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BACKGROUND (1)
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Flap down (+)

W pitch
m flap local load control
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BACKGROUND (2)
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Gray airfoll section
without flap

Red airfoil section
with flap
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FLAP DESIGN (1)

Aim to reduce mould layup time
TE thickness low - 2mm or less

OVERALL GOAL:
NO MECHANICAL PARTS IN THE BLADE
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FLAP DESIGN (2)
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FLAP DESIGN (3)

MORE EFFECTIVE FLAP
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Troldborg, N., 2005, —Computational study of the RisgB1-18 airfoil with a hinged flap providing variable trailing
edge geometryll, Wind Engineering, vol. 29, pp. 89-113.
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FLAP “MUSCLE”
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CONTROL BASED ON TRADITIONAL SENSORS

A DEL Mx.BLRt [-]
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Christensen LC, Bergami L and Andersen PB “A Model Based Control methodology combining Blade Pitch and
Adaptive Trailing Edge Flaps in a common framework” Presented at EWEA2013 in Vienna, 4-7 February 2013.
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CONTROL OBJECTIVE:
Reduce the pitch activity and
alleviate the loads using the
same sensors as for the pitch
system

Fatigue Damage Equivalent
Loads (DEL) alleviation at
the blade root flapwise
bending compared to the
baseline NREL 5 MW
turbine, Wohler curve
exponent of 10 and IEC
class IA—dlicl.1 at 18m/s
(4 seeds)
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INFLOW SENSORS (ADVANCED)

CONTROL OBJECTIVE:
Measure the incoming
disturbance and adjust the
flap position to keep the
aerodynamic loading
constant along the blade
span

Experiment carried out within the DAN-AE
from 2007-2010: LM, Vestas, Siemens, DO
and Risg DTU
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RELATIVE FATTIQUE LOAD ALLEVIATION m=10 [-]

REDUCTION IN Fatt. FN % -- m=3
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INFLUENCE OF FLAP ACTUATOR TIME CONSTANT

126m Diameter rotor
Bw 0.0-9
BW 0.1-0.
BW 0.1-0.
gw g:}:&GOHz g 60m Diameter rotor 3
BW 0.1-0.90Hz
BW0.1-1.20Hz —=—

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
TIME CONSTANT [s]

NORMAL FORCE AT RADIUS 50m -- CONTROL 0.1-1.0Hz

MAX. ALLEVIATION —e—

IDEAL CONTROL alfa —m—

IDEAL CONTROL alfa+vrel —&—
FLAP CONTROL —4&— A

5 10 15 20 25
TURBULENCE INTENSITY [%)]

ROTOR DIAMETER AND WIND SITE

Alleviating high
frequency loads
(small rotor)
requires faster
response time

Alleviating loads in
high turbulence sites

requires more “flap muscle”
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EQUIVALENT FATIGUE LOAD REDUCTIONS

Table Ill. Comparison of results from aeroservoelastic investigations with active flaps on the Upwind 5SMW RWT.

article cr %] dry/r[%] 6 [£°] TI[%] shearexp.[-] V. [Ws] reduction in std of RBM [%]| reduction in DEL [%]| controller
Riziotis et al. 2008 10 15-47 6 - 0.2 8, 12,16 30-35 (range) - PID
Andersen et al. 2008 10 63 8 14-18 0.14 7,11,18 - 36.2-47.9 HPF+inflow
Lackner et al. 2009 10 20 10 NTM, ETM 0.2 8,12,16,20 - 5.6-24.6 PID
Barlas et al. 2009 10 20 10 NTM 0.2 8,11.4,16 5.7-22.4 - PID
Andersen et al. 2009 10 15-30 8 - 11.4 - - 25-37 HPF
Resor et al. 2010 10 24 10 6 0.2 15 26-30.9 27-31.3 IPD, HPF+notch
Wilson et al. 2010 10 24 10 6 0.2 15 13.3 15.5 LQR
Berg et al. 2010 10 25 10 6 0.2 15 8.7-18.1 10.9-17 PD, LQR
this article 10 18 8 6, NTM 0.2 7,11.4,15 10.9-30.7 10.9-27.3 MPC+inflow

Barlas, Thanasis; Van Der Veen, Gijs; van Kuik, Gijs; Model Predictive Control for wind turbines with distributed active flaps:
Incorporating inflow signals and actuator constraints. Article first published online: 17 NOV 2011 DOI: 10.1002/we.503
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UPSCALED BLADE EXAMPLE (1)
Blade+hub=89.166m (baseline)
R B %

S NATNARNR N TALRRERAUUERNRSRaRS s
—Blade+hub=90.166m | _
——Blade+hub=91.166m | D
—Blade+hub=92.166m | D

—Blade+hub=93.166m | D
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UPSCALED BLADE EXAMPLE (2)
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10000

9000
~ Turbulent wind series 10min, 3.5m/s to 25m/s steps of 0.5m/s
2 8000 Turbulent intensity 10% for all wind speeds -
§ Power shear exponent 0.20
= Outer FFA-W3-241 airfoil cl/cd=100 at Re=12mil
E 7000 Two stage medium speed gearbox / generator losses =
g (DT efficiency 92% near 400 rpm generator speed)

6000
< Blade+hub=89.166m 47.2 GWh/year
S Blade+hub=90.166m 47.7 GWh/year (+0.9%)
5 5000 Blade+hub=91.166m 48.2 GWh/year (+2.0%) -
3 Blade+hub=92.166m 48.7 GWhlyear (+3.0%)
<) Blade+hub=93.166m 49.1 GWh/year (+4.0%)
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Percent of max load for reference blade [%]

120

100 -

80 -

il

60

40

20

IEC 61400-1 DTU
, WIND CLASS IA =
Wissensforum EXTREME FLAPWISE
ROOT BENDING MOMENT

UPSCALED BLADE EXAMPLE (3)

Blade+hub=89.166m

Find critical design component(!) et o0 Lo
Reference blade extreme load (100% line) W Blade+hub=91.166m

m Blade+hub=92.166m
Em Blade+hub=93.166m

diclpl dicip3 diclp4 diclp5 dic2pl dic2p2 dic2p3 dic2p4 dic3pl dic3p2 dic3p3 dicdpl dic4p2 dic5pl dic6pl dic6p2 dic6p3 dic6p4 dic7pl dic8pl dic8p2
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UPSCALED BLADE EXAMPLE (4)
"Strong” flap: Cl +/- 0.4
57,6m 19,5m (21.6%) 76,9m
——Blade+hub=90.166m | ' —
57,gm 19,5m (21.4%)  76.9m
——Blade+hub=91.166m | ' >
57,Em 19,5m (21.2%) 76,9m
——Blade+hub=92.166m | ' >
57’6|in 19,5m (20.9%) 76,9m
—Blade+hub=93.166m | I D
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Percent of max load for reference blade [%]
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UPSCALED BLADE EXAMPLE (5)

Blade+hub=89.166m
H Blade+hub=90.166m flap

Reference blade extreme load (100% line) m Blade+hub=91.166m flap

M Blade+hub=92.166m flap
® Blade+hub=93.166m flap

diclpl dicip3 diclp4 diclp5 dic2pl dic2p2 dic2p3 dic2p4 dic3pl dic3p2 dic3p3 dicdpl dic4p2 dic5pl dic6pl dic6p2 dic6p3 dic6p4 dic7pl dic8pl dic8p2
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EXTREME LOADS -> TOWER-BLADE MIN. CLEARANCE

diclp3 @clp4 diclp5 dic2pl dic2p2 dic2p3 dic2p4 dic3pl dic3p2 dic3p3 dic4pl dicdp2 dic5pl dic6pl dic6p2 dic6p3 dic6p4 dic7pl dic8pl dic8p2
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Min. blade tower clerance

[100%

Wissensforum

undeformed, 0% tower hit]
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TOWER-BLADE MIN. CLEARANCE - BY GL 30% OPERATION DEMAND
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Min. blade tower clerance
[100%=undeformed, 0% tower hit]
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TOWER-BLADE MIN. CLEARANCE - BY GL 30% OPERATION DEMAND
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Min. blade tower clerance
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undeformed, 0% tower hit]
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Min. blade tower clerance
[100%=undeformed, 0% tower hit]
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RUBBER FLAP (1)
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CHORDWISE CAVITIES
FOR MOULD MANUFACTORING

SPANWISE CAVITIES
FOR EXTRUSION
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RUBBER FLAP (2)

PHENOMATICS
HYDROLICS
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RUBBER FLAP (3)
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RUBBER FLAP WINDTUNNEL TEST (1)

Instrumentation VELUX wind tunnel
2m airfoil section December 2009
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RUBBER FLAP WINDTUNNEL TEST (2)

two different inflow sensors
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RUBBER FLAP WINDTUNNEL TEST (3)
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RUBBER FLAP WINDTUNNEL TEST (4)

XN S T N W SN S S Lift change
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airfoil surface

G pressure taps
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NEXT GENERATION DESIGN (1)

von Mises stress (N/mm?)

Original design

Next generation
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NEXT GENERATION DESIGN (2)
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IN COLLABORATION WITH REHAU
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A NOVEL ROTATING TEST RIG (1)

100KW TURBINE PLATFORM

FURZEILE EINE VERANSTALTUNG DES VDI WISSENSFORUMS | DATUM




Wissensforum

A NOVEL ROTATING TEST RIG (2)
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A NOVEL ROTATING TEST RIG (3)
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BOOM DESIGN (1)
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BOOM DESIGN (2)

£ L

Alu 100mm tip diameter
Alu 120mm tip diameter

Steady state stress

300 .
Steel 100mm tip diameter
Steel 120mm tip diameter
250
< 200
c e
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b 150

100
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boom length [m]
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AERODYNAMICS (1)
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AERODYNAMICS (2)

50 rpm, 8 degree pitch

Li\‘t, no inddc
Lift, NW induc
axial NW induc

2 4 6
radius [m]
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Cortesy of Georg Pirrung
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AERODYNAMICS (3)

Pressure
measurements

- Pitot tube

[~yt— small

wWinNg

Accelerometer

Strain gauge
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_ Rotational speed sensor
Pitch sensor

Tower accelerometer
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WHAT WE HOPE TO SEE...
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OUTLOOK
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tests of flap system and control
procedures on the rotating rig in
summer 2013

fatigue tests of flap system in
laboratory autumn 2013

late 2013 evaluation of the flap system for
a full scale turbine
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