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a b s t r a c t

A new multiple wake model is developed for wind farm power prediction and wind farm control. First,
numerical simulations are conducted for two wind turbines under different layout sets, and the char-
acteristics of mean velocity and turbulence intensity in multiple wakes are systematically investigated. A
new multiple wake model considering the local effective turbulence on the rotor and the wake inter-
action effects is proposed. The proposed model can favorably predict the mean velocity and turbulence
intensity distributions in multiple wake regions, as well as the power production in wind farm
comparing with numerical simulations and field measurements. Finally, the new proposed multiple
wake model is applied to wind farm modelling and optimization framework, which enables the maxi-
mization of wind farm power production by wake steering control. The wind sector width of 2� with the
wind speed bin of 0.5 m/s is proposed for the lookup-table-based wake steering optimization. The
proposed values reduce the prediction error of annual energy production gain from 34.5% to 3.2%
comparing with the conventional values of 5� and 1 m/s. In addition, the yaw offset limit of ±15� is
recommended to satisfy both the maximization of power production and the safety requirement of
International Electrotechnical Commission (IEC) standard.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In the wind farm, wakes from multiple turbines lead to a sig-
nificant wake-turbine interaction as well as the wake-wake inter-
action, which reduces the whole energy output of the farm and also
increase the turbulence intensity level inside the wind farm. The
promise of wind farm control by coordinating the individual pitch
or yaw control operations across the wind turbines to mitigate the
wake losses has been studied around more than a decade [1]. The
main objectives of wind farm control include increasing power
production, reducing turbine loads, and providing electricity grid
support services, while the increased energy production is seen as
the most important benefit [2]. Moreover, in the report by Giebel
et al. [3]; the yaw-based wake steering is shown to be the best
option of wind farm control for Annual Energy Production (AEP)
increase. As summarized by Kheirabadi and Nagamune [1], there
are mainly the following aspects involved in the assessment of
potential of yaw-based wake steering control: evaluation model,
Ishihara).
optimization method, inputs, wind conditions and relative effi-
ciency gain, which are elaborated in detail as follows.

Firstly, to evaluate the potential of the wake steering control,
several works have been extensively conducted by using para-
metric wake models [4e6]. To efficiently evaluate the wind farm
power production under various wind conditions and turbine
operation during the optimization process, the multiple wake ef-
fects are necessary to be modelled and the commonly used
approach is to combine the single wake calculation based on the
superposition approach for mean flow field [7e9]. More recently, a
novel momentum-conserving wake superposition method is pro-
posed by Zong and Port�e-Agel [10];,however, the local turbulence
intensity was not carefully considered in the multiple wake
modelling. In the analytical modelling of wind farm by Niayifar and
Port�e-agel [8], the added turbulence from the nearest upstream
turbine is solely considered for eachwind turbine, while turbulence
distribution is assumed to be top-hat with a wake diameter, which
is questionable since the turbulence has been demonstrated to be
dual-Gaussian distributed in a single wake region [11,12]. Note that
the added turbulence intensity is an important feature for the wind
farm flow field, which has a significant impact on the wake re-
covery and interactions, and thus increases both the variability in
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Fig. 1. Bird’s eye view of the computational domain.
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power production and structural loads of the downstream turbines.
Therefore, an accurate evaluation of turbulence variation in the
multiple wake region is essential for proper wind farm power
prediction and maximization.

As for the optimization method, various optimization algo-
rithms like the centralized gradient-based programming are uti-
lized in offline phases, including wake model based optimization
studies [4e6], numerical simulations [13,14]. However, in the field
implementation of wake steering control [15e17], considering the
computational complexity, it is seldom to perform an online opti-
mization of yaw offset based on the time series of measured wind
conditions. Instead, the yaw offset angle for each turbine is pre-
optimized for a set of wind conditions with certain bin widths for
the wind speed and direction, generating a lookup table (LUT) with
dimensions of turbine number, wind direction, wind speed, and
turbulence intensity. Subsequently, an online LUT-based optimi-
zation is implemented, in which the optimal yaw offsets are ob-
tained by interpolation based on the measured wind condition. The
wind sector width of 5� and wind speed bin of 1 m/s is widely used
to estimate AEP of wind farm considering the wake effects, which
was accordingly adopted in the LUT-based optimization. However,
since the wake steering control is highly sensitive to the wind di-
rection and wind speed, whether the above conventional value is
fine enough in engineering application should be answered and
quantitatively evaluated by AEP gain.

The input used in the wake steering has universally been the
yaw angle, where the maximum and minimum of allowed inten-
tional yaw offset angles, i.e. yaw offset limits, were set to various
values in the previous research [4e6]. Note that the maximum yaw
misalignment of 15� is required by IEC standard for safety consid-
eration [18], and a larger yaw offset would probably increase the
fatigue load on wind turbine. Therefore, what a proper yaw offset
limit should be utilized is of high importance, since it can avoid
unnecessarily increased loads on turbines and ensure a satisfactory
power gain at the same time. This study aims at proposing a new
multiple wake model for prediction of turbulence intensity and
then apply it to investigate the proper bin width of wind direction
and yaw offset limit in the LUT-based wake steering optimization
for wind farm power production.

In this study, the numerical model, setup, and the wake super-
position method for mean velocity and turbulence intensity are
presented in Section 2. Section 3 firstly illustrates the numerical
results of wakes from two wind turbines. The predicted mean ve-
locity and turbulence intensity as well as power production are
then compared with numerical simulations and field measure-
ments to examine the accuracy of the proposed model. Finally, the
proposed multiple wake model is applied to a wind farm by the
yaw-based optimization framework, and the optimal binwidths for
the wind sector and wind speed as well as the yaw offset limit for
the LUT-based wake steering optimization are proposed to satisfy
both the maximization of power production and the safety
requirement of IEC standard. The conclusions of this study are
summarized in Section 4.

2. Methodology

The numerical model to investigate the characteristics of mul-
tiple wakes is firstly introduced in Section 2.1, where the turbulence
model, wind turbine model and the numerical setup used in the
numerical simulations are described. The single wake model,
including rotor onset quantity, velocity deficit, added turbulence,
and wake deflection, as well as the superposition principle of ve-
locity deficit to formulate multiple wake model, are then presented
in Section 2.2. Finally, the wind farm model for power prediction
and its optimization framework based onwake steering control are
2

described in Section 2.3.

2.1. Numerical model and setup

The Reynolds Stress turbulence Model (RSM) accounts for the
anisotropic turbulence stresses to give accurate predictions for
complex flows, which is an important advantage compared to the
common two-equation Reynolds-averaged NaviereStokes (RANS)
models with isotropic eddy-viscosity hypothesis. Additionally, as
pointed out by Cabez�on et al. [19], the common two-equation RANS
models like the standard k� ε model could not provide good pre-
diction for the wind turbine wakes, while RSM shows good per-
formance for prediction of wind turbine wakes [20].

In this study, the RSM with Linear Pressure-Strain model in
ANSYS Fluent 16.2 [21] is used to express the Reynolds stress tensor
to close the momentum equation. Finite volume method is
employed to perform the numerical simulation. The default values
recommended by the Fluent Theory Guide [21] are used for all the
model parameters. The second-order upwind scheme is applied for
the interpolation of velocities, turbulent dispassion term, and
Reynolds Stress. SIMPLE (semi-implicit pressure linked equations)
algorithm is employed for solving the discretized equations [22].

A utility-scale wind turbine model is adopted to study the
multiple wake characteristics. It is based on the offshore 2.4 MW
wind turbine at the Choshi demonstration site with the rotor
diameter of D ¼ 92:0 m and the hub height of H ¼ 80:0 m [11]. The
effect of the rotor induced forces on the flow is parameterized by
using an actuator disk model with rotation (ADM-R), in which the
lift and drag forces are calculated based on the blade element
theory [23] and then unevenly distributed on the actuator disk. The
rotor can be rotated around the z-axis enabling to change the yaw
angle of turbine. The nacelle and tower are modelled as a porous
mediumwith a packing density of 99.9%. The details of the ADM-R
model in RSM simulations were introduced in references [20], and
its accuracy for wind turbinewake simulations was validated by the
wind tunnel experiment.

This study firstly focuses on the simplest multiple wake
configuration, where the two wind turbines are aligned with the
meanwind direction as shown in Fig. 1. The computational domain
has the streamwise length of 25D, the spanwise length of 10D, and
the height of 3.2D. It is noted that the general numerical simulation
settings including critical mesh size and fluid conditions in current
study are exactly identical to those in reference [20]. The first up-
stream wind turbine is placed at the center in the spanwise di-
rection, and 4D downstream the inlet. The main domain is divided
by a set of rectangular cells using the commercial grid-generation
software GAMBIT 2.4.6 [24]. The region around the rotors is uni-
formly divided with the spatial resolution of 0.05D, which denotes



Table 1
Parameters used in numerical simulations.

Case Wind direction Longitudinal offset Dx Lateral offset Dy CT

WT1 WT2

(a) 0� 7.000 D 0 0.36 0.70
(b) 5� 6.998 D 0.612 D 0.36 0.46
(c) 10� 6.893 D 1.234 D 0.36 0.38
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that there are at least 20 grid points covering the rotor diameter in
the spanwise and vertical directions. The mesh is stretched hori-
zontally away from the wake region towards the domain bound-
aries with a growth ratio of 1.15. The grid size starts from 0.0018D at
the bottom and grows with a ratio of 1.1 in the vertical direction. A
total number of cells is around 2.5 million. Boundary conditions
used in the numerical simulations are summarized as follows: the
values of UðzÞ and uiujðzÞ extracted from the LES simulations con-
ducted for neutral atmospheric boundary layer with a hub height
mean wind speed of 10 m/s and ambient turbulence intensity of
Ia ¼ 0.035 [11] are imposed at the inlet to represent the offshore
ambient inflow; the inflow profile of kðzÞ and εðzÞ are determined
by assuming a local equilibrium of production and dissipation of
turbulence kinetic energy Pii ¼ 2rε in the streamwise direction; a
symmetry condition is used at the top and spanwise sides; an
outflow condition is applied at the end of the domain; the wall-
stress boundary condition is imposed at the ground surface based
on the logarithmic law.

As shown in Fig. 2, two wind turbines with a distance of 7D
under three wind directions of 0�, 5�; and 10� are chosen as three
representative cases to simulate the multiple wakes: (a) In-line
with full overlap, where the downstream wind turbine is wholly
in the wake; (b) Partial offset (Dy<D) with partial overlap, where
the downstream turbine is partially affected by the wake; (c) Fully
offset (Dy>D) with partial overlap, where the turbine rotor is fully
offset from the upstream rotor, but still partially disturbed by the
expanded wake. In the cases (a) and (b), both wake-wake interac-
tion andwake-turbine interaction effects exist, while in the case (c),
the wake-wake interaction effect is dominant and the wake-
turbine interaction effect is negligible. The parameters used in
the numerical simulation for each case are summarized in Table 1,
in which the thrust coefficient CT of the upstream turbine is kept
the same and CT of the downstream one is determined by the rotor
averaged wind speed as the relative location changes under
different wind directions.
2.2. Single wake model and superposition principle

Most single wake models take the assumption that a uniform
flow enters the rotor plane, while it is not applicable to the real
situation since the turbines inside the farm generally experience a
non-uniform inflow due to the wakes from upstream turbines.
Hence, to apply the wake models in a wind farm, the equivalent
wind speed Uh;i and turbulence intensity Ia;i on the rotor, i.e., the
rotor onset wind speed and turbulence intensity should be firstly
evaluated. As shown in Equations (1) and (2), the rotor onset Uh;i is
calculated by directly performing a geometric averaging of wind
speed U over the rotor, while rotor onset Ia;i is calculated by the root
mean of squares of streamwise turbulence standard deviation su
over the rotor divided by the rotor onset wind speed Uh;i.
Fig. 2. Wind turbine layouts under different wind directions: (a) In-line with full overlap: w
offset with partial overlap: wind direction of 10� . D is the diameter of wind turbine rotor.
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Uh;i ¼
1
A

ð
rotor

Uðxi; y; zÞdA (1)

Ia;i ¼
1

AUh;i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið
rotor

s2uðxi; y; zÞdA
vuut (2)

where xi denotes the streamwise location of turbine, and A is the
area of the rotor.

The Gaussian-based analytical single wake model proposed by
Ishihara and Qian [11] and Qian and Ishihara [20], noted as
Ishihara-Qian model, provides a three-dimensional wake charac-
teristic including wake width, velocity deficit, added turbulence, as
well as wake deflection caused by yaw offset. In Ishihara-Qian
model, all the parameters are automatically determined as the
function of ambient turbulence intensity and thrust coefficient.
Moreover, this wake model firstly provided the double-Gaussian
distribution for turbulence intensity in the wake region. Also, as
recently reported by Brugger et al. [25]; among three conventional
analytical wake models, the Ishihara-Qian model gave the smallest
errors compared to the SCADA data and the power estimated from
the Doppler Lidar measurements. Therefore, the Ishihara-Qian
model is utilized in this study for multiple wake modelling. The
detailed formula and parameters of the single wake model are
summarized in Table 2, where the rotor onset wind speed Uh;i and
turbulence intensity Ia;i will be used to replace the Uh and Ia of
ambient wind condition for multiple wake prediction. Note that the
minimum Ia in the Ishihara-Qian model is 0.03 and should be used
for the cases when the ambient turbulence intensity is lower than
0.03.

To predict the mean flow field U at a given position in the
multiple wake region, there are four kinds of superposition
methods commonly used in the literature [10,26], which are cate-
gorized as shown in Table 3. Here, U0 is the free streamwind speed,
DUi is the single wake velocity deficit induced by wind turbine WTi
in stand-alone conditions. The differences among these methods
depend on the two issues: (1) the approach of defining the single
wake deficit DUi, where it is calculated with respect to the free-
stream velocity of Uh;0 in the Ambient-based definition, while with
ind direction of 0�; (b) Partial offset with partial overlap: wind direction of 5�; (c) Fully
Dx and Dy are the longitudinal distance and lateral offset, respectively.



Table 2
Summary of the Ishihara-Qian model

Wake model Formulas Parameters

Wake width s

D
¼ k*

x
D
þ ε

* ; Dw ¼ 4
ffiffiffiffiffiffiffiffiffiffi
2ln2

p
s k* ¼ 0:11C01:07

T I0:20a

ε
* ¼ 0:23C0�0:25

T I0:17a

CT
0 ¼ CT ðUh;gÞcos g; Ia � 0:03

Velocity deficit
DUðx;y;zÞ=Uh ¼ 1
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,exp
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� r2
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q
a ¼ 0:93C0�0:75

T I0:17a

b ¼ 0:42C00:6T I0:2a

c ¼ 0:15C0�0:25
T I�0:7

a

Added turbulence
Dsuðx;y; zÞ=Uh ¼ 1

dþ e,x=Dþ f ð1þ x=DÞ�2

(
k1exp

 
� ðr � D=2Þ2
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a
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cos2ðp=2,ðr=D� 0:5ÞÞ r=D � 0:5
1 r=D>0:5
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cos2ðp=2,ðr=Dþ 0:5ÞÞ r=D � 0:5
0 r=D>0:5
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ydðxÞ
D
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>>>:
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x
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C0
T

q
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ln

�����
ðs0=Dþ 0:21
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C0
T
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Þ
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ffiffiffiffiffiffi
C0
T

q
Þðs=Dþ 0:21

ffiffiffiffiffiffi
C0
T

q
Þ
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x0
D

ðx> x0Þ

q0 ¼ 0:3g
cosg
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� C0

T

q
Þ

s0
D

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C0
T

�
sing

44:4q0cosg
þ 0:042

�s

x0
D

¼ s0=D� ε
*

k*

Table 3
Summary of wake superposition methods used to calculate the mean velocity in multiple wakes.

Wake Superposition method Superposition principle Single wake deficit definition

Ambient-based Linear Sum [9]
U ¼ U0 �

Pn
i¼1

DUi
DUi ¼ Uh;0ð1 � Ui =Uh;0Þ

Rotor-based Linear Sum [8]
U ¼ U0 �

Pn
i¼1

DUi
DUi ¼ Uh;ið1 � Ui =Uh;iÞ

Ambient-based Root Sum Square [7]
U ¼ U0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

DU2
i

s
DUi ¼ Uh;0ð1 � Ui =Uh;0Þ

Rotor-based Root Sum Square [35]
U ¼ U0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

DU2
i

s
DUi ¼ Uh;ið1 � Ui =Uh;iÞ
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respect to the local speed of Uh;i experienced by turbines in the
Rotor-based case; (2) the principle adopted to combine the velocity
deficit from upstream turbines whose wakes affect the flow in that
location, which includes linear sum and root sum square. In the
Ambient-based method as shown in Appendix A, the mean wind
speed velocity perceived by the downstream turbines is substituted
by the freestream wind speed during the single wake calculations,
i.e. Uh;i ¼ Uh;0, which neglected the wake interaction effects and
can only applicable in the cases of very large turbine spacing. To
overcome this drawback, instead of using the freestream wind
speed, the local wind speeds experienced by wind turbines are
determined consecutively from upwind to downwind in the Rotor-
based method. The difference between superposition principle is
also briefly explained here. In the Linear Sum method, the wake
velocity deficits induced by all upstream turbines are summed
linearly to conserve the total momentum deficit in the wake.
However, in the Root Sum Squaremethod, the velocity deficit in the
multiple wakes is calculated by summing the squares of the indi-
vidual velocity deficits. As investigated by Niayifar and Port�e-Agel
[8]; the generally linearizedmomentum deficit can be conserved by
applying the linear superposition of velocity deficit, and the Rotor-
based definition can provide more reasonable predictions
compared with that by the Ambient-based definition. Therefore, in
this study, individual velocity deficits are combined by utilizing the
Rotor-based Linear Sum as
4

U¼U0 �
Xn
i¼1

ðDUiÞ (3)

DUi
�
Uh;i ¼ F

�
CT ;i; Ia;i; ðx� xiÞ

�
D
�
4ðri = siÞ (4)

where U0 is the free stream wind speed, DUi is the velocity deficit
induced by wind turbine WTi and calculated by the Ishihara-Qian
model, F and 4 is the streamwise function and spanwise function
(see Table 2), respectively, CT ;i is the thrust coefficient of turbine
WTi, si is the representative wake width, ri is the spanwise distance
from the wake center, D is the rotor diameter.
2.3. Wind farm power maximization framework by wake steering
control

Awind farm power maximization framework, incorporating the
ambient wind condition, turbine model, wake model, and opti-
mizer, is designed to achieve themaximumpower bywake steering
control. As shown in Fig. 3, the wind speed, wind direction, and
turbulence intensity of ambient inflow are firstly inputted to
initialize the flow field. The rotor onset quantity of each wind tur-
bine is then updated from upstream to downstream and simulta-
neously result in the wake flow field in the wind farm through the
wake model calculation. The wind turbine model is a feedback loop



Fig. 3. Schematic overview of the wind farm power maximization framework by wake steering control.

Fig. 4. Thrust coefficient (a) and power curve (b) of the NREL 5-MW reference wind turbine as a function of wind speed U and yaw angle g.

G.-W. Qian and T. Ishihara Energy 220 (2021) 119680
with the wake, where the turbine operation condition and power
are determined by the rotor onset wind speed, and the resulted
thrust coefficient determines the wake flow and onset values of
downstream turbines.

In this study, the NREL 5-MW reference wind turbine model is
used to provide detailed information on the wind turbine model. It
has a rotor diameter of D ¼ 126:0 m, and a hub height of
H ¼ 90.0 m. Following the approach recommended by Gebraad [5],
the wind turbine model is represented by a two-dimensional
lookup table of thrust coefficients CT ðUh;gÞ and power curves
PðUh;gÞ as shown in Fig. 4, in which the thrust coefficients and
power curves under different wind speeds and yaw offsets are pre-
calculated by FAST [27], where the thrust coefficient is defined as

CT ðUh;gÞ ¼ FT ðUh;gÞ=
�
0:5rAU2

h

	
. During the wind farm simula-

tions, the rotor operation condition is evaluated through the
interpolation of these pre-calculated database. The wake models
presented in Section 2.2 and Section 3.2 are utilized to calculate the
5

wake effects. The power obtained from the wind farm model is
transmitted to an optimizer to optimize the yaw offset gi of each
wind turbine to find the maximized power production of the wind
farm.

This study focuses on maximizing power output of wind farm at
a site with a given wind condition, using the set-points for the yaw
angels of the turbines as the optimization variable. As formulated in
Equation (5), the optimization problem aims at finding the set of

optimal yaw offset angles goptðq;U; IaÞ ¼ fgopt
1 …;gi;…gopt

NT
g for NT

wind turbines, which maximizes the power output of the wind
farm for the prescribed wind speed U, ambient turbulence intensity
Ia and wind direction q. The ðgmin;gmaxÞ is the range of allowed yaw
angle, i.e., yaw offset limit, and wind sector width as well as the
values used in the previous researches are summarized in Table 4.
The determination of yaw offset limit andwind sector width will be
discussed in Section 3.3.



goptðq;U; IaÞ¼ argmax
g

XNT

i¼1

Piðg1;…gi; q;U; IaÞ Subject to gmin <gi < gmax (5)
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To reliably handle optimization problem of larger numbers of
design variables with a fast convergence, fmincon solver in MAT-
LAB, a gradient-based optimization algorithm to find minimum of
nonlinear problems with constraints, is adopted in this study. Be-
sides, to guarantee the local minima found by fmincon are in fact
global minima, MATLAB’s Global Search solver is used. Simply put,
the Global Search algorithm generates a number of test points to
use as initial starting points for the fmincon solver. As the algorithm
steps through the list of test points, it discards any that is found to
be in existing basin. At the end, it reports the local minimum with
the smallest cost function among the solutions calculated from the
test points. The details of solver can be found in the MATLAB
documentation [28].

It is noted that the optimal yaw offset is strongly dependent on
the wind direction since it determines the relative location be-
tween the wake and downstream turbines affected. In this study,
the performance of LUT-based optimization with different bin
width of wind direction is evaluated with the comparison to real-
time optimization. As illustrated in Fig. 5, the time series data of
measurements consisting of 10-min average wind speed U10minðtÞ
and wind direction q10minðtÞ are taken as the input to the LUT of
yaw offsets and Gradient-based optimizer to find a set of optimal

yaw offset angle gopt
LUT ðtÞ and gopt

RT ðtÞ, based on which the optimized

power Popt
LUT ðtÞ and Popt

RT ðtÞ are obtained through the Ishihara-Qian
model. The simulation of greedy yaw control is also performed to

provide the baseline power output PgreedyðtÞ, where all the turbines
is yawing into the incoming wind directionwithout any intentional
yaw offset. Finally, AEP gains, with respect to the power output of
Table 4
Summary of yaw offset limit and wind sector width used in wake steering control.

Literature Evaluation model

Gebraad et al. [13] FLORIS, SOWFA, Real-time
Fleming et al. [4] FLORIS, Real-time
Gebraad et al. [5] FLORIS, LUT-based
van Dijk et al. [6] FLORIS, LUT-based

Munters and Meyers [14] LES, Real-time

Fig. 5. Comparison between (a) greedy yaw control, (b) LU
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greedy yaw control, are calculated for the LUT-based and real-time
optimizers, respectively.

3. Results and discussion

Themean velocity and turbulence intensity in themultiplewake
region of two wind turbines with different wind directions are
investigated by numerical simulations in Section 3.1. A new mul-
tiple wake model for turbulence intensity is then proposed. The
mean velocity and turbulence intensity predicted by the proposed
model are compared with those obtained from the numerical
simulations and filed measurement in Section 3.2. Finally, wake
steering optimization is conducted using the proposed multiple
wake model. The optimal wind sector width, wind speed bin, and
yaw offset limit for LUT-based wake steering are proposed in Sec-
tion 3.3.

3.1. Multiple wake characteristics

In Fig. 6, the contours and profiles of simulated mean velocity in
the wake region under different wind directions are firstly pre-
sented in the horizontal x-y plane at the hub height (z ¼ H). The
origin of the domain is set at the center of the downstream rotor
(WT2). The mean velocities are normalized by the ambient free-
stream wind speed Uh;0 at the hub height. The mean velocity pro-
files at the x ¼ 4D downstream WT2 are extracted and shown in
Fig. 6. The dashed lines mark the intersected wake region based on
the individual wake boundary from two turbines, where the wake
boundary is denoted by the positions with the mean velocity equal
to the 95% of the free-stream velocity.
Yaw offset limit Wind sector width

0� ~ 40� e

�10� ~ 25� e

e 5�

�40� ~ 40� 5�

�30� ~ 30� e

T-based optimization and (c) real-time optimization.



Fig. 6. Contours and profiles of mean velocity in the wake of two wind turbines: (a), (b), and (c) are results under wind direction of 0� , 5� and 10� , respectively. The wind turbines
are presented by the solid black lines. The dashed lines mark the interaction region in the wakes of two turbines and the red rows denote the slope of velocity profiles in the
horizontal direction. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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For the full overlap wakes of in-line layout (Fig. 6a), the rotor
onset wind speed of WT2 becomes lower, which gives a larger
thrust coefficient and stronger velocity deficits. As a result, the
wake shear is enhanced with a steep slope in the intersected wake
region. For partial offset layout case (Fig. 6b), the wake of down-
stream turbineWT2 is partially merged in thewake fromWT1, thus
the lateral slope of velocity in the side intersected with the up-
streamwake becomes gentler compared with the other side in free
stream. Under the wind direction of 10� (Fig. 6c), though WT2 is
fully offset from the upstream rotor WT1, its wake is still partially
interacted with the wake from WT1. It can be found that, in the
intersection area, the slope of velocity from two wakes are oppo-
site, which also will weaken the wake shear layer as the wakes
expand and propagate in the downstream. It is noted that since the
added turbulence intensity in the wake region is mainly resulted
from the velocity shear layer, this characteristic will be explained in
the following discussion about turbulence intensity.

The mean velocity profiles predicted by wake models are also
plotted in Fig. 6 to illustrate the quantitative comparison with nu-
merical simulation results, where blue dashed lines are results
predicted by the conventional multi-zone model with Ambient-
based Root Sum Square superposition method proposed in FLO-
RIS [13], and red solid lines represent the results calculated by the
Ishihara-Qian model [11] based on the principle of Rotor-based
Linear Sum with effective rotor onset. It can be seen that the
Ishihara-Qian model generally presents favorable agreement with
7

numerical results, while the conventional model underestimates
the wake deficits in the full overlap region.

Fig. 7 shows contours and profiles of turbulence intensity in the
horizontal x-y plane at the hub height. The turbulence intensity is
defined as

Iu ¼ su
Uh;0

(6)

where su is the streamwise turbulence standard deviation. The
horizontal profiles of turbulence intensity at the x ¼ 4D down-
stream the WT2 are extracted and shown in open circles. The re-
sults by directly combining wakes of two turbines, i.e.ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DI2u;1 þ DI2u;2

q
, are also shown in blue lines in which DIu;1 and DIu;2

are added turbulence intensity predicted by Ishihara -Qian model
for WT1 and WT2, respectively. Red solid lines present the results
predicted by the new multiple wake model.

For the full overlap wakes shown in Fig. 7a, the turbulence in-
tensity is generally characterized by a dual-peak both in the single
wake region and the full overlap region. It can be found that the
turbulence intensity in the center part, i.e. the interaction region, is
increased, which is due to the enhanced velocity shear as discussed
in Fig. 6a. For partial overlap cases under wind direction of 5� and
10� as shown in Fig. 7b and c, the contours and profiles demonstrate
that the original peaks of turbulence intensity from the rotor tip
side are flattened in the intersection wake region. This is also



Fig. 7. Contours and profiles of turbulence intensity in the wake of two wind turbines: (a), (b), and (c) are results under wind direction of 0� , 5� and 10� , respectively. The wind
turbines are presented by the solid black lines. The dashed lines mark the interaction region in wakes of two turbines. Blue solid lines show the results by directly combining added
turbulence intensity individually predicted by Ishihara-Qian model for WT1 and WT2, respectively. Red solid lines present the results predicted by the new multiple wake model.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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related to the weakened velocity shear layer in the overlapped re-
gion as illustrated in Fig. 6b and c. To address the failure of the
conventional approach in the wake interaction region, a new
multiple wake model is proposed, which provides better perfor-
mance as shown by the red solid lines in Fig. 7, and will be dis-
cussed in Section 3.2.

3.2. A new multiple wake model and its validation

In the IEC61400-1 for wind turbine design [18], the turbulence
intensity in a wind turbine wake is estimated as

s2u ¼s2u;0 þ Ds2u (7)

Dsu ¼ 1
1:5þ 0:8

CT

x
D

(8)

where su is the turbulence standard deviation in the wake region,
su;0 is the ambient turbulence standard deviation, and Dsu is the
turbulence standard deviation generated by the turbine. However,
to the best of the authors’ knowledge, no specific superposition
8

principle has been reported yet for turbulence intensity in multiple
wakes. In this study, Equation (7) used in the IEC61400-1 [18] is
extended to formulate the turbulence intensity in the multiple
wake region based on the principle of Linear Sum of Square (LSS) as

s2u ¼s2u;0 þ
Xn
i¼1

Ds2u;i (9)

where Dsu;i is the individual added turbulence from the wind
turbine WTi.

As discussed in Section 3.1, directly superposing the individual
added turbulence intensity from two turbines by the principle of
LSS is not availing, and therefore an additional correction term
Dsu;ij for the turbineWTi in awind farm is proposed to consider the
effects of wake interaction with its closest upstream turbine WTj.
To this end, the LLS principle in Equation (9) is updated as

s2u ¼ s2u;0 þ
Xn
i¼1

�
Dsu;i þ Dsu;ij

�2 (10)



Fig. 8. Schematic of multiple wakes of turbulence intensity considering the wake interaction effects for (a) full overlap and (b) partial overlap wakes.

AP;1 ¼


ðxi; yiÞ

����0 < xi � xj < 15D;
Dw;jðxiÞ � D

2
<
���yi � yj

����Dw;jðxiÞ þ D
2

�
; for partial overlap (13)
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Dsu;i
�
Uh;i ¼G

�
CT ;i; Ia;i; ðx� xiÞ

�
D
�
4ðri =siÞ (11)

where the individual added turbulence fromWTi,Dsu;i is estimated
by the Ishihara-Qian model, G and f is the streamwise function and
spanwise function, respectively (see Table 2).

The new multiple wake model is shown schematically in Fig. 8,
in which the yellow and blue solid profiles denote the added tur-
bulence standard deviation from the target turbine WTi and its
closest upstream turbine WTj. The red dashed profiles represent
the induced turbulence standard deviation by the turbulentmixing,
which increases turbulence at the center of full overlap wake and
decreases turbulence of partial overlap wakes in the wake inter-
action region. The black solid lines denote the finally resulted tur-
bulence profiles.

Firstly, the full overlap and partial overlap wakes are defined for
the target turbine WTi based on its relative positionwith respect to
the position of the closest upstream turbine WTj as
AF;1 ¼


ðxi; yiÞ

����0 < xi � xj < 15D;
���yi � yj

����Dw;jðxiÞ � D
2

�
; for full ove

9

where ðxi; yiÞ and ðxj; yjÞ are coordinates of the rotor center for
target wind turbine WTi and its closest upstream turbine WTj,
Dw;jðxiÞ is the wake width of WTj at the position of WTi. Here, the
wake interaction effect is neglected if the streamwise distance
between WTi and WTj is over 15D. Besides, the horizontal coordi-
nate yj needs to be modified to ðyj þyd;jÞ to consider the wake
deflection when wake steering control is implemented.

Secondly, the range of the wake interaction region where the
proposed correction term works is defined in Equations (14) and
(15). For full overlap case, the rotor areas of WTi is assumed to be
considered for correction. For partial overlap case, the wake region
of WTi intersected with that of WTj is corrected.

AF;2 ¼


ðy; zÞ

����ri �D
2

�
; for full overlap (14)
rlap (12)



Fig. 9. Profiles of streamwise turbulence intensity in the wake of two wind turbines: (a), (b), and (c) are results under wind directions of 0� , 5� and 10� , respectively.

Table 5
Normalized Root Mean Square Error (RMSE) of predicted turbulence intensity with respect to numerical results in Fig. 9.

Model Full overlap
Wind direction ¼ 0�

Partial overlap
Wind direction ¼ 5�

Partial overlap
Wind direction ¼ 10�

IEC61400-1 0.90 1.04 1.01
Proposed model 0.15 0.23 0.27

Fig. 10. Description of the Horns Rev wind farm: (a) schematic of layout and (b) power curve and thrust coefficient curve of Vestas V-80 2 MW wind turbine.
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AP;2 ¼


ðy; zÞ

����jy� yij <
Dw;i

2
; jz�Hj � Lw;ij

2
; sgnðy� yiÞsgn

�
yj � yi

	
¼1
�
; for partial overlap (15)
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where ri is the spanwise distance from the wake center of WTi, and
Lw;ij is the vertical length of the intersected wake region of WTi and
WTj. They can be geometrically derived as

ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðy� yiÞ2 þ ðz� HÞ2

q
(16)
Fig. 11. Contours of streamwise turbulence intensity on a horizontal plane at the hub height
are LES results [29]; (b) and (d) are results predicted by the proposed multiple wake mode

Dsu;ij ¼

8>>>>>><
>>>>>>:

1
2
Dsu;i;tipcos

2
�pri
D

	 �ðxi; yiÞ2AF

�1
2
Dsu;i;tipsin

2

 
pðy� yiÞ

Dw;i

!
cos 2

 
pðz� HÞ

Lw;ij

! �ðxi; yiÞ2AP

0 else
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Lw;ij¼
1���yi�yj

���
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
yi�yj

	2
D2
w;j�

��
yi�yj

	2�D2
w;i

.
4þD2

w;j

.
4
	2s

(17)

Finally, the value of correction term is determined, which is
assumed to be half of the added turbulence deviation at the tip side
Dsu;i;tip, and then to be smoothed to the boundary of correction
areas by using a cosine-like function as shown in Equation (18).
for Horns Rec offshore wind farm under the freestreamwind speed of 8 m/s: (a) and (c)
l.

;1; ðy; zÞ2AF;2;
�

;1; ðy; zÞ2AP;2
� (18)



Fig. 12. Quantitative comparison of (a) the streamwise turbulence intensity at the hub height, (b) normalized meanwind speed incident on rotor, and (c) normalized mean power of
each turbine under the wind direction of 270� . The mean velocity of LES is calculated based on the power curve and the corresponding power estimated by Wu and Port�e-Agel [29].

Fig. 13. Quantitative comparison of normalized power obtained from filed observations [30] and predictions by the PARK model, GH WindFarmer and the proposed multiple wake
model: (a), (b), and (c) are results under wind direction of 270� , 222� and 312� with sector width of 2� , respectively. The freestream wind speed is 8 ± 0.5 m/s.
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Fig. 9 shows the turbulence intensity profiles at selected posi-
tions at x¼ 4D, 6D and 8D downstream theWT2, inwhich the open
circles are obtained from the numerical simulation. The red lines
present the results predicted by the proposed model and the blue
12
solid lines showwake turbulence calculated by the IEC wake model
with LSS principle as shown in Equation (9). The Root Mean Square
Error of predicted turbulence intensity with respect to numerical
results are also calculated for each case in Fig. 9, and the values are
then normalized by ambient turbulence intensity Ia and summa-
rized in Table 5. The proposed model well predicts the turbulence



Table 6
Maximum relative error of predicted power with respect to measurement data.

Model Wind direction ¼ 270±1� Wind direction ¼ 222±1� Wind direction ¼ 312±1�

PARK model 38.6% 24.6% 24.8%
GH WindFarmer (modified PARK model) 25.1% 24.6% 24.8%

Proposed model 11.4% 4.4% 11.3%
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distribution in the wake region with low RMSE, since the wake
interaction induced turbulence is considered by the developed
correction term in LSS principle. This is the case for both full overlap
and partial overlap cases. However, the IEC wake model imple-
mentedwith LSS principle gives conservative prediction in the near
wake region for the full overlap wakes and large overestimation in
the partial overlap wake regions, thus it shows significantly larger
RMSE for all three cases. It is noticed that the predicted turbulence
profiles still show some discrepancies with the numerical results
especially for the case in Fig. 9c, which is due to the fact that the
proposed correction term has some empirical factors and it is not
expected to account for all phenomenon related with wake
interaction.

To further evaluate the performance of the proposed model, the
Horns Rev offshore wind farm is selected for validation, since it has
been extensively studied and a dataset including Large Eddy
Simulation (LES) results [29] and field measurement [30] are
available for a benchmark. As shown in Fig. 10, this wind farm
consists of 80 Vestas V-80 2 MW wind turbines arranged in a
rhomboid shape with 10 columns in the East-West direction and 8
rows in the North-South direction. The distances between
consecutive turbines are 7.0 D, 9.3 D, and 10.4 D for wind direction
qwind ¼ 270�; 222� and 312�, respectively, where turbines are in a
full overlap wake condition as noted by the solid arrows in Fig. 10a.
Thewind turbine has a rotor diameter of D¼ 80m and a hub height
of H ¼ 70 m, and its thrust curve and power curve, which are used
to evaluate the wake effects and power, are shown in Fig. 10b.

Fig. 11 shows a contour plot of the streamwise turbulence in-
tensity on a horizontal plane at the hub height under the wind
directions of 270� and 274�, which represents the case of full
overlap and partial overlap wake condition, respectively. It is found
that the flow pattern of the turbulent flow field predicted by the
proposed multiple wake model favorably agrees with that simu-
lated by LES turbulence model, inwhich the enhanced dual-peak in
the full overlap condition and the weakened parts in the partial
overlap areas are well reproduced.

For quantitative comparison, the streamwise turbulence in-
tensity and mean velocity at the hub heigh, as well as the power
production under wind direction of 270� predicted by the proposed
model, the PARK model, as well as the modified PARK model are
plotted together with the LES results [29] in Fig. 12. The PARK
model, used in industry-standard software of WAsP [31]; is one of
the most common analytical wake model for wind farms, which is
based on the wake model by Jensen [32]; along with the Ambient-
based Root Sum Square superposition approach suggested by Katic
et al. [7]. The modified PARK model is the wake model used for
wind farm layout optimization in the commercial software of GH
WindFamer [33], the detail of which is described in Appendix A. For
the PARK model and the modified PARK model as well, a constant
linear wake growth rate of 0.04 for offshore application is used
according to the suggestion in WAsP. In Fig. 12a, it is clearly shown
that under the full overlap condition, the turbulence intensity in-
creases significantly in the downstream and then reached an
equilibrium value after two rows of wind turbines, and this is
favorably reproduced by the proposedmodel. Note that in the PARK
model as well as the modified PARK model, the turbine induced
13
added turbulence is not modelled and the local turbulence is
assumed to be the same as the ambient one, which significantly
underestimates the turbulence intensity inside the wind farm. As a
result shown in Fig. 12b and c, the PARK model with a constant
wake growth tends to significantly underestimate the mean ve-
locity and power output since the effects of increased turbulence
level to wake recovery is not included. To overcome this drawback,
the local wind speed experienced by the wind turbine is forced to
be fully recovered to ambient wind speed in the modified PARK
model, which leads to almost constant values of mean velocity and
power for the downstream turbines but still under predict them. By
contrast, the local added turbulence intensity on rotor is auto-
matically considered for the prediction of velocity deficit in mul-
tiple wakes by the proposed model, thus a good agreement
between the LES results and proposed model is found for both
mean velocity and power production.

Fig. 13 shows the power production for three wind directions of
270�, 222�, and 312� with a 2� sector under the freestream wind
speed of 8±0.5 m/s, in which open circles are field measurement
data from SCADA [30], the blue dot-dashed lines and green dashed
lines denote the power productions simulated by the PARK model
and modified PARK model in GHWindFarmer, respectively, and red
lines present the values predicted by the proposed multiple wake
model. The maximum relative error of predicted power with
respect to measured data is also estimated for each case and
summarized in Table 6. The proposed model shows smallest error
for each wind direction, since it provides favorable good agreement
with the measurements of downstream turbines. However, the
PARKmodel gives substantial underestimations with large errors. It
is noticed that the maximum error predicted by PARK model
generally occurs at the second row, which means that the main
discrepancy derives from the original single wake model by Jensen
[32]. Therefore, the modification done in GH WindFarmer could
only achieve slight improvement after second row, while the ac-
curacy in terms of the maximum relative error could not be
improved, especially in the cases with the wind directions of 222�

and 312�.
3.3. Optimal wind sector width, wind speed bin and yaw offset limit
for wake steering control

In order to determine the optimal wind sector width and yaw
offset limit for wake steering control, a case study is conducted
with the newmultiple wake model. The optimization framework is
constructed in MATLAB and solved on a high-performance
distributed computing system.

The wind speed and wind direction used as a basis for the
optimization was measured by a cup anemometer and a wind vane
installed on themet mast at 80m height, which is located at a near-
coastal site in Tomamae wind farm, Hokkaido of Japan [34]. The
measurements consist of a one-year time series of 10-min average
data during the period from November 1, 2015 to October 30, 2016
as shown in Fig. 14a. The wind rose is generated from these mea-
surements and shown in Fig.14b, inwhich thewind rose has awind
sector width of 5� and a wind speed bin of 1 m/s, and the west is
found to be the prevailing wind direction. The wind speed



Fig. 14. Annual Wind condition used for wake steering optimization: time series of 10-min average (a) wind speed and (b) wind direction measured by a met mast in Tomamae
wind farm, Japan during 2015/11/01 to 2016/10/31, (c) the generated wind rose, (d) frequency distribution of wind speed, where the red solid lines denotes the fitted Weibull
distribution. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 15. Layout of a representative wind farm for power maximization through wake
steering control, where the gray arrow denotes the prevailing wind direction.
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distribution is analyzed and shown in Fig. 14c, where the proba-
bility density function is fitted by Weibull distribution with the
mean speed of 6.5 m/s and k ¼ 1.6. A representative wind farm is
designed to consist of 20 wind turbines with 4 rows and 5 columns.
Considering the typical distance of wind farm, the spacing of the
14
turbines is set to 7D and 5D in the longitudinal and lateral distance,
respectively. As shown in Fig. 15, to ensure a high energy efficiency,
the wind turbines are arranged in a grid form that the longitudinal
axis is set to along the prevailing wind direction, i.e. the west wind
direction. The NREL 5-MW reference wind turbine is used to pro-
vide thrust coefficient and power as a function of wind speed and
yaw angle as shown in Fig. 4.

Firstly, the wake steering optimization is performed for a
discrete set of wind directions in the interval ½0�;360�Þ binned at 1�

and wind speeds between cut-in and cut-out ½3 m=s; 25 m=s�
binned at 1 m/s. Fig. 16 shows one example of the flow field pre-
dicted by the proposedmultiple wakemodel, under thewind speed
of 8 m/s and the wind direction of 5�, for both the baseline with
greedy control and optimized operation with wake steering which
results in a relative power gain of 8.2%. It can be clearly identified
that the four column downstream turbines are originally partially
waked under greedy control, and those wakes are redirected aside
from the downstream turbines when the wake steering control is
performed.

Subsequently, the generated optimal yaw offset angles are
stored in 3 different levels of lookup table (LUT) with wind sector
width of 1�, 2� and 5� (noted as LUT-1deg, LUT-2deg, and LUT-
5deg), where the wind speed bin width is kept 1 m/s. To investi-
gate the sensitivity of wind sector width in the LUT-based



Fig. 16. Contours of wind speed in the wind farm at the hub height under the wind speed of 8 m/s and the wind direction of 5�: (a) baseline operation with greedy control and (b)
optimized operation with wake steering control which results in a relative power gain of 8.2%.

Fig. 17. AEP gains obtained using the real-time optimization and LUT-based optimization with (a) different wind sector widths and (b) wind speed bins. The wind speed bin is fixed
to 1 m/s in (a) and the wind sector width used in (b) is 2� .

Fig. 18. Summary of LUT-based yaw optimization under different yaw offset limit: (a) percentage of yaw offset angles when the yaw limit of 30� is used; (b) AEP gains versus
diferent yaw offset limits.
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optimization, these three levels of LUT are utilized to estimate the
AEP gain (%) separately, with one-year wind measurement data as
shown in Fig. 14. The process described in Section 2.3 is used and
the AEP gain is calculated as
15
DAEPð%Þ¼
0
@ PNT

i¼1
PN10min

j¼1 Popti

�
tj
�

PNT
i¼1
PN10min

j¼1 Pgreedyi

�
tj
��1

1
A� 100% (19)
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where, Popti ðtjÞ and Pgreedyi ðtjÞ represent the power produced by
turbine i at time j with optimized yaw offset and greedy control,
respectively. In addition, the real-time optimization is also per-
formed for comparison, and the AEP gains are summarized in
Fig. 17a, where the relative error of DAEPLUT produced by LUT with
respect to that by real-time optimization DAEPRT is evaluated as

εLUT ð%Þ¼
jDAEPLUT � DAEPRT j

DAEPRT
� 100% (20)

Comparing the AEP gain given by the real-time optimization, it
is found that the LUT-5deg used in the previous studies presents a
large error of 34.5%. By using the LUT-2deg, the relative error can be
significantly reduced to 5.8%, and LUT-1deg gives quite close error
to the one by LUT-2deg as shown in Fig. 17a. To further investigate
the sensitivity of wind speed bin, three levels of lookup table (LUT)
binned at 0.5 m/s, 1 m/s and 2m/s (noted as LUT-0.5 m/s, LUT-1m/s,
and LUT-2m/s) are also evaluated, where the wind sector width is
fixed as 2�. When thewind speed bin is refined to 0.5m/s, the result
presents better agreement with that by real-time optimizationwith
the smallest error fof 3.2%, which is almost half of that by LUT-1m/s
as shown Fig. 17b. Therefore, it can be concluded that LUT with the
wind sector width of 2� and wind speed bin of 0.5 m/s is acceptable
for the engineering application of wake steering control.

Furthermore, to investigate that how much yaw offset limit is
enough for the implementation, a series of yaw offset limits with
values of ±8�, ±12�, ±15�, ±20�, ±25�; and ±30� are investigated for
the wake steering control. The one-year windmeasurement data as
shown in Fig. 14 are used as the input and the LUT-2deg is adopted
to perform the optimization. Firstly, the percentage distribution of
optimized yaw offset angles obtained from all the cases (a total of
1051200 yaw offset points) with the yaw offset limit of ± 30� are
analyzed and shown in Fig. 18a. It is noticed that the yaw offset of
the turbines in most cases is smaller than 15�, which implies that
the use of yaw offset larger than 15� would not have a high po-
tential to provide greater power gain. To determinate the optimal
yaw offset limit, the AEP gains estimated using different yaw offset
limits are summarized in Fig. 18b. It is found that the yaw offset
limit larger than 15� would only result in an additional AEP gain of
up to 0.07%. On the other hand, a yaw offset larger than 15� in-
creases the fatigue load of wind turbines. Following the safety
requirement by IEC standard and the results shown in Fig. 18, the
yaw offset limit of ±15� is recommended in the wake steering
control for wind farm power maximization.

4. Conclusions

In this study, a systematic numerical simulation for multiple
wakes of two wind turbines under the different wind directions is
carried out by using the Reynolds Stress turbulence model. A new
multiple wake model is developed based on the numerical inves-
tigation of wake interactions. The proposed model is then applied
to wind farm power maximization by wake steering control.
Following conclusions are obtained:

1. The characteristics of multiple wakes of two wind turbines
under the representative condition of full overlap and partial
overlap are systematically investigated. The mechanism of wake
interaction and its effects on the turbulent flow filed are clarified
by the numerical simulations.

2. A new multiple wake model accounting for the local turbulent
flow field on the rotor is proposed, in which velocity deficits are
combined by Linear Superposition, and turbulences are added
using Linear Superposition of Square with a correction term to
consider the wake interaction. The proposed model shows good
16
agreement with the normalized power obtained fromnumerical
simulations and field measurements, while the conventional
Park model underestimates the turbine induced added turbu-
lence and power production as well.

3. A maximization framework of wind farm power production by
wake steering control is developed based on the new multiple
wake model. The wind sector width of 2� with the wind speed
bin of 0.5 m/s is proposed for the engineering application of
lookup-table-based wake steering optimization, which reduces
the prediction error of AEP gain from 34.5% to 3.2%. In addition,
the yaw offset limit of ±15� is recommended to satisfy both the
maximization of power production and the safety requirement
of IEC standard.

Wake steering control is an active and growing field of research,
while there are still some research gaps, such as fatigue load
mitigation, filed validation and uncertainties concerning AEP gain.
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Appendix A. Modified PARK model in GH WindFarmer

The modified PARK model in GH WindFarmer is based on the
formula by Katic et al. [7]. This model assumes that the wake ex-
pands linearly behind the rotor and predicts the velocity deficit DUi
by a rectangular wind speed profile as

DUi ¼Ui;0

�
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Ct

p 	� D
Dþ 2kx

�2

(A.1)

where Ui;0 is the axial wind speed incident on the turbine, CT is the
thrust coefficient, D is the rotor diameter, x is the downstream
distance from the rotor, k is the wake decay constant and is
expressed as

k¼ A
lnðh=z0Þ

(A.2)

where A is a constant equal to 0.5, h is the hub height of turbine,
and z0 is the roughness length. It means that k is set the same value
for all wind directions.

The turbine induced added turbulence is not considered in this
model, which means that the local turbulence intensity Ii;0 incident
on the turbine is taken as the ambient one.

Ii;0 ¼ Ia (A.3)
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To consider the wake effects of upstream wind turbines on a
downstream turbine, two assumptions are taken: (1) the incident
wind speed on each turbine Ui;0 is corrected to ambient wind speed
U0 to calculate the individual velocity deficit by Equation (A1); (2)
the overall wake effect is taken as the largest wind speed deficit and
the flow filed in the wake flow of multiple turbines are subse-
quently calculated as

Uw ¼U0 �maxðDU1;…;DUi…;DUnÞ (A.4)
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