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Motivation

= Wind
= Solar
= Large Hydro

= Biomass

® = Nat. Gas

: Coal

O
 ' Shares of new installed capacity in EU in 2017.
[ Source: WindEurope - 2017 European Statistics.
O

Q

)

(O

-

(@)

QD

)

-

Wind Energy Institute coocoooo0o0co00c00000000000000




Importance of Integrated WT Design

Wind turbines are complex systems where multiple disciplines are cross coupled

There is a need for holistic design tools to assess the impact of each new
technological solution
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Algorithmic Approaches - Monolithic
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Algorithmic Approaches - Monolithic
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Simulation Models

( Aeroservoelastic solver
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Cp-Lambda
LQR controller

Blade Torque
~ actuator
Pitch Elastic Macelle
shaft inertia

actuator
~~ Hub
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Generator 1]
inertia |
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Tower\ stiffness
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( Inflow generation

L TurbSim

Trailing edge reinforcement
Shell skin

Spar caps

Leading edge reinforcement
Shear webs skin
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A Nested Multi-Level Architecture

Macro Optimization: min CoE
Opt. variables: Rotor diameter, turbine height, rotor cone, nacelle uptilt,

blade shape parameters X, T, 2, Ty/c

Constraints: max loads, max turbine height

Opt. variables

CoE + constraints

.

\ 4 \
Opt. variables: L )
chord and twist distributions, airfoil positions N
Constraints: ( . . )
max chord, max blade tip speed, =, T, %, T, Pre-bend optimization
J s \l/ '
Loads and Noise
v

[ CoE model

]%

Structural Optimization: min ICC
Opt. variables: thickness of blade structural
components, tower wall thickness and diameters,
composite material parameters
Constraints: stress, strain, fatigue damage for
blade and tower, max tip displacement, natural
frequencies

Until converged

b Until converged

[ 3D FEM verification J
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Applications

Upscale and redesign
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Applications | - 2.0 MW

2.0 MW - 3A Industry WT Cp-Max Opt Difference
Rated Power 2.0 MW 2.0 MW -
Rotor Diameter 92.4 m 106.6 m +15.4 %
Hub Height 80 m 97.6 m +22.0%
: AEP 8.30 GWh 9.95 GWh +19.9 %
= TCC 1.41 M$ 1.69 M$ +19.9 %
CoE 41.98 $/MWh 40.56 $/MWh -3.1%

Low induction rotor also investigated, but higher CoE
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3.35 MW - 3A

Rated Power
Rotor Diameter
Hub Height
Rotor Cone
Nacelle Uptilt
Blade Cost
Tower Cost
AEP

ICC

CoE

<

iea wind
Standard
3.35 MW
130 m
110 m
3 deg
5 deg
127.9 k$
548.5 k$
13.96 GWh
3,885.2 k$

41.98 $/MWh

BTC-Soft
3.35 MW
136 m
110 m
8 deg
6 deg
126.2 k$
438.2 k$
14.32 GWh
3,850.9 k$

40.82 $/MWh

Difference

+4.6 %
+166.7 %
+20 %
-1.3%
-20.1 %
+2.6 %
-0.9 %
-2.8%

Applications Il - 3.4 MW

.

Same load envelope of

the baseline
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Applications Il - 3.4 MW

Novel regulation trajectory to minimize AEP losses

Variable pitch and TSR in region Il to compensate the BTC of the blade
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Applications Ill - 10.0 MW

Rotor aerostructural optimization of the DTU 10 MW

Rated Power 10.0 MW 10.0 MW -
Rotor Diameter 178.3 m 223.2 m +25.2 %
Hub Height 119.0 m 138.3 m +16.2 %

ACoE (INNWIND.EU) = - 7.0%

I ——Baseline
= = Optimized

Chord [m]
Twist [deg]
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Difference to UW [%]

Applications Ill - 10.0 MW

Preliminary study on various alternative configurations:

uw INNWIND 10 MW upwind configuration
DW downwind rotor

UWS5 upwind redesign with 5% larger rotor
DW5 downwind rotor with 5% larger rotor

DWS5LA  downwind rotor with variable coning actively controlled and 5% larger rotor

Conclusions:

« Hard to obtain effective load alignment during turbulent wind
DWS5LA has a relevant added complexity

« Standard downwind looks more promising
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Composite Optimization

N
=
» Idea:
-é « Define a parametric composite material Blade cost and mass Laminates cost
= model (mechanical properties vs. cost) _® Mewiecon | | _“““Egﬁa;g?s |
. . § ade viass i el . in
— « Identify the best material for each £ g % [Evaterels Tot
= component within the model §
g 20 5100
3 3 o
= Result: §° £
. . . . o [=]
?3 « Wind turbine designer: pick closest 20 L 20 o
« . . . . . H-GFRP Optimized F-CFRP H-GFRP Optimized F-CFRP
existing material within market products Spar Caps Laminate Spar Caps Laminate
i i ] : : A
* Material designer: design new material Redesign of spar caps laminate
with optimal properties Optimum is between H-GFRP and CFRP

Redesign of the shell skin laminate
Optimum is between Bx-GFRP and Tx-GFRP

e 6 6 b
- [EBlade Cost = IS par Caps
0) s [EBlade Mass = IE=shell skin
d ¢4 ) 4 EMaterials Total
(T 3 3
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Bx-GFRP Optimized Bx-GFRP Optimized
Outer Shell Skin Laminate Outer Shell Skin Laminate
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Uncertainty Quantification

Aleatory uncertainties in wind and airfoil characteristics

Propagation through the aeroelastic models of the 2 MW and
the 10 MW AVATAR WTs

Reconstruction of the statistics of outputs of interest:

« Ultimate and fatigue loads P P pn qren e
. AEP o pCEorder2

Universal Kriging | |

o
T
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Noise within Design

Multi- and single-objective optimization including noise
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Free-Form Optimization

Design airfoils together with blade:

« Bezier airfoil parameterization

« Airfoil aerodynamics by Xfoil + Viterna extrapolation

Additional constraints: C; max (margin to stall), geometry

(not yet implemented in
latest Cp-Max release)
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Automatic appearance
IS of flatback airfoil!
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Ongoing Projects — WINSENT

German national project for a new test field with two small-size wind
turbines located close to Stuttgart

TARIUEDINES

TUM activities:
« Development of the BEM-based wind turbine numerical models

3

« Definition with Uni Stuttgart of an openly available controller

« Calculation of the various design margins to guarantee safe operation in

q

e future research activities '
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= « Design of gravo-elastically scaled wind turbine blades WINSENT
Test Site in Complex Terrain
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Ongoing Projects - TremAc

German national project to characterize the vibrations and the
noise emission of onshore wind turbines

TUM activities:

« Implementation of an aeroacoustic emission tool for both
audible and infrasound spectra coupled to Cp-Lambda

« Design of a generic wind turbine model resembling the
ENERCON E82

« Validation of the noise emission models

>“>°>*WIN DFORS
).

Windenergie
Forschungscluster
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IEA Wind Task 37

International cooperation coordinate by Katherine Dykes (NREL), Frederik
Zahle (DTU), Pierre-Elouan Réthoré (DTU) and Karl Merz (Sintef)

TARICTDINES

TUM contributions:
« WP1: Definition of turbine ontology and data exchange formats

@‘j W

« WP2: Active participation in the development of the reference onshore
=~ wind turbine and contribution to the development of the offshore one

« WP3: Contribution to the aerodynamic only optimization case and
definition and analysis of the structural only optimization case

Integrated e

<

iea wind

Wind Energy Institute 00000000000000000000000




Conclusions

Main conclusions:
« Multi-level approach to marry high fidelity and computational effort

» Nested iterated sub-optimizations of original monolithic problem to improve
well-posedness, efficiency and robustness

TARIUTDITES

Open issues/outlook:

« CoE: solutions are highly sensitive to cost model, need detailed reliable
models that truly account for all significant effects, problem partially
alleviated by Pareto solutions
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* Include/improve physics-based sub-system models

« Uncertainties everywhere (aero, structure, wind, ...), move towards robust
design
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