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Bread and butter: Aeroelastic modeling
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Diverse range of modeled turbines and features
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Lessons learned analyzing a bunch of other people’s designs




Wind turbine standards: Not just to line the litter box
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Wind turbine standards: Not just to line the litter box

o Design to the standards, even if you don't plan to
certify




Wind turbine standards: Not just to line the litter box

o Design to the standards, even if you don't plan to

certify

o Forces to consider off-design, fault, extreme
situations, redundancy, control responses, etc.

— Perform an FMEA

International Electrotechnical Commission, IEC 61400-2: Wind Turbines - Part 2: Small Wind Turbines, 3rd ed.,
Geneva, Switzerland: IEC, 2013.

Design situation DLC Wind condition Other conditions Type of
analysis
1) Power production 11 NTM Vi = Vg © F, U
Vs OF 3%V, o
1.2 ECD thb = Vdes an
1.3 EOGgs  Fin < Frup “Four
or 3x¥,,.
1.4 EDC,q Vi < Vs u
= i-;c:ut or 3x Vave
1.5 ECG Prun =Vaesign
2) Power production 2.1 NWP Viwe = Vaes on Control system fault u
plus occurrence of fault or ¥, or
2.5xV, .
22 NTM Vi = Frup © Control or protection F, U
Vout system fault
23 EOG, V<V, 0f Loss of electrical u
2,5xV_ connection
ave
3) Normal shutdown 31 NTM Vip < Pup = F
IIDUE
3.2 ECG, Piup = Vour OF
Vmax‘shuldown
4) Emergency or 41 NTM To be stated
manual shutdown by the
manufacturer
5) Extreme wind 51 EWM Viup = Veso Possible loss of
loading (standing still electrical power
ar idling; or spinning) network
5.2 NTM Viup = 0.7 Vg
6) Parked and fault 6.1 EWM Viun = Ver
condition
7) Transport, assembly, 71 To be stated by the

maintenance and repair

manufacturer

Key

F analysis of fatigue loads

U analysis of ultimate loads




Wind turbine standards: Not just to line the litter box

o Design to the standards, even if you don't plan to
certify

o Forces to consider off-design, fault, extreme
situations, redundancy, control responses, etc.

— Perform an FMEA

 Ensures appropriate load levels and material
properties in structural verifications

Table 7 — Partial safety factors for loads Table 6 — Partial safety factors for materials

Load determination method Fatigue loads, Ultimate loads, y; Material characterisation Fatigue strength, y Ultimate strength, ;|

aaaaaaaaaaaaaaaaaaaa

1 Simplified equations 1,0 3,0 Minimal characterisation

2 Simulation model 1,0 1,35 a Factor is applied to the measured fatigue strength of the material

3 Full scale load measurement 1,0 3.0 b Factor is applied to the measured ultimate strength of the material




Wind turbine standards: Not just to line the litter box

Design to the standards, even if you don't plan to
certify

Forces to consider off-design, fault, extreme
situations, redundancy, control responses, etc.

— Perform an FMEA

Ensures appropriate load levels and material
properties in structural verifications

Document document document
Certification takes time

WinD TURIINE
STANDARDS
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 Make design decisions objectively T
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Dont fall in love

* Make design decisions objectively LN
« Many trade-offs to consider: “ :Eli

— Number of blades — HAWT vs. VAWT -
— upwind vs. downwind - Variable [ constant

— Active [ passive | fixed speed 100 /

[ independent pitch — Geared vs. 00 = ///7

- Active [ passive yaw  — welded vs cast 24 6802w

wind speed [m/s]

rotor speed [rpm]




Dont fall in love

» Make design decisions objectively .
* Many trade-offs to consider: s
~ Number of blades ~ — HAWT vs. VAWT L
- upwind vs. downwind - Variable / constant {7
— Active | passive | fixed ~ Speed =
| independent pitch — Geared vs. 00 ;

—_ ACtlve / paSS|Ve yaW _ Welded VS CaSt 3.0 35 4.0 45 5.0 55 6.0 6.5 7.0

mean annual wind speed [m/s]

» Consider market | competition | regulations




Dont fall in love

Make design decisions objectively
Many trade-offs to consider:

Number of blades
upwind vs. downwind

Active [ passive [ fixed
| independent pitch

Active [ passive yaw

HAWT vs. VAWT

Variable | constant
speed

Geared vs. DD
welded vs cast

Consider market | competition | regulations
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4000 / /
= P / CSFP - power 150
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r 4 i

= K / il \/SFP - power 100
2000 === == VSFP - rot spd
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1000 >0
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0 0

3 5 7 9 11 13 15 17 19 21 23 25

wind speed [m/s]
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Dont fall in love

Make design decisions objectively = S

Many trade-offs to consider R
4000 i/ ’/r‘ g
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Consider market | competition | regulations

Perform sensitivity studies. Understand cost vs.
benefit

Track cost [ AEP [ LCOE. Be realistic



Dont fall in love

Make design decisions objectively
Many trade-offs to consider:

— Number of blades — HAWT vs. VAWT
— upwind vs. downwind - Variable | constant
— Active [ passive [ fixed speed
| independent pitch — Geared vs. DD
— Active [ passiveyaw  — welded vs cast

Consider market | competition | requlations

Perform sensitivity studies. Understand cost vs. % -
benefit ' -

Track cost [ AEP [ LCOE. Be realistic

e AP e o
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Don't bet the farm on the model before validating

All models are wrong, but some are
useful.

— George €. P. Box —




Jon't bet the farm on the model before validating

 Power and loads are notoriously difficult to predict in stalled conditions

NREL ph. VI NREL Ph. VI
]'—I— | T T T T T T m 3000 T T T
SNEL et al. E— Snel et al. —_—
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C. Bak, J. Johansen, and P. B. Andersen, "Three-Dimensional Corrections of Airfoil Characteristics based on pressure distributions," presented at the
European Wind Energy Conference & Exhibition (EWEC), Athens, Greece, Feb. 27 — Mar. 2, 2006.



Jon't bet the farm on the model before validating

« Furling combines extreme yaw with deep stall — significant uncertainty

Nacelle yaw angle (position)
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Jon't bet the farm on the model before validating

« Airfoil coefficients — uncertainty in 2D polars, 30 effects, extrapolation
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Jon't bet the farm on the model before validating

o (Controller response - measurements vs simulations
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M. Phadnis, D. Zalkind, and L. Pao, "Advanced wind turbine control development using field test analysis for
generator overspeed mitigation," Wind Energy, vol. 2023, Sep. 2023.



Prototyping and testing: Because the Titanic looked good on
paper oo




Prototyping and testing: Because the Titanic looked good on

paper oo

Prototype/test/validate before locking design

Measure at least enough channels to validate your
model

Be prepared to make changes

First measurement campaign should not be for
certification



Good vibrations?

THE BEACH BOYS
GOOD VIBRATIONS




There are no good vibrations

THE BEACH 50YS
GOOD VIRLATIONS
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There are no good vibrations

 Perform resonance analysis




There are no good vibrations

12

* Perform resonance analysis — e

—— 1st Tower SS

 Ensure safe margin between forcing i — 3bde o roarsive

frequencies and system natural e,
frequencies |

1st blade edge progressive
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-—- 3P
-- 6P
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There are no good vibrations

12

* Perform resonance analysis — e

—— 1st Tower SS

—— 1st blade flap regressive

 Ensure safe margin between forcing

1st blade flap collective
2nd Tower SS

frequencies and system natural e,
frequencies |

« Before locking design

1st blade edge progressive
-- 1P
-—- 3P
-- 6P

Natural Frequency (Hz)
[=2]

0 10 20 30 40 50 60
Rotor Speed (RPM)



Make Jagger Proud




 Be sure about starting up
o Evaluate starting torque

— Rotor standstill torque
— Drivetrain resistance

Make Jagger Proud



Make Jagger Proud

 Be sure about starting up
o Evaluate starting torque

— Rotor standstill torque T
— Drivetrain resistance '
 Ensure satisfactory start up wind speed e‘* | |
r N
R L :
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