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Abstract: The procedures and relevant programs developed for analyzing mechanical load data of wind turbine
generator systems, which are obtained through type certification tests, are verified. The following issues according to
IEC 61400-13 are covered in the developed programs: data validation, time series analysis, summary load statistics,
generation of fatigue load spectra, and estimation of equivalent loads. A capture matrix for normal power production is
generated to determine whether the collected data sets are sufficient to carry out fatigue analysis. Fatigue load spectra
are obtained through the rainflow counting method using 50 load ranges; finally, equivalent loads are calculated using
different S-N curve slopes, m, according to the relevant materials. Case studies are performed using aero-elastic
simulation data of the NREL 5 MW baseline wind turbine with a monopile foundation.
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Table 1 Gross properties for NREL 5 MW baseline wind

turbine
Rating SMW
Rotor orientation, .
Configuration Upwind, 3 blades
3 phase induction model
Generator using Thevenin equivalent
circuit
Variable speed,
Control Collective pitch
Rotor,
Hub diameter 126m, 3 m
Hub height 90 m
Cut-in, Rated,
Cut-out wind speed 3 m/s, 11.4 m/s, 25 m/s
Cut-in,
Rated rotor speed 6.9 rpm, 12.1 rpm
Rated tip speed 80 m/s

Fig. 1 NREL 5 MW baseline model with a monopile
foundation
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Table 2 Wave loadings acting on sub-structure with
monopile foundation

Platform loading model Morison's equation
Tower diameter in Morison's

. 6.0 m
equation
Water depth 20.0 m

. . . JONSWAP/Pierson-
Incident wave kinematics .
model Moskow1tg
spectrum(irregular)

Significant wave height of
.o 5.0m
incident waves
Pegk spectral period of 12.4 sec
incident waves
Incident wave propagation
heading direction 0.0 deg

Table 3 Properties for wind data generation in the

TurbSim
Grid height 150 m
Grid width 150 m
Vertical grid-point matrix 13
dimension
Horizontal grid-point matrix 13
dimension
Turbulence model Kaimal
IEC turbulence type NTM
Mean wind speed _
at the reference height 30 250 m/s
Turbulence intensity A, B, C

at the mudlme

gage 1 (approx. halfway between MSL and mudline)
gage 2 (approx. MS5L) i
gage 3 (approx. tower base / monopile attacherment location) [+

(] - m o
T

fore-aft bending moments (kNm)

0 100 200 300 400 500 600 700
time (sec)

Fig. 2 Front-rear bending moments at several strain gage
points of sub-structure

- AAS

= A¥=ZA Fig. 32 FT5Y TS, Fig
A 5

Flg. 6 < EH Azt UﬂﬂE iEﬂ 7]%
Bl &% 47 BEHE, B9 3 S B2
B9 HIEH S HolFal Stk

Fig. 7 & W97} ®isglol] & o= &3 W
w3 EHE, Edol= oA WEF w3 md

ALE e 79 RWE e Ab

e

HolFa 9lal, Fig. 8 -2 3huke] 10+ dlo|Ee) ojgh
A AyE °9AE 3 2 HojFa Q)

ol = Sk
= E_I_I%Il‘_l_

0

| 5255 AH

2 A3 gk she] 10 & Hloly HE A=

Figure 1- Meteorological quantities record time series
201201104001 (17:487:58)
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Wind direction (9

100 200 30 20 500 0
Time ()

Fig. 3 Meteorological quantities record time series

Figure 2 - Wind turbine operational quaniites record time ssries

201201104001 (1748-17:58)

Nacelle yaw position (7

Electric power (kW)

| i i i
o 0 0 30 0 £ w0
Time (s)

Fig. 4 Wind turbine operational quantities record time
series
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Figure 3 - Wind turbine mechanical load time series (frst minute of record)

201201104001 (17:4817:58)
T

I o N s N N B N
)"WWLWW W W ]

)

m. (kNm) Blade lead-lag b.m. (kNm) Bjade flapwise b.m. (kNm)

&

£

E

e

£
&

£

£

s T T T T T

g i PO PRy L i N |
ST [ o W W Wi Y ul
2% 10 2 ED 0 EJ &

Time ()

Fig. 5 Wind turbine mechanical load time series (first
minute of record)

Figure 4 - Wind turbine mechanical load time series (frst minute of record)
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Fig. 6 Wind turbine mechanical load time series (first
minute of record)
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Record brief statistical description,

il
Record ID:20120110$001 (17:48-17:58) J
Wind turbine Status: Normal operation.
J
Heasured quantity Mean sav Min. Max. 1 Hz equivalent
1oad
J
Uind speed (m/s) 3.53 1.03 0.86 7.29 -y
Vind girestion (° -7.22 15.37 -81.76 47.59 -a
1ir temperature (° C) 7.03 0.0z 6.98 7.08 -d
Air pressure (hF) 1012.95 0.z6  1011.83  1014.40 -u
Air density (ko/m'3) 1.23 - - - -a
Hacelle yav position (deg) -7.26 15.41 -81.94¢ 43.84 -d
Electric pover (kW] 91.02 72.21 -a0.89 321.86 -u
RPN [generator axlel 7.05 0,11 694 7.40 -u
Blade root flapwise b.m. (ki) 1864.06 500.55 535.80 4113.71 1708.14 (w=12)

Blade root lead lag b.m. (i) 52.19 2550.81 -4582.08 4971.67 6627.58 (w=12] J
Shaft parallel’l) buw. (Ko 3.05 711,62 -2227.58 2221.55 2299.03 im= 8) J
Shaft wormal”1) z.68 721,11 —2188.08 2306.00 2258.01 in= 8)
ROTOT yaw moment (kM) 6.21 714,51 -2413.27 2265.77 2357.86 in= 8) J
Rotor tilt moment {km) 0.05 717.93 -2455.10 2184.84 2380.82 {n= 8)
Rotor torque (kim) 120.27 100.24 -63.31 452,51 123.71 (w= 8)
Tower base bending N-542) (Kb 6385.17 8004.39 -24257.99 41038.15 20901.54 (n= 4)
Tower base bending E-W42] (ki) 1.50 1730.12 -7934.00 8161.75 5492.43 (w= 4)
Tower torsion (Kiim -148.62 496.20 -2163.62 1751.76 1394.69 (w= 4] J

~1) Demotes the orientation of the sensors on the rotating axis with respeet to the master blade.

~2)  Denotes the orientation of the sensors, for example, N-$ stands for north-south direction. J

Fig. 8 Record brief statistical description
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Fig. 11 Capture matrix for normal power production

Minimum no. of turbulence bins with at least 3 time series
rOO0o0o0o00000— -l T

I

Turbulence bins (#
™~

=

: 1 000000000 0doob—
5 10 15 20 25

Wind speed bin (#)
Minimum recommended no. of time series for empirical load determination
rf- E EEEEEN

=

w
=

ma
=

—
=
T
L

ooooooooao

Time series (#

s . . OQp00p

5 10 15 20 25
Wind speed bin (#)

Minimum recommended measurement hours for model validation

=
=

=
=

O0000000000000Q000008ppQ0 Qg
0 5 10 15 20 25
Wind speed bin (#)

=]

Measurement hours (hr)
ra
=
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