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Introduction & Background
FAST — What Is It?

* Aero-hydro-servo-elastic model for wind turbines:
— Used to stand for Fatigue, Aerodynamics, Structures, & Turbulence
— Now just “FAST”

— Couples individual modules (AeroDyn, HydroDyn, ServoDyn, ElastoDyn,
SubDyn, MAP) for aero-hydro-servo-elastic simulation

— Evaluated by Germanischer Lloyd WindEnergie
« Latest version:
— v8.03.02b-bjj (October 2013)
— Newer in progress
» User's Guide:
— ReadMe for v8 (2013)

— Sections of Jonkman & Buhl (2005)
& Addendum (2013)

* Theory Manual: | -
— Framework: Jonkman (AIAA 2013) e
— Coupling: Sprague & Jonkman (AIAA 2014)

The N wM dular
Fra kf h FASTW nd
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Introduction & Background

History
FAST2, FAST3 (pre-1996) FAST _AD2, FAST_AD3 (1996)
= Developer: B. Wilson, OSU | = Developer: A. Wright, NREL
= Different code for 2- & 3-blades = Different code for 2- & 3-blades
= Built-in aerodynamics = AeroDyn aerodynamics

FAST v4 — v7 (2002-2013)
= Developer: J. Jonkman, NREL

= Single code for 2- & 3-blades !
= Rederived & implemented EoM FAST _AD v1 —v3 (1997-2002)

= New DOFs (furling, platform) = Developers: N. Weaver, M. Buhl, et al.,
= AeroDyn aerodynamics <1 NREL

= HydroDyn hydrodynamics = Single code for 2- & 3-blades

= DLL, MATLAB/Simulink, & = AeroDyn aerodynamics

LabVIEW controller interfaces
= |inearization

= FAST-to-ADAMS preprocessor




Introduction & Background
History — FAST v8 (2013-Present)

FAST v7 FAST v8

« Conversion of FAST & its
various modules (including
AeroDyn & HydroDyn) to the

AeroDyn

Aerodynamics

AeroDyn

Aerodynamics

new modularization framework HydroDyn
Hydrodynamics
« Splitting of FAST into: FAST
. Servo-Elastics ServoDyn
— FAST driver (glue) code & Driver Control &

Electrical Drive

— ElastoDyn module for

structural dynamics FAST ElastoDyn

HydroDyn Driver Structural

— ServoDyn module for Hydrodynamics D_yn:rmcs_1
rBeamDyn

controller & electrical drive I
. Nonlinear FE
e [ntroduction of: Blade Dynamicsf]

— SubDyn module for multi-member

. SubDyn
substructure structural dynamics Multi-Member
— MAP module for multi-segmented e
mooring quasi-statics MAP

. Mooring Statics
& Dynamics

g
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FAST Modularization Framework
Why was a New Framework Needed?

_______ _Probem | Solton

* Framework allowing modules to be exchanged
» Development of new modules of higher fidelity

» Limited range of modeling fidelity

 Solution driven by structural solver Separate module interface & coupler

* Inability to isolate a given model Modules that can be called by separate driver programs
* Inability to be driven by other codes  or interfaced together to form a coupled solution

« Dependent spatial discretizations & < Library of spatial elements & mesh-to-mesh mapping

time steps across modules « Data transfer with interpolation/extrapolation in time

* Inability to linearize all system  Tight coupling with options for operating-point
equations determination & linearization

* Focus on single turbine « Dynamic allocation of modules for wind-plant simulation

» “Spaghetti code” due to unclear

data transfer & global data * Modularization with data encapsulation

» Modularization of code into separate components
« Programmer’s handbook explaining code development
requirements & best practices

 Limited number of developers due
to code size & complexity

» Potentially poor numerical accuracy

& stability  Multiple coupling schemes & integration/solver options
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FAST Modularization Framework
What is the FAST Modularization Framework?

* A means by which various Monolithic
. Math Model
mathematical models are  [wmuni-pnysics| -
. . . . System i ouplin
implemented in distinct = pariioned | y O |
. Math Model| “a i v
modules & interconnected to [Loose Coupling| T
solve for the global, coupled - [Explict Coupling |
) g ’ pied, Coupling Taxonomy
dynamic response of a system
" e m—
| Module(f) : L Module(]) : Driver —>j Vodule
§ § : : Program [<—
\\ N o \ N
%g ' . Module (2) %gi B ™ Module (2) : ________
ES ES:I : Driver lj Module :
§ T § T : Program |) |— |
S S
S S | i Uncoupled Solution of a
> I Module (N) | ™| Module (N) | Module Intendec{ for
‘ e Loose (Top) & Tight
Loose- (Left) & Tight- (Right) Coupllng Schemes (Bottom) Coupling

Wind Turbine Modeling Workshop National Renewable Energy Laboratory



FAST Modularization Framework
Design Features of the Framework

* Module-independent inputs, e .
outputs, states, & parameters s c

System Formulation
e Explicit continuous-time ODEs

[ States i n CO nti n u O u S—ti m e ; ¢ Explicit discrete-time updates

e Constraint equations of index 1

discrete-time, & in constraint form [ Srcsiconestnans

e Systems of any form

AN NENEN
ANENENENEN

Independent Spatial Discretizations

« Loose & tight coupling .

v
Operating-Point Determination
. . e Static equilibrium v
* |ndependent time & spatial y
e Periodic steady state v
: : . e With trim of inputs v
dlscretlzatlons Linearization
¢ About given initial conditions v

« Time marching, operating-point  |2&cusesingon /

determination, & linearization o

e From operating point

¢ Independent time steps for continuous states between modules v
L] L] . . / J
® D t I t & d ¢ Independent time steps for discrete states between modules
dla encapsuiation Nnamic Soution
. * Solverimplementation is up to the module developer v
a I Iocatlon e Solveris selectable from those available in the glue v
e Qverall solvability, numerical stability, and convergence verifiable v

N _— Data Encapsulation and No Global Data

() S / t p b I ty * Required v v
ave re rl eve Ca a I I Dynamic Allocation of Instances of Modules

* Available v v

Save/Retrieve Capability

* Available / v
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FAST Modularization Framework
Functions of the FAST Driver (“Glue Code”)

AeroDyn
Driver (“Glue Code”)
Loose coupling: riverodynamies
» Drives time-domain solution forward Sl
 Calls individual modules Control &
. . Electrical Drive
» Derives module inputs from outputs:
— Including mesh-to-mesh mapping ElastoDyn
— Including interpolation/extrapolation in time Dynamics
I S .y
. . BeamDyn
Tight coupling: Noniinear FE ||

Blade Dynamics
L L

All of the above, plus

Integrates coupled system equations M?I:ij-tl\)/llzrzger
using a common solver Substruct. Dyn.
Determines opergtlng _pomts AR
Performs model linearization Mooring Statics
& Dynamics
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FAST Modularization Framework
Module Data Structures & Subroutines

Data Structures

e System input .
« System output .
¢ System states: .

— Continuous °
— Discrete

— Constraint

— Other (added for code R

efficiency/flexibility)
System parameters
Initialization input
Initialization output
Module .

States
Inputs Outputs

Subroutines

Initialization
End
Calculate output

For loose coupling only:

— Update states

— Input/output extrap/interp*

For tight coupling only:

— Calc. continuous-state derivatives
— Update discrete states

— Calculate constraint-state residual
— Jacobians

Pack/unpack data*
Copy/destroy data™

*Auto-generated
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FAST Modularization Framework
Benefits of the Framework

. Improve the ability to read,
implement, & maintain
source code

* |Increase module sharing &
shared code development
across the wind community

* Improve numerical
performance & robustness

« Greatly enhance flexibility & FAST.

Aerodynamics

iy hRALE Hydrodynamics
expandability to enable oty
further developments of Engineering Control & Electrical

[ele] System Dynamics

functionality without the
need to recode established
modules

Modular Interface and Coupler

Structural
Dynamics
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FAST Modularization Framework
Status — Framework Features Developed to Date

« Core mathematical basis For Each Time Step (From t,):

1) Extrapolate Inputs to t_,
« Module source code template |2) agvance states to t.,

(Fortran) 3) Solve for Outputs & Inputs @
. . (=
« Registry for automatic ) et (@ Eoal G ) e Sene
generation of general code PC-Based Loose-Coupling Algorithm

 Programmer’s Handbook

* Glue code supporting PC-based
loose coupling when all modules
have identical time steps

 Mappings between module-
unique spatial discretizations for 0
point & line element meshes

* Tests of .SImple examples Mapping Independent Structural &
* Conversion of FAST Hydrodynamic Discretizations

Structural Hydrodynamic
Discretization Discretization
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FAST Modularization Framework
Status — Framework Features Still to be Developed

* Loose coupling with module-

Independent time steps ﬂ
* Mesh-to-mesh mappings for
surface & volume element ]\/
meshes
* Tight coupling Example SOWFA Simulatin

« QOperating-point determination
* Linearization

« General algorithmic improvement
for code efficiency (sparse
storage, etc.)

 Advanced modularization features V4 N
(parallel processing, etc.) From One Blade to an Entire Rotor
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FAST Modularization Framework
Status of FAST v8

. This workshop will apply FAST v8
* All new features are being added to the new framework

« Until all features of v7 are included in v8, both will be supported

FAST Features v7.02 v8.03
v

e Time marching

e Operating-point determination

e Linearization

e FAST-to-ADAMS preprocessor

e Follows the new FAST modularization framework

e Structural and control routines separated from driver code
¢ Independent time steps between modules

* Independent spatial discretization between modules

e Multiple integration options

e Loose coupling with predictor-corrector across modules

e Both 32-bit and 64-bit applications available

e Supports both Windows and Linux operating systems

e Optimized for efficiency

e Supports mixed Fortran/C

e Compiles with gfortran 4

ANEANEANE < ANEANEANE
DN NI NN AN

(\
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FAST Modularization Framework
Status of FAST v8 (cont)

« While we are very excited about the first release of FAST v8
release & the new capability it brings, please be aware that
this is the initial release

« As with anything new, we encourage users to take appropriate
precautions

 We have tested many features, but not all

* Please interpret the results carefully & report back any
confirmed errors

* Further development, verification, & validation work is ongoing
« Check back regularly to obtain the latest version of the code

« FAST v/ has been much more rigorously tested than v8:

— If it has the features you need, you may want to use FAST v7 until v8 is
further developed
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Sample Models Provided
with the FAST Archive

No. Rotor Rated
Test Blades Diameter Power
Name Turbine Name (-) (m) (kW) Test Description
Test 01 AWT-27CR2 27 175 Flexible, fixed yaw error, steady wind
Test02  AWT-27CR2 27 175 Flexible, start-up, HSS brake shut-down, steady wind
Test03  AWT-27CR2 27 175 Flexible, free yaw, steady wind

N

Test 04 AWT-27CR2 27 175 Flexible, free yaw, turbulence

Test05 AWT-27CR2 27 175 Flexible, generator start-up, tip-brake shutdown, steady wind
Test 06 AOC-15/50 15 50 Flexible, generator start-up, tip-brake shutdown, steady wind
Test 07 AOC-15/50 15 50 Flexible, free yaw, turbulence

Test 08 AOC-15/50 15 50 Flexible, fixed yaw error, steady wind

Test 09 UAE VI downwind 10 20 Flexible, yaw ramp, steady wind

Test 10 UAE VI upwind 10 20 Rigid, power curve, ramp wind

Test 11 WP 1.5 MW 70 1500 Flexible, variable speed & pitch control, pitch failure, turbulence
Test 12 WP 1.5 MW 70 1500 Flexible, variable speed & pitch control, ECD event

Test 13 WP 1.5 MW 70 1500 Flexible, variable speed & pitch control, turbulence

Test 14 WP 1.5 MW 70 1500 Flexible, stationary linearization, vacuum

Test 15 SWRT 5.8 10 Flexible, variable speed control, free yaw, tail-furl, EOGO01 event
Test 16 SWRT 5.8 10 Flexible, variable speed control, free yaw, tail-furl, EDC01 event
Test 17 SWRT 5.8 10 Flexible, variable speed control, free yaw, tail-furl, turbulence

Test 18 NREL 5 MW
Test 19 NREL 5 MW
Test 20 NREL 5 MW
Test 21 NREL 5 MW
Test 22 NREL 5 MW
Test 23 NREL 5 MW
Test 24 NREL 5 MW
Test 25 NREL 5 MW

126 5000 Onshore baseline turbine

126 5000 OC3-Monopile with rigid foundation
126 5000 Coming Soon: OC3-Tripod

126 5000 Coming Soon: OC4-Jacket

126 5000 ITI Energy Barge

126 5000 MIT/NREL TLP

126 5000 OC3-Hywind Spar Buoy

126 5000 Coming Soon: OC4-Semi-Submersible

WWWWWWWWWWWwWWwWwWwWwiNDNWwWwLwDdNdhDNDDNDN
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Recent Work, Current & Planned Work,
& Future Opportunities

I Recent work:

— Established the modularization framework
— Converted FAST to the framework (v8)

e Current & planned work:

— Address current limitations of FAST v8
relative to v7

— Further development of the framework
— Documentation of FAST v8
— Apply framework to the modeling of VAWTs
— Develop interfaces to systems-engineering
tools (e.g. for cost & optimization)
« Future opportunities:

— Add animation capability Sandia VAWT Testbed
— Develop limited-functionality version (FAST_EZ)
for ease of use by students in class
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Questions?

Jason Jonkman, Ph.D.
_ *+1(303) 384 — 7026
- jason.jonkman@nrel.gov
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