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Abstract

Design life-time of a wind turbine is required to be at least 20 years. In the meantime, the wind
turbine will experience a lot of load cases such as extreme loads and fatigue loads which will include
several typhoons per year and extreme gusts with 50 years recurrence period as well as endless
turbulence flow. Therefore, IEC61400-1 specifies design load cases to be considered in the wind
turbine design and requires the wind turbine to withstand the load cases in various operational
situations. This paper investigates the ultimate loads which the wind turbine will experience for 20
years and their characteristics based on the IEC61400-1 using an aero-clastic software, GH-Bladed.
And the performance characteristics of a wind turbine such as electrical power generation and annual

energy yield are also investigated.
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Table 1 General specification

Type HAWT |Rotor overhang 3.3 m
Rated power 1.5 MW |Rotor position Upwind
Class 1A Transmission  Gearbox
Rotor dia. 70 m Power control Pitch

Fixed/Variable Variable
Spinner dia. 35 m

Cut-in speed 3.5 m/s
Cut-out speed 25 m/s

No. of blade 3
Hub height 84 m
Tower height 82 m
Blade set angle 1°
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Table 2 Detailed input data

Transformation
Generator

Power loss&efficiency
Pitch actuator

Power control system

General specification
Blade geometry

Blade mass distribution
Blade mass integral
Blade stiffness

Hub mass and inertia Gain schedule

Tower geometry PI torque control speed
Tower mass & stiffness [Pl power control speed
Rotor modes (0°, 10°,
20°, 90°)

Lift&drag coeff.(airfoils) |[Tower modes

Nacelle geometry Drag coeff. (tower)
Nacelle mass Drag coeff. (nacelle)

Tower material property

Table 3 IEC class IIA - basic parameter

Vref 42.5 m/s
Vavg 8.5 m/s
L5 0.18
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Table 4 Safety system trip mode
Conditions Action
Generator over power
E-Stop
at 1800 kW
Generator over speed
E-Stop
at 1980 rpm
Yaw error greater than 30° for 5 sec E-Stop
Pitch error: 3° different between
] E-Stop
largest and smallest pitch angle
Pitch error between demanded and
E-Stop
actual of greater than 2° for Isec
Grid loss E-Stop
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Table 5 Design load case (DLC)

Design situation| DLC Wind conditions Type
L1 NTM I/Izubz Vr or Vout U
13 | ECG V=V U
14 | Nwp V=V, V., | U

Power 1.5 | EOG1 V=V, ot V. 8]

production 1.6 | EOG50 V=V, or V, ., U
1.7 | EWS V=V ot Vo, | U
18 |EDC50 V=V, or V., | U
1.9 ECG I/h'ub: I/7 U

Power 21 | Nwp V=V, o0 Vo, | U

production plus

occurrence of 22 | NWP V=V, or Vo, U

fault

Start up 32 | BOGL V3=V, or V., | U
3.3 | EDCI hap=Ve or Vo, | U

Normal stop 42 | EOGl V=V, ot V ., | U

Emergency stop| 5.1 | NWP V=V ot Vi, u

Idling 6.1 | EWM Viwr= Veso U

Parked and fault

i 7.1 EWM VV/:JL[): Vel u

conditions
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Power extracted Power
Cp= - = (1)
Power available 1 3
5P Voo Ad
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1600
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800 -
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Electrical power [kW]

400 -

200 -
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Fig. 1 Estimation of electrical power
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Table 6 Typical power law exponents(s)
Terrain description Exponent, «

Smooth, hard ground, lake or ocean 0.10
Short grass on untilled ground 0.14
Level country with foot-high grass, 0.16
occasional tree '
Tall row crops, hedges, a few trees 0.20

Many trees and occasional buildings| 0.22~0.24

Wooded country-small towns and
0.28~0.30
suburbs

Urban areas with tall buildings 0.4
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Fig. 4 Probability distribution for wind speed
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Fig. 5 Prediction of annual energy yield
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Table 7 Partial safety factors for loads

Type PSFL
Abnormal safety factor, Load case 2.2, 110
7.1 )
Normal and extreme safety factor, All 135
other load cases ]
Transport and erection safety factor, 150

Load case 8.1

,l\f YF

Fig. 6 Coordinate system for the wind turbine®
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Table 8 Ultimate load-blade root station (1.75 m)
Mx My Mz Mxy Fx Fy Fz Fxy

DLC | kNm kNm kNm kNm kN kN kN kN

Mx | Max| 6.le 3356.2 -279.6 -5.64| 3367.8 -22.8 -206.2 -61.4 207.5
Mx | Min| 6.1a -2674.7 330.8 24.1 2695.1 322 168.6 -55.6 171.6
My | Max| 1.5b 786.7] 6561.3 -64.9| 6608.3 416.1 -63.5 1682.6 421.0
My | Min| 1.50 993| -22087]  -42.6 23008 -89.6] 262 9123 93.4
Mz | Max| 7.1j | -1392.5| 1108 47.8] 1396.9 7.98 95.6 511 96.0
Mz | Min| 1.5b 945.9 6513.9 -79.4 6582.2 414.9 -71.5 1732.9 421.0
Mxy [ Max| 1.5b 8939( 65532 -71.5] 6613.9] 4164| 706 1697.8| 4224
Mxy| Min | 6.1m -0.63 0.056 -4.37 0.63 10.0 -159 23.6 18.8
Fx | Max| 1.5b 861.8| 6556.6 -69.3| 6613.0 416.4 -68.6 1693.0 422.1
Fx | Min| 2.1d -60.2| -2113.0 -19.7| 21139] -101.5 4125 370.8 102.2
Fy Max| 6.1a -2663.2 325.6 238 2683.0 31.4 168.8 -55.7 171.7
Fy Min| 6.1e 3164.8| -1331.0 -19.1 34333 -80.9 -206.2 -62.7 2215
Fz | Max| 1.5b 37.1 3542.8 -63.5| 3543.0 2454 =221 2553.1 2454
Fz Min| 6.1¢c 3103 -5.36 -20.5 310.3 103 9.41 -64.3 14.0
ny Max| 1.5b 937.3 6543.5 -75.2 6610.3 416.2 -72.9 1708.8 4225
Fxy | Min| 6.1k 4609 -139.5 -112| 4815 -0.007[ -0.035 -184]  0.036

Table 9 Ultimate load-rotating hub

Mx My Mz Myz Fx Fy Fz Fyz

DLC | kNm | kNm | kNm | kNm kN kN kN kN

Mx | Max | 7.1c60 | 3342.4] 681.9| 118.7| 692.1 59.9| -247.1| -251.4| 3525
Mx | Min | 7.1b0 |-1230.9] 1675.0| -67.1| 1676.4| 148.4| 297.9 18.2| 298.5
My | Max| 2.1g | 518.3] 42469] -597.3] 4288.7] 1633] -440.5| -124.5] 45738
My | Min | 1.1f | 1043.4]-3323.4] -92.8| 3324.7 81.7| -124.9| 371.4| 391.8
Mz | Max | L.If | 1023.0| 936.5] 2969.4] 3113.6 77.0| 386.2| -7.69| 386.3
Mz | Min | 1.50 -168.6| 112.0]-3401.3] 3403.1 6.90| -369.1 -71.4| 376.0
Myz| Max | 2.1g -296.5| 4133.0(-1355.7] 4349.7 51.1| 258.4| -265.7| 370.6
Myz| Min | 6.1k 18.2 0.48| -0.15 0.50 41.8| 3875 60.0| 392.1
Fx | Max| 1.5b | 4984] -5848] 1385 ss4s| 10442] 409.0] 511 4122
Fx | Min| 2.1h 828.4(-1428.0| 781.9| 1628.1] -193.9] -327.3| -184.0| 3754
Fy | Max| 6.1j -3.80| -185.0 -200.4| 272.8| -15.1] 491.4| -105.4| 502.6
Fy | Min| 6.lo -19.4| -8242| -111.9] 831.7| -23.3] -505.8] -177.1| 5359
Fz | Max| 6.1j 1589 607.3| 524.4| 8024 8.14 -62.2] 494.7| 498.6
Fz | Min| 6.1a 60.3| 223.0| -477.9| 5274 36.2| -102.1] -502.4] 512.6
Fyz | Max| 6.1o -19.4| -824.2| -111.9| 831.7| -23.3| -505.8| -177.1] 5359
Fyz | Min| 6.n | -294| 8684|-1108.5] 14082 -627] 708] 1454] 1617
Table 10 Ultimate load-tower station height=82 m
Mx My Mxy Mz Fx Fy Fxy Fz

DLC kNm kNm kNm kNm kN kN kN kN
Mx | Max | 7.1a60 | 3687.3] -848.6| 3783.7| 407.4 52.5| -46.6 70.2| -989.0
Mx | Min | 7.1h [-2515.7] 879.5| 2665.0| -233.4 44.0 3.47 44.1| -889.9
My | Max| 1.50 555.0] 2478.3| 2539.7| -595.7| 190.9| -76.1| 205.5(|-1102.9
My | Min| 2.1g | 838.6[-4732.2] 48059] 10684] 65.1] 579 872[-11244
Mxy | Max| 2.1g 838.6|-4732.2| 4805.9] 1068.4 65.1 57.9 87.2|-1124.4
Mxy| Min | 6.1b -0.17| -0.57 0.59] -241.7 447 -15.7 47.3(-1076.3
Mz | Max| 2.1g 1176.4| 1232.3| 1703.6] 3808.6] 190.6| -121.1| 225.8|-1171.4
Mz | Min| 2.1g 390.2|-1173.2| 1236.4]-4057.4 91.0 63.4| 110.9]-1079.1
Fx | Max| 1.5b -143.3| 1133.1| 1142.1| 486.5] 1035.6] -0.036| 1035.6(-1201.0
Fx | Min| 2.1h 863.2|-2901.4| 3027.1| -889.7] -407.0] -27.8| 407.9|-1053.6
Fy | Max| 6.1a -626.9 36.1| 627.9| -872.0 47.1) 435.1] 437.6|-1044.4
Fy | Min| 6.1j 1056.1(-1198.5| 1597.5| 558.5| -34.2] -534.8] 535.9|-1036.2
Fxy | Max| 1.5b -143.3| 1133.1| 1142.1| 486.5| 1035.6| -0.036] 1035.6]-1201.0
Fxy | Min | 4.2d 94.1| -980.0| 984.5| 129.9| 0.049| 0.028] 0.057]-1094.3
Fz | Max| 7.1¢70 | 2714.9| -366.2| 2739.5| -25.7 46.8 9.58 47.8] -789.9
Fz | Min| 15b | -135.7] 7854] 797.0] 921.7] 997.7] 12.8] 997.7]-12150
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