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Introduction
The traditional aero-elastic tools for calculating wind turbine response in time domain are too expensive
for optimization of Floating Offshore Wind Turbine (FOWT).

The optimization of FOWT can benefit from low-order models and fast frequency-domain analyses!

Floating offshore wind turbines are subjected to:
• The forcing from wind and waves
• The controller actions

The design of support structures for FOWT combines:
• Requirements of stability
• Dynamic response levels for nacelle acceleration
• Tower inclination
• Mooring loads
• A large set of design load cases
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Objectives & approach
To combine a frequency domain response model with gradient-based optimization for fast
conceptual and preliminary design of 15 MW floating wind turbine spar-buoy support structures.

• Floater response calculated with QuLAF (Quick Load Analysis of Floating wind turbines [1])
• QuLAF has been extended to include the analytical design sensitivity analysis [2]
• Optimization problems solved using modern gradient-based optimization, e.g. SQP (Sequential 

Quadratic Programming)
• Precomputed aerodynamic loads in HAWC2 (the results shown here rely on precomputed 

aerodynamic loads from FAST as in [1])
• Post-processing of the optimize design to discrete design values chosen from catalogues
• First optimization of a steel spar-buoy for a 15 MW reference floating wind turbine

[1] Pegalajar-Jurado A, Borg M and Bredmose H. 2018 An efficient frequency-domain model for quick load analysis of floating offshore wind turbines. 
Wind Energy Science
[2] Dou S, Pegalajar-Jurado A, Wang S, Bredmose H, Stolpe M. 2020 Optimization of floating wind turbine support structures using frequency-domain 
analysis and analytical gradients. Journal of Physics: Conference Series
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Related work
• Hegseth JM, Bachynski EE. 2019. A semi-analytical frequency domain model for efficient design 

evaluation of spar floating wind turbines. Marine Structures

• Dou S, Pegalajar-Jurado A, Wang S, Bredmose H, Stolpe M. 2020. Optimization of floating wind 
turbine support structures using frequency-domain analysis and analytical gradients. Journal of 
Physics: Conference Series

• Souza CES, Hegseth JM, Bachynski EE. 2020. Frequency-dependent aerodynamic damping and 
inertia in linearized dynamic analysis of floating wind turbines. Journal of Physics: Conference 
Series

• Hegseth JM, Bachynski EE, Martins JR. 2020. Integrated design optimization of spar floating wind 
turbines. Marine Structures

• …
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15-MW offshore reference wind turbine
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Made by NREL and DTU
Publically available as FAST and HAWC2 models at  https://github.com/IEAWindTask37/IEA-15-240-RWT

Graphics by NREL

Gaertner, Evan, Jennifer Rinker, Latha 
Sethuraman, Frederik Zahle, Benjamin 
Anderson, Garrett Barter, Nikhar Abbas, 
Fanzhong Meng, Pietro Bortolotti, Witold 
Skrzypinski, George Scott, Roland Feil, Henrik 
Bredmose, Katherine Dykes, Matt Shields, 
Christopher Allen, and Anthony Viselli. 2020. 
Definition of the IEA 15-Megawatt Offshore 
Reference Wind Turbine. Golden, CO: National 
Renewable Energy Laboratory. NREL/TP-5000-
75698.https://www.nrel.gov/docs/fy20osti/75698
.pdf

https://github.com/IEAWindTask37/IEA-15-240-RWT
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Public floater designs for the 15-MW offshore 
reference wind turbine
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• The steel semisub from University of Maine:
https://github.com/IEAWindTask37/IEA-15-240-RWT

• The concrete spar from UPC:
https://zenodo.org/record/4322446

• The concrete semisub developed by COBRA:
https://zenodo.org/record/4322585

https://github.com/IEAWindTask37/IEA-15-240-RWT
https://zenodo.org/record/4322446
https://zenodo.org/record/4322585
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15-MW offshore reference wind turbine
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Model and documentation on GitHub:
https://github.com/IEAWindTask37/IEA-15-240-RWT
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Wind turbine tower properties
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Model and documentation on GitHub:
https://github.com/IEAWindTask37/IEA-15-240-RWT
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Governing equations
• Design variables (v): geometric properties of the floater and the mooring system. 
• The equations of motion for a floating wind turbine in QuLAF are:

• 𝐌𝐌 structural mass; 𝐀𝐀 added mass; 𝐁𝐁 damping; 𝐂𝐂 restoring matrix (hydrostatic and mooring); 𝐅𝐅h

hydrodynamic loads (Morison’s equation); 𝐅𝐅a precomputed aerodynamic loads.
• The optimization problem includes limits on eigenvalues from the eigenvalue problems 

• and limits on the maximum static responses
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Mooring system
• Three identical and uniformly distributed catenary lines
• Analytical derivation of the mooring stiffness matrix [1]

• l, h: horizontal and vertical mooring line projections
• H, V: horizontal and vertical force at fairlead, obtained from catenary equation with Newton-Raphson 

method
• D, R: vertical position and radius of the fairlead
• n: number of mooring lines

[1] Al-Solihat MK, Nahon M. 2016 Stiffness of slack and taut moorings. Ships and Offshore Structures 
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Optimization problem formulation
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Pegalajar-Jurado et al. Wind Energy Science, 2018

We consider floating wind turbine systems with spar-buoy floaters
and with four degrees of freedom:
• Surge
• Heave
• Pitch
• Tower top fore-aft (15 MW WT, IEA Wind Task 37)
Moreover:
• Hydro loads: computed internally in the optimization code
• Aero loads: precomputed with rigid-structure rotor computations in FAST
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Optimization problem formulation
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Problem formulation similar to:
Dou S, Pegalajar-Jurado A, Wang S, Bredmose H, Stolpe M. 2020 Optimization of floating 
wind turbine support structures using frequency-domain analysis and analytical gradients. 
Journal of Physics: Conference Series
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Design sensitivity analysis
The optimization problem is solved with a Sequential Quadratic Programming (SQP) algorithm
The gradients of the optimization problem functions are needed!

• Equations of motion:

• Eigenvalue problem:

• Static response (both for pitch and surge):
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Post-processing of the design
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1) From continuous SQP solution we pick the
closest entries from “catalogues”. We keep some of
the linear constraints from previous optimization.
With some manipulations, this is formulated as a MILP problem.

”Catalogue” of i-th variable vi:

2) From the discrete MILP solution we explore the
closest entries from “catalogues”. We look for designs that reduce
the cost, and fulfill the constraints. It is an heuristic search, inspired by
the Relaxation Induced Neighborhood Search (RINS) [1]

vi  Vij

c ≤ c0?

no

gi ≤ 0?

no

refuse accept

yes

cost
constraints

[1] Danna E, Rothberg E, Le Pape C. 2005 Exploring relaxation induced 
neighborhoods to improve MIP solutions. Mathematical Programming
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Environmental conditions
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Design requirements
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Numerical results
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Gradient-based optimization with Sequential Quadratic Programming
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Numerical results
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Post-processing of the results obtained without dynamic constraints

Optimized designs (time for optimization: 1 min 2 s):Catalogue:

Values of the constraints (gi ≤ 0 ):
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Numerical results
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Post-processing of the results obtained with dynamic constraints

Optimized designs (time for optimization: 15 min 29 s):Catalogue:

Values of the constraints (gi ≤ 0 ):
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Numerical results
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Dynamic responses at rated wsp. Optimized designs with (in blue) and without (in red) inclusion of the 
dynamic constraints.
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Numerical results

23

Dynamic responses at cut-out wsp. Optimized designs with (in blue) and without (in red) inclusion of the 
dynamic constraints.
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Conclusions
• An optimization framework for floating wind turbine support structures has been presented

• The framework builds on fast frequency domain analyses and analytical design sensitivity analyses

• Optimization approach applied to the design of the first steel spar-buoy floater for the 15 MW 
reference wind turbine developed within IEA Wind Task 37 (available on GitHub)

• A post-processing procedure of the optimized design has been proposed

• The post-processing relies on Mixed Integer Linear Programming, and a local search heuristic

• The optimization approach provides optimized conceptual designs within minutes on a standard PC
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