.2.5.1).

8 Generator and Electrical System

The behavior of the generator needs to be modeled for start-up and generator braking conditions, as well as any other generator-dependent conditions such as variable-speed operation.  Other than the inertial effects and generator torque on overall system dynamics (such as weight and location and how it affects rotor response as stated above), the generator and other electrical components generally need not be modeled as part of the overall turbine system dynamic response.  However, separate analysis for the generator dynamics is required to determine loading induced on the wind turbine with the occurrence of faults such as an electrical short.

8 [image: image36.wmf]Yaw System and Tower Top

[image: image37.wmf]The yaw system should be modeled to respond as the real turbine would respond.  For free yaw configurations yaw damping and yaw-bearing friction should be applied to properly model machine yaw response.  For active yaw control, yaw drive response and/or brake response should be modeled appropriately.  The nacelle-tower connection must model flexibility allowing nacelle pitch and roll where such motions are considered significant to the overall system response.

8 Tower Top Coordinate System

This system can be oriented in the same fashion as the tower base coordinate system of IEC 61400‑13, with the origin located near the tower top or in the plane of the yaw bearing instead of near the tower base.  This location can be useful to define tower top bending moments and forces.  The nacelle-tower top coordinate system can be used to define yaw position with respect to the tower top system.

8 Tower and Foundation

The tower should be modeled for flexibility where it is deemed that such flexibility is significant to the wind turbine system overall dynamic response.  The structural model should include the effects of guy wires or other structural elements as they affect system response.  Aerodynamic loading on the tower should be included where such loading affects the tower structural response.  Aerodynamic blockage effects of the tower are discussed in section 8.1.  Flexibility of the foundation must be estimated in the loads analysis.  The tower base should not be assumed to be fixed in an inertial reference frame without sufficient justification indicated by detailed foundation characteristics provided in the design documentation.

8 Tower Base Coordinate System
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IEC 61400‑13 defines a tower coordinate system as shown in Figure 3.6.  This coordinate system may not necessarily be fixed in the inertial reference frame.  An additional foundation coordinate system may be needed to reference tower base deflections due to foundation flexibility.

9 Control Systems

As the intent of the modeling effort is to accurately simulate wind turbine response under a variety of conditions, it is necessary to model the control systems that play a part in the machine response to the modeled situation.  Control systems can be grouped into two categories: performance systems that control the turbine during normal operation, and safety systems that control response to emergency conditions such as rotor over-speed and fault conditions.  These categories are more a definition of the system response rather than physical components, since the same components, such as mechanical brakes, may be activated during either normal or emergency conditions.  Requirements for control systems are provided in IEC 61400‑1 section 8, Control and protection system.

9.1 Performance Control Systems

Typical control systems on modern wind turbines regulate rotor speed, power and yaw position. These control systems can be based on aerodynamic measures (e.g., full or partial span blade pitch, flap or aileron deflection, active or passive controlled stall, tip brake deployment and, in case of yaw, side wheel) or electrical (generator or motor) and mechanical devices (brakes). Each control system function relevant to the wind turbine operation shall be modeled for appropriate response under the conditions to be analyzed, specifically all load cases described in IEC 61400-1 Ed.2, Section 4.

9.2 Safety Control Systems

For simulating emergency shutdown and other such conditions, a rotor brake (mechanical and/or aerodynamic) control system should be modeled to simulate the response of the rotor to application of the braking system.  The IEC 61400‑1 standard includes system fault conditions that could cause activation of safety systems that require proper modeling in order to assess system response.  The selection of both internal and external fault conditions should conform to the fault analysis of the Control & Protection System document (IEC 61400-22).

10 Wind Inflow Models

A set of extreme wind conditions and turbulence conditions is defined in IEC 61400‑1 section 6, External conditions.  In addition to using these conditions, simulations use appropriate simulated wind input to model conditions in the field for load validation purposes.  Meteorological and load measurements acquired during the load test program (IEC 61400-13) are useful to validate the model using test conditions.  (Tools for creating simulated IEC wind conditions are listed in Appendix A.)

10.1 Extreme Wind Conditions

IEC 61400‑1 section 6.3.2, Extreme wind conditions, defines the extreme wind conditions for various load cases.  (All the conditions listed can be generated for use with the AeroDyn routines by the Fortran program IECwind or the Windows® version, WindMaker; see Appendix A).  The time duration of each simulated condition should be sufficient to allow the model to reach steady state operation both before and after the occurrence of the transient wind condition.  A time step of 0.1 seconds is recommended, and no greater than 0.25 seconds is suggested, to define the transient in sufficient detail for accurate model response.  (Note that this is not a recommendation for simulation time-step size, which will depend on the specifics of the model and dynamics code.)

10.2 Turbulence

IEC 61400‑1 section 6.3.1.3, Normal Turbulence Model (NTM), defines the requirements for an acceptable wind-turbulence model.  (The SNLWIND-3D program generates simulated turbulence that meets these requirements and is compatible as input to the AeroDyn routines; see Appendix A.)

Parameters for simulating turbulence conditions including average wind speed and turbulence intensity, air density (or atmospheric pressure), and time-averaged vertical shear are specified in IEC 61400-1.

Stochastic turbulence models defined in Annex B of the IEC standard are the Kaimal spectral and exponential coherency model, and the Von Karman isotropic model.  A deterministic turbulence model is provided in Annex C of the standard for use in modeling normal wind conditions.  This model can be used when turbine modes are sufficiently damped, a condition defined in the Annex.

If the intended wind turbine class is not a standard class and measured wind data statistics are used to create representative wind inputs, the method of collecting the site data should be assessed.  Wake effects from neighboring machines shall be considered for WTGS operating in wind farms. The effect of wake effects on turbulence intensity and loads is outlined in [4]. Most meteorological data depict hourly averages and the IEC standard uses 10-minute averages.  A method to reconcile hourly to 10-minute data is given in Appendix B3 of ISO 4354 “Wind Actions on Structures” [5].  A range of turbulence intensity, atmospheric stability, and other defining parameters should be chosen to properly simulate the conditions during operation.

11 Simulations

Design load cases that must be evaluated in order to achieve type certification are specified in IEC 61400‑1 section 7, Structural Design.  Additional simulations should be conducted and reported as necessary to facilitate model validation, as well as any additional design situation considered important for the load evaluation.  The decision to omit any of the cases specified in IEC 61400‑1 requires justification in the loads document.

A list of the performed design load cases should be included in the Loads Document.  Templates are provided in Appendix B.  Results of each of these cases are presented in more detail as described in section 13.4.

11.1 Extreme Load Cases

Extreme load simulations help determine the ultimate design loads for the turbine over its lifetime.  Most involve an extreme wind event, and some include system failures as well.  To properly model the extreme wind events, include initial and final steady conditions to allow for the model to reach a steady state both before and after the transient wind event.  Control and other systems need to be modeled for events that involve either control system operation or failure.

11 Additional Recommended Cases

Because of past experiences of specific failures to particular wind turbine system designs, certain scenarios should be considered when evaluating the Design Load Cases (DLC).  In addition to the required extreme load cases specified in IEC 61400‑1, the National Renewable Energy Laboratory (NREL) recommends analyzing the following cases if applicable to your design.  These additional, recommended load cases are based on the sensitivity of a specific design to certain external conditions, as well as the outcome of the FMEA analysis of the operation/failure modes.  They do not pertain to all designs in general.  Additional cases to those specified by IEC 61400‑1 may also be required by your certification body.

Several wind turbines have experienced catastrophic failure of blades due to failure of the pitch linkages, pitch control systems, yaw drives, or a combined failure of these systems.  Therefore, NREL has established some additional extreme-load cases the designer should evaluate to ensure the safety of a design against such events.  Ideally, evidence should be presented demonstrating the turbine’s ability to avoid such failures altogether.  Alternatively, these cases should be evaluated to demonstrate the turbine’s ability to withstand their consequences.

11 Extension to IEC DLC 6.1 (Extreme Wind Event)

For this design load case (DLC), the loss of electrical network may lead to loss of control systems.  The analysis of DLC 6.1 may indicate that the yaw control system will be overpowered thus forcing the upwind rotor into a downwind orientation.  Under this condition, the pitch control system should be shown to revert to a failsafe mode, demonstrating that it will not be overpowered with the loss of the electrical network.  If loads indicate the yaw control system may be overpowered, analyses of the pitch system should be conducted for yaw misalignments near 180 degrees.  This exercise is meant to show that a potentially damaging uncontrolled spin-up of the rotor will not occur during high wind events.
11 Pitch Imbalance

This case assumes a failure of one blade pitch linkage or one blade pitch control system on a pitch controlled rotor using independent pitch control mechanisms for each blade.  This case is similar to IEC 61400‑1 DLC 2.1, except a failure leading to a pitch imbalance is assumed instead of a control system fault.  The wind condition for this failure event is the IEC Normal Wind Profile, where both rated and cut-out wind speeds are applied for determining the worst load case condition.

11 Yaw Drive Failure during Operation

This case assumes the yaw drive of an upwind turbine fails, has lost power, or is otherwise overloaded during high wind operation.  This condition could lead to downwind orientation of an upwind rotor if the drive is overpowered by wind loading.  The load on the drive should be evaluated with a yaw error of up to 30 degrees.  The wind condition should be the same as that for IEC 61400‑1 DLC 1.9 (Extreme Coherent Gust).  This design load case is useful to evaluate the upwind turbine’s ability to avoid being forced into downwind operation, or to withstand the loading associated with this condition.

11.2 Fatigue Load Cases

To achieve meaningful results from a fatigue load analysis, loads data should be obtained from at least 5 ten-minute simulations of operation for each of at least four wind speed levels between cut-in and cut-out wind speed using different seeds for each run
.  The wind speed bins are defined by the interval between two neighboring simulation wind speeds. For conservatism, the higher fatigue load of the 2 boundary simulation wind speeds should be associated to the time the wind turbine operates within the bin. This means, the more simulations are carried out the less conservatism is introduced. 
Obviously, in trying to extrapolate a lifetime of fatigue damage it is best to have the most possible simulation data to work with.   Kelley and Sutherland  investigate the minimum simulation time needed for consistent fatigue life estimates, and Madsen, et al. [8] discuss how the number of simulations affect confidence limits. The wind input used for fatigue analysis should be in conformity with IEC 61400‑1.

The wind speed intervals should be chosen based on the operating range of the turbine and the wind speed distribution used in the fatigue evaluation.  As specified in IEC 61400‑1 section 6.3.1.1, Wind speed distribution, a Rayleigh distribution using an appropriate annual average wind speed should be used to model the annual wind-speed distribution.  Application of the wind-speed distribution in the fatigue analysis will be discussed in Section 13.2.

12 Outputs

Dynamic simulations will yield time series of loads and other data.  The specific data output will vary dependent upon the analysis code and possibly by options defined by the user.  In most programs, the user will also set the output rate, which should be chosen to resolve the highest frequency dynamic response of interest (sample frequency ( 2 x highest frequency response).  In general, the output time step should be set to resolve no less than 10 degrees of azimuth rotation.  Much smaller resolution may actually be necessary to capture all important operating system modes, and to ensure numerical stability of the dynamics code.  The analyst must demonstrate that the time step chosen is, in fact, appropriate given the complexity of the model.

For all analyses, simulation output time series should be archived for future reference.  In doing so, the analyst should record the analysis method (program and version number), the date of the analysis, and the turbine model identifier (distinguishing it form former and future models).  The simulation results may be useful for future loads verification, and to analyze the effects of successive design iterations.

12.1 Loads

Loads determined in the analyses should include distributions along the blade span and at all critical load paths in the structure.  The following loads can generally be considered the minimum required:

· Blade-root flapwise bending moment

· Blade-root edgewise bending moment

· Yaw moment or tower-head torsion

· Low-speed-shaft bending (2 directions)

· Low-speed-shaft torque

· Tower-base bending (2 directions)

In addition, blade-root pitching moment should be determined for pitch controlled rotors.  Definitions of the orientations of the loads are given in IEC 61400-13, section 3.3.2, Load Quantities, to conform with the coordinate systems defined in that same document.  A list of the loads evaluated in the design should be compiled.  A sample list is provided in Appendix B.

Particular care should be taken to output all the loads necessary to determine combined loading, especially where bearing analysis is required. Roller 
bearing fatigue analysis necessitates full three-dimension load data, and is required for yaw, pitch and low-speed shaft design, as well as any other rotating bearings incorporated in the design.

12.2 Other Data

In addition to load data, other parameters that define the turbine response and help analyze the results should be output, such as: 

· Rotor azimuth angle

· Rotor rotational speed

· Yaw position

· Rotor or generator power

· Blade pitch angle (if applicable)

· Flap deflection or tip brake deployment (if applicable)

· Rotor teeter angle (if applicable)

It may also be useful to output hub-height wind conditions together with other outputs in order to have a record of the modeled inflow conditions in a convenient place for future reference.  (If possible, it would be advantageous to archive all the input parameters plus the turbulence simulator program or  the simulated wind time histories for reference purposes.)  These outputs will also prove useful in model validation and in evaluating design changes.

13 Data Reduction

For nearly all load cases, simulation output will be in the form of time series.  Depending upon the purpose of the particular simulation, these data will need to be processed in different ways to achieve the desired result for the load case.

13.1 Extreme Event Cases

For extreme event cases, the desired result is usually the peak loads on the structure.  These are typically found from analysis of the extreme load cases, including those defined as ultimate load cases in IEC 61400‑1 Section 7.4, Design Situations and Load Cases.  In these cases, the maximum predicted load is usually taken directly from the time series data.  This approach is not sufficient, however, for the analysis of IEC DLC 1.2, which investigates normal operation under the Normal Turbulence Model (NTM) wind condition.  Whether this case is evaluated through simulation or testing, it is often necessary to perform statistical analysis on the relatively limited data to determine the expected maximum load over the turbine lifetime.  Madsen, et al. [7,8] demonstrate the importance of this step, and proposes a method for determining the expected maximum loads from limited data. A summary of this method is presented in Appendix C.  Kashef and Winterstein [21] present an additional method for estimating extreme response. These and other statistical methods are currently being researched.

Determining extreme design loads from maximum loads requires additional steps.  These include applying the appropriate partial safety factor for the design load case as called for in IEC 61400‑1, Section 7.6, Ultimate Limit State Analysis, as well as determining the effects of combined loads (e.g., combining predicted flap and edge bending moments to determine the maximum load on the blade root and the orientation of these combined loads).

13.2 Fatigue Cases

Normal operation and certain discrete event cases (e.g., start-up and shutdown) are analyzed for fatigue damage accumulation.  Cases used for fatigue analysis include those defined as fatigue load cases in IEC 61400‑1 Section 7.4, Design Situations and Load Cases.  Partial safety factors must be applied in the fatigue analysis as well, as specified in IEC 61400‑1, Section 7.6, Ultimate Limit State Analysis.  For the fatigue cases, the data need to be processed using several steps to obtain the necessary results.

The steps in extrapolating lifetime (or lifetime damage estimates) from the limited simulation load data for the fatigue cases are:

1. Converting the load data to stress (or strain) data.

2. Cycle counting the stress data.

3. Calculating total damage accumulation for each wind speed interval.

4. Using the annual wind speed distribution to determine the annual damage each wind speed interval and transient wind turbine operations (e.g. start-up, normal shut down, emergency shut down, loss of electrical network and switch between 2 operational wind speeds) contributes. 

5. Calculating the projected lifetime, or the projected damage over a prescribed time (e.g., 20 years).

To convert load data to stress (or strain) data, standard stress analysis techniques can be applied.  A finite element analysis in conjunction with the load spectra is perhaps the most desirable technique, especially for components with complex geometry.  It is important that multiple loads be applied simultaneously in the stress analysis to ensure that the resulting time series of stress data reflect the effects of combined loading.

An appropriate cycle-counting technique should be used to evaluate the cyclic content of the stress history.  Cycle counting techniques are presented in ASTM E 1049‑85 [22] and the IEA Recommended Practices [23].  It is important to note the influence that the mean stress can have on the fatigue behavior of the material under consideration.  If this influence is significant, the cycle-counting process should register the cycle mean as well as the cycle amplitude.

Damage accumulation is calculated using an appropriate technique, such as Miner’s rule (recommended by IEC and the only method used on composites) for cumulative fatigue damage, or fracture mechanics for crack propagation (improved method which can be used on homogeneous materials).  The total damage or crack growth estimate for all simulations in a wind speed interval divided by the total simulation time for that interval is the damage or crack growth rate for that wind speed interval.  Multiplying this rate by the time represented by that wind speed interval (given by the annual wind speed distribution) gives the annual damage accumulation or crack growth for the wind speed interval.  Summing the annual damage or crack growth over all wind speed intervals gives the total annual damage or crack growth.  The total damage or crack growth rate must include the contribution of discrete events, calculated by applying the expected number of annual occurrences for the event to the damage or crack growth estimated for a single event
.

The lifetime can be estimated by the inverse of the annual damage rate (since a damage of 1 is considered failure), or by calculating the time for a crack to reach critical length.  Alternatively, to demonstrate that failure will not occur before a projected lifetime, determine that, for the projected lifetime, the damage is less than 1, or the crack length does not reach critical length.

For a more detailed description of the steps in wind turbine fatigue design see DG02.

The fatigue damage estimation process should be well documented including material properties applied and assumptions made regarding stress concentration factors, wind speed distribution and frequency of occurrence for discrete events.

13.3 Partial Safety Factors

As mentioned above, safety factors need to be applied to the results of each analysis.  These are to be applied according to the standard specified in IEC 61400‑1 section 7.6, Ultimate limit state analysis.  These safety factors are meant to account for uncertainties in loads, materials and analysis procedures.  Safety factors are stated for different conditions, and are applied to both extreme-event and fatigue-case results.

Safety 
factors for loads and materials are determined by recognized design codes, or where these are unavailable, the values set forth in IEC 61400‑1.  All load safety factors applied in the design should be recorded in the Loads Document.  This facilitates later reference by the stress analyst during individual part design.  A master list of all safety factors applied in the design is critical to avoid omission or multiple applications of safety factors.

13.4 Presentation of Results

Results from the loads analyses will be presented in the Loads Document to be submitted for Type Certification.  Lists and templates are provided in Appendix B for both ultimate and fatigue load cases.  Appendix D presents a Loads Document Template indicating the information your certification body will be looking for in that document.  This template should be adapted as necessary to accommodate novel or unusual turbine designs.  Check with your certification body for any changes to this template which your particular design may require
.

13 Ultimate Loads

An Ultimate Load Checklist, such as the one shown in Appendix B, should be used to list all ultimate load cases evaluated, including all those specified by IEC 61400‑1.  All applicable cases are to be evaluated to determine peak loads on the wind turbine.  Comments should identify the model evaluated for each case, special conditions considered, or explanations of why a case was omitted.  This checklist represents the minimum design load cases to consider.  Additional load cases considered relevant must be included, and should be listed on the checklist as well.

For each case on the checklist, a Load Case Summary must be submitted.  This summary will list the peak loads determined from the case analysis for each critical load location in the structure.  For each critical load location, a Load Summary must be included, which specifies the minimum and maximum load value and the Load Case responsible for it as well as the safety factor applied.  A Maximum Load Summary Matrix template is shown in Appendix B (a similar matrix should be assembled for minimum loads).  This Load Summary Matrix is just an example of a concise means of displaying the results of the extreme design load case analyses.  Other methods may be used to achieve the same effect.

13.4.2 Fatigue Loads

Fatigue cases must be evaluated for potential fatigue damage.  In doing so it is necessary to extrapolate cumulative fatigue damage from mere minutes or hours of data to a lifetime of 20 years or more, as outlined in section 13.2.  To summarize these cases, cycle-counted loads should be presented for critical fatigue load locations.  These fatigue loads must also be evaluated for estimated fatigue damage to the component over a projected lifetime, or estimated fatigue life of the component following an acceptable fatigue life evaluation process.  The presentation of the results should include the following information (or references to where it can be found):

Rainflow charts of load or stress cycles for each critical component for each different wind speed interval, discrete event, and load case

· The applied wind speed distribution

· Material-fatigue or fracture-data charts or tables

· Assumptions about frequency of discrete events

· Methodology for dealing with uncorrelated combined loads

· Details about applied stress concentrations

· Partial Safety Factors applied for each component and load case

· Estimated damage or lifetime

In short, as much detail as possible about the fatigue analysis should be provided (or references to component design reports or stress analysis documents given) to allow proper evaluation of the analysis by the certification body.

13 Tower Clearance

14 Model Validation

The use of state-of-the-art software and analysis techniques does not in itself guarantee an accurate model of wind turbine dynamics.  It is important that the wind turbine model be validated during its development to ensure that it behaves as expected as its complexity increases.  Ultimately, validation means the model predictions agree with actual machine behavior.

However, it may be necessary to demonstrate the accuracy (to expectations at least) of the model before a prototype is even constructed.  To this end, there are several means of validating a model.  What constitutes validation of the model is a question for the certification body to address on a case-by-case basis
.

14.1 Aerodynamic predictions

The complex dynamics model should provide predictions for rotor power, torque, thrust, etc. that agree with simpler aerodynamic analyses (using performance codes such as WT_Perf, for example - see Appendix A).

This can be accomplished by the use of steady wind conditions as input to the dynamics model, and comparing to loads and performance predictions for the same conditions.  If the results of the two analyses are different, then dynamic load predictions are likely to be incorrect, or at least lead to a lack of confidence in the dynamics model.

14.2 Structural response

Resonance of the model's structure under non-rotating conditions should be compared with simple - even hand - calculations.  Model resonance can be analyzed using dynamic analysis software with the aerodynamics turned off (simulating a vacuum).  Bulk stiffness of critical components can be compared with FEM models as well.  Again, significant differences between the simple and complex models in either the stiffness or frequency response raises questions about the accuracy of dynamic analysis results.
14.3 Model comparison

If more that one dynamics model of a design is constructed (for use with more than one analysis technique or software program), it can be useful to compare results from two independent analyses.  However, two separate models developed using identical properties can produce similar, erroneous results, so a comparison between the results of the two is usually not sufficient for validation.  Such a comparison can be meaningful if independent development of the models is demonstrated.  If independent analysts develop models and compare them favorably it is unlikely that a certification body needs to repeat the analysis.

14.4 Experimental validation

Comparisons 
of dynamic analysis results with test data can be made either if the model is of similar design to an existing machine, or once a prototype of the machine itself is tested.  The model must dynamically similar to the test machine.  This is the ultimate validation tool as only through comparison with physical machine response can one demonstrate the model's ability to predict actual machine response.  The means of comparison are statistical as well as simulation of tested conditions.  Reference IEC 61400-13.

15 Concluding Remarks

We hope you found the information in this guideline useful for the purpose of compiling your loads document.  Any questions you have regarding specifics about your loads document should be directed to your certification body.  For additional documents related to this guideline, and information regarding standards referred to in this guideline, contact the National Wind Technology Center (NWTC), or search the NWTC Certification Web Site.

Any questions or comments regarding this guideline should be directed to Sandy Butterfield at the National Wind Technology Center by emailing Sandy_Butterfield@nrel.gov.
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Appendix A

Computer Programs

Introduction

The codes mentioned in the text of the guideline are listed below along with sources to obtain either the programs themselves, or information about them.  Additional information about operating system platforms and useful references is also provided.  Where multiple references are provided we have tried to list the one we think would be most useful first.  The capabilities of each of these programs changes occasionally, and the information presented in this Appendix represents the capabilities and available versions of the programs as understood by the author at the time this guideline was released.  This Appendix is by no means comprehensive, and other codes do exist outside those listed herein.

Design Programs

There are several programs for conducting wind turbine design analyses with different levels of complexity.  A quick comparison of the capabilities of 6 different programs discussed here is presented in Table A.1. Details of each of these capabilities will differ with each program, but this comparison gives a quick overview of the complexity each allows in its models.  Additional information about the individual programs mentioned, including sources for obtaining them can be found below.

Nearly any design code can be used to develop a simple model for evaluating aerodynamic performance.  If a simple model is all that is desired, any variation of the PROP code or WT_Perf will suffice.  These codes are useful for early design stages, including establishing aerodynamic properties of the blades, and the basic turbine dimensions (i.e., hub height, rotor diameter, and blade geometry).  They are considered performance prediction codes, and they do not account for dynamic response.  They are very useful for developing the model – especially the blade aerodynamic properties – but cannot be used to calculate loads for the Loads Document as they can predict static loads only.

Relatively simple aeroelastic models can be analyzed using YawDyn with the AeroDyn subroutines to handle aerodynamics.  The AeroDyn routines include the aerodynamic effects required by IEC 61400‑1 Section 7.5, Load Calculations (i.e., tower shadow, wake induced velocities, three-dimensional aerodynamics, tip loss correction, and unsteady aerodynamics).  AeroDyn is also designed to handle models of the wind inflow conditions as specified in IEC 61400‑1 Section 6.3, Wind Conditions.  The AeroDyn routines are also compatible with more complex system dynamics codes than YawDyn.

For more complex models, the FAST_AD code is available; it also uses the AeroDyn routines. FAST_AD allows many more degrees of freedom than YawDyn.  The commercially available ADAMS( code, which can also use the AeroDyn routines, can be used for the most complex wind turbine models.  It allows virtually unlimited degrees of freedom.

Other wind turbine aeroelastic codes in use include the BLADED and PHATAS codes developed in Europe.  The capabilities of these and other design and analysis codes are less familiar to the author.

Wind Turbine Performance Prediction Codes

PROP-PC

The PROP code has been repackaged many times as PROPSH, PROP-PC, PROP-93, etc.  PROP‑PC is a wind turbine performance prediction code that does not consider machine dynamics.  It is publicly available free of charge, and can be found on the National Wind Technology Center (NWTC) web site: http://wind2.nrel.gov/designcodes/proppc
.

Platforms

FORTRAN source code designed to operate on PC and UNIX platforms.

Useful References

Tangler, J.L., 1987, “HAWT Performance Prediction Code for Personal Computers,” Solar Energy Research Institute, Golden, CO.

Wilson, R.E. and Walker, S.N., 1974, “A FORTRAN Program for the Determination of Performance, Load, and Stability of Derivatives of Windmills,” Dept. of Mechanical Engineering, Oregon State University, Corvallis, Oregon, National Science Foundation, Research Applied to National Needs (RANN), under grant No. GI-41840.

Wilson, R.E., and Lissaman, P.B.S., 1974, “Applied Aerodynamics of Wind Power Machines,” Oregon State University, NTIS PB 238594.

Wilson, R.E., Lissaman, P.B.S. and Walker, S.N., 1976, “Aerodynamic Performance of Wind Turbines,” Dept. of Mechanical Engineering, Oregon State University, Corvallis, OR, National Science Foundation, Research Applied to National Needs (RANN), Rep. No. NSF/RA-760228, NTIS PB 238594.

Perkins, F., 1979, “Summary of Currently Used Wind Turbine Performance Prediction Computer Codes,” Solar Energy Research Institute, Golden CO, SERI TP-35-225.

Hibbs, B. and Radkey, R.L., 1983, “Calculating Rotor Performance with the Revised PROP Computer Code,” ‘Horizontal-Axis Wind System Rotor Performance Model Comparison – A Compendium,’ Wind Energy Research Center, Rockwell International, Rocky Flats Plant, Golden, CO, RFP-3508, UC-60.

Tangler, J.L., 1983, “Horizontal-Axis Wind Turbine Performance Prediction Code PROPSH,” Wind Energy Research Center, Rocky Flats Plant, Golden, CO.

McCarty, J.W., 1993, “PROP 93: Interactive Editor and Graphical Display,” American Wind Energy Association Windpower ’93, San Francisco, CA, pp. 495-500.

WT_PERF (v2.08, 16-December-1998)

Another performance code, WT_PERF is a totally revamped version of the PROP-PC code. It is also available free of charge on the NWTC web site: http://wind2.nrel.gov/designcodes/wtperf.

Platforms

FORTRAN source code designed to operate on PC and UNIX platforms.

Useful References

Buhl, M.L., Jr., 1997, “WT_Perf – A Wind Turbine Performance Predictor,” http://wind2.nrel.gov/designcodes/wtperf.

Wind Turbine Aeroelastic Analysis Programs

YawDyn/AeroDyn (v11.03, 4-November-1998)

The YawDyn/AeroDyn pair was developed at the University of Utah for predicting wind turbine yaw and blade dynamics.  YawDyn is a relatively simple wind turbine dynamics analysis program.  The aerodynamics routines, AeroDyn, have been developed separately and can be used with other, more-complex dynamics programs.  YawDyn and AeroDyn are available free of charge on the NWTC web site: http://wind2.nrel.gov/designcodes/yawdyn, or through the following contact:

Dr. David J. Laino

University of Utah

Department of Mechanical Engineering

Salt Lake City, UT  84112

tel: 801.585.7405

fax: 801.585.9826

email: dlaino@mech.utah.edu

Platforms

FORTRAN source code designed to operate on PC and UNIX platforms.

Useful References

Hansen, A.C., 1997, “User’s Guide ot the Wind Turbine Dynamics Computer Programs YawDyn and AeroDyn for ADAMS®,” http://wind2.nrel.gov/designcodes/papers/ydguide11.pdf.

Hansen, A.C. and Cui, X., 1989, “Analyses and Observation of Wind Turbine Yaw Dynamics,” ASME Journal of Solar Energy Engineering, Vol. 111, No. 4, pp. 367-371.

Hansen, A.C., Butterfield, C.P. and Cui, X., 1990, “Yaw Loads and Motions of a Horizontal Wind Turbine,” ASME Journal of Solar Energy Engineering, Vol. 112, No. 4, pp. 310-314.

Hansen, A.C. and Butterfield, C.P., 1993, “Aerodynamics of Horizontal-Axis Wind Turbines,” Annual Review of Fluid Mechanics, Annual Reviews, Inc., Palo Alto, CA.

Laino, D.J. and Butterfield, C.P., 1994, “Using YawDyn to Model Turbines with Aerodynamic Control Systems,” ASME Wind Energy Conference, New Orleans, LA.

FAST_AD (v1.21, 23-Apr-1998)
The FAST code was developed at Oregon State University.  FAST is considered a medium-complexity wind turbine dynamics analysis program.  A new version, FAST_AD, has been developed at the NWTC using the aerodynamic subroutines AeroDyn.  FAST_AD is available on the NWTC web site: http://wind2.nrel.gov/designcodes/fastad.  Questions about FAST_AD should be directed to:

Marshall Buhl

NWTC (3811)

National Renewable Energy Laboratory

1617 Cole Blvd.

Golden, CO  80401

email: marshall_buhl@nrel.gov

Platforms

FORTRAN source code designed to operate on PC and UNIX platforms.

Useful References

Freeman, L.N. and Wilson, R.E., 1996, “The FAST Code,” Proceedings of the IEA Experts Meeting: State of the Art of Aeroelastic Codes for Wind Turbines, Denmark, pp. 37-56.

Wright, A.D., Kelley, N.D. and Bir, G.S., 1996, “Application of the FAST-2 Code to Prediction of Fatigue Loads for Two-Bladed Teetering Hub Wind Turbines,” Proceedings of the 15th ASME Wind Energy Symposium, Houston, TX, pp. 14-22.

ADAMS (v 10.0)

ADAMS® is offered commercially by Mechanical Dynamics Incorporated (MDI) for the Windows NT®, or UNIX platform.  It is a general-purpose dynamics analysis code, meaning it is not restricted to wind turbine analysis.  The AeroDyn subroutines (see above) have been mated with the ADAMS code to handle wind-turbine aerodynamics.  There is an annual license fee schedule based on platform, program extensions, and user (there is a substantial discount for educational institutions).  Information can be found from MDI at their web site, http://www.adams.com, or by emailing MDI at info@adams.com.  An extension aiding specifically in the development of wind turbine models for ADAMS, called ADAMS/WT (v1.51, 1-December-1997
) is available as an add-on to ADAMS at the NWTC web site: http://wind2.nrel.gov/designcodes/adamswt.

Platforms

Windows 95®, Windows NT®, or UNIX platforms.

Useful References

Buhl, M.L., Jr., 1994, “Data Preparation Requirements for Modeling Wind Turbines with ADAMS®,” NREL TP-442-7728, http://wind2.nrel.gov/designcodes/papers/TP-442-7728.pdf.

Davis, D.A. and Hansen, A.C., 1993, “The Potential for Using ADAMS® for Wind-Turbine Modeling,” Proceedings of the 12th ASME Wind Energy Symposium, Houston, TX, pp. 139-140.

Elliott, A.S. and Wright, A.D., 1994, “ADAMS/WT: An Industry-Specific Interactive Modeling Interface for Wind Turbine Analysis,” Proceedings of the 13th ASME Wind Energy Symposium, New Orleans, LA, pp. 111-122.

Buhl, M.L., Jr., Kelley, N.D., Wright, A.D., and Osgood, R.M., 1994, “Development of a Full-System Dynamics Model of the Micon 65 Wind Turbine using ADAMS®,” 13th ASME Wind Energy Symposium, New Orleans, LA, p. 123.

Malcolm, D.J., and Wright, A.D., 1994, “The Use of ADAMS to Model the AWT-26 Prototype,” Proceedings of the 13th ASME Wind Energy Symposium, New Orleans, LA, pp. 125-131.

ADAMS/WT User’s Guide, version 1.50, February 1997
, Mechanical Dynamics, Inc., Ann Arbor, MI, http://wind2.nrel.gov/designcodes/adamswt/docs/index.html.

BLADED (v3.201, 7-Jan-1998)

The BLADED program is a commercial wind turbine dynamics analysis code written for the Windows® platform.  Information on BLADED and the annual license fee is available from:

David C. Quarton

Garrad Hassan & Partners Ltd.

The Coach House, Folleigh Lane

Long Ashton

Bristol BS18 9JB, UK

tel: +44 1275 394 360

fax: +44 1275 394 361

email: quarton@garradhassan.co.uk

Platforms

Windows® 

Useful References

Quarton, D.C., 1996, “Calculation of Wind Turbine Aeroelastic Behaviour – The Garrad Hassan Approach,” Proceedings of the IEA Experts Meeting: State of the Art of Aeroelastic Codes for Wind Turbines, Denmark, pp. 3-12.

PHATAS (v III)

The Program for Horizontal Axis wind Turbine Analysis and Simulation (PHATAS) code was developed at the Renewable Energy Unit of the Netherlands Energy Research Foundation ECN to calculate non-linear dynamic behavior of wind turbines.  The current release, version III, is available from:

C. Lindenburg

Netherlands Energy Research Foundation ECN

Unit Renewable Energy

P.O. box 1

1755 ZG Petten

the Netherlands

Useful References

Lindenburg, C., 1996, “Results of the PHATAS-III Development,” Proceedings of the IEA Experts Meeting: State of the Art of Aeroelastic Codes for Wind Turbines, Denmark, pp. 13-24.

Lindenburg, C. and Snel, H., 1993, “PHATAS-II: Program for Horizontal Axis Wind Turbine Analysis and Simulation Version II,” Proceedings of the 12th ASME Wind Energy Symposium, Houston, TX, pp. 133-138.

Aerodynamics Utility Programs

FoilCheck (v11.1, 26-March-1998)

A program for synthesizing airfoil data for extreme angles of attack, and for determining dynamic stall parameters for use with the AeroDyn routines, FoilCheck is available free of charge as a utility code for the YawDyn/AeroDyn pair at the NWTC web site:  http://wind2.nrel.gov/designcodes/foilchk or by contacting:

Dr. David J. Laino 

University of Utah

Department of Mechanical Engineering

Salt Lake City, UT  84112

tel: 801.585.7405

fax: 801.585.9826

email: dlaino@mech.utah.edu

Platforms

FORTRAN source code designed to operate on PC and UNIX platforms.

Wind Inflow Programs

IECWind (v4.11, 5-August-1999)

A program for generating the extreme wind conditions specified in IEC 61400‑1 Section 6.3.2, Extreme wind conditions, in a format compatible for input to the AeroDyn subroutines.  It is available free of charge as a utility code for the YawDyn/AeroDyn pair at the NWTC web site: http://wind2.nrel.gov/designcodes/iecwind/ or by contacting:

Dr. David Laino 

University of Utah

Department of Mechanical Engineering

Salt Lake City, UT  84112

tel: 801.585.7405

fax: 801.585.9826

email: dlaino@mech.utah.edu

Platforms

FORTRAN source code designed to operate on PC and UNIX platforms.

WindMaker (v3.1, 25-July-1999)

A program for generating the extreme wind conditions specified in IEC 61400‑1 Section 6.3.2, Extreme wind conditions, in the same manner as the IECWind program above, except it uses a Windows® interface.  It is available free of charge at the NWTC web site:  http://wind2.nrel.gov/designcodes/windmaker or by contacting:

Dr. David Laino 

University of Utah

Department of Mechanical Engineering

Salt Lake City, UT  84112

tel: 801.585.7405

fax: 801.585.9826

email: dlaino@mech.utah.edu

Platforms

Windows®

SNLWIND-3D (v2.08, 27-August-1998
)

A program for generating full-field simulated turbulence compatible with the AeroDyn subroutines, SNLWIND-3D can generate 3 components of wind over an array encompassing the rotor area.  Several wind spectra are available in SNLWIND-3D including the Kaimal as specified in IEC 61400‑1 Annex B: Stochastic turbulence models.  SNLWIND-3D is also available on the NWTC web site: http://wind2.nrel.gov/designcodes/snlwind3d.  For information about the program contact:

Neil Kelley

National Wind Technology Center

National Renewable Energy Laboratory

1617 Cole Blvd.

Golden, CO  80401

email: neil_kelley@nrel.gov

Platforms

Versions exist for PC and UNIX systems.

Useful References

Kelley, N.D., 1993, “Full-Vector (3-D) Inflow Simulation in Natural and Wind Farm Environments Using an Expanded Version of the SNLWIND (Veers) Turbulence Code,” Proceedings, The 12th ASME Wind Energy Symposium, pp.77-84, http://www.nrel.gov/wind/acasme93.html.

Veers, P.S., 1989, “Three-Dimensional Wind Simulation,” Sandia Report SAND94-2460, Sandia Natl. Laboratories, Albuquerque, NM.

Post-processing Programs

GPP (General-Purpose Postprocessor) (v6.1, 2-July-1999)

GPP (pronounced "jeep") is a General-Purpose Postprocessor for wind turbine data analysis. GPP was developed to postprocess test data and simulation predictions.  GPP reads data into large arrays and allows the user to run many types of analyses on the data stored in memory. It runs on inexpensive computers common in the wind industry. One can even use it on a laptop in the field. 

The author wrote the program in such a way as to make it easy to add new types of analyses and to port it to many types of computers. Although GPP is very powerful and feature-rich, it is still very easy to learn and to use. Exhaustive error trapping prevents one from losing valuable work due to input errors. 

GPP is available from the NWTC web site: http://wind2.nrel.gov/designcodes/gpp.

Platforms

FORTRAN source code designed to operate on PC and UNIX platforms.

Useful References

Buhl, M.L., Jr., 1995, “GPP User’s Guide – A General-Purpose Postprocessor for Wind Turbine Data Analysis,” http://wind2.nrel.gov/designcodes/papers/TP-442-7111.pdf.

Crunch (v1.80, 24-July-1999)

Crunch is a software utility that performs several types of analyses for one or more files.  The current version of Crunch includes scales and offsets, filtering, calculated channels, crosstalk elimination, peak finding, statistics, azimuth averaging, histogramming, extreme-value extrapolation and rainflow cycle counting. Much of the code for Crunch came from the GPP and GenStats programs.  Crunch performs many of the same analyses as GPP, but it is more of a batch program, whereas GPP is an interactive program.  If you are performing repetitive tasks, Crunch is the better choice.

Crunch was written to process wind-turbine test or simulation data, but it is probably useful for most tabular data.  Crunch is available from the NWTC web site:

http://wind2.nrel.gov/designcodes/crunch.

Platforms

FORTRAN source code designed to operate on PC platform.

LIFE2

LIFE2 is a wind turbine specific fatigue and fracture life estimation code developed at the Sandia National Laboratories.  The code consists of modules that handle the wind speed distribution, material properties, component stress states, operational parameters, and lifetime calculations.  The modular nature of the code makes it easy to evaluate the effects of various wind speed distributions, material properties or operational parameters.  The code and reference manuals are available from Sandia by contacting:

Herbert J. Sutherland

Sandia National Laboratories

PO Box 5800

Albuquerque, NM 87185-0708

tel: 505.844.2037

fax: 505.845.9500

email: HJSUTHE@sandia.gov

Appendix B

Checklists and Templates

A wind-turbine design will go through much iteration before it is finalized.  In the process, changes will not only be made to the design, but also to the aeroelastic model, and perhaps the analysis techniques used as well.  All these changes must be properly tracked for the design process to advance efficiently.  The analysis process must be well documented to effectively convey the results.  The checklists and templates shown here are provided to assist the loads- document author in this process of effectively presenting the results of the design analysis.

A list of all the design load cases analyzed should be compiled.  The partial list shown in Table B-1 gives examples of some of the details to be included.  This list should include all cases considered, including as a minimum those specified in Table 2 of IEC 61400‑1.  Note that some design load cases require analyses for multiple wind speeds, wind directions and/or shear directions.  For each design load case, the list notes the turbine class considered, the analysis technique used, and the model designation analyzed.  If an IEC design load case is omitted from the analysis, the omission should be noted and a reason for the omission given.

Table B-2 shows a partial checklist of loads investigated by the aeroelastic analyses.  This list indicates all loads output for the model, as well as their subsequent application, such as in finite element method (FEM) analysis.  Such a checklist is useful to ensure that no critical loads are overlooked in the course of the analyses.  If more than one analysis technique or model is used in analyzing the loads cases, then more than one load checklist may be needed because different loads or load locations may be investigated for different models or analysis techniques.

Table B-3 is a Maximum Load Summary Matrix.  It is a suggested means for summarizing the results of the ultimate load cases.  For each critical load location, a Maximum and Minimum Load Summary Matrix could be used to quickly glean the results of the analyses regarding which cases cause the greatest peak loads on a particular component or location.

Table B-4 
is an Evaluation Checklist.  A checklist like this will be used to evaluate the design loads document for completeness.  Each question in this checklist requires either an affirmative answer, or a sufficient explanation for a non-affirmative answer in order for the design loads document to be considered complete.  It is useful to go through this checklist before submitting the document for review.

These checklists and tables are not required elements of the loads document, although the certification body may require some form of checklist.  The samples provided in the tables below should be modified for your specific purposes.

Table B-1 – Example List of Design Load Cases Analyzed

	Design

Situation
	DLC
	External Condition
	Other
Conditions
	Turbine Class
(e.g.: 
I A)
	Wind Speed
[m/s]


	Other Wind Cond.
	Analysis and Model Identification
	Description

	1) Power
production
	1.1
	NTM
	
	II A
	12.5
	
	ADAMS 1.1-12.5s1..5
	Rated wind speed (5 runs with seeds 1 to 5)

	
	
	
	
	II A
	24.0
	
	ADAMS 1.1-24.0s1..5
	Cut-out wind speed

(5 runs with seeds 1 to 5)

	
	
	
	
	II A
	16.0
	
	ADAMS 1.1-16.0s1..5
	At wind speed corresponding to max power (5 runs with seeds 1 to 5)

	
	
	
	
	II A
	16.0
	+8deg

incl.flow
	ADAMS 1.1-16.0/8s1..5
	Wind speed with highest loads plus flow inclination (5 runs with seeds 1 to 5)

	
	1.2
	NTM
	
	II A
	12.0
	
	ADAMS 1.2-12.0s1..3
	12m/s (3 runs with seeds 1 to 3)

	
	
	
	
	II A
	12.0
	+8deg

incl. Inflow
	ADAMS 1.2-12.0/8s1..5
	12m/s with inclined flow

(5 runs with seeds 1 to 5)

	
	
	
	
	II A
	8.0
	+8deg

incl. Inflow
	ADAMS 1.2-8.0/8s1..5
	8 m/s with inclined flow

(5 runs with seeds 1 to 5)

	
	
	
	
	II A
	16.0
	
	ADAMS 1.2-16.0/8s1..5
	16 m/s with inclined flow

(5 runs with seeds 1 to 5)

	
	
	
	
	II A
	20.0
	
	ADAMS 1.2-20.0/8s1..5
	20 m/s with inclined flow

(5 runs with seeds 1 to 5)

	
	
	
	
	II A
	24.0
	
	ADAMS 1.2-24.0/8s1..5
	24 m/s with inclined flow

(5 runs with seeds 1 to 5)

	
	1.3
	ECD
	
	II A
	12.5
	
	ADAMS 1.3-12.5/cw
	Rated wind speed, direction change clockwise looking to ground

	
	
	
	
	II A
	9.0
	
	ADAMS 1.3-9.0/cw
	Highest wind speed with no cut-out, direction change clockwise looking to ground

	
	
	
	
	II A
	9.0
	
	ADAMS 1.3-9.0/ccw
	As ADAMS 1.3-9.0/cw but direction change counter-clock-wise looking to ground

	
	
	
	
	IIA
	9.0
	+8deg

incl.flow
	ADAMS 1.3-9.0/cw/8
	As ADAMS 1.3-9.0/ccw but superposition with +8deg inclined flow

	
	1.4
	NWP
	External electrical fault
	II A
	12.5
	
	ADAMS 1.4-12.5/hf
	Rated wind speed with high grid frequency

	
	
	
	
	II A
	24.0
	
	ADAMS 1.4-24.0/hf
	Cut-out wind speed with high grid frequency

	
	
	
	
	II A
	16.0
	
	ADAMS 1.4-16.0/gss
	Wind speed for max power with high grid frequency

	
	1.5
	EOG1
	Loss of electrical connection
	II A
	12.5
	
	ADAMS 1.5-12.5/gl
	Rated wind speed with grid loss 3.5 s after gust start

	
	
	
	
	II A
	24.0
	
	ADAMS 1.5-24.0/gl
	Cut-out wind speed with grid loss 3.5 s after gust start


Table B-1 (continued)– Example List of Design Load Cases Analyzed

	Design situation
	DLC
	External condition
	Other
conditions
	Turbine Class
(e.g.: 
I A)
	Wind Speed

[m/s]
	Other Wind Condit.
	Analysis and Model Identification
	Description

	
	1.5
	EOG1
	
	II A
	16.0
	
	ADAMS 1.5-16.0/gl
	Wind speed for max power with grid loss 3.5 s after gust start

	
	1.6
	EOG50
	
	II A
	12.5
	
	ADAMS 1.6-12.5
	Rated wind speed

	
	
	
	
	II A
	24.0
	
	ADAMS 1.6-24.0
	Cut-out wind speed

	
	
	
	
	II A
	13.5
	
	ADAMS 1.6-13.5
	Maximum wind speed with no cut-out

	
	1.7
	EWS
	
	II A
	12.5
	
	ADAMS 1.7-12.5/v
	Rated wind speed with vertical wind shear

	
	
	
	
	II A
	24.0
	
	ADAMS 1.7-24.0/v
	Cut-out wind speed with vertical wind shear

	
	
	
	
	II A
	24.0
	-8deg

incl.flow
	ADAMS 1.7-24.0/v/8
	Cut-out wind speed with vertical wind shear and inclined flow

	
	
	
	
	II A
	12.5
	
	ADAMS 1.7-12.5/hcw
	Rated wind speed with horizontal clockwise wind shear

	
	
	
	
	II A
	24.0
	
	ADAMS 1.7-24.0/hcw
	Cut-out wind speed with horizontal clockwise wind shear

	
	
	
	
	II A
	12.5
	
	ADAMS 1.7-12.5/hccw
	Rated wind speed with horizontal counter-clockwise wind shear

	
	
	
	
	II A
	24.0
	
	ADAMS 1.7-24.0/hccw
	Cut-out wind speed with horizontal counter-clockwise wind shear

	
	1.8
	EDC50
	
	II A
	12.5
	
	ADAMS 1.8-12.5
	Rated wind speed with direction change clockwise looking to ground

	
	
	
	
	II A
	12.5
	
	ADAMS 1.8-12.5
	Rated wind speed with direction change counter-clockwise looking to ground

	
	
	
	
	II A
	24.0
	
	ADAMS 1.8-24.0
	 Cut-out wind speed with direction change clockwise (worse) looking to ground 

	
	
	
	
	II A
	24.0
	+8deg

incl.flow
	ADAMS 1.8-24.0/8
	 Cut-out wind speed with direction change clockwise (worse) looking to ground and flow inclination

	
	1.9
	ECG
	
	II A
	12.5
	
	ADAMS 1.9-12.5
	Rated wind speed

	
	
	
	
	II A
	9.0
	
	ADAMS 1.9-9.0
	Highest wind speed with no cut-out


Table B-1 (continued)– Example List of Design Load Cases Analyzed

	Design situation
	DLC
	External condition
	Other
conditions
	Turbine Class
(e.g.: 
I A)
	Wind Speed

[m/s]
	Other Wind Condit.
	Analysis and Model Identification
	Description

	2) Power
production plus occurrence of fault
	2.1
	NWP
	Control system fault
	II A
	12.5
	
	ADAMS 2.1-12.5
	Rated wind speed

	
	
	
	
	II A
	24.0
	
	ADAMS 2.1-24.0
	Cut-out wind speed

	
	
	
	
	II A
	24.0
	-8deg

incl.flow
	ADAMS 2.1-24.0/v/8
	Cut-out wind speed with inclined flow

	
	2.2
	NWP
	Protection system or preceding electrical fault
	II A
	12.5
	
	ADAMS 2.2-12.5/v
	Rated wind speed with vertical wind shear

	
	
	
	
	II A
	24.0
	
	ADAMS 2.2-24.0/v
	Cut-out wind speed with vertical wind shear

	
	
	
	
	II A
	24.0
	-8deg

incl.flow
	ADAMS 2.2-24.0/v/8
	Cut-out wind speed with inclined flow

	
	2.3
	NTM
	Control or protection system fault
	II A
	12.5
	
	ADAMS 2.3-12.5
	Rated wind speed (5 runs with seeds 1 to 5)

	
	
	
	
	II A
	24.0
	
	ADAMS 2.3-12.5
	Cut-out wind speed

	
	
	
	
	II A
	24.0
	+8deg

incl.flow
	ADAMS 2.3-24.0/8
	Cut-out wind speed with inclined flow


Table B-2 – Sample Partial Checklist of Loads


Wind Turbine Model Designation:







Design Load Cases
:






	Load
	Identification
	Units
	Applications and Remarks

	Blade 1 Root
Flap Moment
	MB1F
	kN-m
	(Indicate here applications of the load results from the aeroelastic analysis, e.g. FEM.)

	Blade 1 Root
Edge Moment
	MB1E
	kN-m
	

	Blade 1 Root
Pitching Moment
	MB1P
	kN-m
	

	Yaw Moment
	MYAW
	KN-m
	

	
	
	
	


	
	
	
	

	Rotor Thrust
	TROTOR
	kN-m
	

	
	
	
	


	
	
	
	

	Tower Top
Rolling Moment
	MTTROLL
	kN-m
	

	
	
	
	


Table B-3 – Maximum Load Summary Matrix Template for
3 Moment Components plus Total Moment(M) and
3 Force Components plus Total Force(F)

	Maximum Loads for __________________ (Blade Root, Main Shaft, Tower Head, etc.)

	Extreme Load
	Load
Case
	Partial
Safety
Factor
	Mx
	My
	Mz
	MT
	Fx
	Fy
	Fz
	FT

	
	
	
	units
	units

	Mx
	(List 

Case

for

which

load

is

a

maximum)
	(List

safety

factor 

applied

for

the

Load

Case)
	max
	(Matrix lists simultaneous 

	My
	
	
	
	max
	load values for

	Mz
	
	
	
	
	max
	all other loads 

	MT
	
	
	
	
	
	max
	when the

	Fx
	
	
	
	
	
	
	max
	Extreme Load is

	Fy
	
	
	
	
	
	
	
	max
	maximum)

	Fz
	
	
	
	
	
	
	
	
	max
	

	FT
	
	
	
	
	
	
	
	
	
	max


Appendix C

Statistical Analysis Method for
Determining Turbulence-Induced Extreme Design Loads

In using limited time-series data -whether from testing or simulation- for determining expected extreme loads over the turbine lifetime, it is prudent to apply a statistical analysis technique to the available data, because of the random nature of the turbulence driving the machine loads.  One such technique has been developed specifically for wind turbine applications and is detailed by Madsen, et al. [7].  The application of this method is presented here.  A more detailed description of the development of the method is available in the referenced report.

The method assumes the wind turbine response to turbulence is non-Gaussian, and hence for the distribution of extreme loads the skewness, , is non-zero.  In addition to the skewness, the method involves the following parameters:


mean

standard deviation
0
mean crossing frequency
E
Euler’s constant (= 0.5772)
T0
time length of the data set
Most of these parameters are common and require no clarification here.  The mean crossing frequency is a characteristic frequency for the signal, defined as the average frequency with which the signal crosses its mean value from below.  This can be determined directly from time series data by counting the number of up-crossings and dividing by the length of the time series.

The desired parameter is assumed to be a random variable Z(t) of the form:
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where X(t) is a normalized Gaussian process, and ( and ( are parameters that determine the mean and standard deviation. ( and ( are considered constants (independent of time) in this method.  Knowing the mean, variance and skewness of the random variable Z(t), the first order approximation of the parameters in equation (C-1) are:
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where Z, Z, and  are the mean, standard deviation and skewness of Z(t).  Equation (C-5) states that the mean crossing frequency of Z(t) is approximately equal to the zero crossing frequency of the normalized Gaussian process X(t).

Using the above defined parameters, the resulting mean and variance of the extreme value distribution of the process Z(t) can be stated to be:
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where
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and T0 is the time length of the data sets used in the analysis.  Hence if ten-minute data sets are used, T0 equals 600 seconds.

Finally, the desired estimate Xk can be found from the equation
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where the over-bars indicate the mean of the collection of values obtained from multiple observations.  The term 
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 can similarly be replaced with 
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 in equations C-8 and C-9, and 
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 in equation C-2 for use in C-8 and C-9.

The k in equation C-10 serves one of three purposes.  It can be used to estimate the value for a given recurrence interval, T (a multiple of the simulation period), the value for a given quantile, , or the expected value during a period of N times the simulation period.  Thus k is defined

Recurrence interval of T times the base period

The  - quantile
(C-11)

Expected value during a period of N times the base period

The base period, T0, is the length of a single simulation, typically ten minutes.  Using the above equations an estimate for the expected maximum load can be made for the projected life of the turbine from limited time series data.  Of course the accuracy of such an estimate is highly dependent upon the amount of data used to make the extrapolation.  It is recommended that a minimum number of 5 ten-minute data sets be used in this procedure.  A greater amount will decrease uncertainty in the results, possibly allowing smaller partial safety factors to be applied in calculating design loads.

The 95% confidence limits in the extrapolation results are defined as (1.96k, where k is the standard deviation of Xk, defined as
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The variance, Var{Xk}, can be expressed as
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in which
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and z, z, 0, and z are the mean, standard deviation, zero crossing frequency, and skewness of each realization.  Var indicates the variance of the argument, and an over-bar indicates the mean of the argument over all realizations.

Example

For a set of 10 ten-minute simulations, the statistics of each realization are calculated to be as shown in Table C-1.  From these, we’ll determine the expected maximum in 20 years.

First, calculate the mean value of the following columns:

Mean
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 = 7.899 kN-m

Standard Deviation
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 = 2.609 kN-m

Skewness
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  = 0.3038 kN-m

Mean Crossing Frequency
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 = 1.8042 s-1
For ten-minute data sets, T0 = 600 seconds, and from equation C-2  = 0.05063. Then equation C-8 gives
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and equation C-9 yields


[image: image28.wmf](

)

395

.

4

1

)

600

8042

.

1

ln(

2

05063

.

0

)

600

8042

.

1

ln(

2

=

-

·

+

·

=

b


Next, determine the value of k from equation C-11.  To do so, one can simply take the amount, 20 years = 10,512,000 minutes, and divide by the base period of 10 minutes to determine T or N.  This could be extremely conservative.  It may be better to determine what fraction of the 20-year interval the data represent.  This can be determined from the wind speed interval represented and the wind speed distribution at the site (Weibull distribution is specified in IEC 61400‑1).*  For our case we will simply assume the data represent an interval occurring 7% of the time.  Hence

N = T = 0.70 (10,512,000) / 10 = 735,840

Then if we determine the expected load for the recurrence interval, T = 735,840 T0, equation C‑11 gives

k = -ln(ln(735,840/735,839)) = 13.509

Applying these values to Equation C-10 tells us the expected load is
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Finally, to determine the 95% confidence limits we can calculate the necessary parameters for equation C-13 from the data in Table C.1.  The variance of the mean values is


Var{
[image: image30.wmf]z

m

} = 4.2521 x 10-4 kN-m,

the variance of the standard deviations is


Var{z} = 1.7698 x 10-3 kN-m,

the variance of the mean crossing frequencies is


Var{0} = 2.0700 x 10-3 s-1,

and the variance of the skewness values is


Var{z} = 4.8588 x 10-3 kN-m

Then, using equations C-14 and C-15, equation C-13 gives


Var{Xk} = 1.62867 kN-m

So the expected value for a recurrence period of 20 years with 95% confidence limits is


32.37 (2.50 kN-m

Solving equation C-11 for k using N = 735,840 T0, gives

k = 0.5772+ln(735,840) = 14.086

which in turn leads to
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Solving for the 95% confidence limit yields the result of an expected value during the 20 year interval of


32.92 (2.57 kN-m

Finally, equation C-11 can be solved for values of k representing ten quantiles, and these can be compared with ranked observed maxima.  The results are plotted in Figure C.1.

Appendix D

General Contents of Design Documents

The following is a list of the contents expected in a design document submitted for design review.  The specific content of the document will of course vary for different design documents.

General Contents of Design Documents

Cover sheet

Title

Document identification number

Author and control check

Date, revision number and modifications included in the latest revision

Table of Contents

1. Scope

Input information (type, source and use)

Applied analyses

Resultant output (type, purpose and use)

2. Applied Guidelines and Standards

Comply in principle with the relevant Design Guideline

Identification of wind turbine (usually through reference to other documents)

Include contributing documents

3. Definitions

Conform as far as possible to definitions of applicable guidelines and standards

Reference drawings, including manufacturer’s designations

4. Symbols and Abbreviations

Conform as far as possible to symbols and abbreviations of applicable guidelines and standards

5. to (N-3). (Main Sections)

These sections contain the specifics of the design process including descriptions of:

Organization of main sections

Input data

Applied analysis processes (provide references)

Verification of analysis processes

Resultant output data

(N-2). Summary of Results

Summary of results with and utilization of data

(N-1).References

Include sufficient information for the reader to locate the listed documents

N. Appendices

List of Tables

List of Figures

Appendix E

Loads Document Template


TITLE:
DESIGN LOADS ANALYSIS DOCUMENT


Document Identification Number:
XX##-###


Author:



Control Check:


	Revision
No.
	Issue
Date
	Modifications

	###
	MM/DD/YY
	Description of the changes made from previous issues of the loads document, such as design changes, change of wind turbine classification, change in analysis technique, or document format changes.


CONTENTS

List of Tables 

List of Figures

1. SCOPE

2. APPLIED GUIDELINES AND STANDARDS

3. DEFINITIONS

4. SYMBOLS AND ABBREVIATIONS

5. INTRODUCTION

5.1. Applicable wind turbine generator system

5.2. Applicable safety standard and wind turbine classes

5.3. Additions and/or deviations to the applicable standard

5.4. Procedure for loads calculation

6. TECHNICAL DESCRIPTION OF THE WTGS

6.1. Overall WTGS data

6.2. Aerodynamic data

6.3. Description of controller(s) 

6.4. Structural frequency response data

7. ANALYTICAL TOOLS

7.1. Coordinate systems

7.2. Loads calculation procedure and/or software

7.3. Data analysis procedure and/or software

7.4. Model description and validation

8. LOAD CASES

8.1. Input parameters

8.2. Discussion of altered, added and omitted cases

8.3. Safety factor strategy

9. EXTREME LOADS

9.1. Selection and presentation of extreme load data

9.2. Design loads

9.3. Discussion of extreme loads

10. FATIGUE LOADS

10.1. Presentation of fatigue load data

11. SUMMARY OF RESULTS

References

Appendices

List of Figures

Figure 9.1
Example of plot of DLC predicted loads (e.g., blade flap moment) for a given wind speed condition (e.g., Vhub = Vrated) at a critical location as compared to the characteristic load (determined from material characteristics and safety factors).

Figure 9.2
Example of a cycle count chart for predicted loads (e.g., blade flap) for a given wind speed interval (e.g. 5-7 m/s).

1. SCOPE

Summarize the data and methods used in the analysis, and the application for the results achieved.

2. APPLIED GUIDELINES AND STANDARDS

In this section list all the guiding documents that apply directly to the creation of the Design Loads Analysis Document.

2.1. Guidelines

DGxx-###
Design Guideline Title

2.2. Standards

IEC61400-#
Wind Turbine Safety Standard Document Title

3. DEFINITIONS

List and define all terms specific to the Design Loads Analysis Document.  Focus on any terms whose definitions are not universal.  Try whenever possible to conform to the definitions provided in the guidelines and standards that are listed in Section 2.  Clarify any definitions that deviate from the applied standards.

4. SYMBOLS AND ABBREVIATIONS

List the symbols used in the document and their definitions.  Likewise, list all abbreviations, especially those requiring clarification, and their meanings.  As with the definitions, try to conform to the applied standards and clarify any possible points of confusion.

5. INTRODUCTION

5.1. Applicable wind turbine generator system

This section specifies the wind turbine generator for which the analysis was conducted, including the model name and/or number.

5.2. Applicable safety standard and wind turbine classes

The safety standard (e.g., IEC 61400‑1) and the wind turbine classes of that standard (e.g., class IA, IIB) that are evaluated for the analysis are specified here.

5.3. Additions and/or deviations to the applicable standard

All changes made to standard and class definitions specified in section 1.2 are addressed here.  Where conditions stated in the standard are not rigidly specified, the methods used in the analysis are explained here, such as defining the timing of faults with regards to transient wind events.  The justification for these changes and interpretations will normally be for purposes of simulating worst case scenarios.

5.4. Procedure for loads calculation

The methods of conducting the loads analysis are explained here, including the analysis code(s) and version numbers used, the wind model applied, aerodynamic analysis codes or techniques utilized, the complexity of the structural model, and the control systems modeled.  Model specifications that are common throughout all cases investigated can be presented here.  Parameters that differ depending upon the design load case should be presented as part of each case description in section 4.

6. TECHNICAL DESCRIPTION OF THE WTGS

6.1. Overall WTGS data

Basic specifications of the wind turbine, or references providing this information are presented here.  Specifications include rated power, rotor diameter, number of blades, hub height, generator type, etc.  Figures showing the layout of the machine should also be included, in addition to basic descriptions of the major load paths, major system components and any unique or novel concepts applied in the design.  Specifications should also be provided for the following as necessary:

6.1.1. Operational data

· Cut-in wind speed

· Cut-out wind speed

· Rated wind speed

· Maximum sustainable design wind speed

· Air density

· Wind turbine design class

· Design life

6.1.2. Blades

· length

· chord distribution

· twist distribution

· airfoil section distribution

· mass distribution

· center of mass position

· moments of inertia

· material

· natural frequencies and mode shapes

6.1.3. Hub

· Hub height

· mass and moments of inertia

· center of mass position 

· free teeter range 

· teeter spring specifications

· teeter damper specifications

6.1.4. Rotor

· diameter

· number of blades

· orientation (upwind/downwind)

· rotational speed(s)

· tilt angle

· cone angle

· direction of rotation

6.1.5. Drive Train

· mass(es) and moments of inertia

· center of mass position(s)

· gearbox type and ratio

· gearbox efficiency

· mechanical brake torque rating

· rate of brake application

· location of brake (e.g., high or low speed shaft)

· brake actuation system

· generator rating

· rated slip

· power set point

· torque limiting clutch setting

· generator efficiency vs. power output

6.1.6. Nacelle

· mass and moments of inertia

· center of mass position

· main dimensions

· yaw drive rates

6.1.7. Tower

· height 

· mass and moments of inertia

· section distribution (shape, diameters, wall thickness)

· head mass

· center of mass position

· natural frequencies and mode shapes

· guy wire specifications

6.1.8. Foundation

· maximum horizontal, vertical and rotational flexibility at tower interface

· suitable range of soil conditions for which the design is applicable

6.2. Main Drawings

Main drawings and descriptions of the individual components listed above should be included or clearly referenced in the Loads Document.  Component design may change as the wind turbine design matures, and care should be taken to track these changes in the loads document.

6.3. Aerodynamic Data

This section contains descriptions of the airfoil shapes used in the blade design and the aerodynamic data for these shapes used in the analysis.  Figures or references should be provided for the shapes and the aerodynamic data, including plots and tables of lift, drag, and moment coefficients.  Sources for the aerodynamic data should be listed, and changes to the original data discussed.

6.4. Safety and Control Systems

Details of the safety and control systems, or references to their descriptions are given here.  These include flow charts of system operation, and module and actuator design characteristics.  Systems include those for rotor speed, generator power, blade pitch, flap deflection, tip brake deployment, and yaw drive control.

6.5. Structural Dynamics

The structural model used in the analysis is defined here.  References should be made to any validation studies conducted on the model.  Modeled degrees of freedom should be specified.

7. ANALYTICAL TOOLS

7.1. Coordinate systems

Coordinate systems for the blades, hub, nacelle, tower, and any other applicable component are defined to permit a clear understanding of the direction and location of the loads presented in the results section.  Figures should be provided depicting these coordinate systems.

7.2. Load calculation procedure and/or software

The analytical tools and any supporting utilities should be listed and described in this section.  References describing these tools in detail should be provided.  Computer code validation also should be demonstrated, typically with references to other reports.  Version numbers for all codes used in the analysis must be carefully tracked.  The methods used in the analysis approach to handle everything from wind input and blade aerodynamics to structural dynamics and control systems in a way that conforms to the standard should be clearly described.

7.3. Data analysis procedure and/or software

The methods used to analyze the output of the load calculations are described here.  Any software used for this task should be specified, and any mathematical models used should be described and the validity of their application presented.  The analysis includes both extreme and fatigue loads, and involves the application of partial safety factors as described in the standard.

8. LOAD CASES

The load cases are listed in the standard.  The conditions for each of these load cases in the analysis should be outlined here, and any faults prescribed should be addressed in detail with regard to the modeling approach.

8.1. Input parameters

For the most part, inputs for the analysis consist of wind conditions and turbine operating conditions, including those described in the standard as well as any additional cases deemed necessary by the designers or certification body.  Any changes or additions made to these cases must be explained here.  Additional detail for the input parameters that also should be presented here include wind speeds used in the definitions of the wind conditions, and values used in creation of the turbulence input.

8.2. Discussion of altered, added and omitted cases

Some of the load cases defined in the standard may not apply to the wind turbine design considered in the analysis, or fail-safe systems may prevent a particular condition from causing an extreme load condition.  These cases may be omitted from the analysis provided sufficient justification for the omission is provided here.  Likewise, some of these cases may need to be altered to be applicable to a specific design or function, or additional cases may be necessary to complete the design load matrix.  All such changes should be discussed here.

8.3. Safety factor strategy

Partial safety factors are defined in the standard and should be applied where appropriate.  Any assumptions made with regard to the application of safety factors should be addressed here.

9. EXTREME LOADS

This section presents the results of the extreme event cases analyzed for the purpose of investigating ultimate loads.

9.1. Selection and presentation of extreme load data

The method for selecting the extreme loads for each case is discussed, and the presentation format is explained.

9.2. Design loads

The design loads taken from the extreme event cases are presented and discussed.  The presentation of these loads should consist of a summarized format of the results, such as a table of the extreme loads.  This tabular summary should indicate the load location and orientation, the maximum or minimum value, the load case causing it, and the safety factor applied.  This summary should be followed by a more in-depth explanation of how each load case was carried out including the inputs and method employed.  The method of and reason for selecting each design load is explained, as well as how the value is applied in the design.  Plots should be provided for each critical design load.  An example of one such plot is shown in Figure 9.1.

9.3. Discussion of extreme loads

Discussion should be provided for any extreme loads of particular interest.  Particular focus should be paid to loads reduced or increased as a result of design changes.

10. FATIGUE LOADS

The results for the fatigue load cases are presented and discussed in this section.  The methods used to reduce time series data in the fatigue analysis should be discussed.  All assumptions made in the fatigue analysis must be presented.

10.1. Presentation of fatigue load data

The results of the fatigue cases should be presented in a convenient format.  For example, rainflow charts or damage estimates for various wind speeds, cumulative damage estimates over the proposed lifetime, or estimated lifetime itself.  The process including all assumptions made for calculating stresses, damage and/or lifetime must be presented.  An example of a cycle count chart is provided in Figure 9.2
 depicting how this data might be presented.  (Other types of plots can be used to display the cycle data.)  If lifetime is estimated, probability and confidence levels in results should be established and provided based on such factors as material and manufacturing variability.  Results should be presented in a consistent manner that is useful toward defining component susceptibility to fatigue damage
.


Appendix F

Wind Velocity and Averaging Intervals

(ISO 4354)

The following section reports Annex B3 of ISO 4354, First Edition. Two columns of the table are inverted with respect to the standard to correct for a misprint. 

Wind Velocities and Averaging Intervals

It may be necessary in some countries to use other velocity measurements and, in these cases, careful correction is necessary. As a guide, the wind velocities over different averaging intervals corresponding to various values of qref are given in the following table. (This allows comparison with other codes.)

	qref1)
kPa
	vpeak
m/s

	Averaging time

	10 min
	10 min
	1 h
	1 min

(or fastest mile)
	3 s

	0.3
	22.4
	21
	27
	33

	0.4
	25.8
	25
	31
	39

	0.5
	28.9
	27
	35
	43

	0.6
	31.6
	30
	38
	47

	0.7
	34.2
	32
	41
	51

	0.8
	36.5
	35
	44
	55

	0.9
	38.7
	37
	47
	58

	1.0
	40.8
	39
	50
	61

	1.1
	42.8
	41
	52
	64

	1.2
	44.7
	43
	54
	67

	1.3
	46.5
	44
	56
	70

	1.4
	48.3
	46
	58
	73

	1.5
	50
	48
	61
	75

	Note – Intermediate values may be interpolated

1) Assuming air density air = 1.2 kg/m3


Figure 3.1	Example of the blade coordinate system.
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Figure 3.3 	Example of the hub coordinate system.





Figure 3.4	Example of the nacelle-shaft coordinate system.





xn-s axis	identical to the xh axis – i.e., parallel to the main shaft axis of rotation and positive (nominally) downwind.


yn-s axis	in the horizontal plane, directed such that zn-s is pointing (nominally) up.


zn-s axis	defined to complete the right hand coordinate system.
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xh axis	parallel to the main shaft axis of rotation and positive (nominally) downwind.


zh axis	parallel to the rotor disk plane through the reference blade origin.


yh axis	defined to complete the right hand coordinate system.
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zb axis	coaxial with pitching axis.


yb axis	parallel to the zero pitch line at the blade root and pointing toward the trailing edge.  If this line is non-existent, then the yb axis is parallel to the chord line at 70 per cent of the blade span, passing through the blade root, and pointing toward the trailing edge.


xb axis	defined to complete the right hand system.
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Figure C.1 – Comparison of fitted distribution with observed data for 10 quantiles.
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Figure 3.6	Example of the tower base coordinate system.





zt axis	along the tower axis or centerline with positive direction upwards.


xt, yt axes	fixed in the (nominally) horizontal tower base plane to form a right hand coordinate system.





xt





yt





zt
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Figure 9.1	Example of plot of DLC predicted loads (e.g., blade flap moment) for different design load cases.
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Figure 9.2	Example of a cycle count chart for predicted loads (e.g., blade flap) for a given wind speed interval (e.g. 5-7 m/s).





Table A-1 - Comparison of Program Capabilities


CODE:�
PROP*�
YawDyn�
FAST_AD�
BLADED�
Phatas-III�
ADAMS�
�
Latest Version (if known):�
�
�
1.21�
3.201�
�
10�
�
Availability of Source Code:�
yes�
yes�
yes�
no�
�
no‡‡�
�
Degrees of Freedom�
Hub�
Teeter�
�
x**�
x�
x�
x�
X�
�
�
Blade�
Flap�
�
x**�
x�
x�
x�
X�
�
�
�
Edge�
�
�
x�
x�
x�
X�
�
�
�
Torsion�
�
�
�
�
�
X�
�
�
Nacelle�
Yaw�
�
x�
x�
x�
x††�
X�
�
�
�
Pitch�
�
�
x�
�
�
X�
�
�
�
Roll�
�
�
�
x†�
x‡�
X�
�
�
Low-Speed�Shaft�
Bending�
�
�
�
�
�
X�
�
�
�
Torsion�
�
�
x�
x�
x�
X�
�
�
High-Speed�Shaft�
Bending�
�
�
�
�
�
X�
�
�
�
Torsion�
�
�
�
x�
�
X�
�
�
Tower�
Fore-Aft Bending�
�
�
x�
x�
x�
X�
�
�
�
Side-Side Bending�
�
�
x�
x�
x�
X�
�
�
�
Torsion�
�
�
�
�
x††�
X�
�
�
Variable Speed�
�
�
x�
x�
�
X�
�
Control Systems�
Aerodynamic�(aero brakes, flaps, etc.)�
�
x�
�
?�
�
X�
�
�
Blade Pitch�
�
�
�
X�
x�
X�
�
�
Active Yaw�
�
�
�
X�
x�
X�
�
�
Teeter�
�
�
�
�
�
X�
�
�
Rotor Brake�
�
�
�
X�
�
X�
�
�
High Speed Shaft Brake�
�
�
x�
?�
x�
X�
�
�
Variable Speed�
�
�
�
X�
�
X�
�
*	WT_Perf has the same capabilities as the PROP code.


**	YawDyn permits either hub teeter or one flap degree of freedom per blade, not both.


†	BLADED allows either the nacelle (bed-plate) roll or gear-box roll degree of freedom.


††	Phatas achieves free yaw using the tower torsional degree of freedom with zero stiffness.


‡	Phatas allows nacelle roll degree of freedom via torsional flexibility of the gearbox support.


‡‡ User-written routines can be linked to the ADAMS code allowing greater modeling flexibility.
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Figure 3.2	Example of the elastic (e), mass (g) and aerodynamic (a) coordinate systems for blade section n.
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Table C-1 – Statistics of 10 Ten-minute data sets


Data Set�
Maximum


Load


kN-m�
Mean�
Standard


Deviation�
Skewness�
Mean Crossing


Frequency�
�
1�
19.863�
7.896�
2.574�
0.324�
1.789�
�
2�
18.929�
7.883�
2.663�
0.335�
1.820�
�
3�
17.845�
7.873�
2.594�
0.223�
1.789�
�
4�
19.344�
7.878�
2.586�
0.303�
1.800�
�
5�
20.589�
7.919�
2.632�
0.278�
1.749�
�
6�
18.217�
7.901�
2.648�
0.353�
1.759�
�
7�
19.452�
7.921�
2.628�
0.416�
1.857�
�
8�
18.046�
7.892�
2.530�
0.209�
1.875�
�
9�
18.785�
7.891�
2.581�
0.224�
1.752�
�
10�
22.009�
7.937�
2.649�
0.373�
1.852�
�
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Figure 3.5	Example of the nacelle-tower top coordinate system.





zn-t axis	along the tower axis or centerline with positive direction upwards.


xn-t axis	fixed in the yaw bearing plane, pointing along the projection of the rotor axis of rotation on this plane, nominally downwind.


yn-t axis	completes the right hand coordinate system.








* Clearly the size of the wind speed interval directly affects the extrapolation period.  Care should be taken to avoid the use of an overly constricted wind speed interval that can yield overly benign results.





�PAGE \# "'Page: '#'�'"  �Page: 7��� Indicate the source of definition; in case definition is not satisfactory add our own definition


�PAGE \# "'Page: '#'�'"  �Page: 9��� We will use flap and lead-lag in a different way – lead-lag (IEC) = in plane and flap (IEC) = out of plane – check flat and edge


�PAGE \# "'Page: '#'�'"  �Page: 9��� define longitudinal axis


�PAGE \# "'Page: '#'�'"  �Page: 11��� not all blades pitch


�PAGE \# "'Page: '#'�'"  �Page: 12���“stationary” operation is misleading, use “steady” or “continuous”


�PAGE \# "'Page: '#'�'"  �Page: 19���one must be careful in the choice of the coordinate systems for the models, that one does not introduce the possibility of singularities in the equation of motion





�PAGE \# "'Page: '#'�'"  �Page: 20���We should include modifications for 3-D effects (delayed stall) with current references.


�PAGE \# "'Page: '#'�'"  �Page: 27���Comment on change in turbulence with height as well as averaging time


�PAGE \# "'Page: '#'�'"  �Page: 28��� Kirk likes to take another crack at this.


�PAGE \# "'Page: '#'�'"  �Page: 29��� Check what is needed for the design of other bearings (not pitch and yaw).Marshall drafts new wording – separate section for bearing and one for gearing:


load output for design (no combined loading, sectorization of bearing race, provide full time history of loads and pitch/yaw angle)


	reference to DG03


�PAGE \# "'Page: '#'�'"  �Page: 30���Discussion of peak loads from extreme wind simulation or normal turbulence extrapolations does not offer any suggestions about how to handle load combinations.  Particularly, once the extrapolation is done the simultaneous in time option is gone.  Also, no guidance is given on how to “choose” a value from the extrapolation, such as a 50 year return value.  While this is an area that is currently being researched, what will the certification group accept?  What further research needs to be done to help answer these “design method” questions?  The experience of KTI is that there is no clear consensus or standard practice in the industry and that more guidance is needed on this topic.


�PAGE \# "'Page: '#'�'"  �Page: 31���This and other statistical methods


�PAGE \# "'Page: '#'�'"  �Page: 31��� discussion of IEC –1 table 3 and and how to apply load factors 


�PAGE \# "'Page: '#'�'"  �Page: 32���This implies that only tabular data are needed.  We need access to the time series as well to determine if the simulation results look reasonable.


As a minimum short time histories. Time history statistics (mean, max, min, std), histogram, spectrum, and full time histories on electronic media


�PAGE \# "'Page: '#'�'"  �Page: 32���Again we should state that time series of the discrete events should be submitted.


�PAGE \# "'Page: '#'�'"  �Page: 33���Must include a description of tower clearance calculation, including statistical significance and application of partial safety factors per IEC. (critical deflection)


�PAGE \# "'Page: '#'�'"  �Page: 33��� Mention methods how to increase the confidence (different codes, different analysts, different methods)


�PAGE \# "'Page: '#'�'"  �Page: 33���Marshall thinks this sentence needs to be cleaned up.


�PAGE \# "'Page: '#'�'"  �Page: 39��� Use of this code is not recommended due to known errors in the algorithms


�PAGE \# "'Page: '#'�'"  �Page: 40��� This is old info.


�PAGE \# "'Page: '#'�'"  �Page: 41���V2.0 – not sure!


�PAGE \# "'Page: '#'�'"  �Page: 42��� See above


�PAGE \# "'Page: '#'�'"  �Page: 43��� see above


�PAGE \# "'Page: '#'�'"  �Page: 44��� see above


�PAGE \# "'Page: '#'�'"  �Page: 44��� not sure


�PAGE \# "'Page: '#'�'"  �Page: 47���I believe that the check list should be removed from this document as this requires maintenance in two locations.  The check list can be referenced in this document


�PAGE \# "'Page: '#'�'"  �Page: 51��� Maybe better referring to a specific simulation run


�PAGE \# "'Page: '#'�'"  �Page: 51��� the table confuses me! We need also ID of simulation run and time step; give explanation where table is referenced


�PAGE \# "'Page: '#'�'"  �Page: 59���Many of the documentation requirements can be satisfied by reference to other controlled documents within the organization.





Appendix D&E  A useful bit of information would be a clear description of locations for load actions e.g.  Blade root bending loads act 1.0 meter out the blade axis from the center of rotation in the blade coordinate system at that location.  A more thorough example of a turbine loads document would be useful.  Include all loads, real numbers, and maybe even an example of how these are used in analysis.


The templates do not provide for any presentation of gear or bearing loads.  These are difficult because the manner in which the time series data are used will vary depending on the type of bearing and how it will be used (full rotations, oscillations).  It seems that for these and possibly the fatigue results, the loads document might be coupled to archived time series data that would be recombined depending on the type of analysis being done.  How to handle this in the most efficient (design costs) yet also economical (production costs) and design safe way may require further research.


�PAGE \# "'Page: '#'�'"  �Page: 61��� See comment appendix D


�PAGE \# "'Page: '#'�'"  �Page: 63���These sections are not described.


�PAGE \# "'Page: '#'�'"  �Page: 68���We need to have a clear description of what is needed for fatigue in the loads document and what is needed for fatigue in the strength analysis.  We should have a discussion of what should be done and how it should be presented.


�PAGE \# "'Page: '#'�'"  �Page: 68���While presenting the fatigue information as rainflow counts of load is convenient for the author of the loads document, it is not consistent with the requirement of sec 13.2 that combined loading be considered.  The requirement for combined load fatigue cycle counts makes presentation of the data in a way that is immediately useful to the stress/fatigue analyst difficult.  It is also dependent on the “answer” from the stress analysis.  If the requirement for combined loading/stresses is necessary, a good reference to an archived data base of time series loads and documentation of a standardized methodology/software is required.  See comments re sec 13.2.


As suggested in the general comments above, a loads document should not contain damage estimates or any specific design analysis.  These methods and results should be handled in the design documentation.


�PAGE \# "'Page: '#'�'"  �Page: 68��� those data cannot be used to calculate fatigue life! I think Veers believes Figure 9-2 should be Aplitude vs Cum. Cycles/hr don’t use normalized data


�PAGE \# "'Page: '#'�'"  �Page: 68���fig 9.1  The parenthetical in the figure caption that the characteristic load is determined from material characteristics and safety factors makes no sense and is incorrect.  A load has nothing to do with the material strength, and characteristic loads have no partial factors applied.  Design loads are characteristic values times the appropriate partial load factor.
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