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A B S T R A C T   

Previous studies on active yaw control (hereafter, AYC) have demonstrated its potential in wind farm power 
optimization. However, most focus are concentrated on the amount of relative power enhancement achieved by 
AYC, ignoring how various parameters affect the effectiveness of AYC, let alone the mechanism behind the 
variation of AYC efficiency. Evidently, this is not conducive to the practical implementation of AYC. In response, 
a parametric study of the effectiveness of AYC is pursued in this paper, by performing a series of large eddy 
simulations (hereafter, LES) for the NREL 5 MW turbine array under different operating conditions. The LES 
results reveal that AYC is more effective in the environment with lower incoming wind speed and smaller tur
bulence intensity level. What is more, the AYC efficiency is found to vary greatly with the streamwise distance 
between consecutive wind turbines, but is not sensitive to the change of column spacing within a typical range. A 
large power gain is achieved at wind angles corresponding to partial-wake operating conditions. The active yaw 
behavior of the last wind turbine in the array also shows the potential to increase the total power production but 
the corresponding power gain is small. Moreover, it is shown that the yaw direction of wind turbine has non
negligible influence on AYC, especially in the stable boundary layer. From the power production perspective, 
positive yaw of wind turbine is recommended in the north hemisphere.   

1. Introduction 

In order to make full use of areas with rich wind resources, wind 
turbines are commonly installed in clusters (Archer et al., 2018; Niayifar 
and Porté-Agel, 2016). A consequent drawback is the complex wake 
interaction among wind turbines, which significantly affects the wind 
farm performance. Specifically, the decreased wind speed and increased 
turbulence level inside upstream turbine wakes reduce the energy yield 
and lifespan of downwind turbines (Yang et al., 2021; Lin and 
Porté-Agel, 2020). A host of previous studies have demonstrated that 
optimizing the turbine layout (Chen et al., 2022; Ju and Liu, 2019; 
Reddy, 2020) based on the local wind rose is an effective method to 
mitigate the adverse wake effects, but such a method only works in the 
wind farm design stage. To improve the efficiency of the established 
wind plant, some recent studies shift to the development of active wake 
control according to local wind conditions, including pitch control (Dilip 

and Porté-Agel, 2017; Tian et al., 2017), torque control (Argent et al., 
2016), tilt control (Fleming et al., 2015; Aitken et al., 2014), and active 
yaw control (Fleming et al., 2016; Kuo et al., 2020; Dou et al., 2020). 
Among these wind farm control strategies, active yaw control is 
considered to be the most effective. The idea behind active yaw control 
is to intentionally alter the yaw angle of the upwind turbine to deflect its 
wake, thereby avoiding the downstream wind turbines. By doing so, 
although the upstream yawed wind turbines are no longer operating 
under local optimal conditions, the whole wind farm power production 
can increase due to a more favorable inflow environment for the 
downwind turbines. 

A good knowledge of the yawed wind turbine and its wake flow is an 
important prerequisite for the successful implementation of AYC in wind 
farms. Schottler et al. (2018) experimentally studied the wake behavior 
behind the model wind turbine of different kinds. They noticed that in 
the plane normal to the inflow wind direction, the yawed turbine wake 
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was deformed to a curled kidney shape, regardless of the turbine spec
ification. A similar kidneylike curled shape was also observed by 
Vollmer et al. (2016) based on large eddy simulations. In their works, 
the lateral wake deflection downwind of a yawed wind turbine under 
different atmospheric stabilities was investigated. It was shown that 
multiple factors contribute to the uncertainty in wake deflection esti
mation, including the temporal averaging interval and the wake center 
definition method. Fleming et al. (2018) carried out detailed numerical 
simulations to investigate the mechanism behind the curling of the 
yawed turbine wake, which they believe arises from the interaction of 
the counter-rotating vortex pair (hereafter, CVP) with the vertical wind 
veer. Moreover, they also underscored the argument that large-scale 
structures in the yawed turbine wake such as CVP should be included 
in multi-turbine analysis. Via both experimental and theoretical studies, 
Bastankhah and Porté-Agel (2016) further interpreted the formation of 
CVP, and their results revealed the significant effect of tip speed ratio 
and yaw angle on the wind turbine performance. Scholars in the wind 
energy community have also emphasized the role of turbine tower 
shadow, wind shear, blade rotation, non-axial wind, and aerodynamic 
turbulence components in the yaw control of individual wind turbines 
inside wind farms. Furthermore, based on detailed analysis of the yawed 
turbine wake characteristics, several reduced-order analytical wake 
models (Dou et al., 2019; Wei et al., 2021; Shapiro et al., 2018) were 
proposed for engineering applications. 

Researchers also attempt to examine the potential of AYC in 
improving the overall performance of wind farms. Howland et al. (2019) 
carried out field measurements on a realistic wind farm consisting of six 
utility-scale wind turbines. The statistical results showed that, for 
moderate wind speeds near the site annual average, the active yaw 
control strategy can increase the total power production by 7–13%, and 
the increment can be as significant as 28–47% for low wind speeds. 
Bastankhah et al. (Bastankhah and Porté-Agel, 2019) experimentally 
studied the effect of active yaw control for a single-column wind farm 
array with 5 model wind turbines. They reported that the resultant 
power enhancement via AYC ranges from 0.5% to 17% among different 
yaw angle combinations. More importantly, they concluded that, the 
optimal yaw angle list corresponding to the maximum total power 
enhancement is as follow. The most upwind turbine bears a relatively 
large yaw angle, and the last one takes a zero yaw. As for the wind 
turbines in between, their yaw angles decrease approximately linearly 
with moving downstream. Focusing on a wind farm array with 6 wind 
turbines arranged in 3 rows and 2 columns, Gebraad et al. (2016) 
claimed that active yaw control can left the total power production by as 
much as 13% compared to the fully non-yawed conditions. Besides, their 
results emphasized the great influence of changes in wind direction on 
the power gain from yaw angle optimization. Using the commercial CFD 
software STAR-CCM+, Miao et al. (2017) studied the yaw angle control 
of two wind turbines operating in full wake conditions. They found that 
imposing positive yaw to the first wind turbine can increase the net 
power production, while negative yaw resulting in a decrease. Similar 
observations have also been reported in Refs. (Fleming et al., 2014, 
2016). Recently, via large eddy simulation, Nouri et al. (2020) further 
investigated the mechanism behind the inconsistency between positive 
and negative yaw angles, and attributed it to the Coriolis force and the 
rotation direction of turbine rotor. 

As illustrated above, most previous studies are focused on the yawed 
turbine wake characteristics as well as the amount of increase in overall 
wind farm power production via AYC, with less attention attached to 
how various parameters could affect the effectiveness of AYC, let alone 
the physical mechanism behind the variation of AYC efficiency. This is 
not conducive to the practical application of AYC. In a real wind farm, 
the wake effect and the associated power loss are affected by multiple 
factors. (e.g., wind farm properties (like streamwise spacing and span
wise spacing between consecutive wind turbines); incoming flow char
acteristics (like wind speed, wind direction, turbulence intensity and 
atmospheric thermal stability); local operating points of the wind 

turbine (yaw direction and yaw angle magnitude)). Definitely, these 
factors can also influence the usefulness of AYC for wind farms. To this 
end, this work systematically explores the variation in wind farm effi
ciency brought by AYC under a wide variety of operating conditions 
using the large eddy simulations, and further, give a summary of the law. 
Note that, since the main objective of implementing AYC is to increase 
the total power production of the wind farm, the scope of this work is 
limited to exploring the effect of AYC on power gain, excluding the 
analysis of structural loads. 

The rest of this paper is structured as follows. Details of the numer
ical simulation are described in Section 2. Section 3 discusses the impact 
of different influencing parameters on the effectiveness of AYC. Section 
4 concludes the current work and provides recommendations for 
possible future research. 

2. Numerical simulation description 

This study was conducted through large eddy simulations using the 
high-fidelity CFD tool Simulator fOr Wind Farm Applications (hereafter, 
SOWFA). In section 2.1, a brief introduction of SOWFA is given. Then, 
the numerical setup used in the present study are described in section 
2.2. At last, we validate the numerical simulation results in section 2.3. 

2.1. SOWFA 

SOWFA is a CFD tool coupled with FAST for investigating the wind 
farm performance in the atmospheric boundary layer. It has been widely 
used in the wind energy field and its computational performance has 
been verified. Specifically, LES technique is applied in SOWFA to 
simulate the fluid dynamics by directly resolving the large turbulent 
scales. In the governing equations, the Coriolis force due to planetary 
rotation, the buoyancy effect as well as the wind turbine effect are 
considered. More details about the SOWFA tool can found to Churchfield 
et al. (2012). 

Numerical simulation by SOWFA is performed in two stages, referred 
to as the precursor simulation and the successor simulation, respec
tively. In the precursor stage, a laterally periodic simulation with no 
wind turbines is conducted to generate the turbulent atmospheric wind. 
Once the turbulent boundary layer has reached a quasi-steady state, 
planes of inflow data consisting of velocity and potential temperature on 
the upwind boundary are saved at each time step, which will be then 
applied as inflow boundary conditions for the successor simulation. 

In the successor simulation stage, wind turbines are introduced into 
the flow field, and the downstream boundaries are set to outflows, 
allowing the turbine wakes to exit. In addition, to better capture the 
large-scale wake structures like blade tip vortices and root vortices, the 
computational grid around the wind turbines is usually locally refined. 

In order to improve the computational efficiency, actuator line 
model (hereafter, ALM) is applied in SOWFA to model the interaction of 
the flow filed and the wind turbines. In ALM, each turbine blade is 
treated as a rotating line, and is divided into numerous of segments. For 
each segment, the lift and drag forces are calculated based on the blade 
element theory. And in order to complete the calculation, the following 
information is required: twist, chord, velocity vector, angle of attack, 
blade airfoil type, and airfoil lift and drag tables. These aerodynamic 
forces are then projected onto the flow filed to parameterize the effect of 
the wind turbine, using a three-dimensional Gaussian projection 
function. 

2.2. Simulation setup 

According to Archer et al. (Archer and Vasel-Be-Hagh, 2020), in the 
scenarios where the mean incoming wind direction is perfectly aligned 
with the turbine array, at least three wind turbines are required to get a 
statistically notable total power increase. Following this principle, un
less otherwise specified, a single-column wind farm with three NREL 5 

D. Wei et al.                                                                                                                                                                                                                                     



Ocean Engineering 271 (2023) 113751

3

MW wind turbines (hub height H = 90 m, rotor diameter D = 126 m) 
(Jonkman et al., 2009) is studied in the current work, and a series of 
large eddy simulations for the turbine array are performed to investigate 
how various parameters affect the effectiveness of AYC. Specifically, 
Table 1 summarizes the influencing factors studied in the current work. 
In Table 1, θ = 0◦ corresponds to the scenario where the incoming wind 
is parallel to the turbine column, SBL, NBL, and UBL are abbreviations 

for stable boundary layer, neutral boundary layer, and unstable 
boundary layer, respectively, and the positive yaw angle is defined as a 
counterclockwise turning of the wind turbine when viewed from the top. 
For all influencing parameters except for “last turbine yaw angle (γ3)”, 
numerical simulations are conducted under two different conditions: 
one is the yawed condition, unless otherwise specified, the experimen
tally measured optimal yaw angle distribution (Bastankhah and 
Porté-Agel, 2019), i.e., γ1:3 = (+25◦,+15◦,0◦) is applied to the three-row 
turbine array; the other is the baseline condition, in which all wind 
turbines in the array are kept non-yawed, i.e., γ1:3 = (0◦, 0◦, 0◦). 

Of particular note is that, in the test cases corresponding to the first 
six influencing parameters listed in Table 1, the wind farm array is 
operated in the neutral boundary layer (NBL). What is more, in addition 
to the studies on the incoming wind direction, the wind farm array in all 
other cases works in full-wake conditions (θ = 0◦). Moreover, when 
exploring the effect of column spacing on the suitability of AYC, a three- 
row two-column turbine array is used as the test bench, and the yaw 
angle distribution for each column is the same as that for the single- 
column turbine array described above. 

Table 1 
Parameters of numerical simulations.  

Influencing parameter Variable 

streamwise spacing (Δx) Δx = 5D, 6D, 7D, 8D, 9D 
column spacing (Δy) Δy = 3D, 4D, 5D 
wind speed (uh) uh = 6 m/s, 8 m/s, 10 m/s 
wind direction (θ) θ = 0◦, 3.8◦, 7.6◦, 11.3◦

turbulence intensity (Ih) Ih = 6%, 10.2%, 11.9% 
last turbine yaw angle (γ3) γ3 = 0◦, − 5◦, − 10◦

atmospheric thermal stability and yaw 
direction 

SBL, NBL, UBL; γ1:3 =

(+25◦,+15◦,0◦), 
γ1:3 = (− 25◦,− 15◦,0◦)  

Fig. 1. Schematic diagram of the computational domain and mesh resolution: (a) Horizontal section at the turbine hub height, (b) vertical section through the center 
of wind turbine. The letter “D” in each subplot represents the turbine rotor diameter. 

Fig. 2. (a) Vertical profile of inflow velocity on a semi-log scale. The black solid line denotes perfect law-of-the-wall scaling. (b) Normalized spectral density of the 
streamwise inflow velocity taken at the turbine hub height. 
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In the following, we describe in detail the numerical setup for an 
example case of the three-row single-column turbine array working in 
full wake conditions (θ = 0◦) in the neutral boundary layer (NBL). The 
streamwise spacing between adjacent wind turbines in the example case 
is Δx = 5D, and the wind speed and turbulence intensity at hub height 
level are uh = 8 m/s and Ih = 6%, respectively. Other cases in this study 
have the same numerical settings as the example case except for the 
studied parameter. 

Fig. 1 shows the sketch of the computational domain, which is 
3000m × 3000m × 1000m, and it is discretized into 300 × 300 × 100 
grid points in the x, y, and z coordinate directions, respectively. The 
atmospheric winds with different thermal stabilities and turbulence in
tensity levels are achieved by adjusting the surface roughness height, z0, 
and the ground heat flux, qs. Specifically, in the basic neutral boundary 
layer considered here, qs = 0, and z0 is set to 0.001 m. Besides, the 
Coriolis parameter is set as 1.39 × 10 rad/s, corresponding to a latitude 
of 46◦ north. The mean wind speed is driven to 8 m/s at the turbine hub 
height. The direction of the inflow wind is specified to be southwest 
(240◦) instead of being aligned with the x coordinate direction (270◦) of 
the computational domain, so as to avoid the "stuck" phenomenon owing 
to the periodicity of lateral boundaries (Churchfield et al., 2012). 

As indicated in Fig. 1, we locally refined the grid around the wind 
turbines in two steps in a rectangular region to ensure the resolution 
necessary to capture the turbine wake structures. The turbine aero
dynamic data and wake flow data were collected for 1500 s at a fre
quency of 50 Hz. In order to eliminate the initial transient effect, we 
disregard the first 500 s of the data and only analyzed the last 1000 s. 

2.3. Validations of the LES results 

To evaluate the simulated turbulent atmospheric wind, law-of-the- 
wall scaling is examined firstly, which is a law that the mean velocity 
profile within the surface layer (corresponding to the bottom 10% height 
of the boundary layer) should follow in the neutral state. As in Fig. 2(a), 
below about x/D = 1 × 100 on a semi-log scale, there is almost no dif
ference between the simulated velocity profile and the perfect law-of- 
the-wall scaling denoted by black solid line. What is more, Fig. 2(b) 
displays velocity spectra for the magnitude of the horizontal compo
nents of the velocity vector taken at hub height, and a line of − 5/3 slope 
is plotted for reference. It is shown that the energy spectrum roughly 
follows the − 5/3 law for the inertial subrange, which further proves the 
reliability of the current simulated atmospheric wind. 

Key time-averaged characteristics of the simulated atmospheric wind 
are displayed in Fig. 3. As observed in the figure, the velocity profile 

shows a strong vertical shear, and the streamwise turbulence intensity 
decreases with vertical direction. These are consistent with the realistic 
atmospheric wind flow. 

To further verify the simulation results, we compare the simulated 
mean power output (as in Fig. 4) of the wind turbine under different 
wind speed with the design standard. It is evident that the mean power 

Fig. 3. Vertical profiles of (a) normalized mean wind speed and (b) streamwise turbulence intensity for the simulated neutral boundary layer flow.  

Fig. 4. Power production of the wind turbine under different incoming 
wind speed. 

Fig. 5. Time-averaged wake velocity deficit profiles normalized by the hub 
height incoming wind speed of uh= 8 m/s. 
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output from the simulation with present settings agrees well with the 
design value. 

Fig. 5 displays the normalized mean wake deficit profiles taken at the 
turbine hub height and the middle vertical plane at several downstream 
locations behind a single non-yawed wind turbine. Apparently, the 
simulation results with present settings show a good agreement with 
those reported by Churchfield et al. (2012), which are widely accepted 
and cited in the wind energy community. 

According to the above quantitative comparisons, the CFD simula
tions with the present settings have high accuracy, which lays a good 
foundation for the parameter study of AYC efficiency in the next section. 

3. Results and discussions 

In this section, the effects of different parameters on the effectiveness 
of AYC are systematically studied, including streamwise spacing, col
umn spacing, incoming wind speed, wind direction, ambient turbulence 
intensity, active yaw behavior of the last wind turbine, atmospheric 
thermal stability and yaw direction. 

For quantitative analysis, we mainly focus on the following two 
quantities, wind farm efficiency (η) and relative power improvement 
achieved by AYC (δη), which are defined as: 

η=
∑

Pi

NP0
, (1)  

where Pi is the power output of the ith wind turbine. N denotes the 
number of wind turbine in the wind farm, and P0 refers to the power 
output of the most upwind turbine in the non-yawed baseline case. 

δη=
ηy − ηb

ηb
, (2)  

where ηy and ηb are the wind farm efficiency with and without active 

yaw control, respectively. 

3.1. Streamwise distance 

We first assess the influence of streamwise spacing between 
consecutive wind turbines (denoted as Δx) on the suitability of active 
yaw control. To be concrete, since the typical streamwise distance in real 
wind farms ranges from 5D to 9D, the large eddy simulations are con
ducted under five different streamwise spacings (Δx = 5D, 6D, 7D, 8D, 
9D), as shown in the first row of Table 1. Except for the streamwise 
distance, other settings remain the same as the example case. 

The wind farm efficiency and the relative power improvement 
brought by AYC are plotted in Fig. 6 for all the tested cases. As in Fig. 6 
(a), with the increment of streamwise spacing, the wind farm efficiencies 
both in the non-yawed baseline case and yawed case are improved. This 
is mainly due to the fact that a long streamwise spacing enhances the 
wake recovery and thereby reduces the wake effects between wind 
turbines. Moreover, it is noticed from Fig. 6(b) that, as the streamwise 
spacing increases, the relative power improvement achieved by AYC 
first increases and then decreases. For particular cases considered here, 
the maximum power improvement is reached at Δx = 7D, beyond which 
δη starts to decrease. 

To reveal the mechanism behind the above inversion, we analyzed 
the variation of wake effect with streamwise spacing and proposed the 
following explanations: (1) With increasing the streamwise spacing, the 
wake effect is weakened, which is beneficial to the improvement of the 
baseline wind farm efficiency and also compresses the space for AYC to 
improve. (2) For the yawed wind turbine, the lateral force exerted on the 
flow field is the main factor to cause wake deflection. As the wake moves 
downstream, the magnitude of lateral force gradually decreases, and the 
wake deflection characteristics will change accordingly. In Fig. 7, we 
depict the variation of wake center trajectory with the downstream 
distance. Notably, the wake center position at each downwind location 

Fig. 6. (a) Comparison of the wind farm efficiency in the baseline case and yawed case; (b) Variation of the relative power enhancement, achieved by AYC, with the 
streamwise spacing between consecutive wind turbines. 

Fig. 7. Wake traces downstream of the wind turbine for different yaw angles.  
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is determined by the center of the fitted Gaussian curve for lateral ve
locity profile, following the idea of Bastankhah et al. (Bastankhah and 
Porté-Agel, 2014). As shown in Fig. 7, the wake center deflection in
creases rapidly in the wake region near the rotor plane and gradually 
gets stabilized as the downstream distance increases. This indicates that 
the improvement in the inflow conditions of the downstream wind 
turbines caused by the active yaw behavior of the upstream wind turbine 
will also get stabilized with the increase of streamwise spacing. 

According to the above analysis, when the streamwise spacing ex
ceeds a certain limit, the growth rate of wind farm efficiency in the case 
with AYC will be smaller than that in the non-yawed baseline case, thus 
reducing the efficiency of AYC. 

In the real-world engineering, the wind farm layout relative to the 
inflow changes with wind direction. Due to the fixed turbine siting 
density, an increase in streamwise spacing between consecutive wind 
turbines corresponds to a decrease in their column spacing. This in
dicates that a large value of streamwise spacing may increase the 
probability of inter-column wake interaction, thereby reducing the 
profitability of active yaw control. Based on the above analysis of the 
LES results, we can conclude that the effectiveness of the active yaw 
control is not necessarily improved as the streamwise spacing increases. 

3.2. Column spacing 

In utility-scale wind farms, the laterally deflected turbine wake 
under yawed conditions may interact with nearby columns, and hence, 

the inter-column wake interaction can limit the power gain brought by 
AYC. In this section, we explore the effect of column spacing on wind 
farm efficiency and the effectiveness of AYC. Particularly, a three-row 
two-column wind farm array operating in full-wake conditions (θ =
0◦) with three typical column spacings (Δy = 3D, 4D, 5D) is considered. 
Other settings of the wind farm array are the same as the example case. 

Fig. 8(a) displays the variations of wind farm efficiency for different 
column spacings. It shows that, the effect of increasing column spacing 
on the wind farm efficiency is negligible, both in the non-yawed baseline 
case or the yawed case. Correspondingly, the relative power improve
ment caused by AYC changes only slightly against the column spacing. 
Particularly, δη is found to remain at about 11.8% across all test cases, 
which is roughly the same as that for the single-column turbine array 
shown in Fig. 6(b). This suggests that the effect of column spacing within 
typical range on the effectiveness of AYC can be neglected. To further 
illustrate this, we plot the horizontal contours of normalized wake ve
locity at the turbine hub height for Δy = 3D (see Fig. 9), with the 
minimum column spacing considered in the present work. Not all cases 
are analyzed here since the wake velocity fields for different column 
spacings are morphologically similar. As apparent in Fig. 9, the up
stream turbine wake is essentially limited within a 2D range from the 
rotor centerline, even in the case with AYC. This demonstrates that it is 
the weak column-to-column wake interference that causes the small 
change of AYC efficiency with the column spacing. 

However, it should be mentioned that under non-prevailing wind 
directions, the column spacing between neighboring wind turbines may 

Fig. 8. (a) Comparison of the wind farm efficiency in the baseline case and yawed case; (b) Variation of the relative power enhancement, achieved by AYC, with the 
column spacing between neighboring wind turbines. 

Fig. 9. Horizontal contours of normalized mean streamwise velocity at hub height for Δy = 3D. The black solid lines in each subfigure represent the wind turbines.  
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not be as large as the above tested values. In such a situation, if applying 
AYC to the front-row wind turbines, their wakes will deviate from the 
rear wind turbines in the same column. Nonetheless, the wake may hit 
the turbines in the adjacent columns, which will counteract the benefits 
brought by AYC. Accordingly, in the practical application of AYC, it is 
better to identify the wind farm layout relative to the incoming wind 
direction at first. If the column spacing between consecutive wind tur
bines is small, the implementation of AYC in wind farms is not 
suggested. 

According to the above analysis, in a regular rhomboid or rectan
gular shaped wind farm with typical column spacings, the effect of inter- 
column interactions on active yaw control can be neglected. This 
viewpoint is also supported by the following two points: (1) As indicated 
by the theoretical study of Zong et al. (Zong and Porté-Agel, 2021), the 
asymptotic wake deflection in the far downstream of a yawed wind 
turbine is estimated to be 0.8D. Since the asymptotic wake deflection is 
much less than the typical value of column distance in real wind farms, 
the possibility of column-to-column wake interactions is reduced. (2) As 
mentioned in Section 3.1, the streamwise distance between neighboring 
utility-scale wind turbines commonly lies in 5-9D. This indicates that 
even if the column interaction occurs, the upstream turbine wake will 
only interfere the wind turbines in the subsequent row weakly, as the 
interfering area is far away from the upstream rotor plane. 

Since AYC seems to be insensitive to the variations of column spacing 
in the typical range, it is feasible to only optimize the yaw angles for a 

single column of wind turbines and extend the optimization results to 
the entire wind farm. This has important implications for the practical 
application of AYC. 

3.3. Incoming wind speed 

Wind speed serves as a key turbulence characteristic of the incoming 
flow, which exhibits a high degree of temporal variability under the 
influence of multiple factors. However, little is known about its influ
ence on the effectiveness of AYC. In this section, several numerical 
simulations for a three-row single-column turbine array are carried out 
to compare the yaw control performance at three different hub height 
wind speeds (uh = 6 m/s, 8 m/s, and 10 m/s). 

We first compare the main statistics of the simulated ABL flows. It 
can be seen in Fig. 10(a) that the mean wind shear is slightly stronger 
under high-speed conditions. Fig. 10(b) displays the vertical profile of 
streamwise turbulence intensity. As expected, since the surface rough
ness height remains a constant, all cases share almost the same turbu
lence level throughout the boundary layer. 

The wind farm efficiency in the non-yawed baseline case and yawed 
case under different incoming wind speeds are compared in Fig. 11(a). It 
can be seen that, the wind farm efficiency is improved significantly 
when the active yaw control is deployed, and the difference between the 
yawed case and the non-yawed baseline case decrease with increasing of 
the wind speed. To be more concrete, for a low wind speed of uh = 6 m/s, 

Fig. 10. Vertical profiles of (a) streamwise velocity and (b) streamwise turbulence intensity of the incoming ABL flows.  

Fig. 11. (a) Comparison of the wind farm efficiency in the baseline case and yawed case; (b) Variation of the relative power enhancement, achieved by AYC, with the 
incoming wind speed. 
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a significant power gain is observed, and the wind farm efficiency in
creases from 0.54 to 0.63, representing a 15.8% increase. For a moderate 
wind speed of uh = 8 m/s, the difference reduces to approximately 
11.8%. For a high wind speed of uh = 10 m/s, the incremental value is 
only 7.6%. 

Consistent with the observations in Fig. 11(a), Fig. 11(b) reveals that 
the relative power enhancement achieved by AYC is inversely potential 
to the incoming wind speed. This indicates that the implementation of 
AYC is more advantageous in low-speed environments. 

To figure out why AYC is more useful under low-speed condition, we 
exhibit the horizontal cross-sections of wake flow taken at the turbine 
hub height in Fig. 12. As shown in Fig. 12, although the ambient tur
bulence intensity levels are similar across test cases, wake velocities 
appear to be larger and recover faster at higher wind speeds. Fig. 13 
depicts the wake center traces downstream of the front two wind tur
bines in the array with active yaw control deployment. It should be 
noted that, due to the high-speed jet in the near wake region and the 

blockage effect, we only extract the wake center trace at 2.5–4.5D 
downstream of each turbine row. According to Fig. 13, the wake 
deflection under low wind speed is larger than those under high wind 
speed, indicating a more favorable improvement to the downwind tur
bines. In conclusion, in low-speed environment, the wake effect in the 
non-yawed baseline case is stronger while the wake interference is 
weakened in the yaw control case, resulting in the increase of relative 
power improvement via AYC. 

Additionally, we further inspect the mechanism behind the variation 
of AYC efficiency caused by the incoming wind speed from the 
perspective of the relationship between the wind speed and turbine 
thrust coefficient. Specifically, the CFD results reveal that the thrust 
force of the NREL 5 MW wind turbine employed in the current simula
tions decreases as the wind speed increases. According to the law of 
momentum conservation, both in the streamwise or spanwise direction, 
the total momentum deficit flux across the wake cross-section is equal to 
the force imposed to the flow(i.e., the interaction force of the turbine 

Fig. 12. Horizontal contours of normalized mean streamwise velocity at hub height under different incoming wind speeds.  

Fig. 13. Wake traces downstream of the wind turbine under different incoming wind speeds.  
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thrust force). This implies that, the low-speed case (characterized by 
large thrust force) can induce more significant velocity deficit and 
stronger wake deflection than those produced under high-speed case 
(characterized by small thrust force). This inference is corroborated by 
observations in Figs. 12 and 13, and as a consequence, we can conclude 
that the decreasing of AYC efficiency with wind speed is mainly a result 

of the decreasing turbine thrust. 

3.4. Incoming wind direction 

Changing wind direction, which can be viewed as changing the 
relative position of wind turbines inside wind farms, will further affect 

Fig. 14. (a) Comparison of the wind farm efficiency in the baseline case and yawed case; (b) Variation of the relative power enhancement, achieved by AYC, with the 
incoming wind direction. 

Fig. 15. Horizontal contours of normalized mean streamwise velocity at hub height under different incoming wind directions.  
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the wake effect and the associated power loss. To figure out how sig
nificant this effect is to active yaw control, we in this section consider 
four different wind direction angles (i.e., θ = 0◦, 3.8◦, 7.6◦, 11.3◦), and 
the corresponding spanwise spacing between consecutive wind turbines 
is 0D, D/3, 2D/3 and 1D respectively. 

For the non-yawed baseline cases, as the wind angle increases, the 
inflow condition perceived by downstream wind turbines is changed, 
from fully immersed in the wakes of upwind turbines to partially 
exposed to the freestream flow, which increases the wind farm effi
ciency. To be specific, Fig. 14(a) illustrates that, as the wind angle 
changes from 0◦ to 11.3◦, the baseline wind farm efficiency continuously 
increases from 0.58 to 0.95. When AYC is deployed to the turbine array, 
the wind farm efficiency first increases rapidly from 0.65 (at θ = 0◦) to 
0.78 (at θ = 3.8◦), and then raises slowly. Notably, the η value in the 
yawed case is only 0.9 at θ = 11.3◦, which is lower than the corre
sponding baseline wind farm efficiency. 

Fig. 14(b) displays the variation of the relative power enhancement 
brought by AYC with wind direction. The black dashed line in the figure 
acts as a reference, denoting δη = 0. As is shown in Fig. 14(b), the 
effectiveness of active yaw control is sensitive to the change of wind 
direction. Specifically, with the increasing of the wind direction angle, 
the relative power enhancement first decreases and then drops. The peak 
value of δη occurs at θ = 3.8, corresponding to a spanwise spacing be
tween consecutive wind turbines of 1/3D. This demonstrates that AYC is 
more effective in the partial wake situation. Importantly, for 11.3◦ wind 
angle, δη is even less than 0, which reflects that the active yaw control 
completely loss its effectiveness in such a situation. 

To further illustrate the effect of wind direction on active yaw con
trol, we plot the hub height wake velocity contours under different wind 
directions in Fig. 15. It is shown that, for the 0◦ wind angle, although the 
upstream turbines deflect their wakes sideways by applying AYC, a large 
part of downstream turbine rotor is still immersed in the wakes of their 
upstream turbines, leading to a small power enhancement in reference 
to the baseline situation. When the wind angle changes to θ = 3.8◦, the 

downstream turbines are still seriously sheltered by their neighboring 
upstream turbines in the baseline case. But such a situation is signifi
cantly modified by applying active yaw control, thus leading to a sig
nificant power improvement. In the θ = 7.6◦ cases, around half of the 
downwind turbine rotor lies in the low-speed wake region of the up
stream turbine in the non-yawed baseline condition. When the active 
yaw control is applied, the upstream turbine wake is entirely deflected 
away from the downstream wind turbine, which makes the latter 
operate exclusively in freestream conditions. Nevertheless, the relative 
power enhancement caused by AYC at this wind angle is not large due to 
the high baseline wind farm efficiency. For θ = 11.3◦, the downstream 
turbines are almost out of the upstream wake influence region in the 
non-yawed baseline case, implying that no wake manipulation is 
required. This also accounts for the results in Fig. 14(b) that AYC 
completely losses its effectiveness at this wind direction angle. 

Overall, according to the above analysis of the LES results, even a 
small change in the wind direction can have a non-negligible influence 
on the effectiveness of AYC. And AYC is more effective in the partial 
wake situation owing to the combined effects of wake steering and the 
lateral offset between consecutive wind turbines. In contrast, for a large 
wind direction departing from the full wake conditions, the imple
mentation of AYC is not suggested because of the high baseline wind 
farm efficiency. 

3.5. Incoming turbulence intensity 

According to the literature (Talavera and Shu, 2017; Cillis et al., 
2022), the inflow turbulence intensity can modify the strength of wake 
interaction. In this section, the active yaw control results of the 
three-row turbine array under three typical turbulence intensity (Ih =

6%, 10.2%, 11.9%) are studied. 
The atmospheric winds with different turbulence intensity are 

created in precursor simulations by changing the aerodynamic rough
ness height, z0. Particularly, apart from the example case described in 

Fig. 16. Horizontal contours of normalized mean streamwise velocity at hub height under different incoming turbulence levels.  
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Section 2.2, the value of z0 in the other two inflow conditions is set to 
0.1 m and 0.2 m, respectively, and the resulting hub height turbulence 
intensity is about 10.2% and 11.9%. Since all other settings remain the 
same, the three simulated atmospheric boundary layer flows have the 
same mean wind direction and wind speed at the turbine hub height. 

Before discussing the turbulence effects on the AYC efficiency, we 
first take a look at the hub height wake velocity field. As shown in 
Fig. 16, the wake recovers fast in the high turbulent inflow conditions, 
which arises from the enhanced flow entrainment. As a comparison, at 
the low turbulence level, because of the weak turbulent mixing, the low- 
velocity wake region appears longer. Additionally, the results in Fig. 17 
suggest that, compared to the cases with low turbulence level, the high 
turbulence intensity can lead to a smaller wake deflection, which en
hances the wake interactions in yawed conditions. This makes the 
downstream wind turbines being more waked by their upwind 
neighbors. 

The wind farm efficiency with and without AYC are compared in 
Fig. 18(a). As expected, owing to the weak wake effect, the high ambient 
turbulence level is beneficial to the increase of the baseline wind farm 
efficiency. Specifically, η is 3.5% larger at Ih = 11.9% than that at Ih =

6.0%. What is more, when AYC is applied to the turbine array, the wind 
farm efficiency is boosted to almost the same value for different turbu
lence intensity levels. This can be ascribed to the fact that, although 
increasing the turbulence intensity level is beneficial to the acceleration 
of the wake recovery, it reduces the wake center deflection. As a result of 
which, for the downstream wind turbines in the array, the beneficial 
effects of the former counteract the negative effects of the latter, and 
thus a small change is achieved in the overall power performance of the 
turbine array. 

Fig. 18(b) displays the relative variation of wind farm efficiency for 
three turbulence levels. One can see that the relative power improve
ment caused by AYC decreases as the turbulence intensity increases. 
This means that AYC is more suitable for low turbulence environments. 

3.6. Active yaw of the last wind turbine 

In previous studies (Dou et al., 2020; Bastankhah and Porté-Agel, 
2019) of wind farm yaw optimization, the last wind turbine in the tur
bine array always keeps non-yawed. This is because the intentional yaw 
misalignment can cause a drop in the turbine power and possibly in
creases undesirable loads on the turbine rotor. More importantly, the 
active yaw behavior of the last wind turbine is considered unlikely to 
increase the total power production of wind farm as there are no other 
turbines behind it. However, it is worth noting that, the transverse ve
locity in upstream yawed turbine wakes can change the local wind di
rection of the downwind turbine, and further, the real yaw angle 
perceived by it. As a result of which, even if the last wind turbine in the 
array is set to be aligned with the incoming wind, the "added yaw angle" 
caused by upstream transverse wake velocity will make it actually 
operate in a yaw state and lead to a yaw-induced power loss. 

Based on the above analysis, we wonder whether implementing an 

Fig. 17. Wake traces downstream of the wind turbine under different incoming turbulence levels.  

Fig. 18. (a) Comparison of the wind farm efficiency in the baseline case and yawed case; (b) Variation of the relative power enhancement, achieved by AYC, with the 
incoming turbulence intensity. 

Fig. 19. Normalized power output verses yaw angle for the last wind turbine in 
the array. 
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active yaw behavior opposite to the “added yaw angle" on the last wind 
turbine in the array, could offset the aforementioned yaw-induced 
power loss, and further, contribute to the total power increase of the 
turbine array. Specifically, in this section, we still use a three-row single- 
column turbine array as a test bench. The front wind turbine is set to 25◦

yaw, and the second wind turbine is yawed 15◦. Besides, the last wind 
turbine yaws between − 10◦ and 0◦ with a step of 5◦. 

Fig. 19 displays the normalized power production of the last wind 
turbine for different γ3. As shown in the figure, when the last down
stream turbine is yawed by − 10◦, the extra power gained by it even 
slightly decreases, implying that this yaw angle exceeds the magnitude 
of "added yaw angle". At a small yaw angle of γ3 =− 5◦, the power 
production does increase compared to the reference case where the last 
wind turbine is kept non-yawed, but the amount of power gain is not 
significant. This indicates that the influence of upstream transverse 
wake velocity on the last wind turbine in the array is not as great as 
expected. The possible reason is that the transverse velocity in upstream 
yawed turbine wakes gradually decays during downstream propagation. 

From the above analysis, for the practical implementation of AYC in 
wind farms, it is acceptable to ignore searching the optimal yaw angle of 
the last wind turbine in the optimization program to meet the timeliness 
requirement. 

3.7. Atmospheric thermal stability and yaw direction 

All numerical simulations conducted above are under the neutral 
boundary layer, which is the typical scenario in most previous wind 
energy application studies. Actually, according to the thermal 

stratification (Abkar and Porté-Agel, 2015), the atmospheric boundary 
layer can be classified into three categories: stable, neutral, and unsta
ble. Particularly, in the neutral boundary layer (hereafter, NBL), there is 
almost no heating or cooling at the surface. Under the unstable bound
ary layer (hereafter, UBL), the surface is warmer than the outer air, and 
the heat transfer between them enhances the turbulent mixing and the 
vertical momentum transport. Conversely, in the stable boundary layer 
(hereafter, SBL), the surface is cooler than the outer air, and the pro
duced negative buoyancy forces damp the flow disturbances, resulting 
in a weaker turbulence than in the neutral and unstable states. Evidences 
of the notable atmospheric stratification effects on the wake evolution 
and power harvesting under non-yawed conditions have been widely 
reported in literatures (Abkar and Porté-Agel, 2016; Radünz et al., 2021; 
Han et al., 2018). Contrarily, much less attention has been paid to the 
effect of thermal stability on the yawed turbine wake, let alone the effect 
on AYC efficiency. 

Apart from thermal stability, the sign of yaw angle also demonstrates 
its influence on the wind turbine behavior. Previous numerical studies 
(Gebraad et al., 2016; Miao et al., 2017; Fleming et al., 2014; Nouri 
et al., 2020) have revealed that, for the wind farm located in the 
northern hemisphere, positive yaw of the upstream turbines can in
crease the total power production, while negative yaw reduces it. 
However, most of these studies are limited to wind farms operating in 
the neutral boundary layer, and how thermal stratification affects the 
wind farm with wind turbines in oppositely signed yaw angles has not 
been discussed in depth. 

According to the above survey, it is meaningful to investigate the 
combined effects of thermal stratification and yaw direction on the 

Fig. 20. Vertical profiles of (a) horizontal-averaged streamwise velocity, (b) wind direction and (c) streamwise turbulence intensity of the incoming ABL flows under 
different atmospheric stability conditions. 

Fig. 21. Visualization of instantaneous turbulent structures under different atmospheric stability conditions: (a) SBL; (b) NBL; (c) UBL. The blue and red iso-surfaces 
represent the horizontal and vertical velocity fluctuations, respectively. 
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active yaw control concept. To achieve this goal, several large-eddy 
simulations for a three-row single-column turbine array are performed 
in this section, and the main variable values are listed in the last line of 
Table 1. Hereafter, the case under non-yawed condition is referred to by 
“baseline”, and the cases with the yaw angle distribution of 
(+25◦,+15◦,0◦) and (− 25◦,− 15◦,0◦) are referred to by “positive yaw” 
and “negative yaw”, respectively. 

In SOWFA, the incoming wind under different thermal regimes is 
generated by changing the ground heat flux. What is more, since the 
boundary layer height d is typically shallow in the stable state, different 
d values are set under three different atmospheric stability conditions. 
Besides, all other settings remain the same as in the example case 
described in Section 2.2. 

Fig. 20 displays the key turbulence statistics of the incoming ABL 
flows from large-eddy simulations. It is clear that raising atmospheric 
thermal stability causes an increase of turbulence intensity and a 
decrease of vertical wind shear. In addition, the incoming wind direction 
is shown to change with height, arising from the effect of the Coriolis 
force. And the wind direction changes more significantly in the stable 
stratification due to the shallow boundary layer. 

Apart from the time-averaged statistic quantities, adjusting the 
thermal stability also affect the instantaneous turbulent structures 
contained in the flow field. Fig. 21 visualizes some of these turbulent 
structures under different atmospheric conditions, where the blue and 
red iso-surfaces represent the horizontal and vertical velocity fluctua
tions, respectively. As shown in Fig. 21, it is clear that the characteristics 
of the instantaneous flow field are quite different. Specifically, there are 
many large coherent buoyant structures in the unstable boundary layer, 
while almost no turbulent structure occurs under the stable atmospheric 
conditions, in response to the negative buoyancy produced by the cooler 
surface. 

Fig. 22 shows the time history of instantaneous wind direction 
extracted from the center point of the horizontal hub height plane. 
Apparently, associated with the intense no-organized turbulent struc
tures in the flow field, the instantaneous wind direction in the unstable 

boundary layer fluctuates greatly with time, between − 12◦ and 12◦. This 
indicates a non-negligible influence on the yaw angle of the wind tur
bine, the turbine wake structures and the power performance. In 
contrast, the wind direction fluctuation is much smaller under the 
neutral and stable conditions. 

Since wake effect is the main cause for power loss of wind farms, a 
good knowledge of turbine wake flows under different thermal stabil
ities is crucial. Fig. 23 displays the vertical contours of normalized mean 
velocity deficit at 4 rotor diameters behind each turbine row in the 
array, as viewed from downstream. According to the observing of the in- 
plane flow, the wake shape varies greatly with atmospheric stability. In 
particular, owing to the large change of incoming wind direction, the 
turbine wake in the stable boundary layer is strongly skewed, even 
under the non-yawed conditions. Additionally, with positive yaws 
applied to the wind turbine, the wake structure is further pushed to the 
left, causing more portions of downwind turbines in the same column to 
experience the undisturbed incoming flow. Conversely, almost the entire 
rotor of wind turbine behind the negatively-yawed wind turbine is 
exposed to the upstream low-speed wake, wiping out the yaw benefit. As 
a comparison, due to the weaker Coriolis effect in the neutrally stratified 
boundary layer, the velocity deficit downstream of the non-yawed wind 
turbine is only slightly tilted. For the yawed cases under the neutral 
conditions, a kidney-shaped cross section is observed, and there is a 
clear asymmetry in wake curl between positive and negative yaw angles, 
which agrees with the results reported by Refs. (Schottler et al., 2018; 
Vollmer et al., 2016). 

As a result of large variance of instantaneous wind direction and high 
incoming turbulence intensity, a large wake region is visible in the un
stable boundary layer, and the turbine wake quickly merges with the 
ambient wind. The other notable fact is that no obvious wake deflection 
occurs in the yawed cases, which is completely different from the wake 
behavior in the neutral and stable boundary layers. And the key 
contributor to such a phenomenon is the high-variety instantaneous 
wind direction, which causes violent fluctuation of the wake position 
and reduces the dependence of wake deflection on the yaw direction. 

One can also observe that the turbine wake recovers faster in the 
unstable conditions, while a larger velocity deficit is shown in the SBL. 
This is consistent with the variation in turbulence intensity under 
different stability conditions. 

In order to further explore the effect of asymmetry in wake steering 
on the performance of wind turbine array, we next compare the wake 
center traces in the positively and negatively yawed cases under 
different thermal stabilities. According to literature (Abkar and 
Porté-Agel, 2015), although the yawed turbine wake has a complex 
cross-section, the lateral velocity profile at the turbine hub height still 
resembles a Gaussian distribution under different atmospheric stabil
ities. Hence, as we did before, the center of the fitted Gaussian curve for 
lateral velocity profile is taken as the wake center. 

As is shown in Fig. 24, the wake center trace appears a clear distinct 
bias to the left side of the turbine rotor in the stable state. This result, 
once again, is originated from the strong Coriolis force effect, which 
deflects the turbine wake naturally to the left in the northern hemi
sphere (Abkar and Porté-Agel, 2016). Benefiting from that, for a posi
tively yawed wind turbine, the wake is further steered to the left. In 
contrast, a relatively smaller wake center deflection magnitude is shown 
in the negatively yawed case. Similar trends are also shown in the 
neutral boundary layer, where the deflection magnitude is measured to 
be a little larger for the positive yaw, but such a difference is not as 
obvious as in the stable conditions. As a comparison, there is almost no 
difference in wake center deflection magnitude between positive and 
negative yaw for the unstable cases. And the wake center deflection is 
found to be relatively small, which is a consequence of the high turbu
lence intensity and the intense wind direction fluctuation. Also, it is 
apparent from Fig. 24 that, as the accumulated wakes progress down
stream, the asymmetry in wake deflection becomes more pronounced 
under the neutral and stable conditions. 

Fig. 22. Time history of the instantaneous wind direction extracted from the 
center point of the horizontal hub height plane. 
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Fig. 25 shows the power distributions under different atmospheric 
conditions, normalized by the power output of the most upwind turbine 
in the baseline case with the same atmospheric stratification. As a whole, 
the above observations on wake traces are well aligned with the power 
distribution of the turbine array. Specifically, it is evident in Fig. 25 (a) 
that, the array with negatively-yawed wind turbines has much smaller 
power production than that of the positively yawed cases. This can be 
explained by the smaller wake deflection magnitude in the negatively 
yawed case, which makes the downwind rotors within the same column 
more exposed to the upstream turbine wakes and decrease the power 
production. What is more, power distribution between positive and 
negative yaw angle is also inconsistent in the neutral conditions, but not 

as pronounced as in the stable boundary layer. As expected, the differ
ence between the effect on turbine power induced by positive and 
negative yaw angle is further decreased in the unstable boundary layer. 
Almost the same power distribution of the turbine array is presented in 
Fig. 25 (c) under the opposite sense of yaw directions, arising from the 
small difference in wake center deflection magnitude. 

The relative power enhancement achieved by AYC under different 
atmospheric conditions is plotted in Fig. 26. It is shown that AYC effi
ciency is asymmetric with respect to the yaw direction, where positive 
yaw is superior to negative yaw. What is more, the asymmetry in AYC 
efficiency is observed to decrease with increasing atmospheric stability, 
consistent with the above-described wake deflection behaviors. 

Fig. 23. Contour plots of normalized mean velocity deficit in the vertical planes at 4D behind each turbine row under different atmospheric stability conditions: (a) 
SBL; (b) NBL; (c) CBL. 

Fig. 24. Wake traces downstream of wind turbines under opposite sense of yaw directions.  
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Particularly, the difference in AYC efficiency between applying positive 
and negative yaw angles is approximately 26% in the stable boundary 
layer. This gap is reduced to almost 9.6% under the neutral conditions, 
and further to about 1.2% in the unstable cases. Moreover, it is worth 
noting that, in the current studies, the AYC efficiency is less than 0 both 
in the positively and negatively yawed cases under the unstable 
boundary layer, implying that in such scenarios, AYC completely losses 
its effectiveness. As a result of which, the implementation of AYC is not 
recommended in the unstable boundary layer. 

From the above analysis, the wind farm performance shows a great 
relevance to the yaw direction and atmospheric thermal stability. 
Arising from the asymmetric wake behavior in the oppositely signed 
yaw angles, there is a large difference in AYC efficiency between the 
positive and negative yaw, especially under the stable boundary layer. 
This emphasizes the necessity of noting local atmospheric thermal sta
bility and yaw direction in the practical application of AYC. 

Analytical wake model, famous for its computational efficiency, is 
commonly used to perform wind farm yaw optimization. However, the 
analytical wake models (Dou et al., 2019; Wei et al., 2021; Shapiro et al., 
2018) are mostly developed for wind turbines in the neutral boundary 
layer, assuming a symmetrical circular region around the wake center 
position, which is greatly different from the wake shape shown in 
Fig. 23. More seriously, the difference between the effects of positive 
and negative yaw are not considered in the analytical wake models, 
which could cause notable errors in wind farm wake and power pre
dictions. This call for a new kind of analytical wake model that can 
better reflect the asymmetry in wake steering in future studies. 

4. Conclusion 

This work carried out a systematical study of the effectiveness of AYC 
so as to provide general rules for the practical implementation of AYC. 
Specifically, a series of large eddy simulations for the NREL 5 MW wind 

turbine array is performed, which illuminates the influences of 
streamwise spacing, column spacing, incoming wind speed, wind di
rection, ambient turbulence intensity, active yaw behavior of the last 
turbine in the array, atmospheric thermal stability, and yaw direction. 

Based on the simulation results in previous sections, the following 
conclusions are drawn.  

(1) Due to the strong wake effect in the baseline condition, active 
yaw control is shown to be more suitable for an environment with 
low incoming wind speed and low turbulence intensity level. 

(2) As the streamwise spacing between adjacent wind turbines in
creases, the relative power improvement brought by AYC first 
increases and then decreases. This can be ascribed to the incon
sistent growth rate of wind farm efficiency with and without 
active yaw control. To be concrete, with the increasing of the 
streamwise spacing, the wake effect keeps weakening in the non- 
yawed baseline situation. While in the case with active yaw 
control, the weakening degree of wake effect gradually decreases 
as a result of the asymptotic wake deflection.  

(3) It is noticed that, arising from the weak column-to-column wake 
interaction, the AYC efficiency is insensitive to variations of 
column spacing within the typical range.  

(4) The incoming wind direction has a significant impact on the 
effectiveness of AYC, and AYC is found to be the most effective at 
wind angles corresponding to the partial wake conditions. In such 
scenarios, the downstream turbine rotors are seriously sheltered 
by the wakes of their upstream turbines in the baseline condition 
(corresponding to a large power loss). However, the downstream 
wind turbines are almost fully out of the upstream turbine wakes 
by applying AYC, leading to a dramatical increase in total power 
production.  

(5) The active yaw behavior of the last wind turbine in the turbine 
array also shows the potential to increase the total power pro
duction, but the corresponding power gain is small. As a result, 
for the practical application of AYC, it is acceptable to neglect the 
optimization of the yaw angle of the last wind turbine in the 
optimization program to meet the timeliness requirement.  

(6) Because of the different wake fields created at positive and 
negative yaw angles, yaw direction can influence the effective
ness of AYC, especially under the stable boundary layer. And 
positive yaw (i.e., the wind turbine is turned in the counter
clockwise direction from the top view), is suggested for the wind 
farm located in the northern hemisphere. 

From the above analysis, it is recommended to perform a prior 
judgment according to wind farm characteristics and local wind condi
tions in the practical implementation of AYC so as to exclude scenarios 
with low expected control efficiency. 

Limited by the computational constraints, only individual effects of 
different factors on the efficiency of AYC were investigated, which omits 
the coupling effects between multiple factors in the real-world 

Fig. 25. Normalized power distribution of the turbine array under different atmospheric stability conditions: (a) SBL; (b) NBL; (c) CBL.  

Fig. 26. Relative power enhancement achieved by AYC under different atmo
spheric stability conditions. The black solid line represents δη = 0. 
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engineering. This, therefore, call for the study on the combined effects of 
different factors in the future, which may provide some new insights into 
the engineering application of AYC. 
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