
 

 

 

 

 

 

 

 

Numerical Study of the Effects of Yaw Error on the Wind Farm Performances 
 

Nina Wang1, Dezhi Wei2, Decheng Wan2*    

 
1 Key Laboratory of Far-shore Wind Power Technology of Zhejiang Province, Huadong Engineering Corporation Limited, Hangzhou, China 

2 Computational Marine Hydrodynamic Lab (CMHL), School of Naval Architecture, Ocean and Civil Engineering,  

Shanghai Jiao Tong University, Shanghai, China 

*Corresponding author 

 

 

 

 

 

ABSTRACT 

 

Wind turbine is the most frequently used device to extract the wind 

energy. Arising from the influences of various factors such as the high-

frequency variation of incoming wind direction, it is difficult for the 

wind turbines to track the incoming wind timely. As a result of which, 

wind turbines inside the wind farm are commonly operated in a yaw state, 

known as yaw error, which can affect the wind farm performance.  In the 

present work, taking a wind farm array with 12 NREL 5MW wind 

turbines as the research object, we conducted a series of large-eddy 

simulations under different incoming wind directions and surface 

roughness heights. The results reveal that yaw error can either increase 

the total power production or cause power loss of the wind farm array, 

depending on the change of wake effect. More seriously, the change in 

wind farm power caused by yaw error is not a small value, it can reach 

as much as 41.5% for the particular case considered here. This indicates 

that the influence of yaw error should be taken in wind farm power 

prediction in the real-world engineering. 

 

KEY WORDS: Wind farm; Yaw error; Wake effect; Power 

performance; Large-eddy simulation 

 

INTRODUCTION 

 

Wind energy is one of the promising renewable resources with the 

advantages of pollution-free and low development cost. Horizontal axis 

wind turbine is the most frequently used device to absorb the wind 

energy (Chehouri et al, 2014). It is quite common that the wind turbine 

inside the wind farm operates in a yaw state, i.e., the rotor plane is not 

aligned with the incoming flow direction, arising from the following 

reasons: (1) The randomness of natural wind, which leads to a high-

frequency change in inflow wind direction. (2) The lack of wind 

measuring instruments, which makes it impossible to provide accurate 

real-time wind monitoring data for all wind turbines inside the wind farm. 

(3) Wake effect and instantaneous turbulent structures in the atmospheric 

flow field, which can affect the wind measurement accuracy. (4) In order 

to ensure the stable operation of wind turbine, the yaw error threshold is 

commonly set in the real-world engineering, indicating that the yaw 

control action has a certain hysteresis. 

Researches in the wind energy community have conducted extensive 

studies on the yawed wind turbines and their wake flows. Jeong et al 

(2013) examined the effects of yaw error on the aeroelastic 

characteristics for a horizontal-axis wind turbine, covering the blade 

behaviors and dynamic stability. Davide et al (2020) proposed a novel 

method for detecting systematic yaw errors by analyzing the operation 

data and applied it to a misaligned multi-MW wind turbine. The results 

revealed that even a small yaw error of 4°, the change in the annual 

energy production can reach 1.5%. Taking a floating offshore wind 

turbine as the research object, Li et al (2020) numerically studied the 

impacts of yaw error and wind-wave misalignment on the dynamic 

characteristics of the wind turbine. The results shown that yaw error can 

decrease the power efficiency and increase the power fluctuation, but has 

little effect on the structural load. Fleming et al (2014) applied large eddy 

simulation with actuator line model to study the yawed turbine wake and 

found that yawing a wind turbine is an effective way to deflect the wake 

center trajectory. Jimenez et al (2010) investigated the variation of wake 

skew angle and wake center trajectory under a series of yaw angles and 

turbine thrust coefficients, by using large-eddy simulation and actuator 

disk model. Bastankhah and Porte-Agel (2015) experimentally studied 

the yawed turbine wake under various yaw angles and thrust coefficients 

in a neutral boundary layer. Howland et al (2016) studied the wake 

deflection and wake morphology of a yawed wind turbine operating in a 

uniform inflow via wind tunnel experiment and large-eddy simulation. 

They found a curled wake shape and attributed its formation to a pair of 

counter-rotating vortices (hereafter, CVP) shedding from the rotor plane. 

In the later wind tunnel test performed by Bastankhah et al (2016), the 

mechanism leading to the curled wake shape was confirmed, and the 

formation of CVP was analyzed by potential flow theory. According to 

Fleming et al (2018), CVP can not only deform the wake of the yawed 

turbine itself, but also affect the wake behavior (especially the wake 

center deflection) of subsequent turbines within the same turbine array. 

This effect is known as secondary wake steering. Besides experimental 

and numerical studies, several reduced-order analytical models for the 

yawed turbine wake have also been proposed in recent years, and they 

are widely used in the real-world engineering due to the high efficiency 

and low computational cost. For example, based on the detailed CFD 

simulations and theoretical analysis, Qian et al (2018) developed a 

Gaussian analytical model to predict the far wake distributions behind a 

yawed wind turbine, and a good agreement was found between the model 
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prediction and the wind tunnel measurements. Corresponding to the 

observation in previous studies, Martínez-Tossas et al (2019) proposed a 

novel 3-dimensional analytical model that can capture the presence of 

CVP in the yawed turbine wakes. 

Despite the merit of the aforementioned studies, they mostly focused on 

the impact of yaw behavior on the wind turbine dynamics, with less 

attention to the influence of yaw error on the whole wind farm 

performance. In the present work, several numerical experiments were 

performed to explore the effects of yaw error under different operating 

conditions by using the SOWFA tool. Specifically, we first numerically 

simulated the atmospheric boundary layer with different surface 

roughness heights and inflow wind directions. We then placed a wind 

farm array with 12 NREL 5MW wind turbines into the atmospheric 

winds and examined its performance under the influence of yaw error. 

The paper is organized as follows: Section 2 gives a brief introduction of 

the CFD tool SOWFA and describes the simulation setups. Section 3 

presents and discusses the simulation results. Finally, Section 4 

concludes this paper and gives the future research directions. 

 

NUMERICAL METHODS 

 
SOWFA 

SOWFA is a high-fidelity CFD tool for studying wind farm performance. 

In the present work, SOWFA is applied to create the turbulent 

atmospheric winds and simulate their interactions with wind turbines. In 

order to resolve the large scales near the lower boundary surface while 

maintain a grid with uniform resolution throughout the computational 

domain, Moeng’s models for surface stress and temperature flux are used 

by SOWFA. Surface aerodynamic roughness height (z0), horizontally 

averaged surface temperature flux (qs), and friction velocity are the three 

inputs to the Moeng's models.  

To simulate the fluid dynamics, large-eddy simulation (hereafter, LES) 

technique is adopted in SOWFA to solve the Navier–Stokes equations. 

In the filtered momentum equation, the Coriolis force due to planetary 

rotation and the buoyancy effects are considered.  

Numerical simulation by SOWFA is performed in two stages, referred to 

as the "precursor" simulation and "successor" simulation, respectively. 

First, the turbulent atmospheric winds are generated on a domain with no 

wind turbines and with periodic lateral boundaries. Once the boundary 

layer has achieved quasi-equilibrium, planes of inflow data (including 

velocity and temperature) from the most upwind lateral boundary are 

saved at every time step. Those turbulent data are then used as inflow 

boundary conditions for the "successor” simulation. In the "successor” 

simulation stage, wind turbines are included in the computational domain, 

and the downstream boundaries are set to outflow, allowing the turbine 

wake to exit. 

Actuator line model (hereafter, ALM) proposed by Sørensen et al (2002) 

is used in SOWFA to model the interaction of wind turbine with 

atmospheric winds. The basic idea of ALM is that each turbine blade is 

treated as a virtual line, and each line is divided into several segments. 

Based on the BEM (Blade-element momentum) theory, the aerodynamic 

force at each segment is calculated, which is then projected onto the flow 

field as volumetric body forces using the 3D Gaussian projection 

function. Due to no blade geometry is resolved, the computational cost 

is greatly reduced by using ALM. Although boundary layer flow features 

on the turbine blade cannot be captured, key large-scale wake features 

such as root and tip vortices and wake meandering can be well captured, 

which are the main focus of wind farm wake simulation. 

 

Simulation Setup 

In the “precursor” simulation of the present work, a low and high 

aerodynamic roughness heights (z0 = 0.001 m and 0.2 m) was simulated, 

typical of offshore and onshore conditions, respectively. Since both of 

the cases were of neutral atmospheric stability, the averaged surface 

temperature flux was set to 0. Hereafter, the low and high roughness 

cases are referred to by "NBL" and "NBH", respectively.  

As is shown in Fig 1, the computational domain in the “precursor” 

simulation spans, Lx = 4500 m and Ly = 4500 m in the x coordinate 

direction and y coordinate direction, respectively, and the height is set to 

Lz = 1000 m. The domain is discretized uniformly into 375×375×84 grid 

points, with a spatial resolution of 12 m in all directions. The potential 

temperature profile is taken to be 300 K from the lower boundary surface 

up to 700 m. A capping inversion is set from 700 m to 800 m, and in this 

space, the potential temperature increases linearly to 308 K. From 800 m 

to 1000 m, the rise rate of  potential temperature is 0.003 K/m. In the 

geodetic coordinate system, the wind direction angles along the positive 

direction of x-axis and y-axis are defined as θ = 270 ° and θ = 180 ° 

respectively. The horizontally averaged wind speed at the turbine hub 

height is driven to 8 m/s from θ = 240°, instead of being aligned with the 

x-axis direction. In such a way, the simulated turbulent structures inside 

the computational domain can move more realistically. Two different 

incoming wind directions are considered in the present work, 

corresponding to θ = 240°and θ = 255° respectively in geodetic 

coordinate system.  

 
Fig. 1 Schematic diagram of the computational domain and wind farm 

layout for θ = 240° 

 

In a whole, as shown in Fig 2, 4 atmospheric winds covering different 

surface roughness and inflow wind direction are generated in the 

“precursor” simulation stage. 

 
Fig. 2 Different atmospheric winds generated in the “precursor” 

simulations 

 

We first ran each of the “precursor” simulation for 18,000 s to make sure 

that  the flow field was in a quasi-equilibrium state, then, ran it for 2,000 

s, and during that time, planes of inflow data were saved every time step. 

According to literature (Liu et al, 2019), the yaw angle threshold in real-

world engineering is commonly set to 15°, as a result of which, the 

influence of 15° yaw error was simulated and analyzed under different 

atmospheric wind conditions in the “successor” simulation. 

Details on the wind farm layout and mesh resolution used in the 

“successor” simulation are given in Fig 1. The wind farm has a 

rectangular shape with 12 NREL 5MW wind turbines (Jonkman et al, 

2009) arranged in 3 columns and 4 rows. Each wind turbine has a rotor 
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diameter of D = 126 m and a hub height of H = 90 m. The streamwise 

and spanwise distances between adjacent wind turbines along the wind 

direction angle of θ = 240◦ are set to 7D and 4D, respectively.  

In order to gain the resolution required to capture the key wake structures 

and wake effects inside wind farm, the mesh is locally refined in a 

rectangular region around the wind turbines. Outside of the refinement 

zone, the mesh resolution is uniformly 12 m, the same as that in the 

“precursor” simulation. What is more, corresponding to the simulation 

time in the “precursor” stage, the "successor" simulation ran for 2000 s 

with a time step of 0.02 s.  

 

RESULTS AND DISCUSSIONS 

 
Key features of the incoming ABL flows 

 

In this part, results of the atmospheric flows with different surface 

roughness heights for θ = 240° are presented, using values averaged over 

the final 2000 s of the precursor simulation.  

 

 
Fig. 3 Horizontally averaged velocity profile on a semi-log scale.  

 

In order to assess the simulated boundary layer flows, the law-of-the-

wall scaling is examined at first, which is a rule that should be followed 

by the velocity profile within the surface layer of the neutral boundary 

layer. We in Fig 3 plotted the horizontally averaged velocity profile on a 

semi-log scale. As is shown in Fig 3, the velocity profile of the simulated 

flow agrees well with the law-of-the-wall scaling below x/D =100 

(roughly 15% of the boundary layer height). 

Fig 4 displays the vertical profiles of key time-averaged turbulence 

statistics, including wind speed and turbulence intensity. As apparent in 

Fig 4(a), raising the surface roughness height increases the velocity shear, 

and Fig 4(b) shows that the NBH case exhibits higher turbulence 

intensity than the low roughness one throughout the boundary layer, 

consistent with the real inflow characteristics. 

 

 
(a) Wind speed  

 

  
(b) Streamwise turbulence intensity 

 

Fig. 4 Vertical profile of key turbulent statistics of the simulated 

boundary layer flows. The horizontal black dashed lines represent the 

top-tip, hub and bottom-tip of the wind turbine. 

 

 
(a) NBL 

 
(b) NBH 

 

Fig. 5 Visualization of instantaneous turbulent structure in the flow field 

under different surface roughness heights 

 

Apart from the horizontally averaged statistical characteristics, the 

turbulent structures inside the flow field under different atmospheric 

conditions are also quite distinct. Fig 5 contains visualizations of some 

of these instantaneous turbulent structures. The iso-surfaces of vertical 

velocity fluctuations with a value of +0.8 m/s and horizontal velocity 

fluctuations with a value of -1.0 m/s are rendered by red and blue, 

respectively. It is evident that only a few low-speed streamwise 

structures exist in the low-roughness case (NBL case). In contrast, the 

NBH case contains more intense horizontal flow structures. This 

indicates that the local inflow conditions perceived by wind turbines in 

the high-roughness atmospheric boundary layer may fluctuate greatly, 

which will affect the wake evolution and the aerodynamic performance. 
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NBL scenarios 

 

In each of the “successor” simulation, power output and turbine wake 

data were collected for 2000 s at a frequency of 50 Hz, and only the 

values averaged over the final 1500 s are analyzed, for the purpose of 

avoiding the initial transient effect.  

To give a quantitative comparison, wind farm efficiency is compared for 

different test cases, defined as follows: 

                                                                                              (1) 

where Pi is the power output of the ith wind turbine, N denotes the total 

number of wind turbine inside the wind farm, and P0 refers to the power 

output of the most upwind turbine. 

Fig 6 depicts contours of the simulated wake velocity deficit on a 

horizontal plane at hub height under different operating conditions for θ 

= 240°. As is shown in Fig 6 (a), in the non-yawed baseline case, the 

wind turbine row is parallel to the incoming wind direction, leading to 

what is called full-wake conditions. In such a scenario, the first turbine 

row extracts much wind energy from the atmospheric flow, and their 

wakes seriously shelter the wind turbines at the back. Due to the strong 

wake effect, the velocity deficit in the wake region of the rear turbine 

rows increases significantly. What is more, it is shown that the 

accumulated wakes become wider as they travel downstream. 

In the 15° yaw error case, affected by the change in wind direction and 

yaw error, wind turbines are only slightly waked by their upwind 

neighbors in the same row. As a result of which, the velocity deficit in 

the wake area is lower than that in the non-yawed baseline condition. 

What is more, since the wake of all wind turbines inside the wind farm 

deflects to the lower right, velocity deficit in the wake of wind turbine at 

the lower right corner is relatively greater. 

 
(a) Non-yawed baseline case 

 
(b) 15°yaw error case 

 

Fig. 6 Time-averaged wake characteristics in the horizontal plane at hub 

height under different operating conditions for θ = 240° 

 

Corresponding to the above-described wake effect, Fig 7(a) shows that 

the power production in the non-yawed baseline case drops sharply at the 

second turbine row and remains nearly constant further downwind due 

to the wake recovery. In the 15° yaw error case, although all wind 

turbines are running in a yaw state, Fig 7(b) depicts that the power output 

of the rear turbine rows increase significantly due to the weakening wake 

effect. Of particular note is that, due to the wind turbines at the lower 

right corner are more affected by the upstream turbine wakes, their power 

outputs are relatively smaller than other turbines inside the wind farm 

array. 

 
(a) Non-yawed baseline case 

 
(b) 15°yaw error case 

 

Fig. 7 Time-averaged power distribution of the wind farm array under 

different operating conditions for θ = 240° 

 

 

Fig 8 displays the spatial distribution of the turbine wake flows under 

different operating conditions for θ = 255°. Since the change in wind 

direction affect the relative separation between neighboring wind 

turbines, the upstream turbine wakes have almost no effect on the next 

wind turbine within the same column in the non-yawed baseline case. 

This is significantly different from the scenario at θ = 240°, indicating 

that the change in wind direction angle can significantly affect the wind 

farm wake effect. 

In the 15° yaw error case, arising from the combined effects of the 

change in wind direction and the yaw behavior, although the upstream 

turbine wake deflects away from the downwind turbines within the same 

column, it interacts seriously with the neighboring lines of turbines, and 

in turn, leading to large velocity deficit in the wake area of the latter. 
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(a) Non-yawed baseline case 

 
(b) 15°yaw error case 

 

Fig. 8 Time-averaged wake characteristics in the horizontal plane at hub 

height under different operating conditions for θ = 255° 

 

 

Apart from the wake field, the change in wind direction can also affect 

the wind farm power performance. As apparent in Fig 9, there is an 

obvious increase in power output for the downwind turbines in the non-

yawed baseline case due to the incoming wind angle departs from the 

full-wake conditions. However, when the inflow wind direction changes 

by 15 ° while the wind turbine rotor remains aligned with the original 

wind direction (θ = 255°), since the upstream turbine wake fully obscures 

its immediately downwind turbines in the neighboring column, the wind 

farm power is greatly decreased. 

 
(a) Non-yawed baseline case 

 
(b) 15°yaw error case 

 

Fig. 9 Time-averaged power distribution of the wind farm array under 

different operating conditions for θ = 255° 

 

NBH scenarios 

 

Although the upstream turbine wake completely eclipses its immediately 

downwind neighbors in the non-yawed baseline case, the wake effect 

shown in Fig 10(a) is weakened compared with that in Fig 6(a). This is 

mainly attributed to the higher turbulence intensity in the high-roughness 

case, which accelerates the wake recovery rate and thus reduces the wake 

disturbance to the rear turbine rows. Fig 10 (b) shows that, in the 15° yaw 

error case, the downwind turbines are only little affected by the wakes of 

their immediately upwind turbines, arising from the change in wind 

direction and the yaw behavior of wind turbine. 

 
(a) Non-yawed baseline case 

 
(b) 15°yaw error case 

 

Fig. 10 Time-averaged wake characteristics in the horizontal plane at hub 

height under different operating conditions for θ = 240° 
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Fig 11 compares the time-average power distribution of the wind farm 

array under different operating conditions. It is clear that, with respect to 

the results in the NBL scenario, the wind farm power production in the 

high-roughness case considered here is more uneven due to the more 

large-scale turbulent structures inside the flow field. What is more, as a 

result of the higher ambient turbulence intensity, the power output of 

wind turbine is relatively larger in the high-roughness case as compared 

with the low-roughness one. Furthermore, one can see from Fig 11 that 

the wind farm power is higher in the 15°yaw error case than the non-

yawed baseline case due to the smaller number of waked wind turbines 

inside the wind farm array. 

 
(a) Non-yawed baseline case 

 
(b) 15°yaw error case 

 

Fig. 11 Time-averaged power distribution of the wind farm array under 

different operating conditions for θ = 240° 

 

 

Fig 12 depicts the spatial distribution of streamwise velocity deficit at 

hub height plane under different operating conditions for θ = 255°. As is 

shown, when all of the wind turbines inside the wind farm operate at a 

yaw angle of 15°, the wake effect is greatly enhanced compared with the 

non-yawed baseline case due to the change in wake propagation direction. 

More specifically, with respect to the baseline case, more wind turbines 

in the 15° yaw error case appear in the wake of their upwind neighbors 

in the adjacent row, thus increasing the velocity deficit in the overlapped 

wake. 

 
(a) Non-yawed baseline case 

 
(b) 15°yaw error case 

 

Fig. 12 Time-averaged wake characteristics in the horizontal plane at hub 

height under different operating conditions for θ = 255° 

 

 

Influenced by the intense turbulent structures containing in the flow field, 

Fig 13 shows that the wind farm power distribution fluctuates violently 

under the high-roughness conditions. What is more, it is found that when 

the wind direction angel changes from θ = 240° to θ = 255°, power 

outputs for almost all downwind turbines in the non-yawed baseline case 

increase substantially. This is due to the fact that changing wind direction 

can be viewed as changing wind farm layout relative to the incoming 

wind, and the wake effect inside the wind farm is more intense for θ = 

240°.  

Fig 13(b) reveals that the wind farm power in the 15° yaw error case is 

relatively small with respect to the non-yawed baseline case, consist with 

the strong wake interference shown in Fig 12(b). 

 
(a) Non-yawed baseline case 
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(b) 15°yaw error case 

 

Fig. 13 Time-averaged wake characteristics in the horizontal plane at hub 

height under different operating conditions for θ = 255° 

 

 

Table 1 summarizes the variation of wind farm efficiency caused by yaw 

error for all simulation cases in this study. From the statistic values 

shown in Table 3.1, it is evident that the yaw error effect varies greatly 

with the incoming wind direction and atmospheric conditions. Of 

particular note is that yaw error is not necessarily harmful from the 

perspective of power performance. It can either increase the total power 

production or cause power loss, depending on the change of wake effect 

inside the wind farm. Specifically, in the low-roughness scenarios, the 

15° yaw error at θ = 240° result in an overall wind farm power increase 

of 41.5% with respect to the fully non-yawed conditions, while the value 

changes to -17.7% at θ = 255°. Due to the reduced difference of wake 

effect, the change of wind farm efficiency brought by yaw error 

decreases with the increase of surface roughness height. Particularly, the 

change value under the high-roughness conditions only ranges from -

15.8% to +37.1%.  

  

Table 1 Variation in wind farm efficiency caused by yaw error under 

different operating conditions 

Surface roughness 

height 

Original wind 

direction 

Change in wind 

farm efficiency 

NBL-L 
θ = 240° +41.5% 

θ = 255° -17.7% 

NBL-H 
θ = 240° +37.1% 

θ = 255° -15.8% 

 

 

CONCLUSIONS 
 

Though equipped with the yawing system, large scale wind turbines are 

commonly operated with yaw error due to the random natural wind. 

Previous studies mostly focused on the influences of yaw error on the 

power generation and aerodynamic characteristics for single wind 

turbine, with less attention to the whole wind farm. In order to ensure the 

operation security, it is of great practical value to study the influence of 

yaw error at wind plant level. To achieve this goal, the effect of yaw error 

on the performance of a wind farm with 12 NREL 5MW wind turbines 

was studied in this work under different incoming wind directions and 

surface roughness heights. 

The simulation results demonstrate the important influence of yaw error 

on the wind farm performance, covering wake evolution and power 

production. Particularly, in the low-roughness case of z0 = 0.001 m, 

typical of offshore conditions, the total power output of the wind farm 

array is found to increase as much as +41.5% brought by 15° yaw error 

for θ = 240°, while this value is changed to -17.7% at the wind direction 

angle of θ = 255°. This strong variability of wind farm power, associated 

with yaw error, has significant implications for the wind farm power 

prediction and integration of wind farm to the electrical grid. What is 

more, it is found that that the power change throughout the wind farm 

array caused by yaw error decreases with increasing the surface 

roughness height, arising from the smaller change in wake interference 

among wind turbines. 

Although this work provides some valuable insights into the influence of 

yaw error on the wind farm performance, there are still some unexplored 

topics to be addressed. For instance, the yaw error effect on the wind 

farm with other atmospheric thermal stabilities and layout configurations. 

Additionally, the change of turbine loads under yaw error also deserves 

further research. 
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