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Abstract 10 

Aerodynamic damping has an important effect on the seismic response of Horizontal Axis Wind Turbines 11 

(HAWTs). Some researchers have estimated that aerodynamic damping in operational HAWTs is ~5% of 12 

critical in the fore-aft direction (i.e. perpendicular to the rotor and parallel to the prevailing wind). In most 13 

recent studies, dynamic analyses of HAWT towers under seismic loads have neglected aerodynamic 14 

damping, and this assumption has significant implications in the predicted seismic response. We present a 15 

closed-form solution for the aerodynamic damping of HAWTs responding dynamically in the fore-aft and 16 

side-to-side directions. The formulation is intended as a convenient method for structural earthquake 17 

engineers to include the effect of aerodynamic damping in the seismic analysis of HAWTs. The 18 

formulation is based on Blade Element Momentum theory and is simplified by assuming a rigid rotor 19 

subjected to steady and uniform wind oriented perpendicular to the rotor plane. We examine the impact of 20 

these simplifying assumptions with an analysis of the 1.5-MW baseline HAWT developed by the 21 

National Renewable Energy Laboratory (NREL). The analysis compares predictions from this 22 

formulation to those from FAST, an open source program developed by NREL, and the comparison 23 

shows a reasonable correlation. Finally, the influence of aerodynamic damping on the seismic response of 24 

a HAWT is demonstrated for a dynamic model and the practical implications of the results are discussed. 25 
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Introduction 29 

The wind energy industry continues to grow quickly throughout the world. In 2012, worldwide wind 30 

energy nameplate capacity exceeded 250 GW, more than double that from only four years prior (WWEA 31 

2012, WWEA 2013). Roughly 16% of this installed capacity is in the United States (WWEA 2013), of 32 

which 20% is generated from the seismically active west coast (DOE 2012). The predominant type of 33 

wind turbine is the three-bladed Horizontal Wind Axis Turbine (HAWT). Other countries with significant 34 

seismic hazard, such as China and India, are quickly expanding their wind energy production capacity.  35 

The seismic response of HAWTs is a topic that has only been studied recently and is increasingly 36 

important as the wind energy industry becomes an increasing source of worldwide energy generation. The 37 

seismic response is influenced by aerodynamic damping and the magnitude of this effect varies with the 38 

direction of the response relative to the rotor plane and the operational conditions. Aerodynamic damping 39 

is an effect in which the velocity of a vibrating structure induces a change in aerodynamic forces which 40 

usually reduce the dynamic response of the structure. This effect depends on the velocity term in the 41 

equation of motion and is additive with traditional structural damping (Salzmann and Tempel, 2005).  42 

Design guidelines for wind turbines have recently included recommendations for determining seismic 43 

loads, but lack explicit recommendations on aerodynamic damping. The current edition of the 44 

international design standard, IEC-61400-1 (2005), includes provisions for calculating required strengths 45 

under combined seismic and operational loads and recommends that the structural damping for wind 46 

turbines be 1% of critical damping, but makes no recommendation for considering aerodynamic damping. 47 

A recent recommended practice published jointly by the American Wind Energy Association and the 48 

American Society of Civil Engineers (ASCE 2011) recommends that seismic design spectra for non-49 

operational turbines should be based on total damping equal to 1%, while design spectra for operational 50 

turbines should be based on total damping equal to 5% to account for aerodynamic damping. The 51 

recommended practice makes no distinction between aerodynamic damping in the fore-aft or side-to-side 52 

directions. 53 
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In the current study, we present a closed-form solution based on Blade Element Momentum (BEM) 54 

theory for estimating the magnitude of aerodynamic damping of a HAWT tower responding dynamically 55 

in the fore-aft and side-to-side directions. The derivation of the closed-form solution is based on several 56 

simplifying assumptions, most notably a rigid rotor and a steady, uniform wind oriented perpendicular to 57 

the rotor plane. Although more refined estimates of aerodynamic damping could be obtained using 58 

linearizations in HAWT-specific analysis software such as FAST (NWTC 2013), the authors believe that 59 

a closed-form solution is useful to structural engineers who may be unfamiliar with HAWT-specific 60 

software and may prefer to accurately consider aerodynamic damping within software that has more 61 

refined structural analysis features.    62 

The remainder of the paper is organized into five sections. First, background information on previous 63 

research into aerodynamic damping of HAWT towers and into the seismic response of HAWT towers is 64 

presented. This is followed by a derivation for the aerodynamic damping of an operational HAWT. The 65 

following section compares predictions from the derivation with those from FAST for the 1.5-MW 66 

baseline turbine developed by the National Renewable Energy Laboratory (Malcolm and Hansen 2002). 67 

This comparison includes an assessment of the impact of the simplifying assumptions on which the 68 

derivation is based. The next section demonstrates the influence of aerodynamic damping on the seismic 69 

response of a dynamic model of a HAWT tower and provides some practical interpretation of the results. 70 

In the final section, the key findings from this study are summarized. 71 

Background 72 

A few recent studies have examined the seismic response of HAWTs (Bazeos 2002, Witcher 2005, 73 

Prowell et al 2009, Nuta et al 2011), but most do not explicitly consider the influence of aerodynamic 74 

damping because most have considered non-operational, or parked, HAWTs, which are not strongly 75 

influenced by aerodynamic damping. Bazeos (2002) conducted dynamic finite element analyses to 76 

estimate the seismic response of a parked 450 kW HAWT tower. Lavassas et al (2003) investigated the 77 
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response of a 1-MW HAWT with 0.5% structural damping and no aerodynamic damping. Nuta et al 78 

(2011) assessed the seismic vulnerability of a parked 1.65-MW HAWT tower and did not consider 79 

aerodynamic damping. Witcher (2005) stated that operational wind turbines can experience total damping 80 

(aerodynamic plus structural) close to 5% and noted that, conveniently, this is commonly the same value 81 

prescribed by the seismic design spectra within many building codes. 82 

Several prior studies have derived formulations for estimating aerodynamic damping of HAWT blades 83 

(Petersen et al 1998, Thomsen et al 2000, Hansen et al 2006 and Xiong et al 2010), but few studies have 84 

derived formulations of aerodynamic damping for HAWT towers. Some exceptions are work by Garrad 85 

(1990) and Kuhn (2001). Garrad derived aerodynamic damping for a HAWT with a rigid rotor and a 86 

flexible tower and Kuhn simplified the derivation by Garrad and formulated aerodynamic damping in 87 

terms of the derivative of the lift coefficient with respect to angle of the attack, geometric characteristics 88 

of the blades and dynamic characteristics of the tower. The derivation presented in this paper extends on 89 

these studies by including contributions to aerodynamic damping from the wind speed and by presenting 90 

equations for aerodynamic damping in the side-to-side direction. For the HAWT considered in the 91 

numerical example presented later, both effects are shown to contribute significantly to aerodynamic 92 

damping for some operational conditions. 93 

Derivation of Aerodynamic Damping 94 

The derivation for aerodynamic damping of an operational HAWT presented in this paper is based on a 95 

cantilever beam model of a HAWT tower with two degrees of freedom, lateral displacement at the hub 96 

height in the fore-aft (x-direction, perpendicular to the rotor plane) and side-to-side (y-direction, 97 

horizontal and within the rotor plane) directions. Fig. 1 shows a schematic of the model and defines the 98 

coordinate system and several geometric parameters used in the derivation. The figure shows a generic 99 

three-bladed HAWT with its rotor spinning at a rotational speed and subject to a uniform upstream 100 

wind speed Vw in the fore-aft (x) direction. The figure also includes an image of a blade cross-section 101 
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located a radial distance r from the rotor hub. The cross-section is subjected to a relative wind velocity 102 

Vrel that is comprised of a component normal to the rotor plane Vx = Vw(1-a), where a is the axial 103 

induction factor, and a component within the rotor plane r(1+a’), where a’ is the tangential induction 104 

factor. The axial induction factor defines the wind speed at the rotor Vx relative to the upstream wind 105 

speed Vw and the tangential induction factor defines the ratio between the angular velocity imparted to the 106 

air flow after passing through the rotor and the rotational speed of the rotor (Manwell et al 2002). The 107 

relative wind on the cross-section induces lift and drag forces that can be decomposed into components in 108 

the fore-aft (Fx) and side-to-side (Fy) directions. The figure also defines the chord length c and several 109 

angles including the angle of attack  the pitch angle  and the angle of the relative wind .  110 

For the derivation presented in this paper, the rotor blades are modeled as rigid and the mass of the rotor 111 

nacelle assembly and the equivalent modal mass of the tower are modeled as an equivalent mass m 112 

concentrated at the turbine hub. The tower is modeled as a cantilever beam with lateral stiffness k. The 113 

equations of motion for the fore-aft (x) and side-to-side (y) directions are provided below, 114 

mẍ + cୗ୘ẋ + kx = dF୶ (1) 115 

mÿ + cୗ୘ẏ + ky = dF୷ (2) 116 

where cST is the structural damping coefficient and dFx and dFy are incremental changes in aerodynamic 117 

forces at the rotor hub induced by lateral motion. Aerodynamic forces are estimated based on Blade 118 

Element Momentum (BEM) theory (Glauert 1976). In the following sections, a derivation for estimating 119 

aerodynamic damping in the fore-aft direction is presented first and followed by a derivation for the side-120 

to-side direction.  121 

Aerodynamic Damping in the Fore-Aft Direction 122 

The total aerodynamic force Fx acting at the hub of the rotor is equal to the aerodynamic force in the x-123 

direction acting at each blade cross-section, integrated over the radial length of each blade and multiplied 124 

by the number of blades Nb in the rotor as shown below,  125 
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F୶ =
ଵ
ଶ
ρNୠ ∫ [Vrel2 [CL cos (ϕ)+CD sin (ϕ) ]c(r)]dr (3) 126 

where  is the density of air, 𝐶௅ and 𝐶஽ are the coefficients of lift and drag for the blade, c is the chord 127 

length of the blade, and 𝑉௥௘௟ଶ  is the square of the relative wind defined as, 128 

 V୰ୣ୪ଶ = V୶ଶ + (Ωr)ଶ(1 + aᇱ)ଶ   (4) 129 

A rotor with a hub that is moving in the fore-aft direction with velocity ẋ will experience a change in the 130 

relative fore-aft wind velocity between the rotor and the air, as shown in Eq. (5). 131 

dV୶ = V୵(1 − a) − ẋ (5) 132 

This change in the relative fore-aft wind velocity induces a change in the fore-aft aerodynamic force on 133 

the rotor dFx. The relationship between dFx and dVx is provided below, 134 

ୢ୊౮
ୢ୚౮

= ப୊౮
ப୚౮

+ ப୊౮
பம

ୢம
ୢ୚౮

 (6) 135 

where, 136 

ப୊౮
ப୚౮

= ρNୠ ∫V୶[C୐ cos(ϕ) + Cୈ sin(ϕ)]c(r)dr    (7) 137 

ப୊౮
பம

= ଵ
ଶ
ρNୠ ∫[V୰ୣ୪ଶ ቂபେైபம

cos(ϕ) + பେీ
பம

sin(ϕ)+Cୈ cos(ϕ) − C୐ sin(ϕ)ቃ c(r)]dr   (8) 138 

ୢம
ୢ୚ೣ

= ஐ௥(ଵା௔ᇲ)
௏ೝ೐೗
మ  (9) 139 

Note that, because the variables  and differ by a constant, the derivatives of CL and CD with respect to 
140 

 are equivalent to the derivatives of CL and CD with respect to . Eqs. (7)-(9) can be substituted into Eq. 
141 

(6) and rearranged as in Eq. (10) below, 
142 

𝑑𝐹௫ = 𝑁௕(𝐴 + 𝐵)𝑑𝑉௫  (10) 143 
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where A represents the portion of 𝑑𝐹௫ generated by the upstream wind Vw, see Eq. (11), and B represents 144 

the portion generated by , see Eq. (12).  145 

A = ρ∫V୵(1 − a)[C୐ cos(ϕ) + Cୈ sin(ϕ)]c(r)dr (11) 146 

B = ଵ
ଶ
ρ∫Ωr(1 + a′) ቂቀபେైப஑

+ Cୈቁ cos(ϕ) + ቀபେీ
ப஑

− C୐ቁ sin(ϕ)ቃ c(r)dr (12) 147 

Eqs. (5) and (10) can be substituted into Eq. (1) and, upon rearranging of terms, the equation of motion is 148 

expressed as,  149 

𝑚𝑥̈ + [𝑐ௌ் + 𝑁௕(𝐴 + 𝐵)]𝑥̇ + 𝑘𝑥 = 𝑁௕(𝐴 + 𝐵)𝑉௪(1 − 𝑎)  (13) 150 

The damping in this equation is composed of two components, the structural damping 𝑐ௌ் and the 151 

aerodynamic damping 𝑐஺஽ which is defined in the equation as, 152 

c୅ୈ = Nୠ(A + B) (14) 153 

The aerodynamic damping ratio in the fore-aft direction ξ୅ୈ,୶ is provided in Eq. (15) and is a linear 154 

combination of two terms, one representing the effects of Vw, Eq. (11), and the other representing the 155 

effects of Eq. (12). 156 

ξ୅ୈ,୶ =
ୡఽీ
ଶ√୩୫

= ୒ౘ(୅ା୆)
ଶ√୩୫

 (15) 157 

Aerodynamic Damping in the Side-to-Side Direction 158 

The HAWT shown schematically in Fig. 2 is similar to that in Fig. 1 but has a different perspective and 159 

shows that the rotor is subjected simultaneously to steady winds in both the fore-aft and side-to-side 160 

directions, represented by Vx and Vy, respectively. Wind turbines with active yaw systems are controlled 161 

to maintain the rotor plane perpendicular to the prevailing wind direction, thus, for most situations, the 162 

rotor can be expected to be perpendicular to the prevailing wind direction. Therefore, the derivation 163 

presented below is eventually simplified by assuming that the prevailing wind direction is perpendicular 164 

IN PRESS



to the rotor plane and that there is no wind in the side-to-side direction (i.e. Vy = 0). The impact of this 165 

assumption is assessed in the next section.  166 

The total side-to-side aerodynamic force acting at the hub is provided below, 167 

F୷ =
ଵ
ଶ
ρ∑ ∫V୰ୣ୪ଶ [C୐ sin(ϕ) − Cୈ cos(ϕ)]c(r)cos  (γ୧(t))dr

୒ౘ
୧ୀଵ  (16) 168 

where 𝛾௜(𝑡) is the azimuth angle of blade i and varies as a function of time t and  169 

V୰ୣ୪ଶ = [V୶ଶ + ൣΩr(1 + aᇱ) + V୷ cos൫γ୧(t)൯൧
ଶ]  (17) 170 

The incremental change in the side-to-side relative wind due to the dynamic response of the HAWT in 171 

this direction is provided in the equation below, 172 

dV୷ = V୷ − ẏ (18) 173 

Following the same procedure as outlined in the previous section, and assuming Vy = 0, the change in the 174 

side-to-side aerodynamic force on the rotor dFy is provided below, 175 

dF୷ = ∑ (Bᇱ − Aᇱ)[cos(γ୧(t))]ଶ
୒್
୧ୀଵ dV୷ (19) 176 

where 𝐴ᇱ represents the portion of 𝑑𝐹௬ generated by Vw and 𝐵ᇱ represents the portion generated by . 177 

Aᇱ = ଵ
ଶ
ρ ∫V୵(1 − a) ቂቀ∂CL∂α + Cୈቁ sin(ϕ) + ቀC୐ −

∂CD
∂α ቁ cos(ϕ)ቃ c(r)dr (20) 178 

Bᇱ = ρ∫Ωr(1 + a′)[C୐ sin(ϕ) − Cୈ cos(ϕ)]c(r)dr (21) 179 

It can be shown that a symmetric HAWT with three blades will have the following property for any value 180 

of t, 181 

∑ ൣcos൫γ୧(t)൯൧
ଶ = ୒ౘ

ଶ
୒ౘ
୧ୀଵ  (22) 182 
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Eqs. (18), (19) and (22) can be substituted into Eq. (2) and, upon rearranging terms, the equation of 183 

motion is expressed as, 184 

mÿ + ቀcୗ୘ + Nୠ
୆ᇲି୅ᇲ

ଶ
ቁ ẏ + ky = 0 (23) 185 

The aerodynamic damping ratio in the side-to-side direction ξ୅ୈ,୷ is provided in Eq. (24) and is a linear 186 

combination of two terms, one representing the effects of Vw and the other representing the effects of . 187 

ξ୅ୈ,୷ =
୒ౘ(୆ᇲି୅ᇲ)
ସ√୩୫

 (24) 188 

Given the aerodynamic damping in the fore-aft and side-to-side directions of a HAWT, the aerodynamic 189 

damping in any direction can be obtained using a transformation matrix. A similar procedure has been 190 

proposed by Peterson to obtain aerodynamic damping of a blade in any direction (Peterson et al 1998). 191 

Numerical Example – The 1.5-MW NREL Baseline HAWT 192 

In the previous sections, equations for estimating the aerodynamic damping of a HAWT in the fore-aft 193 

and side-to-side directions were presented. The current section is divided into two parts, both of which 194 

consider the 1.5-MW baseline turbine developed by NREL (Malcolm and Hansen 2002). In the first part, 195 

results from the derivation are compared to those from FAST for the baseline turbine. The comparison is 196 

made under parked and operational conditions and the FAST results include predictions of the 197 

aerodynamic damping both with and without the assumptions inherent to the closed-form solution. In the 198 

second part, the relative importance of terms within the closed-form solution is examined to assess 199 

assumptions inherent to previous derivations (Garrad 1990, Kuhn 2001) which have assumed high tip 200 

speed ratios and thus have ignored contributions to aerodynamic damping from the wind speed.  201 

The specifications of the 1.5-MW baseline turbine are provided in Table 1. Each blade of the baseline 202 

turbine is composed of three segments, each with a different airfoil designation: S818, S825 and S826 203 

(NWTC 2013). All three airfoils have nearly the same drag and lift characteristics which are shown in 204 
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Fig. 3 for the S818 airfoil. The considered 1.5-MW turbine is a variable speed, variable pitch machine and 205 

so the pitch and rotor speed are controlled to optimize power output for any wind speed. For this turbine, 206 

the rated wind speed is 11.5 m/s. At wind speeds above this speed, the blade pitch increases while the 207 

rotor speed is held constant at the maximum speed, 20 rpm, to maintain rated power output. Below the 208 

rated wind speed, rotor speed decreases while blade pitch is held constant to maximize power output. For 209 

steady state conditions, the dependence of rotor speed and blade pitch on wind speeds between cut-in and 210 

cut-out is roughly as shown in Fig. 4. All results presented for operational conditions are based on 211 

combinations of wind speed, rotor speed, and blade pitch as specified in Fig. 4, while all results presented 212 

for parked conditions are based on a stationary rotor with feathered blades.  213 

Verification of Aerodynamic Damping with FAST 214 

To evaluate the proposed closed-form solution, a model of the 1.5-MW baseline wind turbine is analyzed 215 

with FAST under operational and parked conditions with and without many of simplifying assumptions 216 

inherent to the closed-form solution. Estimates from the closed-form solution are compared with results 217 

predicted by FAST for aerodynamic damping in the fore-aft and side-to-side directions. The FAST results 218 

are predicted at 21 different steady wind speeds, evenly spaced between cut-in and cut-out. The method to 219 

calculate aerodynamic damping in FAST starts with a model of the 1.5-MW baseline turbine with no 220 

structural damping so that all damping of the displacement response may be attributed to aerodynamic 221 

effects. This model is first subjected to a steady wind and then subjected to an impulse acceleration at the 222 

base of the model. Following the impulse, the decay of the displacement time history at the hub is 223 

recorded in the fore-aft and side-to-side directions and the magnitude of aerodynamic damping in each 224 

direction is calculated by applying the logarithmic decrement method (Chopra 2011) to the first and 225 

fourth peaks of the displacement time history. Seven FAST analyses, with varying degrees of 226 

simplification, are conducted at each wind speed to thoroughly investigate the accuracy of the closed-227 

form solution. The features of each analysis are listed in Table 2. The first analysis is designed to most 228 

closely replicate realistic conditions, while the last analysis (#7) is designed to most closely replicate the 229 
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simplifying assumptions of the closed-form solution. The intermediate analyses are designed to 230 

investigate the impact of each simplifying assumption individually. It is important to emphasize that, 231 

although analysis #7 is intended to most closely resemble the assumptions of the closed-form solution, 232 

there still remain many differences between the formulation of FAST and the closed-form solution. For 233 

example, for the fore-aft and side-to-side directions, FAST considers two mode shapes which include the 234 

effects of distributed mass and stiffness, whereas the closed-form solution is based on an equivalent 235 

cantilever beam model with lumped mass at the hub. More importantly, the inflow model in FAST is 236 

based on the Generalized Dynamic Wake model (NWTC 2013) and considers many features not 237 

considered in the closed-form solution, which is based on Blade Element Momentum theory. For 238 

example, the inflow model in FAST considers the dynamic wake effect and losses at the hub and blade 239 

tips.  240 

In Fig. 5, aerodynamic damping is estimated in the fore-aft direction based on Eq. (15) and on FAST for 241 

the seven analyses specified in Table 2. The estimates are provided as a function of wind speed for both 242 

parked and operational conditions. Overall, Eq. (15) gives a reasonable but generally lower estimate of 243 

aerodynamic damping compared to all seven FAST analyses. The agreement between results is strongest 244 

for parked conditions and for wind speeds greater than the rated wind speed. For operational conditions, 245 

the mean value of predictions per Eq. (15) is 4.6% and the range is between 3.7% and 5.4%. As seen in 246 

Fig. 5, for the range of analyses considered, the most influential assumption is that of a rigid rotor which 247 

tends to lower the estimates compared to those with a flexible rotor (Analyses #1 and #2). On average, the 248 

aerodynamic damping predictions from Analysis #1, the most realistic of the considered simulations, are 249 

0.6% higher than those from Eq. (15) for operational conditions and nearly identical for parked 250 

conditions. Comparing the results from Eq. (15) with those from Analysis #7, which is designed to most 251 

closely replicate the simplifying assumptions of Eq. (15), shows that predictions based on Eq. (15) are, on 252 

average, 0.7% lower for operational wind speeds between cut-in and rated and 0.1% lower for operational 253 

wind speeds between rated and cut-out. For wind speeds between cut-in and rated, the FAST predictions 254 
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including pre-cone and wind shear are shown to have similar effects with predictions averaging 0.7% 255 

higher than Eq. (15).  256 

The assumption of a steady wind (i.e. no turbulence) is another important simplification of the closed-257 

form solution. To assess the impact of this simplification, Analysis #1 was repeated fifteen times with a 258 

turbulent wind history and a mean wind speed equal to the rated wind speed. The turbulent history is 259 

calculated based on the Normal Turbulence Model with a turbulence intensity of 0.15 (IEC 2005). For 260 

this particular case, the aerodynamic damping in the fore-aft direction was estimated as 5.7% for steady 261 

conditions and, for turbulent conditions, the mean and standard deviation of the fifteen simulations are 262 

6.0% and 2.1%, respectively. It is further noted that, in an average sense, the plots of the displacement 263 

response at the hub following the application of the impulse load for the steady and turbulent conditions 264 

are nearly identical, except that the response for the turbulent conditions contains some small-amplitude, 265 

high-frequency oscillations. 266 

Fig. 6 is similar to Fig. 5, except that results are compared with FAST for aerodynamic damping in the 267 

side-to-side direction. The results in Fig. 6 show that both Eq. (24) and the FAST analyses predict very 268 

small magnitudes of aerodynamic damping in the side-to-side direction. At such small magnitudes of 269 

aerodynamic damping, the effect of the differences between FAST and the closed-form solution are more 270 

pronounced. Nevertheless, for all conditions considered, the aerodynamic damping predicted by both 271 

FAST and Eq. (24) never exceeds 0.5%.  For operational conditions, the mean value of aerodynamic 272 

damping per Eq. (24) is 0.1% and the range is between ~0.0% and 0.3%.  273 

Relative Importance of Terms in the Closed-form Solution 274 

The derivation presented in this paper does not assume that wind speed is negligible compared to rotor tip 275 

speed, and the result is that the predicted aerodynamic damping depends on two components, the first, 276 

presented in Eq. (11) and labeled component A, depends on the wind speed, and the second, presented in 277 

Eq. (12) and labeled component B, depends on the rotor speed. Fig. 7 shows predictions of aerodynamic 278 
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damping in the fore-aft direction for the baseline turbine under parked and operational conditions. The 279 

figure shows that the component of the total aerodynamic damping that is attributed to the wind speed (A 280 

component) increases nearly linearly with increasing wind speed. At cut-in, 6.7% of the total damping is 281 

due to this term, while at cut-out, the proportion increases to 41%. The figure also includes a plot 282 

indicating the proportion of the rotor speed component of damping (B component) that is attributed to the 283 

derivative of the lift coefficient with respect to the angle of attack. This plot shows that the B component 284 

of damping is completely dominated by contributions from the lift coefficient derivative. The implication 285 

is that, for the considered turbine, predictions of aerodynamic damping will remain virtually unchanged if 286 

Eq. (12) is simplified to, 287 

 B = ଵ
ଶ
ρ∫Ωr(1 + a′) பେై

ப஑
cos(ϕ)c(r)dr (25) 288 

Influence of Aerodynamic Damping on the Seismic Response of a HAWT 289 

The impact of aerodynamic damping on the seismic response of a HAWT is demonstrated using a 290 

dynamic model of the 1.5-MW baseline turbine. The model is an Euler-Bernoulli cantilever discretized by 291 

11 nodes into 10 beam elements. Equivalent mass is concentrated at each node to represent the mass of 292 

the tower, nacelle and rotor. The total damping in the model is the sum of structural damping, assumed to 293 

be 1% of critical, and aerodynamic damping. The model is analyzed under 7 ground motion recordings 294 

selected from the Pacific Earthquake Engineering Research Center ground motion database using 295 

recommendations from FEMA 440 (2005) for soil type C. Details for these records are listed in Table 3. 296 

For the analyses considered here, each ground motion is scaled to match the design spectral acceleration 297 

following ASCE 7-10 for a site representative of a U.S. location with high seismic activity, specifically a 298 

spectral acceleration of 0.7g at a one second period for the maximum considered earthquake. For the 299 

baseline HAWT, which has a fundamental period of vibration of 2.5 s, the design spectral acceleration for 300 

this location, assuming 5% total damping, is 0.26 g. Each ground motion is applied as an acceleration 301 

boundary condition at the base of the structural model and a linear dynamic time history analysis is 302 
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conducted to characterize the seismic response of the structure. The dynamic analyses also include the 303 

effects of aerodynamic thrust acting on the rotor in the fore-aft direction. The thrust is calculated in FAST 304 

as a function of wind speed for a steady uniform wind under realistic operational conditions. The 305 

magnitude of aerodynamic damping for each analysis is calculated as a function of wind speed based on 306 

one of three methods: FAST, the closed-form solution, or a constant value. The aerodynamic damping 307 

calculated by FAST is based on the conditions of Analysis #1 (see Table 2), but without wind shear. 308 

The results of these analyses are provided in Fig. 8, which, for all seven ground motions, shows the 309 

median spectral drift (i.e. the median lateral displacement at the hub divided by the hub height) as a 310 

function of wind speed for parked and operational conditions. Results are organized as being in either the 311 

fore-aft direction, in which case aerodynamic thrust adds to the drift caused by ground shaking, or in the 312 

side-to-side direction, in which case there is no aerodynamic thrust. The component of the drift caused by 313 

the seismic loading is reduced by a factor of 1.5 to reflect recommendations by ASCE (2011) that wind 314 

turbine towers should be designed with a seismic modification factor of R = 1.5. In this way, the results 315 

are intended to be similar to design conditions, which as specified by IEC (2005) and ASCE (2011), 316 

should consider simultaneous operational and earthquake loads. It is important to note that, although not 317 

considered here, an IEC compliant design would be required to consider additional loads such as gravity 318 

loads, turbulence, or loads due to operational conditions such as an emergency stop of the rotor.  319 

Overall, there is strong agreement between FAST and the closed-form solution. Moreover, for parked 320 

conditions in both directions and operational conditions in the side-to-side direction, both models agree 321 

strongly with results based on total damping equal to 1% and, for operational conditions in the fore-aft 322 

direction, both models agree strongly with results based on total damping equal to 5%. Note that for 323 

operational conditions in the fore-aft direction, results based on total damping equal to 1% are ~20% 324 

larger than those based on FAST and those based on the closed-form solution. Thus, for the considered 325 

1.5-MW turbine, reasonable approximations are that there is 1% total damping in the side-to-side 326 

directions for all conditions, 1% total damping in the fore-aft direction for parked conditions, and 5% total 327 
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damping in the fore-aft direction for operational conditions. These approximations are aligned with the 328 

recommendations by ASCE (2011) which state that total damping should be set to 1% during parked 329 

conditions   and   5%   during   operational   conditions.   It’s   important   to   note though that ASCE does not 330 

distinguish its recommendation for operational conditions based on direction. 331 

For all three methods presented in Fig. 8, the largest median drifts occur in the fore-aft direction at the 332 

cut-out wind speed and have magnitudes slightly larger 0.8%. In the side-to-side direction, the median 333 

drift is ~0.5% regardless of the wind speed. As a frame of reference, for the 1.5-MW tower, a drift of 334 

0.8% corresponds to a base moment equal to the yield moment, assuming the tower deforms in the shape 335 

of its first mode. When interpreting these results, it is important to remember that the intensity of the 336 

ground shaking was selected based on a design spectrum with 5% total damping. While this selection is 337 

reasonable for operational conditions in the fore-aft direction, it is not for operational conditions in the 338 

side-to-side direction which, more reasonably, should have been based a design spectrum with 1% total 339 

damping. This detail is important because, in some cases, it may cause the controlling design condition to 340 

shift from the fore-aft to the side-to-side direction, since a spectral acceleration at 1% damping is 1.4 341 

times greater than that at 5% damping (ASCE 2011). A lower seismic modification factor, for example R 342 

= 1, could cause a similar shift. However, for the considered turbine and tower, an earthquake, scaled to a 343 

spectral acceleration representative of design conditions for a high-risk seismic location and applied 344 

simultaneously with the thrust at cut-out, is predicted to cause a base moment that exceeds the yield 345 

moment, given the modeling methods described previously.  346 

Although results presented here for the 1.5-MW turbine are aligned with the recommendations of ASCE 347 

(2011), the magnitude of aerodynamic damping will change for different turbine types and sizes. For 348 

example, Prowell (2011) studied a 65-kW turbine under operational conditions at lower wind speeds (near 349 

cut-in) and experimentally measured aerodynamic damping in the fore-aft direction to be 1.0% of critical. 350 

Similarly, an analysis in FAST of the 5-MW baseline turbine developed by NREL, subjected to a steady 351 
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wind equal to the rated wind speed, predicts that aerodynamic damping in the fore-aft direction is 6.7% of 352 

critical, while the equivalent value for the 1.5-MW turbine is 6.1%.  353 

Conclusions 354 

The aerodynamic damping of an operational HAWT responding dynamically in the fore-aft and side-to-355 

side directions is derived in closed-form based on Blade Element Momentum theory. The estimated 356 

results from the derivation are compared with those from FAST for the 1.5-MW baseline HAWT under 357 

parked and operational conditions and the comparison shows reasonable agreement. Under operational 358 

conditions and for the same turbine, the derivative of the lift coefficient of the blades with respect to the 359 

angle of the attack is shown to contribute most to aerodynamic damping, however, the contribution 360 

lessens as wind speeds approach the cut-out wind speed.  361 

The aerodynamic damping in the fore-aft direction for the 1.5-MW turbine is estimated by the closed-362 

form solution to be between 0.0% and 0.6% for parked conditions and between 3.7% and 5.4% under 363 

operational conditions. For the side-to-side direction, the estimates are ~0.0% for parked conditions and 364 

between ~0.0% and 0.3% for operational conditions. An analysis of the impact of some of the simplifying 365 

assumptions inherent to the derivation shows that the most influential assumption is that of a rigid rotor 366 

and that this assumption can reduce predictions of aerodynamic damping for operational conditions in the 367 

fore-aft direction by an average of ~1.0%. 368 

The results from a linear dynamic model of the baseline HAWT subjected to seven ground motions and 369 

simultaneous aerodynamic thrust showed that the largest drift demands occurred in the fore-aft direction 370 

at the cut-out wind speed. For the considered turbine, a constant value of 5% total damping provides a 371 

reasonable estimate of the seismic response for operational conditions in the fore-aft direction while a 372 

constant value of 1% total damping provides a reasonable estimate of the seismic response for parked 373 

conditions in all directions and for operational conditions in the side-to-side direction. These estimates 374 

align well with recent recommendations from ASCE (2011), with the exception being that ASCE did not 375 
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distinguish between recommended values for total damping based on direction. Future work is needed to 376 

analyze these conclusions for other turbines with varying rotor sizes and dynamic characteristics. 377 
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Notation 381 

a = Axial induction factor 382 

a’ = Tangential induction factor 383 

CD = Drag coefficient 384 

CL = Lift coefficient 385 

c = Blade chord length  386 

cୗ୘  = Structural damping coefficient  387 

c୅ୈ  = Aerodynamic damping coefficient 388 

k = Lateral stiffness at the hub for equivalent single degree of freedom wind tower  389 

Fx  = Aerodynamic force at the hub in the fore-aft direction 390 

Fy = Aerodynamic force at the hub in the side-to-side direction 391 

m = Effective mass at the hub for equivalent single degree of freedom wind tower 392 

Nb = Number of blades 393 

r = Radial distance along the blade measured with respect to the blade root 394 

TSR = Tip speed ratio, velocity of the blade tip with respect to Vw  395 

Vrel = Velocity of the wind relative to the blade 396 

Vw = Upstream wind velocity in the fore-aft direction  397 

Vx = Wind velocity at the rotor in the fore-aft direction  398 

Vy = Wind velocity at the rotor in the side-to-side direction  399 
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  Angle of attack, the angle between Vrel and the blade chord 400 

  Blade pitch, the angle between the blade chord and the rotor plane 401 

i  = The azimuth angle of the ith blade 402 

AD,x  Aerodynamic damping ratio in the fore-aft direction  403 

AD,y  Aerodynamic damping ratio in the side-to-side direction404 

 = Air density 405 

 = The angle between Vrel and the rotor plane 406 

 =   Rotational speed of the rotor 407 
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Table 1. Specifications of the 1.5-MW baseline HAWT. 

 

 

 

 

Power output 1.5 MW 
Hub Height 84 m 
Rotor Diameter 70 m 
Number of Blades 3 
Max Rotational Speed 20 rpm 
Cut in wind speed 5 m/s 
Cut out wind speed 25 m/s 
Nacelle Mass 51 Ton 
Hub Mass 15 Ton 
Tower Mass 123 Ton 
Rotor Mass 12 Ton 
Active Pitch Control Yes 
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Table 2. Features for each of the seven analyses conducted in FAST for comparison with predictions 
from the closed-form solution for the 1.5-MW baseline HAWT. 

Analysis 
Number 

Wind 
Sheara Rotor Yaw 

Error 
Shaft 
Tiltb 

Pre-
coneb 

1  = 1/7 Flexible 0° -5° -5° 

2 None Flexible 0° 0° 0° 

3  = 1/7 Rigid 0° 0° 0° 

4 None Rigid 5° 0° 0° 

5 None Rigid 0° -5° 0° 

6 None Rigid 0° 0° -5° 

7 None Rigid 0° 0° 0° 
aWind shear based on power law. The exponent  = 1/7 for open terrain (Simiu 2011). 
bSee FAST manual (NWTC 2013) for definition. Negative 5° is the prescribed value for the 1.5-MW 
baseline turbine. 
 

 

7DEOH
&OLFN�KHUH�WR�GRZQORDG�7DEOH��7DEOH��GRF[�

IN PRESS

http://www.editorialmanager.com/jrnsteng/download.aspx?id=221376&guid=c390b120-ddda-413c-8ed5-2329144a199e&scheme=1


 

 

 

 

 

 

 

Table 3. Characteristics of the seven ground motions considered in the seismic analysis. 

Earthquake Record ID Magnitude PGA (g) Sa (g) T = 2.5 s 
𝜉 = 5%    

Landers LSDSP000 7.5 0.17 0.04 
Loma Prieta LPSTG000 7.1 0.51 0.15 
Loma Prieta LPGIL067 7.1 0.36 0.06 
Loma Prieta LPLOB000 7.1 0.44 0.03 
Loma Prieta LPAND270 7.1 0.24 0.04 
Morgan Hill MHG06090 6.1 0.29 0.51 
Northridge NRORR360 6.8 0.51 0.18 
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Fig. 1. Schematic representation indicating coordinate axes and variables for (a) a HAWT in elevation 
view, (b) a HAWT rotor in elevation view and (c) blade cross-section a-a. 

Fig. 2. Schematic representation indicating coordinate axes and variables for the derivation of 
aerodynamic damping in the side-to-side direction for (a) a HAWT in plan view, (b) a HAWT rotor in 
elevation view and (c) blade cross-section a-a. 

Fig. 3. Characteristics of the blade cross-section for the 1.5-MW baseline HAWT. 

Fig. 4. Values of rotor speed , blade pitch and tip speed ratio (TSR) versus wind speed for operational 
conditions between cut-in (5 m/s) and cut-out (25 m/s) for the 1.5-MW baseline turbine. 

Fig. 5. Aerodynamic damping in the fore-aft direction during parked and operational conditions for the 
1.5-MW baseline HAWT. 

Fig. 6. Aerodynamic damping in the side-to-side direction during parked and operational conditions for 
the 1.5-MW baseline HAWT. 

Fig. 7. Total aerodynamic damping and three of its components in the fore-aft direction during parked and 
operational conditions for the 1.5-MW baseline HAWT.

Fig. 8. Median spectral drift during parked and operational conditions for a dynamic model of the 1.5-
MW baseline HAWT model subjected simultaneously to seismic loading and aerodynamic thrust on the 
rotor in the fore-aft direction. Results provided in the fore-aft and side-to-side directions for total damping 
calculated based on (1) the closed-form solution (2) FAST and (3) a constant value. 
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