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Introduction

TURBU@Sea

goal:
design methods
fatigue analysis (load case reduction)

assumptions:
Dowec 6MW turbine at IImuiden YMG6 offshore site
normal production
no water current loading



Dowec 6MW

Dowec 6MW (D6MW)

pitch regulated, variable speed turbine

rated power of 6MW, rated speed of 11.84rpm

rotor diameter 129m, at 91.4m hub height

LM64.5 blade, high torsion stiffness variant

monopile support structure (6m diameter),
tubular tower



Dowec 6MW

site conditions (YM6)

wind and wave data recorded at 3h
average values

dominant wind direction SW
dominant wave directions SW & NW



Modelling in TURBU
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Modelling in TURBU

modelling approach

structural
- multibody formulation (relative coordinates)

- flexible bodies (blades, tower, main shaft) modelled
as beam (defined by geometric and material properties)

- modal reduction on flexible parts

- 3DOF drive train model, rigid gears, flexible gearbox
support, variable speed generator

- foundation modelled as stiffness matrix
aerodynamic

hydrodynamic

control



Modelling in TURBU

modelling approach

structural

aerodynamic
BEM theory, including:
- Prantl correction for wake influence
- dynamic inflow wake effect
- turbulent wake state
- dynamic stall unsteady aerodynamic effect

wind field:
- based on Kaimal's wind spectrum

- helices in the downwind moving turbulence frame
(computationally efficient)



Modelling in TURBU

modelling approach

structural

aerodynamic

hydrodynamic
- JONSWAP wave spectrum
- linear Airy wave theory
- Morison's equation
- Borgman linearization

control



Modelling in TURBU

modelling approach

structural

aerodynamic
hydrodynamic

control
- linearized feedback control
- gain scheduling in wkp
- peak shaving in wkp



Modelling in TURBU

model comparison (TURBU vs PHATAS)

model definition item PHATAS TURBU
blade model nonlinear beam |linear MB in wkp
number of blade elements |17 17
number of blade modes - 6
tower model linear beam linear MB in wkp
number of tower elements |55 15
number of tower modes 4 8
power loss proportional eta in wkp
foundation coupled elas. stiffness matrix
wind field cylinder helices
turbulence 3D longitudinal
control nonlinear FB linear FB in wkp




Modelling in TURBU

model comparison (TURBU vs PHATAS)

working point equilibrium
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model comparison (TURBU vs PHATAS)
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Modelling in TURBU

model comparison (TURBU vs PHATAS)

working point equilibrium



Modelling in TURBU

model comparison (TURBU vs PHATAS)

power spectra



Modelling in TURBU

model comparison (TURBU vs PHATAS)

fatigue



Design phase

characterization: method

wind turbine dynamics and loading shown in
trad: Campbell diagram (modal)
new: power spectra contour plot (loading)

the main advantages of this visualization technique:

gives an overall picture of the wind turbine
dynamics throughout its operating range

iImproves the selection of critical operating points,
by assessing actual loads on the system



Design phase

characterization:; case

21m




Design phase

characterization:; case

31m




Design phase

optimization: method

design optimization by parameter variation in the
frequency domain:

cumulative sum of the power spectral density as
measure of performance

cost function up to the designer

s = JE[x©)?]- 7
Elx(t)?] = TS )df
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Design phase

optimization: case



Design phase

optimization: case



Fatigue analysis

fatigue theory

DEF: fatigue is the progressive structural damage
that occurs under cyclic loading

used concepts:
rainflow counting of time series
simplified SN curves
equivalent load Req
damage from Palmgren-Miner rule




Fatigue analysis

influence of wave loading



Fatigue analysis

load case reduction



Fatigue analysis

load case reduction



Fatigue analysis
load case reduction

comp (mat) load |D[]
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Discussion

conclusions

TURBU wkp equilibrium matches PHATAS results, with some remarks:
- blade torsion must be included for large blades
- tower bending moments slightly differ above rated

power spectra of blade root and tower bending moments show very similar
dynamics, but some deviation in the LF range

TURBU is very useful in the design phase for characterization and
optimization of the wind turbine

wave loading has most impact on the fatigue of the support structure, wind-
wave direction cannot be neglected

the load cases contributing to fatigue can be selected from the full sea states
scatter, however differences between the PHATAS and TURBU results have
to be further investigated



Discussion

recommendations

investigate the difference

test improved hydrodynamic modelling (also oblique cases)
extend fatigue analysis in TURBU

compare calculated fatigue with measurements

compare fatigue analysis with distribution approach



Discussion



TURBU vs PHATAS

working point equilibrium



TURBU vs PHATAS

working point equilibrium
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working point equilibrium



TURBU vs PHATAS

working point equilibrium



TURBU vs PHATAS

working point equilibrium



TURBU vs PHATAS

power spectra of load signals



TURBU vs PHATAS

power spectra of load signals



TURBU vs PHATAS

fatigue



TURBU vs PHATAS

fatigue



Design phase

optimization: case



Design phase

optimization: case



TURBU

features & use

features
time-invariant linear dynamic model (multi-body, Newton, Coleman)
configurable 1/0O
wind and wave excitation (per element)
reduced order blade and tower models (Hurty, Craig-Bampton)
dynamic wake, unsteady aerodynamics

use
aeroelastic stability analysis
load spectra and control design in the frequency domain
time domain simulations



TURBU

program input

detailed wind turbine model
- lumped turbine properties (nacelle, foundation etc.)
- cross section properties (blades, tower, main shaft)
- elastic, aerodynamic, mass and shear center definition
- mass, mass moments and area moments of inertia
- aerodynamic (profile) and hydrodynamic data
working point (equilibrium) data
- wind speed, rotor speed, pitch angle
variation driving data
- 1/0O configuration
- load variation around working point
- stiffness multipliers, model reduction orders (blades, tower)



TURBU

blade modelling

13 blade partitions in blade section (for N=14)
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TURBU

program steps

1) turbine properties and site conditions (input data)

2) equations of motion (Newton)

3) nonlinear equilibrium calculation

4) linearization of time invariant system (using Coleman transformation)
5) transfer to frequency domain

6) wind and wave excitation as input spectra

7) analyses in time or frequency domain



TURBU

results (control)



TURBU

Coleman transformation

derive fixed frame coordinates rotor to obtain time invariant system

inverse of Coleman
/ transformation matrix




