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Simplified loads model

● Simple, conservative equations

● Only applicable for

– Horizontal axis

– 2+ cantilevered blades

– Coordinated blade movement

– Rigid hub

● Example: Load Case A

Ref. International Electrotechnical Commission, Wind turbines - Part 2: Small wind turbines, EN 61400-2:2014.



  

Inputs and calculations

Wood, David, “Small Wind Turbines: Analysis, Design, and Application”, Springer-Verlag, London, 2011.



  

SLM results

Wood, David, “Small Wind Turbines: Analysis, Design, and Application”, Springer-Verlag, London, 2011.



  

SLM applicability and safety factors

Ref. ANSI/ACP 101-1 2021 The Small Wind Turbine Standard

Ref. International Electrotechnical Commission, Wind turbines - Part 2: Small wind turbines, EN 61400-2:2014.



  

SLM applicability and safety factors

Ref. ANSI/ACP 101-1 2021 The Small Wind Turbine Standard

Ref. International Electrotechnical Commission, Wind turbines - Part 2: Small wind turbines, EN 61400-2:2014.



  

Aeroelastic modeling

● Combines aerodynamics, structural dynamics, and 

controls into a single integrated simulation for 

holistic analysis

● Time marching simulations calculate real-time 

response to any inflow: uniform, turbulent, shear, 

gusts

Ref. FAST User's Guide, Jonkman, Buhl, 

2005.

● Captures structural 

dynamics and vibration 

mode coupling

Ref. R. Damiani (2021)



  

Aeroelastic modeling pros & cons

NREL PIX 39503NREL PIX 43632NREL PIX 17523BWCBWC

Ref. R. Damiani, D. Davis, B. Summerville (2021): Aeroelastic Modeling for Distributed Scale Wind Turbines.

Understand the load and 

power behavior of the 

turbine before 

witnessing it in the field

Control parameters that 

have the highest impact 

on design

Optimize the 

configuration most 

efficiently

Provide a more realistic 

basis for design 

certification

Simplify conformity 

assessment following a 

change in the turbine 

architecture

● Disadvantages

– Mostly HAWT-centric

– Steep learning curve, labour intensive

– Computationally expensive

– License fee for some codes



  

Aeroelastic vs. SLM

● Aeroelastic generally results in reduced loads

Extreme w/ SF Fatigue

A
B
C

A
B
C



  

Tests to verify design data and validate model

Design values @ 1.4Vave maximums

Weights of 

major 

components

Blade first 

flapwise (static) 

natural 

frequency

Tower loads
power

Rotor 

speed

Shaft 

torque*

Rotor 

speed

Yaw 

rate

SLM X X X X X

Aeroelastic

1 – 30 kW X X X X X X

30 – 65 kW X X X X X X X

65 – 150 kW X X X X X X X X

According to ANSI/ACP-101-1

*May be calculated from power and rotor speed



  

Validation measurements requirements

● Measured data shall be binned into 0.5 m/s wind speed bins

● Each bin from 1 m/s below Vin to 2Vave shall contain at least 10 data points



  

Validation measurements requirements

● Max yaw rate

– Passive yaw: Measured value cannot be used for SLM (use 61400-2 

eq. 27)

– Semi-active / damped yaw

● Measured value may be used in SLM

● Must see an upper limit in measured values

● Max rotor speed

– Shall be measured during condition most likely to give highest 

speed (e.g. loss of load or wind gust)

– Wind speeds from 10 m/s – 20 m /s

– 2h of data

– At least 1/2 h below 15 m/s and 1/2 h above

– Max speed shall be extrapolated to Vref



  

Aeroelastic modeling – Code options

OpenFAST HAWC2 MSC.Adams Bladed QBlade Flex5 OWENS SimPack SamCef ASHES
alaska/

Wind

HAWT X X X X X X X X X X

VAWT X X X

General purpose X X X X

free X trial available trial available trial available

Ref. FAST User's Guide, Jonkman, Buhl, 2005.

Ref. “Study of Design Load Cases for Multi-Megawatt Onshore 

Vertical Axis Wind Turbines”, DTU Wind Energy, June 2015.

Ref. D. Marten, J. Saverin, R. Behrens de Luna, 

S. Perez-Becker. 2021.



  

Aeroelastic modeling workflow

Preprocessing

•Blade/tower structural 

definition, eigenmodes

•Airfoil Aerodynamics

•RNA properties

•Controller settings

Model 

Creation •Assemble Input Files

Preliminary 

Validation

•Assess major properties (mass, 

eigenfrequencies, steady-state 

power, RPM, etc.)

Design 

Basis

•Select DLCs and 

Environmental Conditions

•Create wind files, batch 

runs, PC req.ts

Simulation 

Runs

Postprocessing

•Extract ULS, FLS, SLS 

driving loads, 

deflections, etc.

•Assess resonance & 

instability risk

Ref. R. Damiani (2021)



  

Publicly available models

Archetype coverage table (HAWTs)

Ref. R. Damiani, D. Davis, B. Summerville (2021): Aeroelastic Modeling for Distributed Scale Wind Turbines.

● Other features included

– Furling

– Teetering

– Tip brakes

– Tail

– Guyed tower

– Lattice tower



  Credit: Dr. J. Jonkman

OpenFAST workflow



  

Linear region* 3D correction 360
o
 extrapolation

XFoil** AirfoilPreppy*** AirfoilPreppy

UIUC airfoil tests database

Preprocessing – airfoil data

* Use data at correct Reynolds number(s) 

** Be sure of data at low Reynolds numbers (<5E5). Measurements are best.

*** Also calculates unstable aerodynamics model coefficients

https://web.mit.edu/drela/Public/web/xfoil/
https://github.com/WISDEM/AirfoilPreppy
https://github.com/WISDEM/AirfoilPreppy
https://m-selig.ae.illinois.edu/uiuc_lsat.html


  

Preprocessing – structure files

Cross-sectional properties Eigenfrequencies and mode shapes

PreComp BModes

VABS FEM

Sonata Mode shape polynomial curve fitting

yc

xc zc

(Nolet 2011)

https://www.nrel.gov/wind/nwtc/precomp.html
https://www.nrel.gov/wind/nwtc/bmodes.html
https://github.com/old-NWTC/BModes/blob/master/docs/ModeShapePolyFitting.xls


  

Running OpenFAST

Excellent material for learning OpenFAST from   NAWEA 2022 OpenFAST workshop

https://drive.google.com/drive/folders/1Z6hqCxGP57nZTgyTIMi6AkYd83rJuZmh


  

Modeling trip ups

● Time step

● Initial conditions

● Aerodynamic models

– Disable induction when parked/idling

– Be aware of high AOAs and yaw 

errors

● Airfoil polars

– 3D correction

– 360
o
 extrapolation

● Drivetrain frequency and damping

● Structural data issues

– Tune mass, CM, natural 

frequencies to match reference 

data

– Mode shapes

● Geometry and topology

– Use visualization tools to check

● The NREL forum is full of great tips and support from the developers

https://forums.nrel.gov/


  

Postprocessing – Ultimate limit state (ULS)

● Extract ultimate loads, deflections, clearance

– MExtremes or Pcrunch

● Contemporaneous loads tables

● Apply binning, safety factors according to standards

https://www.nrel.gov/wind/nwtc/mextremes.html%5C
https://github.com/NREL/pCrunch


  

Postprocessing – Fatigue limit state (FLS)

● Calculate damage equivalent loads/stresses

– MLife or openfast-toolbox

Damage Equivalent Load 
(single m)

𝐷𝐸𝐿=
∑
𝑖

𝑛𝑖𝑆𝑖
𝑚

𝑛𝑟𝑒𝑓

Rainflow 

counting

Goodman 

correction

https://www.nrel.gov/wind/nwtc/mlife.html
https://github.com/OpenFAST/openfast_toolbox


  

Interactive simulations analysis dashboard



  

Interactive simulations analysis dashboard



  

Structural verification of components

Hub FEA, Source Predictive Engineering

Ref. R. Damiani (2021)

● Things to watch out for:

– Sensitivity to Mesh

– Boundary Conditions

– Load Distribution

– Failure Criteria (e.g. Tsai-Wu)

– Buckling (linear vs. nonlinear)

– Welds and stress concentrations

– Bolts



  

Structural verification of components

● Analytical options

● Evaluate damage and check for safety

– Eurocodes, AISC

– GL Guideline for the certification of 

wind turbines



  

Other useful tools

● Scripts to setup models, run simulations and postprocess the results

– openfast_toolbox DTU Wind Energy Toolbox

● Visualization of simulation results (and more)

– PyDatView Pdap

https://github.com/OpenFAST/openfast_toolbox
https://gitlab.windenergy.dtu.dk/toolbox/WindEnergyToolbox
https://github.com/ebranlard/pyDatView
https://www.hawc2.dk/install/post-processing-tools/pdap


  

Other useful tools

● Wind Energy Library (welib)

– Suite of python and matlab tools 

aerodynamics, controls, structure/elasticity

● WISDEM

– A set of models for assessing overall wind plant 

cost of energy (COE)

– Component and system optimization

https://github.com/ebranlard/welib
https://github.com/WISDEM/WISDEM
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