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Abstract: Even though the variable pitch control of a wind turbine blade is known as an effective component for power
control over the rated wind speed, it has limited applicability to small wind turbines because of its relatively high cost
on the price of small wind turbine. Instead, stall control is generally applied in the blade design without any additional
cost. However, stall delay can frequently be caused by high turbulence around the turbine blade, and it can produce
control failures through excessive rotational speed and overpowering the electrical generator. Therefore, a passive pitch
control module should be considered, where the pitch moves with the aerodynamic forces of the blade and returns by
the elastic restoring force. In this study, a method to calculate the pitch moment, torque, and thrust based on the lift and
drag of the rotating blade wing was demonstrated, and several effective wing shapes were reviewed based on these
forces. Their characteristics will be estimated with variable wind speed and be utilized as basic data for the design of
the passive pitch control module.
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Table 2 Maximum characteristic of test airfoils "

[%] | [deg] | [-] |I[deg]| [-]
S822 21 18 135 | -12 | -0.10
S834 16 15 1.27 | 24 | -0.10
NACA4412 10 15 1.64 | 24 | -0.11
SG6040 14 18 1.45 -9 | -0.10
SG6041 14 15 1.47 | 24 | -0.12
SG6042 12 15 1.64 | 24 | -0.14
SG6043 10 15 1.65 0 -0.18
E387 10 12 137 | 24 | -0.15
SD7034 12 15 1.62 24 | -0.13
KAl 22 12 1.07 | 24 | -0.05
KA2 14 15 1.65 24 | -0.11
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Fig. 2 Several key characteristics of airfoils depending
on the change of angle of attack *™”
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Table 3 Wind turbine specification

Item Condition
P[kW ] 10
Vilm/s] 10
R[m] 35
rpm 120
wf[rad /s] 12.6
z[EA] 3
Ar[—=] 4.4
Riup 0.15
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Table 4 Reynolds numbers of the blade tip having
different airfoils

Airfoil Betz chord Schmitz chord
S822 786,667 735,518
S834 931,539 839,766
NACA4412 649,468 626,141
SG6040 712,389 693,973
SG6041 733,568 696,122
SG6042 639,340 615,092
SG6043 667,884 637,498
E387 837,004 800,172
SD7034 669,419 637,498
KA1 997,529 936,757
KA2 685,686 652,231
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Fig. 3 Chord length based on Betz’ limitation and
Schmitz’ theory approach
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Fig. 4 Vector diagram and angles around airfoils based
on wind and rotational velocity
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. ay; | € | Cp | S M T P
Wings

[deg]| [-] | [-] | [N] |[N-m]/[N-m] [kW]

5822 19 |1.32]0.08 /2309 8.9 | 815 | 10.2

S834 18 |1.19]0.06 2245 1.6 | 852 | 10.7

NACA4412| 18 |1.59/0.09|2247|-21.7 | 832 | 10.5

SG6040 | 18 |1.44|0.08 2248 -18.2 | 820 | 10.3

SG6041 | 17 |1.43|0.07(2242| -5.7 | 882 | 11.1

SG6042 | 18 |1.62/0.08(2245| -18.4 | 854 | 10.7

SG6043 | 17 |1.56|0.09 (2247 -37.8 | 837 | 10.5

E387 13 |1.25]0.062243|-29.8 | 872 | 11.0

SD7034 | 17 |1.56|0.08 2244 -23.0 | 857 | 10.8

KAl 13 |1.06|0.05|2244| 13.0 | 857 | 10.8

KA2 18 |1.53]0.08|2245| -26.7 | 842 | 10.6
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Fig. 10 Pitch moment of wind turbine blades with
different airfoils
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Table 6 Lift, drag, thrust, pitch moment and torque characteristics along the blade length

Airfoil\r [m] 0.15 | 037 | 0.60 | 0.82 | 1.04 | 1.27 | 1.49 | 1.71 | 1.94 | 2.16 | 2.38 | 2.61 | 2.83 | 3.05 | 3.28 | 3.50 | Total
dL[N] | 5.66 |12.25|17.94 | 23.38 | 28.79 | 34.22 | 39.69 | 45.20 | 50.74 | 56.30 | 61.88 | 67.47 | 73.08 | 78.70 | 84.33 | 89.96 | 769.6

dD[N] | 033 | 0.72 | 1.06 | 1.38 | 1.70 | 2.03 | 2.35 | 2.68 | 3.00 | 3.33 | 3.66 | 3.99 | 433 | 4.66 | 499 | 532 | 455
S822 dS[N] | 3.68 | 9.42 | 15.24 | 21.05|26.83 | 32.60 | 38.35 | 44.08 | 49.81 | 55.52 | 61.24 | 66.95 | 72.65 | 78.36 | 84.06 | 89.76 | 749.6
dT [Nm] | 0.65 | 2.94 | 5.69 | 8.43 |11.03 | 13.44 | 15.68 | 17.74 | 19.62 | 21.34 | 22.90 | 24.30 | 25.53 | 26.61 | 27.54 | 28.31 | 271.7

dM [Nm]| 0.02 | 0.08 | 0.13 | 0.16 | 0.18 | 0.19 | 0.20 | 0.21 | 0.21 | 0.22 | 0.22 | 0.22 | 0.22 | 0.23 | 0.23 | 0.23 | 3.0
dL[N] | 5.66 |12.25|17.94 | 23.38 | 28.79 | 34.22 | 39.69 | 45.20 | 50.74 | 56.30 | 61.88 | 67.47 | 73.08 | 78.70 | 84.33 | 89.96 | 769.6

dD[N] | 030 | 0.64 | 0.94 | 1.22 | 1.50 | 1.78 | 2.07 | 2.36 | 2.65 | 2.94 | 3.23 | 3.52 | 3.81 | 4.10 | 4.40 | 4.69 | 40.1
S834 dS[N] | 3.65 | 9.36 | 15.16|20.97 | 26.75|32.51 | 38.26 | 43.99 | 49.71 | 55.43 | 61.14 | 66.85 | 72.56 | 78.26 | 83.96 | 89.66 | 748.2
dT [Nm] | 0.65 | 2.96 | 5.75 | 855 |11.22 | 13.73 | 16.07 | 18.26 | 20.29 | 22.18 | 23.91 | 25.51 | 26.97 | 28.28 | 29.46 | 30.50 | 284.3

dM [Nm]| 0.00 | 0.01 | 0.02 | 0.03 | 0.03 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.04 | 0.5
dL[N] | 5.66 |12.25|17.94 | 23.38 | 28.79 | 34.22 | 39.69 | 45.20 | 50.74 | 56.30 | 61.88 | 67.47 | 73.08 | 78.70 | 84.33 | 89.96 | 769.6

dD[N] | 032 | 0.69 | 1.01 | 1.31 | 1.62 | 1.92 | 2.23 | 2.54 | 2.85 | 3.16 | 3.47 | 3.79 | 4.10 | 442 | 473 | 5.05 | 43.2
NAf2A44 dS[N] | 3.67 | 9.40 | 15.21 |21.01 | 26.80|32.56 | 38.31 | 44.04 | 49.77 | 55.48 | 61.20 | 66.91 | 72.61 | 78.31 | 84.02 | 89.72 | 749.0
dT [Nm] | 0.65 | 2.95 | 5.71 | 8.48 | 11.11 | 13.56 | 15.85|17.96 | 19.91 | 21.70 | 23.34 | 24.82 | 26.15 | 27.33 | 28.37 | 29.25 | 277.2

dM [Nm] | -0.05 | -0.20 | -0.31 | -0.39 | -0.44 | -0.48 | -0.50 | -0.51 | -0.52 | -0.53 | -0.54 | -0.54 | -0.55 | -0.55 | -0.55 | -0.55 | -7.2
dL[N] | 5.66 |12.25|17.94 | 23.38 | 28.79 | 34.22 | 39.69 | 45.20 | 50.74 | 56.30 | 61.88 | 67.47 | 73.08 | 78.70 | 84.33 | 89.96 | 769.6

dD[N] [ 033 | 0.71 | 1.05 | 1.36 | 1.68 | 1.99 | 2.31 | 2.63 | 2.96 | 3.28 | 3.60 | 3.93 | 426 | 459 | 491 | 524 | 44.8
SG6040 | dS[N] | 3.68 | 9.41 |15.2321.04 |26.82|32.59 | 38.33 | 44.07 | 49.79 | 55.51 | 61.23 | 66.93 | 72.64 | 78.34 | 84.04 | 89.74 | 749.4
dT [Nm] | 0.65 | 2.94 | 570 | 8.45 |11.05|13.48 | 15.73 | 17.80 | 19.71 | 21.45 | 23.03 | 24.46 | 25.72 | 26.83 | 27.79 | 28.60 | 273.4

dM [Nm] | -0.04 | -0.17 | -0.26 | -0.33 | -0.37 | -0.40 | -0.42 | -0.43 | -0.44 | -0.45 | -0.45 | -0.45 | -0.46 | -0.46 | -0.46 | -0.46 | -6.1
dL[N] | 5.66 |12.25]17.94 |23.38 |28.79 | 34.22 | 39.69 | 45.20 | 50.74 | 56.30 | 61.88 | 67.47 | 73.08 | 78.70 | 84.33 | 89.96 | 769.6

dD[N] | 0.26 | 0.57 | 0.84 | 1.09 | 1.34 | 1.60 | 1.85 | 2.11 | 2.37 | 2.63 | 2.89 | 3.15 | 3.41 | 3.67 | 3.93 | 420 | 359
SG6041 | dS[N] | 3.63 | 9.32 | 15.11 |20.90 | 26.68 | 32.44 | 38.19 | 43.92 | 49.64 | 55.36 | 61.07 | 66.78 | 72.49 | 78.19 | 83.89 | 89.59 | 747.2
dT [Nm] | 0.65 | 2.98 | 5.80 | 8.64 | 11.37 | 13.95|16.38 | 18.67 | 20.82 | 22.83 | 24.71 | 26.46 | 28.09 | 29.59 | 30.96 | 32.22 | 294.1

dM [Nm] | -0.01 | -0.05 | -0.08 | -0.10 | -0.12 | -0.12 | -0.13 | -0.13 | -0.14 | -0.14 | -0.14 | -0.14 | -0.14 | -0.14 | -0.14 | -0.15 | -1.9
dL[N] | 5.66 |12.25]17.94 |23.38 |28.79 | 34.22 | 39.69 | 45.20 | 50.74 | 56.30 | 61.88 | 67.47 | 73.08 | 78.70 | 84.33 | 89.96 | 769.6

SG6042 | dD[N] | 0.29 | 0.64 | 093 | 1.22 | 1.50 | 1.78 | 2.06 | 2.35 | 2.64 | 2.93 | 3.22 | 3.51 | 3.80 | 4.09 | 439 | 4.68 | 40.0
dS[N] | 3.65 | 9.36 | 15.16|20.97 | 26.75 | 32.51 | 38.25 | 43.99 | 49.71 | 55.43 | 61.14 | 66.85 | 72.56 | 78.26 | 83.96 | 89.66 | 748.2
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dT [Nm] | 0.65 | 2.96 | 5.75 | 855 |11.22 | 13.73 | 16.08 | 18.27 | 20.30 | 22.19 | 23.93 | 25.53 | 26.99 | 28.31 | 29.49 | 30.54 | 284.5

dM [Nm] | -0.05 | -0.17 | -0.27 | -0.33 | -0.38 | -0.40 | -0.42 | -0.43 | -0.44 | -0.45 | -0.46 | -0.46 | -0.46 | -0.47 | -0.47 | -0.47 | -6.1
dL[N] | 5.66 |12.25]17.94 |23.38 |28.79 | 34.22 | 39.69 | 45.20 | 50.74 | 56.30 | 61.88 | 67.47 | 73.08 | 78.70 | 84.33 | 89.96 | 769.6

dD[N] | 031 | 0.68 | 0.99 | 1.29 | 1.59 | 1.89 | 2.19 | 2.49 | 2.80 | 3.11 | 3.42 | 3.72 | 4.03 | 434 | 4.65 | 4.96 | 42.5
SG6043 | dS[N] | 3.66 | 9.39 |15.20|21.00 | 26.79 | 32.55 | 38.29 | 44.03 | 49.75 | 55.47 | 61.18 | 66.89 | 72.60 | 78.30 | 84.00 | 89.70 | 748.8
dT [Nm] | 0.65 | 2.95 | 5.72 | 850 |11.13 | 13.60 | 15.90 | 18.03 | 20.00 | 21.82 | 23.48 | 24.99 | 26.35 | 27.56 | 28.63 | 29.55 | 278.9
dM [Nm] | -0.09 | -0.34 | -0.55 | -0.68 | -0.77 | -0.83 | -0.87 | -0.89 | -0.91 | -0.93 | -0.94 | -0.95 | -0.95 | -0.96 | -0.96 | -0.97 |- 12.6
dL[N] | 5.66 |12.25]17.94 |23.38 |28.79 | 34.22 | 39.69 | 45.20 | 50.74 | 56.30 | 61.88 | 67.47 | 73.08 | 78.70 | 84.33 | 89.96 | 769.6

dD[N] | 027 | 0.59 | 0.87 | 1.13 | 1.40 | 1.66 | 1.92 | 2.19 | 2.46 | 2.73 | 3.00 | 3.27 | 3.54 | 3.82 | 4.09 | 436 | 37.3
E387 dS[N] | 3.63 | 9.33 | 15.13/20.93 |26.70 | 32.46 | 38.21 | 43.94 | 49.67 | 55.38 | 61.10 | 66.80 | 72.51 | 78.21 | 83.91 | 89.61 | 747.5
dT [Nm] | 0.65 | 2.97 | 5.78 | 8.61 |11.32|13.87|16.28 | 18.53 | 20.64 | 22.61 | 24.44 | 26.14 | 27.71 | 29.15 | 30.46 | 31.64 | 290.8

dM [Nm] | -0.07 | -0.27 | -0.43 | -0.54 | -0.61 | -0.65 | -0.68 | -0.70 | -0.72 | -0.73 | -0.74 | -0.75 | -0.75 | -0.75 | -0.76 | -0.76 | -9.9
dL[N] | 5.66 |12.25]17.94 |23.38 |28.79 | 34.22 | 39.69 | 45.20 | 50.74 | 56.30 | 61.88 | 67.47 | 73.08 | 78.70 | 84.33 | 89.96 | 769.6

dD[N] | 029 | 0.63 | 092 | 1.20 | 1.48 | 1.76 | 2.04 | 2.33 | 2.61 | 290 | 3.18 | 3.47 | 3.76 | 4.05 | 434 | 4.63 | 39.6
SD7034 | dS[N] | 3.65 | 9.36 | 15.16 20.96 | 26.74 | 32.50 | 38.25 | 43.98 | 49.71 | 55.42 | 61.14 | 66.84 | 72.55 | 78.25 | 83.95 | 89.65 | 748.1
dT [Nm] | 0.65 | 2.96 | 5.76 | 8.56 |11.24 | 13.75|16.11 | 18.31|20.36|22.26 | 24.01 | 25.63 | 27.10 | 28.44 | 29.64 | 30.71 | 285.5

dM [Nm] | -0.06 | -0.21 | -0.33 | -0.42 | -0.47 | -0.50 | -0.53 | -0.54 | -0.56 | -0.56 | -0.57 | -0.58 | -0.58 | -0.58 | -0.59 | -0.59 | -7.7
dL[N] | 5.66 |12.25]17.94 |23.38 |28.79 | 34.22 | 39.69 | 45.20 | 50.74 | 56.30 | 61.88 | 67.47 | 73.08 | 78.70 | 84.33 | 89.96 | 769.6

dD[N] | 029 | 0.63 | 092 | 1.20 | 1.48 | 1.76 | 2.04 | 2.32 | 2.60 | 2.89 | 3.17 | 3.46 | 3.75 | 4.04 | 433 | 462 | 39.5
KA1 dS[N] | 3.65 | 935 | 15.16|20.96 | 26.74 | 32.50 | 38.25 | 43.98 | 49.70 | 55.42 | 61.13 | 66.84 | 72.55 | 78.25 | 83.95 | 89.65 | 748.1
dT [Nm] | 0.65 | 2.96 | 5.76 | 8.56 |11.24 | 13.76 | 16.12 | 18.32|20.37 | 22.28 | 24.04 | 25.66 | 27.14 | 28.48 | 29.69 | 30.76 | 285.8

dM [Nm]| 0.03 | 0.12 | 0.19 | 0.24 | 0.27 | 0.29 | 0.30 | 0.31 | 0.31 | 0.32 | 0.32 | 0.33 | 0.33 | 0.33 | 0.33 | 0.33 | 43
dL[N] | 5.66 |12.25]17.94 |23.38 |28.79 | 34.22 | 39.69 | 45.20 | 50.74 | 56.30 | 61.88 | 67.47 | 73.08 | 78.70 | 84.33 | 89.96 | 769.6

dD[N] | 0.31 | 0.66 | 097 | 1.26 | 1.56 | 1.85 | 2.15 | 245 | 2.74 | 3.05 | 3.35 | 3.65 | 3.95 | 426 | 4.56 | 4.87 | 41.6
KA2 dS[N] | 3.66 | 9.38 | 15.1920.99 | 26.77 | 32.53 | 38.28 | 44.01 | 49.74 | 55.46 | 61.17 | 66.88 | 72.58 | 78.29 | 83.99 | 89.69 | 748.6
dT [Nm] | 0.65 | 2.95 | 5.73 | 852 |11.16 | 13.65 | 15.96 | 18.11 | 20.11 | 21.95 | 23.63 | 25.17 | 26.57 | 27.82 | 28.93 | 29.89 | 280.8

dM [Nm] | -0.06 | -0.23 | -0.37 | -0.47 | -0.52 | -0.56 | -0.59 | -0.61 | -0.62 | -0.63 | -0.64 | -0.64 | -0.65 | -0.65 | -0.65 | -0.66 | -8.6




