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1. Introduction 

A wind turbine exposed to a wake of an upwind turbine experiences increased turbulence and large 

wind speed variations over the rotor plane. This results in decreased power production as well as 

larger structural loads on the downwind turbine. The objective of the study is to investigate which  

effect yawing has on the structural loads of a turbine in wake situations. Yaw misalignment can be  

unintentional, but also used as a means to steer the wake away from a downwind turbine. A relevant 

question  is also whether a turbine standing in wake should be yawed to reduce the structural loads.  

2. Approach 

Structural loads of a wind turbine operating in wake conditions are in this work studied by time-

domain simulations. The analysis is based on a numerical model implemented in the aero-hydro-

servo-elastic simulation code FEDEM WindPower R7.1.2. The chosen turbine is a 3.6 MW , 90m 

diameter, horizontal-axis variable speed, pitch-regulated wind turbine. The numerical model includes 

all components of the dynamic system, as blades, nacelle, generator and tower, as well as the control 

system. Figure 1 shows the modelled wind turbine and references to wind and rotation direction, yaw 

direction, as well as sensor positions. 

 

Figure 1 – Wind turbine model with direction references and sensor positions 

Structural loads in the blade and tower of the wind turbine were investigated under the variation of 

two central parameters: 1) the influence of the relative horizontal position of up- and downwind 

turbine (e.g. in line or misaligned) and 2) a yaw misalignment to the incoming wind direction.  

Two main load cases were investigated, with wind speeds of 8m/s and 16m/s. The turbulence intensity 

was chosen to be 10% for all cases. The distance of up- and downstream turbines, which is of 

relevance for the wake propagation, was chosen to be 5 times the rotor diameter of 90m. 



The wind field has been generated using TurbSim. For the free flow situation, a Kaimal spectrum has 

been used. The wake situation has been simulated reducing the average wind speed according using 

the Larsen wake model.  In addition, the turbulence intensity inside the wake has been altered both in 

the flow direction as well as radially. For this correction, a number of experimental studies have been 

used as a basis. Based on adaptation to these studies, the Garrad-Hassan model [1]  was chosen for the 

average added turbulence the wake in the flow direction. 

The turbulence intensity in the wake also varies both radially and with the shear and partially with the 

rotational direction of the turbine as shown in many experimental studies ,[3] , [4] [8] ,[10] ,[11] . 

Figure 1 shows the resulting average wind speed (top row), standard deviation in wind speed (middle 

row) and resulting turbulence intensity in the bottom row, for different locations of the wake on the 

turbine area of the turbine standing in wake.  

 

Figure 2 The wind average wind speed and turbulence field in a turbine area with different wake center locations. Free 
wind speed at hub height is 8m/s, ambient turbulence intensity is 10%, and x/D=5. 

Wake meandering effects have not been included in the correction scheme, as opposed to e.g. [14]  

and [15] .  Inclusion of wake meandering would also require that a yaw control strategy would have to 

be considered as meandering effects may cause significant yaw control actions in an real turbine. Here, 

the yaw is considered constant during the simulation time, as is the wake center location in each 

simulation case.  

3. Main results 
The motivation of this work is to improve knowledge about the load consequences for yawed turbines 

in complete or partial wake. The analysis is based on a study to investigate operation states, which are 

beneficial in terms of reduced loads, and to identify critical load conditions. Results are referred to an 

upwind turbine exposed to turbulent wind only, i.e.  no wake.  

Generator power can be considered as a measurement of the incoming wind over the rotor plane. 

Wake effects, as well as yaw influences can directly be seen by analyzing the produced power. Figure 

3 shows the generated power and pitch angle for 8, 11 and 16 m/s. The turbine manages to maintain a 

high production at 16 m/s also in a yawed situation by pitching less.  



 

Figure 3 Generated power vs yaw angle for windspeeds 16m/s, 11 m/s, 8 m/s. 

The edgewise and flapwise bending moments on the blades as a function of yaw angle are shown in 

Figure 4. It can be seen that the edgewise bending moments at the blade root and blade middle are 

slightly larger for when yawing in a positive direction instead of a negative direction. The flapwise 

bending moments are more symmetrical.  

 

Figure 4 Edgewise and flapwise bending moments at 16m/s, 11 m/s, 8 m/s.  

 

In the following, the results are for a turbine which is exposed to a wake flow field. Only the cases 

8m/s and 16 m/s are included.  

Figure 5 shows the reduction of produced power as a function of yaw angle (vertically) and in 

addition wake displacement (horizontally). A reduction value of 0.0 (dark blue) means no reduction of 

power compared to the free flow case, 0.6 means a 60% reduction. A value along the horizontal axis 

of 0m indicates that the center of the wake wind field is at the center of the turbine in wake. 

Increasing values in wake displacement lead to an unsymmetrical wake loading on the turbine, until 

the displacement is large enough that the wake wind field is not acting on the turbine any more. This 



case can be compared to results of a turbine in turbulent wind only, as in Figure 3, which is shown by 

a wake displacement of ‘inf’ in the figure. In contrast to the expected power reduction, both for low 

and high wind speeds, the standard deviation for 8m/s shows a set of parameters with increased values 

for about 75m wake displacement and 0 degrees yaw. 

 

Figure 5 Generator power and pitch angle 

This result of a certain wake position with unexpected characteristic was further investigated by 

analyzing loads at the blade root of the rotor, as well as at the tower bottom of the wind turbine. 

Results are shown in Figure 6 and Figure 7 and are normalized to the reference case of infinity wake 

displacement and 0 degrees yaw angle. 

At the blade root, a symmetrical behavior of the mean loads in terms of yaw angle variation can be 

observed. However, the standard deviation of both edge- and flapwise bending moment shows again a 

set of values which are not symmetrical. When comparing the different results for edge- and flapwise 

bending moments, as well as the different wind speeds, no consistent trend can be seen for a load 

reduction. In some cases, a positive yaw angle leads to reduced loads, while other cases show the 

opposite behavior. However, a critical wake displacement can again be extracted from the analysis, 

which lies around 50-75m.   



 

Figure 6 Edge- and flapwise bending moment at the blade root 

Bending moments in the tower bottom in side-to-side direction are strongly influenced by the yaw 

angle, which will lead to a loading in one or the other direction of the tower axis facing the wind. The 

fore-aft bending moment is symmetrical to yaw angle variations, and shows a reduction for a turbine 

in wake for low wind speeds. However, such loading conditions increase the standard deviation of the 

fore-aft bending moment. 

 

Figure 7 Side-to side and fore-aft bending moment at the tower bottom 

 

 

  

 



 

 

4. Conclusion 

The analysis of a turbine in wake shows that both the relative position of the wake center, as well as 

the yaw angle of the turbine has directly influence on the structural loads. This is especially noticeable 

for bending moments of the blades. As the rotor has a certain rotation direction, yaw angles in positive 

or negative direction can have different influences on the loads. For high wind speeds, edgewise 

bending moments can increase by 50% if yawed in positive direction; for flapwise bending moments, 

the opposite behavior was found.  

The relative horizontal position of the wake center on the turbine in wake, which was identified by the 

wake displacement in this study, is an important parameter for the structural loading. Mean values for 

bending moments at blade and tower sensors can mostly be reduced for an increasing overlap of wake 

field and rotor for low wind speeds. For high wind speeds, however, the same conditions lead to 

increasing structural loads. 

5. Learning objectives  
The simulation study shows the structural loads on yawed turbines operating in a free flow or in a 

wake. The study shows among other things that the loads on a yawed turbine are not symmetrical with 

the yaw direction. The analysis has been made both as a function of yaw angle as well as wake center 

placement on the rotor area.  
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