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ARTICLE INFO ABSTRACT

Keywords: In existing wind farms, the overall power output can be increased through yaw control. However, the cooperative
Wind farm layout control of start/stop, yaw and turbines positions is often overlooked, leading to wake superposition to down-
Start-stop

stream wind turbines and suboptimal power output. This paper proposes a synchronized optimized method that
considers start/stop, yaw and turbines positions control based on a three-dimensional wake model and yaw flow
superposition model. The objective function of the proposed strategy is to maximize the power output of the
Chapman Ranch (CR) wind farm. Four cases are considered: start-stop, yaw control, start-stop & yaw control and
start-stop & yaw & turbines positions control. The particle swarm algorithm is introduced to optimize the wind
farm layout. According to the results, considering start-stop, yaw and turbines positions optimization can not
only increase the annual power output of the wind farm by 8.85 %, but also avoid the colliding wake in the CR
wind farm. However, the other three cases will cause colliding wake in some fields of the CR wind farm. This

yaw control
3D wake model
Optimization

study provides important guidance on improving the overall power output of existing wind farms.

1. Introduction

Wind energy is a renewable source of energy. Optimizing the layout
of wind farms can enhance energy output and reduce energy costs.
However, most researchers primarily concentrate on wind farm layout
optimization using various algorithms, while paying little attention to
the start/stop and yaw control aspects in real wind farms. This paper
aims to investigate wind farm layout optimization by considering inte-
grated start/stop and yaw control.

1.1. Wake model study

Modern wind farms often consist of a dense arrangement of wind
turbines within a confined area. Minimizing wake interference between
turbines is crucial to enhance the overall power output of the wind farm.
During the design and optimization of wind farm layouts, wake models
are commonly utilized to calculate the wake velocity between individual
turbines. The Jensen wake model [1] is a widely employed
semi-empirical wake model. Subsequently, Kayic [2] and Frandsen [3]
made improvements to the Jensen model, although deviations from
experimental data persisted [4,5].To address these limitations, Takeshi

[6] proposed a novel wake model that accounts for ambient turbulence
intensity and the effects of the thrust coefficient. The study demon-
strated good agreement between the predicted velocity deficit, added
turbulence intensity, and the results obtained from large eddy simula-
tions (LES) and experimental data. Majid Bastankah [7] introduced a
three-dimensional wake model based on the principles of mass and
momentum conservation. The model requires obtaining the wake
expansion factor through fluid mechanics analysis. Another contribution
by Siyu Tao [8] involved the development of a newly devised 3D
Gaussian wake model, which was successfully applied to wind farm
layout optimization. The results indicated the model’s effectiveness in
addressing the optimization problem of wind farm layouts. Guo-Wei
Qian [9] introduced a novel multiple wake model that took into ac-
count local effective turbulence and wake interaction effects. His
research suggested a yaw offset limit of +15°to ensure the maximization
of power production. Rezvane S [10] presented an innovative method to
compute the turbine’s inflow speed by considering wake interactions in
a wind farm. using this method, the power output of a hypothetical wind
farm was calculated. The efforts of these researchers have greatly
enriched the body of knowledge on wake models, providing valuable
tools for calculating inflow wind speed and turbulence intensity in wind

* Corresponding author. Hubei University of Technology Delft University of Technology, Netherlands.

E-mail address: quan_wang2003@163.com (Q. Wang).

https://doi.org/10.1016/j.renene.2024.120044

Received 14 August 2023; Received in revised form 26 December 2023; Accepted 21 January 2024

Available online 23 January 2024
0960-1481/© 2024 Elsevier Ltd. All rights reserved.


mailto:quan_wang2003@163.com
www.sciencedirect.com/science/journal/09601481
https://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2024.120044
https://doi.org/10.1016/j.renene.2024.120044
https://doi.org/10.1016/j.renene.2024.120044
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2024.120044&domain=pdf

Q. Wang et al.

farms.
1.2. Wind farm layout optimization

The wake effect caused by upstream wind turbines significantly
impacts the power generation of downstream wind turbines. As the
number of turbines in a wind farm increases, the disturbance caused by
the wake effect becomes more pronounced, leading to reduced power
generation efficiency. Howland [11] reported that wake offset could
reach up to 0.6D. Fleming [12] conducted field experiments that verified
the effectiveness of yaw control in enhancing wind farm power gener-
ation. Gebraad [13] utilized computational fluid dynamics (CFD) sim-
ulations to investigate the performance of three-row and two-row wind
farms comprising six turbines, observing that yaw angle control can
increase the power output of wind farms. Hongliang Ma [14] studied
cooperative yaw control for aligned turbines to maximize power pro-
duction, and the results demonstrated its effectiveness. Park [15] pro-
posed a data-driven method based on a Bayesian ascent algorithm to
optimize total wind farm power by dynamically controlling pitch and
yaw angles of turbines. Bingzheng [16] described a yaw angle optimi-
zation strategy that maximized power output, leading to improvements
of up to 7 % in an offshore wind farm. Haces [17] introduced a concept
for modifying wind farm layout by deactivating specific turbines to
maximize total power output. Zhenyu Lei [18] proposed a genetic
learning particle swarm optimization approach with an adaptive strat-
egy (AGPSO) for wind farm layout optimization, achieving high con-
version efficiencies under various wind scenarios. Qingshan Yang [19]
presented a hybrid optimization strategy that combined an analytical
wake model with wind farm layout optimization, leading to a 1.9 %
decrease in the cost of energy. Shriya V [20]. proposed a local, contin-
uous refinement method to optimize wind farm layout. According to the
results, this method surpassed the compared refinement technique by
producing layouts that enhance overall energy production, leading to a
reduction in the LCOE. Lichao Cao [21] introduced a multi-objective
framework considering both power generation and turbulence in-
tensity distribution in wind farms, resulting in a layout with increased
total power (0.8 % improvement) and reduced turbulence intensity (8.1
% reduction). Yi Wen [22] employed a risk management method, based
on conditional value-at-risk, to optimize the wind farm layout with
uncertain wind condition. The results showed that this method could
constrain the error in AEP and power fluctuations more effectively than
traditional optimized method. Furthermore, some other researchers
[23-26] have also have made significant contributions to the field of
wind farm layout optimization, introducing diverse ideas and strategies
to maximize overall energy production.

1.3. The main work in this paper

The aforementioned studies have significantly advanced the fields of
wake modeling, wind farm layout optimization, and yaw control. While
some have honed in on improving the precision of wake models for
velocity prediction, others have delved into wind farm layout optimi-
zation using various intelligent algorithms. A third group has explored
optimizing the yaw angle of wind turbines within specific wind farms.
However, for existing wind farms, altering turbines locations is chal-
lenging. The feasible approach is to control the start-stop mechanism
and yaw angle of the turbines to enhance overall power production. Yet,
few researchers have concentrated on the synchronizing start/stop, yaw
angle control and turbines positions to boost overall power output.

The structure of this paper is illustrated in Fig. 1. Initially, the wake
velocity and wind turbine power are calculated based on the 3D-wake
offset model and the prevailing wind resource conditions, as discussed
in Sections 2 and 3. Subsequently, an optimization mathematical model
is constructed for a wind farm, taking into account four different cases:
yaw control (case 1), start-stop (case 2), start-stop & yaw control (case 3)
and start-stop, yaw control and turbines positions (case 4). In section 4,
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Fig. 1. flow chart of overall methodology.

we delve into the optimization results for four scenarios, examining both
specific and annual wind conditions. The paper concludes with key
findings and implications summarized in Section 5.

2. Wind turbines offset wake model
2.1. Improved 3D wake model

In this paper, it was assumed that there was no wake generated from
stopped wind turbines, as validated by previous research [27]. When the
downstream wind turbine is outside the wake edge of the upstream wind
turbine, its incoming wind speed remains unaffected by the upstream
wind turbine. According to the observations made by Howland [11], the
wake center of a wind turbine experiences an offset when it is in the yaw
state. Dou [28] quantified this offset distance as Yoffset from the center
of the wake region. The offset distance can be mathematically expressed
as follows:

Yoffset drt
offset _ 5(CT sin y)° 005257\/% + Br siny @

Where CT is the thrust coefficient of a wind turbine; y is the wind turbine
yaw angle; D is the wind turbine rotor radius; X is the distance down-
stream of the wind turbine wake region; drt is the distance from the rotor
center to the tower center; ¢ is a fitting parameter of 0.75; § is a function
of CT: 56 = 0.603CT.

Dou [28] introduced a wake model for a yawing wind turbine and
validated its accuracy through wind tunnel experiments. The velocity
distribution within the wake region can be mathematically expressed as
follows:

v_. _ _ CTcosy 1 V=Y. 2

Uhi1 <1 ! 862yaw> x CXP{ 202yaw<D cos y) } 2
oyaw:k/x(D cosy)+ \/E/S 3
/1’:<1+\/17CTcosy/2\/l 7CTcosy) 4

Where y is the distance between wake center and required point; y* is
offset distance; k is a parameter that can be determined based on the
local meteorological conditions of the wind farm [29]. The velocity
distribution within the wake region downstream of the wind turbine is
shown in Fig. 2. Where, AU represents the velocity deficit in the wake;
Yofsset is the distance between the wake center and Y/D = 0 line, and Rgq
and Ry, represent the distance between the wake edges and wake center.
In Fig. 2, we estimate the distances from the wake edges to the line
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Fig. 2. Wind turbine wake area speed distribution in yawing condition.

where Y/D = 0, which leads to the ratio of Rq4, to Rq;. As the wake model
doesn’t depend on the precise values of Rq;/Rq, the data in Fig. 2 has
been roughly smoothed for values under the same yaw angle conditions.
This smoothing was done to more clearly illustrate the asymmetrical
characteristic.

The downstream wind turbines of a wind farm are expected to be
affected by the wake of multiple upstream wind turbines. Katic [30]
assumes a linear superposition of the velocity deficit squared. This can
be expressed as

(UL — Ui}’ = (Uh - Uj,i)’ (5)

J

Where Ui, j is the wind speed of upstream wind turbine j at the position i;
Ui is the wind speed of wind turbine at position i.

P =1 pAUCpla,7) ®)

equation (6) is a wind turbine power function. where p is the air
density; A is the swept area of the wind turbine blades; U is the average
wind speed induced by a wind turbine; Cp is the power coefficient which
is the function of angle of attack a and yaw angle y; it can be written as

Cp = 4a(cos(fy) — a)*; B is a constant [31], which equals to 0.785.
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3. CR wind farm wind resource distribution

To investigate the impact of wind turbine active controlled operation
on the annual power output of a wind farm, it is essential to obtain local
wind resource data for the specific wind farm site. In the case of the
Chapman Ranch (CR) wind farm, historical wind resource data from
1999 to 2009 was utilized [32]. This data was obtained from the Na-
tional Oceanic and Atmospheric Administration’s National Centers for
Environmental Prediction (NCEP).

The dataset provides wind resource information with a spatial res-
olution of 1/3° x 1/3°. The wind speed interval in the dataset is 1 h,
allowing for a detailed analysis of wind conditions over time. By spec-
ifying the latitude and longitude of the desired location measurement
points within the wind farm, wind resource data can be extracted from
the dataset. This process results in a total of 96,432 data points spanning
a period of 10 years.

Fig. 3 shows the probability distribution of wind speed in the CR
wind farm. The wind speed range is divided into 36 sections with in-
tervals of 0.5 m/s. The occurrence probability of each wind speed in-
terval is calculated based on 10 years of data. From the figure, it can be
observed that the highest occurrence probability of wind speeds in the
CR wind farm is concentrated between 2.5 m/s and 6.0 m/s. The
probability of occurrence within this range is approximately 45 %. This
indicates that wind speeds within this range are most frequently
observed in the CR wind farm.

It’s worth noting that the wind speed data provided by the NCEP
were measured at a height of 10m. To calculate the wind turbine power,
these measurements need to be converted to wind speeds at the hub
height of the wind turbine. This conversion is necessary to ensure ac-
curate estimation of the wind turbine’s performance based on the pro-
vided wind speed data. The conversion of wind speed at measurement
location to the wind speed at the hub height of a wind turbine can be
achieved using equation (7).

Uh Zh\"
o= (7) )

where Ul is the wind speed at measurement location; Uh is the wind
speed at the hub height of a wind turbine; Z1 is the height at measure-
ment location; Zh is the hub height of a wind turbine; p is a parameter
that takes a value of 0.14 for the CR wind farm [24].

Fig. 4 represents the probability distribution of wind direction in the
CR wind farm. The wind direction range is divided into 36 sections with
intervals of 10°. By analyzing 10 years of data, the probability of
occurrence for each wind direction interval is calculated. Based on
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Fig. 3. Probability distribution of wind speed.
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Fig. 4. Probability distribution of wind direction.

Fig. 3, it can be observed that the highest probability of wind direction
occurrence in the CR wind farm is concentrated in two main ranges:
from 100° to 150° and from 250° to 300°. These two ranges collectively
account for approximately 60 % of the probability of wind direction
occurrence.

Fig. 5 illustrates the wind condition probability distribution, which is
derived by combining the probability distributions of wind speed and
wind direction in the CR wind farm. A total of 1296 wind condition
possibilities were identified with intervals of 0.5 m/s for wind speed and
10° for wind direction. By analyzing the probabilities of occurrence for
each wind condition, Fig. 4 provides insights into the likelihood of
different wind conditions in the CR wind farm. It indicates that the
highest probability of wind conditions occurring, reaching 31.1 %, is
observed when the wind speed ranges from 2.5 m/s to 6.0 m/s and the
wind direction ranges from 100° to 145°.

This probability distribution of wind conditions serves as a valuable
dataset for assessing the annual power output of the wind farm, as it
provides an understanding of the likelihood of different wind speed and
wind direction combinations. This information can be utilized in the
subsequent sections of the study to evaluate and optimize the perfor-
mance of the wind farm.
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Fig. 5. Probability distribution of wind conditions.

4. Start/stop and yaw synchronous optimized strategy
4.1. Optimization of mathematical models

4.1.1. Objective function

To maximize the power output of a wind farm, the objective function
can be defined using equation (8). The objective function aims to
maximize the total power output of the wind farm by summing up the
power generated by each individual wind turbine within the farm. The
goal is to optimize the wind farm layout, start/stop strategy, and yaw
control in order to achieve the highest possible power output.

maximize Pwf = ZPWH'(U, ¢,7) @)

Where Pwt is the power output of a wind turbine; U is the average wind
speed induced by the wind turbine; c is the start/stop controlled variable
of the wind turbine; and y is the yaw angle of the wind turbine. The
average wind speed U of the downstream wind turbine is influenced by
the upstream wind turbine through controlling its start-stop variable c
and yaw angle y.

4.1.2. Design variables and constraints

To determine the start-stop state of wind turbines in a wind farm, the
start-stop variables of individual turbines can be set using a random
number rl in the range [0, 1], as shown in equation (9). The random
number r1 is rounded to either 0 or 1, where 0 indicates a wind turbine
in a stopped state and 1 represents a wind turbine in normal operation.
By rounding the random number 1 to the nearest integer, the start-stop
factor of a wind turbine can only have two possibilities: 0 or 1.

0<r1 <1 9

{ round(rl) =0 Stop operation

round(rl) =1 Normal operation

In addition to the start-stop design variables, the yaw angle y of wind
turbines can be considered as design variables:

y=-30+60r, 0<r, <1 (10)
Where r; is a random number in the range of [0, 1]. Then, the range of
yaw angle is from —30° to 30°.

There will be some colliding wakes between wind turbines in CR
wind farms if we do not consider the location of turbines as variables.
The colliding wakes would multiply the turbulence intensity and not
only increases the fatigue loads on the turbines, but might also impact
the extreme loads. Therefore, in order to avoid colliding wakes and



Q. Wang et al.

reduce the influence of wake superposition on downstream wind tur-
bines, the turbines positions in CR wind farms should be also considered
as variables.

Therefore, three kinds of parameters are set as variables. They are
start-stop, yaw angles and turbines positions.

4.1.3. Optimization algorithm and process

In this paper, the wind farm layout optimization involves solving a
multi-dimensional problem with multiple variables. To find the best
combination of these variables, a global search approach is necessary.
Numerous intelligent algorithms, such as Genetic Algorithms (GA),
Particle Swarm Optimization (PSO), and others, exist to tackle wind
farm layout optimization problems. In this study, we’ve chosen to
employ PSO as our optimization method. The choice of PSO was based
on its notable advantages including its optimization efficiency,
simplicity of implementation, and limited algorithmic parameters.
While GA could also serve this purpose, the focal point of our paper is
not a comparative analysis of different intelligent algorithms. Instead,
our primary focus is on proposing a synchronized optimization model
that integrates both start-stop and yaw control for wind turbines in a
wind farm.

In this specific implementation, the dimension of the particles is set
to 2n, where n represents the number of wind turbines in the wind farm.
The first n dimensions correspond to the start-stop variables of the wind
turbines, while the next n dimensions represent the yaw angles of the
wind turbines. To ensure the particles’ values remain within reasonable
bounds, the boundaries of the particles are set between [0, 1]. This
constraint ensures that the start-stop variables and yaw angles fall

Input wind farm
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within feasible ranges. Furthermore, the number of populations in the
PSO algorithm is set to 10n, which determines the size of the swarm and
the number of iterations in the optimization process. The larger the
population size, the more extensive the search space exploration,
potentially leading to better optimization results.

Fig. 6 shows the flowchart of wind turbine start-stop, yaw angle and
turbines positions optimization using PSO. The specific process is : @
Set the wind turbine parameters and import the wind resource data. @
Initialize the population with each element being a random number
between [0, 1]. ® Translate the solution into start-stop, yaw angle
controlling and turbines positions. @ sort wind turbines of the wind
farm based on the wind direction. ® Determine the wake shading of
each wind turbine by the upstream wind turbines.® Calculate the
inflow wind speed of each wind turbine based on the ranking of wind
turbines. For wind turbines affected by an upstream wind turbine, use
the 3D wake model to calculate the inflow wind speed. For wind turbines
affected by multiple upstream wind turbines, use the 3D wake super-
position model to calculate the inflow wind speed. @ Calculate the
fitness of each individual and update the best position of the population.
Determine if the algorithm has converged. If not, return to process ®
and iterate until reaching the maximum iterations. Then, output the
optimal results.

4.2. Optimized results under a certain wind condition
In order to investigate the overall power output improvement of the

actual wind farm through start-stop and yaw controlling optimization,
the CR wind farm is chosen as the baseline wind farm. It has 81 Nordex
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¥
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Fig. 6. Flow chart of wind turbine start/stop and yaw angle controlling optimization.
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AW125/3000 wind turbines with a rotor diameter of 125m and a hub
height of 87.5m. Fig. 7 illustrates the micro layout of the CR wind farm,
where the black arrow represents an inflow angle of 180°. Under a
specific wind condition, the parameters are as follows: the inflow wind
speed is 5.5 m/s, the turbulence intensity (TI) is 10 %, and the wind
turbine thrust coefficient (CT) is 0.86. F.Gonzalez-Longatt [33] has
indicated that the wake coefficients were different when exposed to the
variable wind speed of one year. Our choice of 5.5 m/s as the repre-
sentative wind speed is based on the predominant wind speed distri-
bution in the CR wind farm, which primarily falls between 2.5 m/s and
6 m/s, as depicted in Figs. 3 and 5.

Fig. 8 illustrates the iteration process of the start-stop, yaw angle
controlling and wind turbines positions simultaneously optimization for
the CR wind farm. The convergence times are increased as the design
variables increase. Notably, the overall power output for the start-stop,
yaw and turbines positions synchronous optimization is higher
compared to the other three cases.

Fig. 9 shows the optimized results of the wind farm layout for the
four cases: yaw angle control, start-stop optimization, start-stop & yaw
angle control and Synchronous optimization of start-stop & yaw & tur-
bines positions. The relevant symbols in Fig. 9 are explained as follows:
the rectangle represents a single wind turbine; the black arrow indicates
the inflow wind direction of 180°; the non-yawed wind turbine is dis-
played with the long side of the rectangle perpendicular to the X-axis. If
the yaw angle is positive for clockwise rotation, the values of the yaw
angle are displayed in the upper left corner of each rectangle. Light
colors in the rectangles represent higher power output of the wind tur-
bines, while dark colors indicate relatively lower power output. The red
boxes in Fig. 9(b)-(c) and (d) represent the stopped wind turbines. In
Fig. 9(b), all wind turbines in the wind farm have a yaw angle of
0° because only the start-stop parameters are optimized variables.

In Fig. 9(b), nine wind turbines are shut down as part of the start-stop
optimization. In Fig. 9(c), five wind turbines are stopped in the start-stop
and yaw angle synchronous optimization, all of which are in a lower
power output condition. The power output efficiency of the downstream
wind turbines has been improved by stopping these five wind turbines.
However, we notice that the distance between turbines is too close
(smaller than 5D) to reduce the wake effects in the red round areas from
Fig. 9(a)-9(c). The colliding wakes could multiply the turbulence in-
tensity. This escalation can not only heighten the fatigue loads on the
turbines but might also influence the extreme loads. To reduce these
adverse effects, the turbines positions must be adjusted. Fig. 9(d) shows
the synchronously optimized results considering turbines positions,
start-stop and yaw control. The distance between upstream and down-
stream turbine is greater than 5D, which can alleviate or even eliminate
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colliding wake combined start-stop and yaw angle
optimization.

Table 1 presents the overall power output of the CR wind farm under
different optimized modes. Based on the findings from Figs. 8 and 9, and
Table 1, the following comparisons can be made: if the wind turbines
positions are not changed, there will be an increase of the power output
for the three cases (yaw, start-stop and start-stop with yaw). For
example, the power output for the case of start-stop and yaw optimi-
zation is 42.86 MW, representing an increase of 17.7 % compared to the
normal operation. But there could be an influence of wake superposition
on downstream wind turbines. By considering start-stop, yaw angle and
turbines positions simultaneous optimization in the CR wind farm, the
power output reaches 45.88 MW, demonstrating a significant increase of
26.01 % compared to the normal operation. These results indicate that
the combined optimization of start-stop, yaw control and turbines po-
sitions not only yields the highest improvement in the overall power
output, but also can reduce the impact of wake superposition on the
downstream wind turbines.

controlling

4.3. Optimized results of annual wind condition

According to the results of the four cases in Section 4.2, it is clear that
the synchronous optimization of case 4 has the most significant
improvement in the power output of the CR wind farm, followed by the
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Fig. 9. the wind farm layout optimization for four cases.
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Table 1
Wind farm power output under different optimization modes.

Optimization method Power Optimized Number of wind
output increased turbines stopped
Normal operation 36.41 0 0
MW
Yaw optimization 40.75 11.9 % 0
MW
Start-stop optimization 38.78 6.53 % 9
MW
Start-stop and yaw 42.86 17.7 % 5
optimization MW
Start-stop, yaw and turbines 45.88 26.01 % 3
positions optimization MW

optimization of the start-stop and yaw angle control. Similarly, when
comparing the overall power performance of annual wind conditions for
CR wind farms, these four cases are selected as the research subjects.
Firstly, the power output of the wind farm under different wind condi-
tions can be calculated. Then, the annual power output of the wind farm
is obtained using the following formula:

Np
Ptotal =y _ Pi-Pwfi-365-24 a1

Where Np is the number of wind conditions; Pi is the probability of the
i-th wind condition; Pwfi is the power output of the wind farm under the
i-th wind condition.

It should be note that a total of 1296 different wind conditions ac-
cording to section 3 are considered to optimize the CR wind farm layout.
That means we have considered a wider wind speed and different wind
direction when we optimize the CR wind farm layout for the annual
power output.

The power output improvement rates for different wind speed and
wind direction are shown in Fig. 10. It can be observed that start-stop,
yaw control and turbines positions simultaneous optimization leads to
the largest improvement in power output for different wind conditions,
followed by start-stop and yaw control. Notify, when the wind speed
reaches 8 m/s or higher, the optimization results of four cases cannot
significantly enhance the power output of the wind farm. This can be
attributed to the wind speed nearing the rated power wind speed of the
wind turbines, where the power loss incurred by shutting down the wind

- Position&Start-stop&Yaw Control
- Start-stop&Yaw Control

[ Yaw Control

I start-stop

20

Power Output Improvement(%)

200

0 300
125 15
i d 400 Wi irecti
Wind speed(m/s) 175 ind direction

Fig. 10. Annual power improvement rate of the wind farm for three opti-
mized models.
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turbines outweighs the power increase achieved by reducing the wake
effect.

Fig. 11 is the power output corresponding to each wind condition. It
indicates that in the case of low wind speed, the overall power output for
case 4 (start-stop, yaw control and turbines positions optimization)
surpasses the other three cases. However, when the inflow wind speed of
the wind farm exceeds 10 m/s, the improvement in annual power output
for all cases becomes relatively small.

Table 2 presents the annual power output of the CR wind farm under
different optimization scenarios. Because of considering the different
wind conditions, the increment of the annual power output is not sig-
nificant for the four cases. However, when considering synchronized
start-stop, yaw and turbines positions optimization, the annual power
output reaches 453,007 MW-h, still exhibiting an increase of 8.85 %.
These results clearly demonstrate that the maximum annual power
output of the CR wind farm is achieved when the parameters of start-
stop, yaw control and turbines positions are considered.

5. Conclusion

In this paper, the focus is on improving the power output of an
existing wind farm considering the change of start-stop, yaw control and
turbines positions. To achieve this, a modified 3D-biased wake model is
employed to calculate the wake speed of each wind turbine in the wind
farm. Additionally, a random number distribution within the range of
[0, 1] is utilized to control the start-stop state of the wind turbines. In
order to study the results of the wind farm layout considering different
design variables, four cases (case 1: yaw control; case 2: start-stop; case
3: start-stop & yaw control; case 4: start-stop, yaw control and turbines
positions) are formulated. Then, a mathematical model is formulated
with the objective of maximizing the overall power output. Through the
use of the PSO algorithm, some important conclusions have been drawn
based on the CR wind farm and wind resource data.

(1) When analyzing the power output of the CR wind farm under
single wind conditions, it is evident that optimization techniques
have led to significant improvements. Comparing the results to
the original wind farm power output, the optimization of the
previous three cases (yaw control, start-stop and start-stop & yaw
control) can improve the power output, but can lead to colliding
wake in some fields of the CR wind farm. It may produce high
turbulence intensity and raise fatigue load. Therefore, the

Position&Start-stop&Yaw Control
Start-stop&Yaw Control
Yaw Control

300
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Fig. 11. Power corresponding to each wind condition.
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Table 2
Comparison of wind farm power output.

annual power output imropvement rate

(MW-h) )
Base power 416176 0
Start/stop 422876 1.61
Yaw angle 443723 6.62
Start-stop and yaw angle 449387 7.68
Start-stop, yaw angle and 453007 8.85

position

turbines positions should be changed to avoid the colliding wake.
The optimized result of considering start-stop, yaw and turbines
positions has yielded the highest overall power output of 45.88
MW, showing a remarkable 26.0 % increase. These findings
highlight the effectiveness of synchronous optimization in
maximizing the wind farm’s overall power output.

(2) Using the wind resource data of the CR wind farm from 2000 to
2009, the annual power output of the wind farm is calculated
after optimization. Comparing it to the base wind farm, the
annual power output is found to increase by 1.61 % when
considering wind turbine start-stop optimization. Furthermore,
with the implementation of yaw angle control, the annual power
output can be increased by 6.62 %. The annual power output can
be increased by 7.68 % because of considering start-stop and yaw
angle control. However, the most significant improvement is
achieved when start-stop, yaw control and turbines positions are
synchronized, resulting in a 8.85 % increase in the annual power
output. Additionally, it is observed that the synchronization of
start-stop yaw control and turbines positions optimization has the
greatest impact on the overall power output of the wind farm
when the wind speed is low (below 8 m/s). Conversely, as the
wind speed increases (above 8 m/s), the effect on the overall
power output becomes less pronounced.

There are still two points should be improved. Different optimized
algorithm could get different results. It’s of interesting for us to study
wind farm layout using some new intelligent algorithms. Another issue
is that the effect of wake on mechanical loads and fatigue loads should
be considered when optimizing wind farm layout.
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