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Abstract.    This study presents a dynamic response analysis of operational and parked wind turbines in 
order to gain better understanding of the roles of wind loads on turbine blades and tower in the generation of 
turbine response. The results show that the wind load on the tower has a negligible effect on the blade 
responses of both operational and parked turbines. Its effect on the tower response is also negligible for 
operational turbine, but is significant for parked turbine. The tower extreme responses due to the wind loads 
on blades and tower of parked turbine can be estimated separately and then combined for the estimation of 
total tower extreme response. In current wind turbine design practice, the tower extreme response due to the 
wind loads on blades is often represented as a static response under an equivalent static load in terms of a 
concentrated force and a moment at the tower top. This study presents an improved equivalent static load 
model with additional distributed inertial force on tower, and introduces the square-root-of-sum-square 
combination rule, which is shown to provide a better prediction of tower extreme response. 
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1. Introduction 
 

With increases in size and flexibility of utility-scale wind turbines, especially for offshore 
applications, a better understanding of dynamic interaction between turbine components is 
increasingly important for the assessment of turbine performance to ensure structural safety and 
serviceability. In current turbine design practice, aeroelastic analysis tools such FAST (Fatigue, 
Aerodynamics, Structures, and Turbulence) code (Jonkman and Buhl 2005, Moriarty 2008) are 
often used to quantify turbine dynamic response for given wind inflows, in which a nonlinear 
aerodynamic force model is used to define the aerodynamic forces on blades (Moriarty and 
Hansen 2005), and the structural dynamic coupling of wind turbine tower and blades is adequately 
modeled. The wind load on tower is often neglected when assessing blade response. In current 
practice, the tower extreme response due to aerodynamic loads on blades is often represented as a 
static response under equivalent static loads (ESLs) in terms of a concentrated force and a moment 
at the tower top. The tower responses caused by the concentrated force and moment are assumed 
to be fully correlated thus can be added together (DNV and Risø 2002). It is then combined with 
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the tower response due to the wind load on tower only for the estimation of total tower response. 

This equivalent static load approach also facilitates combinations with other responses (loads) 

important for the tower design (Holmes 2002, Chen and Kareem 2004, Huang and Chen 2007, 

Katsumura et al. 2007, Li et al. 2009, Zhou et al. 2011, Blaise and Denoel 2013). The along-wind 

response of an operational wind turbine tower with blade coupling was also addressed in Murtagh 

et al. (2005), where a simplified quasi-steady drag force model was used to define the 

aerodynamic forces on the rotating blades.  The time histories of the drag forces were directly 

calculated from the time histories of along-wind turbulence, which were generated using the 

rotationally sampled spectra. As illustrated in Murtagh et al. (2005) among others, exclusion of 

blade/tower interaction can considerably underestimate the response at the tower top, especially, 

when the frequencies of blades and tower are close to each other.   

This study addresses the roles of wind loads on blades and tower in the generation of dynamic 

responses of turbine system under both operational and parked conditions. The wind turbine used 

in this analysis is the National Renewable Energy Laboratory (NREL) onshore 5-MW baseline 

wind turbine (Jonkman et al. 2009), which is modeled as a multi-degree-of-freedom (MDOF) 

system in FAST code (recompiled to consider wind load on tower). The stationary Gaussian wind 

turbulence fields were generated based on spectral representation method (Shinozuka and Deodatis 

1996, Chen and Kareem 2005). Three different dynamic response analyses were carried out in 

terms of different consideration of the wind loads: Case 1: Wind loads on both the tower and 

blades; Case 2: Wind loads on the blades only; and Case 3: Wind load on the tower only. The 

turbine responses of those three cases are compared. The mean extreme response of the tower was 

estimated by the combination of extreme responses derived from Cases 2 and 3, and compared 

with that from Case 1. The adequacy of current assumption of full correlation between tower 

responses caused by the concentrated force and moment at the tower top (DNV and Risø 2002) is 

examined. Furthermore, an improved ESL modeling in terms of concentrated force and moment 

and distributed modal inertial load is established for a better prediction of the tower extreme 

response caused by the wind loads on blades. The results of this study also help in better 

understanding the unique dynamic response characteristics of wind turbines which are different 

from those of other wind-excited structures such as tall buildings. 

 

 
2. Characteristics of wind turbine and wind inflow 
 

The NREL onshore 5-MW baseline wind turbine is an upwind 3-blade wind turbine with a 

rotor diameter of 126 m, a hub height of 90 m and tower height of 87.6 m. It uses variable-speed 

and collective pitch-control configuration with rated wind speed of 11.4 m/s and rated rotor speed 

of 12.1 rpm. The turbine operating wind speed range is between cut-in of 3 m/s and cut-out of 25 

m/s.  The yaw angle is set to zero degree during normal operational and parked conditions.   

The pitch angle at normal parked condition is 90 degrees. The wind turbine was modeled by a 

combined modal and multi-body dynamics formulation, with 16 degrees of freedom (DOFs), 

including three DOFs of each blade: 1st and 2nd flapwise modes, and 1st edgewise mode; four DOFs 

of tower: 1st and 2nd tower fore-aft (FA) modes, 1st and 2nd tower side-to-side (SS) modes; one 

DOF of nacelle yaw motion; one DOF of generator azimuth angle; one DOF of drive train 

rotational-flexibility. The tower is assumed to be rigidly fixed to the ground. The blade flap-wise 

and edge-wise directions are referred to the directions normal to and along with the chord line of 

airfoil as shown in Fig. 1. For the operational turbine, the pitch angle varies with wind speed from 
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zero to 23.47 degrees due to a pitch control scheme. With zero pitch angle, the flap-wise and 

edge-wise directions correspond to out of and in the rotor plane, respectively. Therefore, the 

flap-wise root bending moment and tower FA bending moment are also referred to as out-of-plane 

responses, while the edge-wise root bending moment and tower SS bending moment are in-plane 

responses. On the contrary, for a parked turbine with a pitch angle of 90 degrees, the flap-wise and 

edge-wise directions correspond to in and out of the rotor plane, respectively. 

A random wind turbulence field with u-, v- and w-components was simulated at a 31-by-31 grid 

points, with both height and width of 145 m and a single column grid points along the tower as 

shown in Fig. 2. The hub is located at the center of grid. The grid area is sufficient to cover the 

rotor when considering the possibility of yaw and tilt. The wind conditions for operational and 

parked turbines are chosen according to the IEC standard (IEC 61400-1:2005) as wind turbine 

design load condition (DLC) 1.1 with normal turbulence model (NTM), and DLC 6.1 with 

extreme wind speed model (EWM), respectively. The Kaimal spectrum of turbulence is used for 

wind turbine class I with a category A. The u-, v- and w-components of turbulence are assumed to 

be independent. The coherence function for u-component is described by the exponential 

coherence model, while those of v- and w-components are not considered (Jonkman 2009). The 

standard derivation (STD) of u-component is 𝜎𝑢 = 0.16(0.75𝑈hub + 5.6) for operational turbine, 

and 𝜎𝑢 = 0.11𝑈hub for parked turbine, where 𝑈hub is the mean wind speed at hub height. The 

STDs of v- and w-components are 𝜎𝑣 = 0.8𝜎𝑢 and 𝜎𝑤 = 0.5𝜎𝑢. The STDs of wind turbulence 

components are assumed to be invariant in whole wind field. The integral length scales of u-, v- 

and w-components of turbulence are 340.2 m, 113.4 m and 27.7 m. The mean wind speed profile is 

given by a power law with exponents of 0.2 and 0.11 for operational and parked turbines, 

respectively. 

 

 

Fig. 1 Terminology of airfoil 

 

 

Fig. 2 Grid points for simulating random wind turbulence field 
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(a) Operation, Uhub = 13 m/s (b) Parked (standstill), Uhub = 50 m/s 

Fig. 3 Time history samples of tower base FA bending moment from Cases 1, 2 and 3 (from top to bottom; 

unit of moment: kNm) 

 
 
 
3. Analysis of dynamic wind turbine response  

 

3.1 Roles of the wind loads on turbine blades and tower 

 
Three different dynamic response analyses were carried out with three different considerations 

of wind loads: Case 1: Wind loads on both the tower and blades; Case 2: Wind loads on the blades 

only; and Case 3: Wind load on the tower only. The influence of gravity to the turbine response at 

standstill was removed from Case 3. At each wind speed, 100 wind turbulence samples were 

simulated by spectral representation method. The duration of wind speed sample was 630 s with 

time step of 0.05 s. The 100 corresponding turbine response time histories were calculated by 

FAST code with time step of 0.0125 s and the first 30 s of response time history was removed to 

eliminate startup transient. Fig. 3 shows the time history samples of tower base FA bending 

moment (TwBsMy) from Cases 1, 2 and 3 with mean wind speeds of 13 and 50 m/s at operational 

and parked conditions, respectively. It is observed that the wind load on tower only generates very 

small response compared to that from Cases 1 and 2 during operation, but it has significant 

influence on the tower response of parked turbine. 

Fig. 4 shows the comparison of power spectral density (PSD) functions of blade root 

out-of-plane bending moment (RootMy) and tower base FA bending moment (TwBsMy) from 

Cases 1 and 2, which were estimated by an ensemble average of 100 samples. It is seen that, at 

operational condition, the blade root out-of-plane bending moment is dominated by rotor 

revolution frequency (1P = 0.2Hz) and its harmonics, which are due to “rotational sampled 

spectrum” of wind turbulence seen by the rotating blades, which is significantly different from the 

fixed point wind spectrum. Due to a large aerodynamic damping in flap-wise modes, the 

corresponding modal frequencies are not very noticeable. The tower response is dominated by the 

fundamental modal frequency. The 3P frequency is also observed in the tower base FA and SS 

bending moments. The response PSDs from Cases 1 and 2 are almost identical as shown in Fig. 
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4(a). At normal parked condition, both the blade and tower responses show the dominant 

frequencies of 1st tower FA and 1st edge-wise modal vibrations, indicating a coupling between the 

vibrations of tower and blades. The PSDs of the blade root out-of-plane bending moment from 

Cases 1 and 2 are almost identical as shown in Fig. 4(b). The PSD of the tower base FA bending 

moment from Case 2 is smaller than that from Case 1 at low frequency, especially at the 1st tower 

FA modal frequency, where the PSD from Case 1 is about three times larger than that from Case 2. 

The rotor revolution frequency and its harmonics observed in the PSD of blade root 

out-of-plane bending moment of operational turbine are caused by both inertial force of the 

rotating blades and wind turbulence. To examine the influence of wind turbulence, analysis of 

operational turbine at vacuum (no aerodynamic force but with inertial force on the rotating blades) 

is also carried out. 

 

 

  
(a) Operation, Uhub = 13 m/s (b) Park (standstill), Uhub = 50 m/s 

Fig. 4 PSDs of the blade out-of-plane bending moment (RootMy) and tower based FA bending moment 

(TwBsMy) at operational and parked conditions 

 

 

  
(a) Out-of-plane bending moment (b) In-plane bending moment 

Fig. 5 Influence of inertial force of rotating blades and turbulence on blade root bending moments 
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Table 1 Ratios of the mean extreme responses from Cases 2 and 3 to Case 1 (%) 

 

                      Operational condition                              Parked condition 

Uhub RootMx RootMy TwBsMx TwBsMy Uhub RootMx RootMy TwBsMx TwBsMy 

Case 2 

7 m/s 100.0 100.0 100.0 99.5 25 m/s 100.0 98.6 100.0 44.0 

13 m/s 100.0 100.0 100.0 99.0 40 m/s 100.0 96.8 100.0 49.0 

25 m/s 100.0 100.0 100.0 95.8 50 m/s 100.0 96.2 100.0 48.6 

Case 3 

7 m/s 0.0 0.0 0.0 2.8 25 m/s 0.0 12.9 0.0 68.7 

13 m/s 0.0 0.3 0.0 3.2 40 m/s 0.0 19.6 0.0 66.1 

25 m/s 0.0 1.1 0.0 13.4 50 m/s 0.0 23.8 0.0 66.1 

 

 

This case study is different from the condition of no wind, in which the aerodynamic force on the 

rotating blades is not completely diminished. As shown in Fig. 5, the blade root out-of-plane 

bending moment and the tower FA bending moment are primarily caused by rotationally sampled 

turbulence, while the blade root in-plane bending moment and the tower SS bending moment are 

caused by the inertial force of rotating blades. 

Table 1 shows the ratios of mean extreme responses (including time-invariant mean component) 

estimated from Cases 2 and 3 to Case 1 at operational and parked conditions through an ensemble 

average of 100 simulated samples. It is observed that the blade responses calculated from Case 2 

are almost identical to those from Case 1, which confirmed that the wind load on the tower has a 

negligible effect on the blade responses at both operational and parked conditions. The difference 

is up to 4% as seen in the blade root out-of-plane bending moment with mean wind speed of 50 

m/s at parked condition. It is also noted that the wind load on the tower has a negligible influence, 

as compared to the loads transferred from blades, on the tower base bending moments at 

operational condition. However, its influence is significant on the tower base FA response at 

normal parked condition. In the normal parked condition, the wind load on the tower contributes 

more response to total tower base FA response than that from the wind load on blades. 

 

3.2 Characteristics of tower response  
 
Fig. 6 shows the mean (static) and mean peak dynamic (excluding the static response) 

components of the tower FA bending moment and shear force at different tower elevations 

calculated from Cases 1, 2 and 3 at operational condition, which are estimated by an ensemble 

average of 100 samples. It is observed that the tower FA responses at operational condition are 

primarily caused by the wind loads acting on blades. Fig. 7 displays the peak and gust response 

factors. The peak and gust response factors of the tower base FA bending moment are 3.07 and 

1.72, respectively. They are 2.98 and 1.86 for the tower base FA shear force. The peak and gust 

response factors are almost same over the tower elevation except at the tower top. Due to the small 

mean FA bending moment at the tower top, the gust factor is large at the tower top, which is 5.21.   

It is also noted that the mean tower response is larger than the mean peak dynamic response 

(excluding the mean component) along the tower elevation, except at the tower top. 
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(a) Mean moment (kNm) (b) Peak moment (kNm) 

  
(c) Mean shear force (kN) (d) Peak shear force (kN) 

Fig. 6 Mean and peak tower FA bending moments and shear forces at operational condition (Uhub = 13 

m/s) 

 

 

The results for parked turbine are shown in Figs. 8 and 9. The wind load on the tower has a 

significant influence on the tower FA response. The tower FA responses calculated from Cases 2 

and 3 can be combined using a combination rule for the estimation of response predicted from 

Case 1. The mean tower responses can be linearly added together, which is identical to that of Case 

1, as shown in Figs. 8(a) and 8(c). For the tower mean peak dynamic responses, two combination 

rules are compared: 1) linear summation based on the assumption that dynamic responses from 

Cases 2 and 3 are fully correlated (DNV and Risø 2002); 2) SRSS rule based on the assumption 

that they are statistically independent. As shown in Figs. 8(b) and 8(d), the linear summation 

generally overestimates the tower FA peak dynamic bending moment as compared to that from 

Case 1 with differences of 25.9% and 26.5% at the tower base and top, respectively. The 

differences are 26.8% and 31.2% in the tower FA peak dynamic shear force at the base and top. 

The SRSS rule gives satisfactory predictions. The tower FA peak dynamic bending moment at the 

tower base and top are only overestimated by 3.5% and 0.5%. The errors are 4.0% and 1.0% for 

the tower FA peak dynamic shear force at the base and top. For the parked turbine, the tower base 

FA bending moment excited by wind load on the tower is larger than that excited by the wind load 

on blades. It is also noted that the mean tower response is smaller than the mean peak dynamic 

response along the tower elevation. 
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(a) Tower FA bending moment (b) Tower FA shear force 

Fig. 7 Peak and gust response factors of the tower FA bending moment and shear force at operational 

condition (Uhub = 13 m/s) 

 

  
(a) Mean moment (kNm) (b) Peak moment (kNm) 

  
(c) Mean shear force (kN) (d) Peak shear force (kN) 

Fig. 8 Mean and peak tower FA bending moments and shear forces from Cases 1, 2 and 3 at parked 

condition (Uhub = 50 m/s) 
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(a) Tower FA bending moment (b) Tower FA shear force 

Fig. 9 Peak and gust response factors of the tower FA bending moment and shear force at parked 

condition (Uhub = 50 m/s) 

 

 

As shown in Fig. 9, the gust and peak response factors are 2.37 and 3.25 for the tower base FA 

bending moment, respectively, and 2.07 and 3.48 for the tower base FA shear force. The peak 

factor over the tower elevation is almost identical, while the gust response factor increases with the 

tower elevation. Due to the small mean FA bending moment at the tower top, the gust response 

factor of 16.2 is large at the tower top.  

 

3.3 Modeling of ESLs on tower  

 
In current wind turbine tower design practice, the dynamic loads transferred from rotor to tower 

are often represented in terms of ESLs. With this modeling, the mean peak dynamic tower 

response due to the wind loads on blades, i.e., the response in Case 2, can be calculated using a 

static analysis procedure. This response is then combined with the tower extreme response under 

wind load on tower only, i.e., the response in Case 3, for the estimation of total tower extreme 

response.  

From the variation of gust response factor, it is seen that the gust response factor approach for 

defining ESL in terms of mean load multiplied by the gust response factor is less accurate. A more 

adequate ESL modeling can be defined by a concentrated force and a bending moment on the 

tower top, and distributed fundamental modal inertial force along the tower elevation (e.g., Chen 

and Kareem 2004, Huang and Chen 2007). The simulation results of Case 2 show that the 

correlation coefficient of the tower top bending moment and shear force is quite small. It is 0.07 

for the tower top FA bending moment and shear force at operational condition with mean wind 

speed of 13 m/s. The correlation coefficient is 0.13 for the tower top SS bending moment and 

shear force. For parked turbine with mean wind speed of 50 m/s, the correlation coefficient is 0.27 

for the tower top FA bending moment and shear force, and 0.17 for the tower top SS bending 

moment and shear force.  

Three ESL models were established and are compared based on the estimated mean peak 
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dynamic response of Case 2:  

1) ESL 1: Concentrated shear force, FT, and bending moment MT, i.e., the mean peak dynamic 

responses at tower top, as shown in Fig. 10(a). The tower responses, 𝑅𝐹𝑇
 and 𝑅𝑀𝑇

, generated 

from FT and MT are combined by the SRSS rule for the total tower response, i.e., √𝑅𝐹𝑇

2 + 𝑅𝑀𝑇

2 ;  

2) ESL 2: Concentrated shear force, FT, and bending moment MT, defined in ESL 1, with an 

additional distributed fundamental modal inertial force along the tower elevation, �̅�𝑎(𝑧) =
(2𝜋𝑓1)2𝑚(𝑧)𝜙1(𝑧)𝑋1max, where 𝑓1 is the fundamental frequency of the tower; 𝑚(𝑧) is the 

mass per unit height of the tower;  𝜙1(𝑧) is the first tower mode shape and 𝜙1(𝑧) = 1 at the 

tower top; and 𝑋1max is the mean peak dynamic displacement at the tower top, as shown in Fig. 

10(b).  The tower responses, 𝑅𝐹𝑇
, 𝑅𝑀𝑇

 and 𝑅�̅�𝑎
, generated from FT, MT and �̅�𝑎 are combined 

using the SRSS rule for the total tower response, i.e., √𝑅𝐹𝑇

2 + 𝑅𝑀𝑇

2 + 𝑅�̅�𝑎

2 .  It is noted that the 

response 𝑋1max includes the contributions of the first and second modes of tower vibration in the 

respective direction. As the tower response generated from �̅�𝑎 is secondary as compared to those 

from FT and MT, an approximate modeling of the inertial load on the tower following the 

fundamental (first) mode shape is considered to be adequate;  

3) ESL 3: Concentrated shear force, FT, is divided into a shear force, 𝐹𝑇
′

, and an inertial force 

of structure components above the tower, 𝐹𝑎𝑇 = (2𝜋𝑓1)2(𝑀𝑏 + 𝑀𝑁)𝑋1max, where 𝑀𝑏 and 𝑀𝑁 

are the masses of blades and nacelle, by the SRSS rule, 𝐹𝑇 = √𝐹𝑇
′2 + 𝐹𝑎𝑇

2 , and others are same as 

ESL 2, as shown in Fig. 10(c). The tower responses, 𝑅𝐹𝑇
′  , 𝑅𝑀𝑇

, 𝑅𝐹𝑎T  and 𝑅�̅�𝑎
, generated from 

𝐹𝑇
′  , MT , FaT and �̅�𝑎 are combined as √𝑅

𝐹𝑇
′

2 + 𝑅𝑀𝑇

2 + (𝑅𝐹𝑎T + 𝑅�̅�𝑎
)

2
 .  It is noted that the total 

tower response from ESL 3 has an additional term, 2𝑅𝐹𝑎T 𝑅�̅�𝑎
, as compared with that from ESL 2. 

 

 

   
(a) ESL 1 (b) ESL 2 (c) ESL 3 

Fig. 10 Models of ESLs to represent the tower dynamic responses at Case 2 

 

618



 

 

 

 

 

 

Improved modeling of equivalent static loads on wind turbine towers 

 

 
(a) FA dynamic response 

 

(b) SS dynamic response 

Fig. 11 Comparison of the tower peak dynamic responses between ESLs and Case 2 at operational 

condition (Uhub = 13 m/s) 

 

 

Table 2 shows the loads on the tower top at operational (𝑈ℎ𝑢𝑏 =13 m/s) and parked conditions 

(𝑈ℎ𝑢𝑏 =50 m/s). The peak dynamic tower responses calculated from these ESLs are compared to 

those from the simulations in Case 2. Figs. 9 and 10 show the ratio of the tower peak dynamic 

responses by ESLs to that through the simulations in Case 2. Table 3 shows the response ratios at 

the tower base. As expected, these three ESLs can well represent the tower top peak dynamic 

response. The estimations of ESLs 1 and 2 are almost same and are lower. The response caused by 

the fundamental modal inertial force �̅�𝑎(𝑧) is small when the SRSS rule is used to combine it 

with the responses from the top shear force and moment, FT and MT . ESL 3 leads to an improved 

estimation of the tower response. The difference between ESLs 2 and 3 is that the correlation 

between the responses caused by �̅�𝑎(𝑧) and by FT is included via a linear summation of the 

responses from �̅�𝑎(𝑧) and 𝐹𝑎𝑇. Therefore, the estimations of bending moment and shear force are 

increased as compared to ESL 2. Without the consideration of �̅�𝑎(𝑧), ESLs 2 and 3 will give same 

predictions. Similar results are observed in the tower SS responses as shown in Figs. 11(b) and 

12(b) for operational and parked conditions, respectively. It is also noted that the largest 
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underestimation of the tower FA bending moment from ESL 3 is about 9%, which is observed at 

the higher tower level close to the tower top, where the tower bending moments generated by the 

tower top shear force and bending moment are quite close. Therefore, the SRSS rule of combining 

the responses from FT and MT results in a larger approximation as the tower top shear force and 

bending moment are not completely independent. 

 

 
(a) FA dynamic response 

 
(b) SS dynamic response 

Fig. 12 Comparison of the tower peak dynamic responses between ESLs and Case 2 at parked condition 

(Uhub = 50 m/s) 

 

 
Table 2 ESL from the simulated peak dynamic responses of Case 2 

Condition Direction FT (kN) MT (kNm) FaT (kN) 𝐹𝑇
′  (kN) 

Operation 

 (13 m/s) 

FA 389.3 5471.5 292.5 256.9 

SS 86.6 888.6 65.8 56.3 

Park             

(50 m/s) 

FA 178.4 2425.4 154.7 88.9 

SS 342.5 6101.1 290.9 180.7 
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Table 3 Ratios of the tower base peak dynamic responses from ESLs 1, 2 and 3 to that from Case 2 

 
ESLs 

Operational condition (Uhub = 13 m/s)  Parked condition (Uhub = 50 m/s) 

FA 

moment 

FA 

force 

SS 

moment 

SS 

force 

 

 

FA 

moment 

FA 

force 

SS 

moment 

SS 

force 

Tower 

base 

ESL 1 0.88 0.84 0.86 0.83  0.84 0.81 0.84 0.82 

ESL 2 0.89 0.86 0.87 0.85  0.85 0.84 0.85 0.84 

ESL 3 0.98 0.97 0.96 0.98  0.96 0.98 0.95 0.99 

 

 

 
4. Conclusions 
  

The dynamic response analysis of both operational and parked wind turbines was conducted 

using the onshore 5-MW baseline wind turbine in order to gain better understanding of the 

response characteristics of turbine system. The wind load on the tower has a negligible effect on 

both the tower and blade responses under operational condition and on the blade response at 

parked condition. However, it has a significant influence on the tower fore-aft response at parked 

condition. The PSDs of the blade responses are dominated by the rotor revolution frequency 

during operation, which is associated with rotationally sampled wind turbulence. The PSDs of the 

tower responses are dominated by the tower fundamental frequencies with coupled rotor edgewise 

modal frequencies. For a parked turbine, the tower fore-aft response due to the wind loads on 

blades and tower can be estimated separately and then combined by using the SRSS rule for the 

estimation of total response. The current linear summation rule used in some design codes was 

proved to be over-conservative.   

Three ESL models were compared with different considerations of the concentrated force and 

moment at the tower top, and the distributed fundamental inertial force along the tower elevation.  

These ESL models were used to estimate the tower response due to wind loads on blades only.  

The new ESL model introduced in this study, i.e., ESL3, has resulted in an improved prediction of 

the tower response. The ESL model facilitates load (response) combinations which are essential 

for tower design.  
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