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Workshop 2: Study of structural and foundation systems of Wind Turbines

1. FAST: origin and applications

F A S T ‘ ——  NREL's primary physics-based engineering tool for simulating the coupled
dynamic response of wind turbines.
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Workshop 2: Study of structural and foundation systems of Wind Turbines

1. FAST: origin and applications

Aerodynamic models

/ Hydrodynamics models

FAST

Coupling through a modular
interface and coupler
(glue code)

Structural-Dynamics models

Control and Electrical system models
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1. FAST: origin and applications

Workshop 2: Study of structural and foundation systems of Wind Turbines

FAST tool enables the analysis of a range of wind turbine configurations, including :

Horizontal-Axis Wind Turbines can be modeled:

.ﬂ\;

Land

Offshore

Floating
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Workshop 2: Study of structural and foundation systems of Wind Turbines

1. FAST: origin and applications

FAST tool enables the analysis of a range of wind turbine configurations, including :

Two-Blade:

Horizontal-axis Rotor: -:5-@% =(=

/\ Three-Blade:

Upwind: Downwind:
Wind Wind
direction direction
—— ——s
Upwind Downwind
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1. FAST: origin and applications

Workshop 2: Study of structural and foundation systems of Wind Turbines

FAST tool enables the analysis of a range of wind turbine configurations, including :

Tower:

/ Rigid:
Hub: \
Teetering:
Pitch
Regulation: <
Stall

/
\

Lattice:

Tubular:
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Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure

Perform+the analysis

————

' Preprocessors Simulators Postprocessors | —

Help build models 2D AirfoilPrep |  srywsy=ym FAST e | MCrunch,
Airfoil Data Airfoil Data Files Aero-Hydro- | LEMGUIENNE IMExtremes,
Correction Servo-Elastics Responses, & -
| oads & MLife

Analyze the results

i Includes: Data Analysis
Wind TurbSim Wind Data ElastoDyn
Spectrum Wind Files
Turbulence BeamDyn
Hydro. AeroDyn Linearized MBC3
Data : Models Multi-Blade
InflowWind Transformation
Control & S D
Elec. System ervooyn
Turbine Hydrooyn
Configuration SubDyn
Composite PreComp & Beam L
Lay-Up NuMAD Properties MoorDyn
Section Analysis EAMooring
OrcaFlex-
BModes Interface
Beam IceFloe

IlceDyn
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Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure
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Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure

TurbSim — >« Stochastic, full-field, turbulent-wind simulator (Preprocessor).

— — — —

//// \\\
/ N
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/ \\
Simulates: // Output: \
Statistical Model / \\
., | Time series of three-component | / : Wind Velocity Vectors \
windspeed vectors (u, v, w) at '\ (u, v, w) |
points in a 2D vertical \ /
rectangular grid that is fixed in \ //
space \\ /
\ /
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———— | Input to AeroDyn
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AeroDyn

TurbSim’s Output:
Wind Velocity Vectors

— >+ Aerodynamics module for use by designers of horizontal-axis wind turbines.

Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure

* Can also be driven as a standalone code, uncoupled from FAST.

\ 4

Input Parameters:

Blade discretization
Inflow model
Operating Condition
Wind data
Wind reference hub height

Output:

Aerodynamic and kinematic
quantities at up to 9 nodes along
the tower and up to 9 nodes

along each blade
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Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure

HydroDyn | —— ¢ Time-domain hydrodynamics module.

* Can also be driven as a standalone code, uncoupled from FAST.

* Approaches for calculating the hydrodynamic loads on a structure: a potential-flow
theory solution, a strip-theory solution, or a combination of the two.

* Waves can be regular or irregular, long-crested or short-crested and are treated
using first-order or first- plus second-order wave theory.

Input Parameters: Output:
Environmental conditions

Incident wave kinematics and

current Hydrodynamic loads at nodes
Substructure geometry — of the structure

Hydrodynamic coefficients
Marine growth
Potential-flow solution options
Flooding/Ballasting
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Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure

ServoDyn

— >« Control and electrical system (Servo) dynamics (Dyn) module.

Generator-Torque control

Nacelle-based tuned-mass dampers
Tower-based tuned-mass dampers

Nacelle

Control Actions:

Blade-Pitch control

Nacelle-Yaw control

Blade-tip brake

Control Actions
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Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure

SubDyn | —— ¢ Time-domain structural-dynamics module for multi-member fixed-bottom substructures.

* Fixed-bottom substructure types :monopiles, tripods, jackets, and other lattice-type
substructures

AeroDyn

ServoDyn

o Inputs : |
D gl Input Parameters: Output:
I A 4 e |
) : Linear Frame % 1
x Beam FEM z| Substructure geometry Loads and kinematic
v ! r ¥ Material properties quantities at nodes of the
ydroDyn b Craig-Bampton | : . . -
Module ! Reduction X Stiffness/damping structure
3 | e i : coefficients
=]
= : o Finite element resolution
h : SubDyn )] : .
e + » State Space @ | Re St rains
Code L Model g !
‘ ' Al
o| | '
3 I b e e |
s
ElastoDyn
Module
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Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure

ElastoDyn | —— « Time-domain structural-dynamics module for slender structures.

Input: Input Parameters: Output:
Aerodynamic loads , Geometry R Displacements
Hydrodynamic loads Mass/inertia Velocities

Controller commands Stiffness coefficients Accelerations
Substructure reactions Damping coefficients Reaction loads
Gravity

BeamDyn | —— < Replaces the more simplified blade structural model of ElastoDyn (still available)

* Applicable to straight isotropic blades dominated by bending
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Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure

MAP++/MoorDyn/FEAMooring/Orcaflexinterface | —— Mooring file

MoorDyn

Uses a lumped-mass approach to discretize the cable dynamics over the length of the
mooring line. A cable is broken up into N evenly-sized line segments connecting N+1
node points.

It accounts for internal axial stiffness and damping forces, weight and buoyancy forces,
hydrodynamic forces from Morison's equation, and vertical spring-damper forces from
contact with the seabed.
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Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure

IceDyn/Icefloe | —— Ice file

IceDyn

— e Calculates time-domain loads induced by surface ice on offshore substructures.

* Includes six ice mechanics models that incorporate ice floe forcing, deformation and
failure and structure geometry:
1. Quasi-static ice loading on vertical structure
2. Dynamic ice loading on vertical structure
3. Random ice loading on vertical structure
2. Non-simultaneous ice loading on vertical structure
5. Ice loading on sloping structure

s. Largeice floe impact.

BUALAPN IR Szt e o UNIVERSITY OF
N\ PATRAS

Karlsruhe institwte of Technology



Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure

FAST Module Control Volumes — Bed-fixed OWT

External | Applied | Wind Turbine
Conditions I Loads I

Control System & Actuators

InflowWind I AeroDyn

Wind-Inflow AR P Powef
dvna 3 3 Generation

ServoDyn

|
|
| L
: ElastoDyn

Substructure Dynamics
SubDyn

Foundation Dynamics

HydroDyn

Currents ynamics

}

|

Waves & Hydro- L
B omes [N

Soil-Struct.-

Interaction

BAAIN I rtmie oo UNIVERSITY OF
PATRAS

Karlsruhe institwte of Technology



Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure

FAST Module Control Volumes — Floating OWT

External I Applied l Wind Turbine
Conditions I Loads
Control System & Actuators
InflowWind l AeroDyn
PN - {. Aero e Power
/‘*T Wind-Inflow l 4 M) Ganeration
| e e
l l ServoDyn
l 0 D
He l |
A HydroDyn g
‘ dro
- 0 B
U ElastoDyn
l I =
oorina Dvna MAP++, MoorDyn,
| l or FEAMooring
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Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure

Operating Condition: Parked

/N AcroDyn StallMod Steady
_________________________ - IndModel None
AeroDyn ElastoDyn ServoDyn : — — _ _, |FElastoDyn RotSpeed 0
. | BIPitch(1) 90°
BlPitch(2) 90°
BIPitch(3) 90°
ServoDyn PCMode 0
GenTiStr False
GenTiStp False
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TurbSim Input File.

Workshop 2: Study of structural and foundation systems of Wind Turbines

2. FAST: methods and software structure

Input Files Text Format

Valid for TurbSim v1.50; 17-May-2010; Example file that can be used with simulations for the NEEL 5MW Baseline Turbine; note that UsableTime has been decreased in this file so that

the file distributed with the FAST CertTest 1sn't as large

anLux
False
False
False
True
False
True
False
False
ITrue
o

TECKAT
“'1=ad3"
g

NTH
default
PL

a0,

0.27
default
default
default

default
0.05

default
default
default
default
default
default
defau]lt
default
default

"M heoh

"' Rando
true
1.0

, 0.5
0.5

IIO-O

-- Runt
F]azs I
L

Furki

eten

lnn-l

[ oher
pvent

a - . .
randseedl E rst random seed (-21474E3648 to 2147483647) 1
RandSeed? econd random seed (-2147483648 to 21474831847) for intrinsic pRNG, or an alternative pRNG: “RanLux" or "RNSNLW'

WrBHHTP = gutput hub-height turbulence parameters in binary form? (Generates RootName.bin)

WrFHHTP = fputput hub=height turbulence parameters in formatted form? (Generates RootMame.dat)

WrADHH - Putput hub-height time-series dats in feroDyn form? (Generates RootMame,hh)

WrADFE - Putput full-field time-series data in TurbSim/tercDyn form? EGenerates FiootHame, bts

WrBLFF - Qutput full-field time-series data in BLADED AercDyn form?  (Generates FootMame,wnd

WD TWE - gutput tower time-series data? (Generates RootHame.twr

Wr FMTFF = Putput full=field time-series data in formatted (readable) form? (Generates RootName.u, RootName.v, RootHame.w)

WeACT - Qutput coherent turbulence time steps in AsrcDyn form? %Gener'ates FootMame. cts)

Clockwn se = Elockeise rotation looking downwind? {used only for full-field binary files = not necessary for AercOyn)

scalelEC - Scale IEC turbulence models to exact target standard deviation? [Q=no additional scaling; l=use hub scale wniformly; Z=use individual scales]

& Mode] specifilat--ns—-—————————-——-——————-—

Humiri - Wertical grid-point matrix dimension

HumGrid_Y - trlzqnta? grid-point matrix dimension

TimeStep = Time step [seconds]

analysisTime [ - gength analysis time series [seconds]

UsableTime -sable length of output time series [seconds] (program will add Gridwidth/MeanHHWS seconds) [bjj: was 630]
Hubkt - ub height [m] (should be s 0.5%GridHeight)

GridHeight -Erid height [m]

GridWidth = Grid width [m] {should be =« 2={RotorRadius+ShaftLength})

WFlowding - ertical mean flow (uptilt) angle [degrees

HF lowéng - forizontal mean flow (skew) angle [degrees

jological Boundagy ®onditions=ss==-==
TurbMode] = Turbulence model "'IFCVKM =von Karman, "GP_LL]", “NWTCUR", "SMOOTH", uP\\f "WF_OFD", "WF_14D", or "NONE")
IECstandard = Qumber of IEC §1400=x standard (=) with uptmna'l 61400-1 edition number {i. e. ) bl
IECturbe - JEC turbulence characteristic ("A", "B", "C" ar the turbulenc: \ntens‘ty in pereent) KNTEST' option with NWTCUP, not used for other models)
IEC WindType - JLEC turbulence tyfe ("NTH" =normal, S ETH =extreme turbulence, "xEWM1"=extreme l-year wind, "xEWMS0"=extreme 50-year wind, where x=wind turbine class L, Z, or 3}
ETHe - MEC Extreme turbulence model "c" parameter [m/s]
windProfileTyp® - wind profile type ("JET"=Low-Tevel et,"LUG":LDgarithmc."PL":Power law, or "default", or "USR"=lser-defined)

RefHt - eight of the reference wind speed
URef - Wean (tuta'l%mm nd speed at the r‘efar‘ence height [m sa
ZletMax = Pet height [m] (used only for JET wind prafile 70=430 m)
PLExp - Power law exponent [-] (or "default”
I(ZG - gurface roughness length [m] (or “default")
Meteorologica ndary Conditigns==========a=
Latitude -[Fite latitude [degrees] (or "default")
RICH_MO = Gradient Richardson number
Ustar - friction or shear velocity [m/s] {or "default")
21 = Wixing layer depth [m] (or "default
PC_UW -ub mean u'w' Reynolds stress [(m/s)az] (or efault")
PC_Uy - JHub mean u'v’ Reynolds stress EEW;)AZ} Eor\ ")
PC_WW = Hub mean v'w' Reynolds stress [(m/s)42] {or 'd:fauN")
Inchecl - pi-component coherence parameters Ee.g. "10.0 ©0.3e-3" in quotes) Eor‘ "defau'lt"}
Inclec2 - f-component coherence parameters (e.g. "10.0 0.3e-3" 1n quotes) (or “defau]t”
IncDecd - f-component coherence parameters (e.g. "10.0 0.3e-3" in quotes) (or "default")
CohExp = Koherence exponent (or “default”)
nt Turbulence Sgalgng Parametersessssssssssszsss=as
eventdata’ CTjvergPath - Name of the path where event data files are located
CTEventFile - frype of event files ("random, "les” or "dns
Fandom ze - Randomize disturbance scale and location? (tru:ﬂ:a]s:)
Distscl - Disturbance scale (ratio of dataset height to rotor disk).
CTly - [ractional location of tower centerline from right (looking downwind) to left side of the dataset.
CTLz - fractional location of hub height from the bottom of the dataset.
CTStartTime - Binimum start time for coherent structures in RootHame.cts [seconds)

MOTE: Do mot add or remove any 1ines in this filel

3 Sections:

* Values
* Variables

e Descriptions and physical units

A sample line from the input file for input parameter
Tmax:

20.0 Tmax - Total run time (s)

[e.g. Input file from TurbSim Module]
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Workshop 2: Study of structural and foundation systems of Wind Turbines

3. OpenFAST 5> C {) @& github.com/OpenFAST

O Why GitHub? Team Enterprise Explore Marketplace Pricing

Starting point: FAST v8

Open-source and publicly available tool
GitHub repository of OpenFAST.

Land or offshore wind turbines
Bed-fixed or floating substructures.

OpenFAST

Organization for OpenFAST-related repositories including whole-turbine and full wind farm simulation tools.

& https://openfast.readthedocs.io

() Overview [J] Repositories 6 (0 Packages A People [ Projects

AN NI NI NN

Aero-Hydro-Servo-Elastic Simulation Popular repositorics

openfast matlab-toolbox
Main repository for the NREL-supported OpenFAST whole-turbine and Collection of Matlab tools developed for use with OpenFAST

‘ FAST.Farm wind farm simulation codes.
@rortran Ty 204 % 261 S MATLAE wr 25 % a0
r-test python-toolbox

ElastoD

w4 Hott Tr20 % 42 @bython BT 1/ T 1y

KiteFAST openfast-feedstock

) : : } ) Forked from conda-f fopenfast-feedstock
KiteFAST is a simulator for airbome wind energy systems based an the oreEd tromm con DrOe/opents Fostor

OpenFAST whole turbine simulator. . .
. A conda smithy repository for openfast.
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Workshop 2: Study of structural and foundation systems of Wind Turbines

3. OpenFAST

Generation of |

Surface

-
|
|
|
|

Visualization capability > . »  Visualization Toolkit ——> | ParaView
Stick-figure geometry .
(VTK) output files
— — — —
M ParaView 5.9.0 - (m]
File Edit View Sources Filters Extractors Tools Catalyst Macros Help
(A :i?‘: q BHEO »n & B ﬂ Al DIPPISE mwmelo ~o [fnaxisos & @
B @ T B [emam I X¥Eedbkiudse? Feec
E® © e G SR
Pipeline growser @® D Layout #1 & 3
@ lﬁ::";;r.\"lavesurface.o‘ 1 B B0 @=L ALSS g \ A\ a? 7 RenderViewl (|

|
@ —EBTEST.TowerSurface.0®

* + TEST.StillwaterSurface.vtp
* ‘LOTESF .SeabedSurface.vtp
# W TEST.NacelleSurface.0*

|
#  -WTEST.MorisonSurface.0*
@ |-BMTEST HubSurface.0*
‘

Properties Information

Properties

@
®

@ Reset ® Delete

F Properties (TEST.StillWe & S u rfa ces
== Display (GeometryRepr 4
Representation Surface
Coloring
® solid Color -
i Edit
Scalar Coloring

]
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Workshop 2: Study of structural and foundation systems of Wind Turbines

4. Simulation using OpenFAST

OC3 Hywind Spar Buoy

N

Floating platform

Wind turbine

Tower

Rotor

Mooring System

Nacelle
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Geometry of example wind turbine

Workshop 2: Study of structural and foundation systems of Wind Turbines

4. Simulation using OpenFAST

—_—— — —

Visualization of the floating system using ParaView
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Workshop 2: Study of structural and foundation systems of Wind Turbines

4. Simulation using OpenFAST

/ 150m

2 different water depths \ Mooring system
200m
//// \\\
- 17 & \\\
/7
" N
7 = \\
) ; Jr \
z ’ \
A \
- } \
|
. (s} = 1
. /
. | /
! - /
Vo ! //
~ 7
\\ //
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4. Simulation using OpenFAST

Environmental conditions

N

Parked

A4

Formula of Goda

l

Hg Tg
(m) (s)
6 10,204

Workshop 2: Study of structural and foundation systems of Wind Turbines

Operational
JONSWAP Spectrum |
l

U Uio Hg Tg Beaufor
(z=75m) | (m/s) (m) (s) t

20 14,98 2,5 5,03 7

22 16,497 2,79 5,22 7

24 17,997 3,12 5,43 8

26 19,497 3,42 5,59 8

28 20,996 3,75 5,77 9

30 22,496 | 4,08 5,94 9
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4. Simulation using OpenFAST

Coordinate system

/'

T

Floating platform

Translational Motions

|

O Surge (X)
1 Heave (2)

O Sway (Y)

Workshop 2: Study of structural and foundation systems of Wind Turbines

Mean sea level (MSL)

Center of the wind turbine

Rigid Body

3 Translational
6 DOFS <

3 Rotational

Rotational Motions

|

O Roll (X)

O Yaw (2)

O Pitch (Y)
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PtfmSurge

(m)

Workshop 2: Study of structural and foundation systems of Wind Turbines

4. Simulation using OpenFAST

Simulation Results (Water depth: 150m)

Time series of platform Surge motion

26m/s —28m/s —— 30m/s — parked

—20m/s — 22m/s — 24m/s

PtfmHeave
(m)

S
A

Time series of platform Heave motion

—_

o
fes]

=
=3}

e
~

o
[N}

o

o
=~

-06 -\
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Workshop 2: Study of structural and foundation systems of Wind Turbines

4. Simulation using OpenFAST

Simulation Results (Water depth: 150m)

Time series of platform Roll motion Time series of platform Pitch motion

4 T T |
26m/s ——28m/s —— 30m/s —— parked

I I
—20m/s —22m/s —24m/s 26m/s — 28m/s — 30m/s — parked

——20m/s ——22m/s ——24m/s

151

PtfmPitch
{deg)

05|
4
ol
0. 0.5
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s)
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Workshop 2: Study of structural and foundation systems of Wind Turbines
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