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Abstract

This paper comprehensively investigates the impact of wind turbine layout and hub height on
power generation of wind farm. Firstly, an engineering three-dimensional (3-D) wind turbine
wake model is improved by the artificial neural network (ANN) technology. The novel 3-D
ANN wake model reaches more than 99% accuracy of the original wake model. It can save
about 80% of the computational time when predicting the downstream wind speed. Secondly,
the influence of wind turbine hub height and position on the equivalent wind speed (EWS) and
power is deeply studied. Specially, when reducing the hub height of the downstream wind
turbine, both the wake impact from upstream turbines and EWS will decrease, so the overall
influence should be assessed according to the specific situation. Finally, the problem of wind
farm layout and height optimization is investigated. According to this study, simultaneously
optimizing these two factors can obtain a better result than optimizing each factor individually.
If economic factor is additionally considered, the optimized hub height and power output results
will be quite different. Therefore, considering more factors is important to obtain an appropriate

wind farm layout.
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1. Introduction

Energy demand is a significant factor for socio-economic development, which increases
with the global population and economy growth annually [1]. Renewable energy is an ideal
energy source to solve the serious problems related to global warming, pollution, and energy
shortage. At present, wind power is one of the most promising energy resources because of its
inexhaustible and clean characteristics. Hybrid models have been proposed to improve the
accuracy of wind speed forecasting [2]. To improve the power generation of wind farms, the
wind farm optimization method has been widely investigated and applied. Various parameters
can be optimized, such as the type of wind turbine, layout, cable, etc. The hub height

optimization has prominent influence on the power generation of wind farm, which therefore
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attracts increasing attention.

Alam, et al. [3] reviewed a series of wind turbines and studied the relationship between
energy production and hub height. They optimized hub height to maximize the energy
production in Saudi Arabian wind conditions. Albadi and El-Saadany [4] studied how to match
wind turbine sites by considering wind speed characteristics, power curve parameters, turbine
size, and tower height. It has been found that higher tower is not always the most desirable and
there is an optimal tower height for each turbine. Chen, et al. [5] developed a method to
investigate the optimal hub height. Through the research, it was confirmed again that higher
hub height is not always ideal for the entire wind farm [6]. Compared to the layout with an
identical hub height, those with multiple hub heights can increase the energy output and reduce
the unit power cost. This phenomenon is profound in complex-terrain wind farms [7]. Chen, et
al. [8] investigated the impact of hub height on the power generation of a small wind farm. It
was concluded that with a fixed number of turbines, the layout with different hub heights can
increase the power, but the cost per unit power may also increase. Lee, et al. [9] presented a
hub height optimization method, aiming at improving the annual net profit. The conclusion is
that the optimal hub height increases with the average wind speed and wind shear exponent.
The rated and cut-out wind speeds can seriously affect the optimized hub height. MirHassani
and Yarahmadi [10] also studied the effect of hub height on the total power. A mathematical
algorithm was introduced to simulate the wake decay of Jensen model in terms of interaction
matrix. Abdulrahman and Wood [11] optimized the layout of wind farm by selecting turbines
and changing hub heights. They pointed out that applying various turbines and hub heights can
achieve a better trade-off between power and cost. Vasel-Be-Hagh and Archer [12] analyzed
how the hub height optimization influences the power generation of wind farm. Results from
Large-Eddy Simulations (LES) showed that hub height optimization was beneficial, with the
net gain higher than that calculated by the linear model. Biswas, et al. [13] proposed a multi-
objective evolutionary algorithm to obtain optimal windfarm layouts. Song, et al. [14]
optimized a flat-terrain wind farm with multiple hub heights. All positions and hub heights have
been optimized simultaneously. From these studies, the 3-D optimization has better solutions
than the 2-D optimization in improving power generation. The summary of studies related to
hub height optimization is demonstrated in Table 1. So far, the research on optimizing wind
turbine hub height is still limited. Among most of these studies, only a few representative hub

heights were considered, therefore the actual best results could not be obtained.



Table | Summary of wind turbine hub height optimization.

Scholar Year | Optimal hub height design Wake model

Albadi and EI- | 2010 | Hight range: 30 m to 160 m N.A.

Saadany [4]

Chen, et al. [5] 2013 | Hight range: 40 m to 140 m Extension of Jensen wake model
Chen, et al. [6] 2013 | Hight range: 40 m to 600 m Extension of Jensen wake model

Chen, et al. [8] 2013 | Two hub heights: 50 m and 78 m Extension of Jensen wake model

Lee, et al. [9] 2015 | Hight range: 30 m to 300 m N.A.

Chen, et al. [7] 2016 | Two hub heights: 50 m and 78 m Extension of Jensen wake model

MirHassani and | 2017 | Two hub heights: 50 m and 78 m Extension of Jensen wake model
Yarahmadi [10]

Abdulrahman and | 2017 | Hight range: 80 m to 140 m Extension of Jensen wake model
Wood [11]

Vasel-Be-Hagh 2017 | Two hub heights: 57.5 m and 100 m | Extension of Jensen wake model
and Archer [12]

Biswas, et al. [13] | 2017 | Three hub heights: 60 m, 67m and | Extension of Jensen wake model
78 m

Song, et al. [14] 2018 | Hight range: 46 m to 780 m | Extension of Jensen wake model
(interval at 2 m)

On the other hand, the wake effect is even more important and complex in hub height
optimization. A common method to solve the wake problem is adopting an extension of Jensen
wake model. However, the vertical wind speed distribution cannot be considered with a such
simplified model. Sun and Yang [15] derived a 3-D wake model that considers the wind speed
variation in the vertical direction. Dou, et al. [16] proposed a 3-D yawed wake model to
optimize the yaw angle misalignment. Gao, et al. [17] derived a 3-D elliptical wake model and
validated it with wind-field experiments. To improve the calculation performance of 3-D wake
models, machine learning methods have been applied to the wake estimation. Ti, et al. [18]
employed artificial neural network (ANN) and computational fluid dynamics (CFD) to develop
a 3-D model to simulate wake effect. Then, the wake model was applied to improve the power
prediction of wind farm [19]. Luo, et al. [20] developed a learning-based wake model based on
the CFD simulation method to optimize the wind farm layout. With 3-D wake models, more
problems can be investigated in-depth. Zhen, et al. [21] developed a surrogate 3-D wake model
to optimize wind farm layout and proved that different hub heights in a wind farm can
substantially reduce the wake effect. Although ANN method can reduce the calculation cost,
the related 3-D wake models are based on CFD methods, of which the computational time is

still too high to solve the wind farm layout optimization problem.

To cope with the aforementioned research gaps, this study proposes a fast and accurate 3-



D ANN wake model. The new model is based on the original 3-D wake model, which can
describe the wind speed at any spatial position. Therefore, it takes advantages of the high
accuracy of the original wake model and the fast computation of ANN technology. For a
specific wind turbine, the measured data will be used to develop the wake model and the ANN
model can be further obtained by training the wake model. By using the 3-D ANN wake model,
the wind farm layout and hub height optimization problems are further investigated. The rest
of this paper is structured as follows. Section 2 introduces a 3-D wind turbine wake model and
trains it to a new 3-D ANN wake model. Section 3 reveals the impact of hub height on power
output of single and two wind turbines. Section 4 analyzes the hub height optimization problem
and the optimized results. Section 5 summarizes the main conclusions. The output of this paper
is meaningful to the development of the wind energy industry. With the newly-proposed 3-D
ANN wake model, the layout and hub heights of wind turbines can be simultaneously optimized

to improve the power generation of the entire wind farm.

2. Development of the 3-D ANN wake model
2.1 The engineering 3-D wake model

A practical engineering wind turbine wake model is applied in this study. By using this
model, wind speed and deficit at any spatial position could be calculated accurately. Compared
with traditional 1-D and 2-D wind turbine wake models, this 3-D model is more reasonable,
which makes it possible to investigate complicated problems, such as hub height and layout
optimization on complex terrain [15]. The illustration of wind speed from the wake model is

demonstrated in Figure 1.
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Figure 1 Schematic of the 3-D wake model at different downstream positions: (a) incoming wind
distribution; (b) wind distribution behind a wind turbine; and (¢) wind distribution at a far-wake
position.

The wake model has three assumptions. Firstly, the distribution of wind speed deficit in
any downwind vertical plane is Gaussian-distributed. The second assumption is related to the
momentum conservation theory [22]. To be specific, the total flow flux at any downstream
distance is the same. Since the incoming wind condition is constant, a circular area with the
wake effect radius is applied to consider the downstream wake. The circular area is right behind
the turbine, and its total flow flux should be the same at any downstream position. The last

assumption states that the wind speed is continuous on the wake boundary.

Assuming U, is the incoming wind speed, U is the actual downstream wind speed.

According to reference [15], U can be described by equation (1):
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where £, is wind turbine’s hub height. 7, is the radius of wake-affected area, which varies
in the downstream direction. o 1is defined as 7, divided by the parameter C, which is
determined according to the actual operating condition. @ represents the total flow flux of the
wake-affected circular area with a radius of 7, . Finally, 4 and B are two parameters [15]

calculated by equation (2).
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By comparing with the data of wind tunnel experiments from references [23] and [24], the

3-D wake model has proven to be accurate in calculating the single turbine wind speed deficit.



Furthermore, Sum of Squares [25] is adopted to account wind deficits in the overlap space
affected by several wind turbines [26]. If the i wind turbine is influenced by other » wind

turbines’ wakes, equation (3) should be adopted.
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The 3-D wake models are useful when designing hub heights and optimizing the layout of
nonuniform wind farm with different wind turbines. However, the application of wake model
still has limitations because of the high computational cost. In 3-D wake models, the wind speed
cannot be calculated independently, and all other parameters should be calculated first.
Therefore, the computation time of layout optimization will be even longer when applying these

wake models.

To solve the aforementioned problems, ANN method is integrated with the 3-D wake
model in order to improve its calculation performance. The newly proposed 3-D ANN wake
model is trained by data from the original wake model. The model can calculate the wind speed
at each position independently, and save the computation time significantly. Thus, the 3-D ANN

wake model can calculate wind speeds accurately and quickly.
2.2 Development of the 3-D ANN wake model

Several measurements were organized in Shiren wind field that locates in northern China
(41°N, 114°E) [27]. The target wind turbine’s rotor diameter is 77 m and the hub height is 65 m
[28]. The constant wind is considered in this study, and Figure 2 demonstrates the profile of the

incoming wind speed. The wind speed at the hub height is 12.7 m/s.
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Figure 2 Incoming wind speed



In this paper, the profile of inflow is simulated by the log law [29], as expressed in equation

4).
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where U’ represents the friction velocity. z, is the surface roughness length. & is the Von
Karman constant. The original 3-D wake model has been validated and calibrated by the
measurements at several downstream distances [30]. The power performance of the wind
turbine is also measured from the wind farm. Then, the model can be applied to predict wind
deficits with higher resolutions at more downstream distances. In this study, the high-resolution
results are used to train an accurate 3-D ANN wake model. The resolutions in Y direction, Z
direction, and the downstream direction are 0.01D, 0.01D and 1D, respectively (D is the rotor

diameter). The process of the model development is demonstrated as follows.

Step 1: Data collection and preprocessing. The original data should be collected from the
original 3-D wake model for the development of the ANN model. Then, the dataset should be
normalized for the ANN model development.

Step 2: Model establishment. The basic structure of the 3-D ANN wake model consists of
input layer, hidden layer(s), and output layer. The input layer contains coordinates of positions.
The output layer contains wind deficits. The numbers of layers and neurons in each hidden layer
should be determined according to the evaluation results.

Step 3: Model training. The effective dataset will be divided into a training set, a validation
set, and a test set. The model should be trained by the training set. The validation set are used
to evaluate the effectiveness of the model in each training epoch. The numbers of layers and
neurons should be adjusted accordingly.

Step 4: Model testing. After the training process, the performance of the ANN model
should be tested by the test dataset. The mean square error (MSE) value is applied to evaluate
the predicted results.

After these four steps, the well-trained structure of 3-D ANN wake model is demonstrated
in Figure 3. It has one input layer, one output layer, and two hidden layers. To be specific, the
input layer has three neurons, which are the three coordinates in spatial positions. Two hidden
layers have five and six neurons, respectively. The output layer has one neuron, which is the

wind deficit at the corresponding position denoted in the input layer.
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Figure 3  Structure of the 3-D ANN wake model.
Sigmoid function is used in hidden layers. The maximum training epoch is set as 1000.
The training goal is to make the MSE lower than the reference value, of which MSE is computed
as Equation (5).
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n is the number of data points on all variables, and y is the vector of observed values

of the variable being predicted, with y being the predicted values.

In this study, the target value of MSE is set as 10, which means the training goal will be
achieved when MSE is lower than 10, Data are separated into a training set, a validation set
and a test set, which are 70%, 15% and 15% of all data, respectively. The evolution of validation

progress is shown in Figure 4. The time to train this model is 831 seconds.
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Figure 4 Validation progress of the 3-D ANN wake model.
MSEs of both training and validation progresses drop quickly in the beginning 50 steps,

and then decrease slowly. The training process stops at the 332" epoch, when the criterion is



met. Figure 5 demonstrates the wake model’s accuracy performance.
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Figure 5 Accuracy performance for: (a) Training data; (b) Validation data; (c) Test data; and (d) All
data.
Coefficient of determination is adopted to evaluate the model’s performance, which is
denoted by R°. From Figure 5, all values of R’ are larger than 0.9999 in all datasets, indicating
the structural effectiveness and the high accuracy of the trained model. Therefore, the wind

deficit can be accurately calculated by this 3-D ANN wake model.
2.3 Feasibility of the 3-D ANN wake model

One advantage of the new 3-D ANN wake model is that it could predict the wind deficit
at any position independently. Since there is no need to calculate other parameters, such as total
flow flux, huge computational time can be saved. The 3-D ANN wake model is programed in

MATLAB software, and the performance of the model is tested using a computer with an Intel



Core 17-6700 CPU, 4 cores and 16 GB RAM. Computing 100 wind farm layouts at a time, each
with 30 wind turbines, it takes 36.4 and 196.2 seconds to calculate the wake effect with 3-D
ANN wake model and the original wake model, respectively. Including the model training time,

the total computing time is saved by about 8§0%.

Another advantage of the model is the high accuracy, which makes it possible to evaluate
wind turbine’s power generation under wake effect. With the characteristics of high accuracy
and low computation cost, the 3-D ANN wake model could be further applied to solve other
complicated problems, including optimizing wind turbine hub height and wind farm layout in

complex terrains.

The 3-D ANN wake model also has limitations. Like other ANN models, this model is
only applicable to the specific working conditions. If users want to calculate other wind turbines,
the model should be trained for the new working conditions. Another thing to note is that plenty
of data should be obtained in advance to train the model. In this study, the data come from the
3-D wake model validated previously. In other cases, the CFD simulation and experimental
data could also be used, as long as the dataset is large enough. The large amount of data is a
necessary condition for the high accuracy of the model. For wind farms with complex wake
conditions, the overfitting risk should be considered. Parameters or techniques should be

included to limit and constrain how much wake detail the model learns.

3. Impact of hub height

In this section, the 3-D ANN wake model is first trained by data measured of an operating
wind turbine in Hebei Province [17]. The rated power is 1513 kW, the cut-in and cut-out wind
speeds are 3m/s and 25 m/s, respectively. The specifications of the experimental wind turbine

type are listed in Table 2.

Table 2 Specifications of the wind turbine.

Parameter Value
Rated power (kW) 1513
Hub height (m) 65
Rotor Diameter (m) 77
Cut-in wind speed (m/s) 3.0
Rated wind speed (m/s) 11.0
Cut-out wind speed (m/s) 25.0
Rotate speed (rpm) 9.7-19.5
Rated frequency (Hz) 50




The power curve is demonstrated in Figure 6, where red circles represent the data from the

operating turbine, and the black line is the simulated result from the 3-D ANN wake model.
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Figure 6 Power performance of the experimental wind turbine.

3.1 Single wind turbine

For one wind turbine, increasing its hub height will generally increase the power
performance to some extent. Because of the ground roughness, the incoming wind always
increase with height, as demonstrated in Figure 2. When hub height increases, the equivalent
wind speed (EWS) will increase accordingly. Figure 7 demonstrates the impact of hub height
on EWS. Obviously, EWS increases with hub height, but the increase will not always lead to
the improvement of power generation. Figure 8 demonstrates the relationship between power
output and hub height. When EWS is greater than the rated wind speed, the power of wind
turbine will remain as the rated power. Even with a light change in hub height, the power
remains the same and is not sensitive to the change of EWS. When the hub height decreases a

lot and EWS is less than the rated wind speed, the power will decrease as well.
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Figure 7 Impact of hub height on EWS.
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Figure 8 Impact of hub height on power output.

3.2 Two wind turbines - Changing the downstream distance

Due to the wake effect, changing hub height will not only affect the wind turbine itself,
but also other nearby wind turbines. Therefore, it is necessary to investigate how wind turbines
influence each other. In the following part, the two adjacent wind turbines will be taken as an
example to investigate how a wind turbine influences another one when its position and hub

height change.

Changing the downstream distance between two wind turbines has no influence on the
upstream wind turbine. However, increasing downstream distance will improve downwind
turbine’s power performance. Figure 9 and Figure 10 show the impact of downstream distance

on the EWS and power of the downstream turbine at different hub heights.
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Figure 9 Impact of downstream distance on downstream wind turbine’s equivalent wind speed.
EWS of the downstream turbine is much smaller than that of the upstream turbine. At the
original height, turbine’s EWS increases from 7.6 m/s at 385 m downstream position to 10.7

m/s at 1540 m downstream position. Increasing the hub height will also increase the EWS



significantly. At 385 m downstream position, when the hub height increases by 40 m, EWS
increases to 11.7 m/s. At 1540 m downstream position, even if with a height increment of 40 m,
EWS does not return to the incoming wind speed. Therefore, EWS is sensitive both to hub

height and downstream distance.
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Figure 10 Impact of downstream distance on downstream wind turbine’s power.

The effect of downstream distance on power is similar to the effect on EWS. At a certain
height, increasing downstream distance will improve downstream turbine’s power to some
extent. However, as EWS increases to the range of rated and cut-out wind speeds, the power
performance will not continue improving. With a height increment of 10 m, the power at the
385 m downstream position increases to the 1540 m downstream position. Here the power
output has not reached the rated power yet. As the height increases by 20 m, the power increases
from 940 kW at the 385 m downstream position to the rated power at around 1400 m
downstream position, and then remains at this power. If the hub height further increases, less
downstream distance is required to reach the rated power. Actually, when the height increases
by 40 m, the power reaches the rated power from the downstream position of 385 m, and will

not further increase in the downstream direction.

Increasing downstream distance is a useful way to improve EWS of the downstream
turbine. However, it is not always effective in improving power. If the EWS is greater than the
rated wind speed, the power does not continue increasing. With a larger hub height, the
downwind turbine can reach the rated power at a relatively close downstream position.
Therefore, with the 3-D wake model, increasing the downstream distance and the hub height

are two effective methods to improve downwind wind turbines’ power generation.
3.3 Two wind turbines - Changing the cross-wind horizontal distance

Changing the cross-wind horizontal distance is another way to improve downstream wind

turbine’s power performance. Figure 11 and Figure 12 show the impact of cross-wind horizontal



distance on downstream wind turbine’s power output at various hub heights.
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Figure 11 Impact of cross-wind horizontal distance on downstream wind turbine’s equivalent wind
speed (5D downstream position).

As demonstrated, when a wind turbine is influenced by wakes, increasing the cross-wind
horizontal distance will avoid the serious wake effect and lead to an increase in the EWS. For
the original hub height, the EWS increases from 7.6 m/s at the wake centerline to 12.5 m/s at
the position of 77 m cross-wind horizontal distance. For a higher hub height, the turbine can
have a larger EWS at the same position. When hub height increases to 40 m, it only needs to
move 40 m horizontally to avoid the wake influence. If the cross-wind horizontal distance

further enlarges to 77 m, the EWS will reach 13.7 m/s.
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Figure 12 Impact of cross-wind horizontal distance on downstream wind turbine’s power (5D

downstream position).
The cross-wind horizontal distance also has significant influence on downwind wind
turbine’s power output. At low positions, increasing the cross-wind horizontal distance can

significantly increase the power output. For example, at the original hub height, the power at



the central position is only 500 kW, then with the cross-wind horizontal distance increases to
55 m, it quickly increases to the rated power of 1513 kW. While when the hub height is larger
than 40 m, the power output performance will not continue improving. This height maybe

different in other cases.
3.4 Two wind turbines - Changing the hub heights

Changing hub heights of either upstream or downstream wind turbines may help to
improve both wind turbines’ power generation. For the case that has a single turbine, the EWS
can be improved by increasing the hub height. However, for two or more wind turbines, each

wind turbine’s EWS can be improved through both increasing and decreasing the hub height.

3.4.1  Changing the upstream wind turbine

Changing upwind turbine’s hub height will have significant impact on both itself and the
downstream one. Actually, the impact on itself is the impact on a single wind turbine, which
has been studied in Section 3.1. This section only discusses the impact on downstream wind

turbine.

Figure 13 and Figure 15 show the impact of the upwind turbine’s hub height on the
downwind turbine’s EWS and power output. From results, downwind turbine has the smallest
EWS when fixed at the same height with the upstream one. The wind deficit is the maximum
at the hub height. Therefore, no matter increasing or decreasing the upstream hub height, the
wake impact on the downstream turbine will be weakened. This phenomenon is especially
noticeable when two wind turbines are close. When wind turbines’ interval is 5D and the hub
heights are the same, the EWS of the downwind turbine is only 8.7 m/s. If the upstream one
increases or decreases the hub height by 40 m, the wind speed can increase to 10.4 m/s. When
the distance is 10D, the increment of the EWS under the same changing condition will be 1.9

m/s (from 8.7 m/s to 10.6 m/s).
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Figure 13 Impact of upstream wind turbine’s hub height on downstream wind turbine’s equivalent

wind speed.



The impact of upstream turbine’s hub height on downstream one’s power is even more
pronounced. At the 5D downstream position, the power could be improved from 450 kW to
1330 kW. While at the 10D downstream position, the power output can be improved from 830
kW to 1400 kW. One thing to note is that changing a certain height may have different impacts
on power output. At all downstream distances, the power increments caused by the hub height

increment from 30 m to 40 m are much larger than those from 0 m to 10 m.
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Figure 14 Impact of upstream wind turbine’s hub height on downstream wind turbine’s power output.
3.4.2  Changing the downstream wind turbine
Changing downstream turbine’s hub height has almost no influence on the upstream one.

However, the influence on itself is much more complicated.

Figure 15 and Figure 16 demonstrate the impact of downstream wind turbine’s hub height
on its EWS and power output. When increasing hub height, EWSs and power outputs at all
downstream positions increase significantly. On the one hand, the incoming wind is larger at a
higher position. On the other hand, increasing downstream wind turbine’s hub height can avoid
the wake impact from the upstream one. Correspondingly, the power also increases with the

EWS.

When decreasing the hub height, where the increment of hub height is smaller than zero,
the EWS will not change with the hub height monotonically. At the 10D downwind position,
the EWS decreases with the hub height increasing. At the 9D downstream position, this trend
is not very clear. Especially when the hub height decreases by 20 m, the EWS maintains at 8.2
m/s and it does not further decrease with hub height. While for positions in front of 8D, the
relationship between hub height increment and EWS is curvilinear. At the 5D downstream
position, this phenomenon is most significant. When the hub height first decreases from 0 m to
-10 m, the EWS decreases from 7.3 m/s to 7.1 m/s. Then EWS has a reverse trend below the -
10 m height, which increases from 7.1 m/s to 7.9 m/s as hub height decreases from -10 m to -
40 m. The power change follows this trend, first decreasing from 450 kW to 410 kW and then
gradually increasing to 580 kW.
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Figure 15 Impact of downstream wind turbine’s hub height on its equivalent wind speed.
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Figure 16 Impact of downstream wind turbine’s hub height on its power output.

Changing a wind turbine’s hub height has complicated influence on its wind farm. Because
it will not only affect the wind turbine itself, but also other nearby wind turbines. For a single
wind turbine, its EWS will change with the hub height monotonically. Increasing hub height
will achieve a larger EWS, while decreasing the hub height will result in a smaller EWS. The
specific increment is connected to incoming wind’s profile. For the situation of two turbines,
changing hub height of a turbine has a very different effect on itself and the other wind turbine.
Increasing the upstream hub height will decrease the wake impact on the downwind one, which
will increase EWSs of both upwind and downwind turbines. Increasing the downstream hub
height has no impact on the upwind one but can increase the EWS of the downwind turbine.
Decreasing the upstream hub height will reduce the EWS of the upwind turbine, but this may
also reduce the wake’s impact on the downwind turbine and increase the EWS. Decreasing
downwind turbine’s hub height has no impact on the upstream wind turbine, but it may have
different impact on itself. The EWSs of downstream wind turbines may increase or decrease,

which depends on the interval between turbines.

Generally, the power output of a wind turbine corresponds to its EWS. However, duo to



the power curve, a higher EWS will not always lead to a higher power output. When EWS is in
the range of cut-in and rated wind speeds, the power will increase with EWS increases. While
when EWS is larger than the rated wind speed, turbine’s power will maintain at the rated power.
Therefore, the influence of hub height on the power performance should be considered from

aspects of both EWS and power curve.

4. Wind turbine hub height and layout optimization

Since optimizing wind farm’s hub heights and layout can improve the power generation,

this section will discuss the influence of these two strategies.
4.1 Optimization method

Genetic Algorithm (GA) is widely used to optimized the wind farm layout because of its

high-efficiency advantage [31]. Therefore, it is adopted as the optimization tool in this study.

4.1.1  Algorithms

GA imitates the natural selection process of the population. It selects the fittest individuals
to produce the offspring that fits the environment [32]. Generally, the algorithm considers five

phases, namely initial population, fitness function, selection, crossover, and mutation.

The GA process starts with individuals known as a Population. Each individual is a
potential solution to the problem to be solved. The characteristics of an individual correspond
to a set of variables called Genes. A Chromosome is a string connected by Genes. In GA, a
string of binary values (0 and 1) is generally applied to represent the set of genes. This research
sets the best layout as the objective function, where the variables are coordinates and heights

of all wind turbines. Figure 17 shows the chromosome and gene of the GA in this study.
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Figure 17 Chromosome and gene.

The spatial layout could be expressed by the positions and heights of turbines. Therefore,
for a wind farm with N wind turbines, each chromosome has N genes, and each gene has three
variables of x coordinate, y coordinate and hub height 4. In this paper, the number of wind
turbines in all cases is 30. To be started, the first population is randomly generated. Then, the
fittest individuals are selected from the population. Their offspring reserves the characteristics

of parents and add them to the next generation. If the fitness of parents is good, the offspring



can be better than their parents and have more chance of survival. This process keeps on

iterating, and a generation with the fittest individuals can be obtained at the end.

4.1.2  Optimization framework — Problem formulation & Constraints
The spatial layout can be specified by the locations and heights of turbines, namely
X =[x, xy,xy], Y=[y,yyy], and H=[h,hy,~--hy]. A general layout optimization

problem is formulated as equation (6).

min F (X,Y,H), m=12,--,M,
subject to: G.(X,)Y), k=12,,K;
X <x <X, (6)
YW <y <y,
H"Y <H<HY,

where F, is the m™ objective function; G, is the k" constraint function; x®, x©, y®,

YV, H®,and HY are the lower and upper bounds.

F, should be defined according to the problem at hand. Obtaining the maximum energy

output and the minimum capital cost are two common objectives, which will be discussed in

this study later.

G, are subject to different constrains regarding to different consideration [33]. In this
study, a constrain is involved into the consideration. To be specific, G, represents that the
minimal interval among wind turbines is 5D. The feasible area of all turbines is a square area
of 2 km X 2 km, and the hub height ranges from 45 m to 85 m. Therefore, the boundary

constrain is setas X*“ =0, X =2000, Y© =0, Y© =2000, H"® =45,and HY =85.
4.2 Case study

The information on wind turbine and incoming wind condition is presented in Section 2.2.
The incoming wind is from north. The influence of hub height on wind farm is discussed from

energy and economic aspects. All optimization work is completed using MTALAB software.

4.2.1  Energy as the optimization objective

In this part, obtaining wind farm’s most power generation is set as the objective. Four
different situations are studied, including the aligned layout with unit hub height, the aligned
layout with optimized hub heights, the optimized layout with unit hub height, and the optimized
layout and optimized hub heights.

1). Case El - Aligned layout-unit height

The wind farm is a 2 km x 2 km square area. In the aligned layout, positions of wind



turbines are fixed, which are shaped as 5 rows % 6 columns. The hub height of all wind turbines

is set as 65 m. Figure 18 demonstrates the height and power of each wind turbine.
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Figure 18 Result of Case E1: (a) Layout; (b) Hub height and power output.

In this case, there is no variable to be optimized. The result can be regarded as the
benchmark. From Figure 18, the wake effect has significant impact on wind turbines. The first-
row wind turbines reach 1513 kW, which is the rated power. The second-row turbine’s power
has a reduction to around 500 kW. The power continues to decrease in the downstream direction.
The last turbine’s power is approximately 300 kW. The wake effect causes serious power loss
of downstream wind turbines, therefore the layout should be designed to reduce the wake

influence.

2). Case E2 - Aligned layout-optimized height

This case study optimizes hub heights based on the previous aligned layout. Figure 19

demonstrates the height and power of each wind turbine.
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Figure 19 Result of Case E2: Hub height and power output.

As expected, the optimized hub heights are very different from the original 65 m hub
height. The hub height between adjacent upwind and downwind turbines always has a huge
difference. The optimized hub height in the first row is 45 m, and that in the second row is the
upper limitation of 85 m. The power outputs of wind turbines increase significantly. From
Figure 19, more wind turbines reach the rated power, and the minimum power output is larger
than 400 kW. Actually, changing hub heights is changing the vertical relative positions between
rotors, and the serious wake-influenced area can be avoided. Therefore, hub height optimization

improves the power output of wind farm effectively.

3). Case E3 - Scattered layout-unit height

This case study optimizes the layout of wind turbines, and all hub heights are 65 m. Figure

20 shows the optimized layout and hub heights.
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Figure 20 Result of Case E3: (a) Layout; (b) Hub height and power output.

Comparing with Case El, optimizing wind farm’s layout can also improve its power
generation. The first-row wind turbines maintain the rated power, but all other wind turbines
improve their power output by adjusting their positions. This method is a traditional idea to
reduce the influence of wakes. By optimizing the layout, the horizontal relative positions

between rotors changes to avoid the wake influence, which makes the wind farm to a better

power performance.

4). Case E4 - Scattered layout-optimized height

This case study simultaneously optimizes the layout and hub heights of wind turbines. It
takes 838 generations to obtain the optimized layout. The original expected computation time
is more than 114 hours, while the actual computation time is only 20.1 hours. About 94 hours

is saved during the complete process. Figure 21 demonstrates the results of Case E4.
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Figure 21 Result of Case E4: (a) Layout; (b) Hub height and power output.

The optimized hub heights tend to be small for front wind turbines, then increase in the
downwind direction. Power output has an obvious improvement compared to results of
previous cases. Since both layout and hub height can be changed individually to increase the
power output of the wind farm, better results can be achieved by optimizing these two factors

at the same time.

5). Summary

Table 3 compares the results of different cases. In all cases, the maximum power is the
rated power of 1513kW. The mean powers and the minimum powers are very different, which
results in a significant difference in the total power of each case. In Case E1, all hub heights are
65 m, and total power is only 17552 kW. By optimizing hub heights, the maximum height and
the minimum height both reach the upper and lower limitations of 45 m and 85 m. The total
power increases 58.9% to 27870 kW, indicating the good effectiveness of the hub height
optimization. Comparing Case E3 and Case E1, optimizing the layout can increase 79.0% of
the power output to 31418 kW, which is even more than 27870 kW in Case E2. If the layout
and hub heights are optimized simultaneously, Case E4 can increase 158.1% of the total power
to 45313 kW. The minimum power (1497 kW) is close to the mean power (1510 kW) and the

maximum power (1513 kW), indicating that almost all wind turbines have reached their

potential.
Table 3 Comparison of different cases.
Case Case E1 Case E2 Case E3 Case E4
Maximum Power (kW) 1511 1507 1513 1513
Mean Power (kW) 585 929 1047 1510
Minimum Power (kW) 260 407 348 1497
Total Power (kW) 17552 27870 31418 45313




Maximum Height (m) 65 85 65 85

Mean Height (m) 65 68.9 65 68.8
Minimum Height (m) 65 45 65 45

Cost (USD) 4.57X107 471107 4.57X107 4.68 X107
Cost of Power (USD/kW) 2603 1689 1454 1033

4.2.2  Cost as the optimization objective

In the second part, the cost per kW energy is set as the optimization objective. As it is
known to all, a higher hub height will lead to an increase in the capital cost. Therefore, a more
comprehensive analysis involving the capital cost should be conducted. In this section, the
evaluation criterion is defined as Cost of Power, which is the total power divided by total cost.
Figure 22 demonstrates the estimation of total installed capital cost by the turbine and hub

height.
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Figure 22  Estimated total installed capital cost by turbine and hub height [34].
1). Case CI - Aligned layout-unit height
In Case C1, the layout and the hub height are fixed. Therefore, the strategy is the same as

Case E1, and will not be discussed here.

2). Case C2 - Aligned layout-optimized height

This case study optimizes wind turbines’ hub heights based on the aligned layout. Figure

23 demonstrates the height and power of each wind turbine.
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Figure 23  Result of Case C2: Hub height and power output.

The optimized height result has a similar pattern to Case E2. In the incoming wind
direction, the adjacent turbines tend to have a huge height difference. However, since the cost
is considered, there are fewer high wind turbines in this case than Case E2. High wind turbines
may capture more wind energy and avoid wake influence, but the capital cost also increases

with height. So, it is also important to estimate the cost factors when designing the layouts.

3). Case C3 - Scattered layout-unit height
In Case C3, since the hub height is fixed, the capital cost will not change. The objective
of minimizing Cost of Power means maximizing the power output. Therefore, the optimization

process is the same as Case E3, and the result of Case E3 is adopted in this case.

4). Case C4 - Scattered layout-optimized height

This case study simultaneously optimizes the layout and hub heights of turbines under the
objective of minimizing COE. It takes 1017 generations to obtain the optimized layout. The
original expected computation time is more than 138 hours, while the actual computation time
is only 24.4 hours. About 113 hours is saved during the complete process. Figure 24

demonstrates the results of Case C4.
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Figure 24 Result of Case C4: (a) Layout; (b) Hub height and power output.

The optimized layout pattern is scattered. Most hub heights are smaller than 65 m.
Compared with results of other cases, power of each turbine is distributed more evenly. Similar
to Case C2, cost has the inevitable impact on the results. This case study considers factors of
layout, hub height and cost simultaneously, of which the results are the closest to actual

engineering in all cases.

5). Summary

Table 4 compares results of cases in this section. As explained previously, Case C1 and
Case C3 are the same as Case E1 and Case E3, respectively. Therefore, results of these two
cases are also the same as previous two cases. Though cost is the optimization objective, the
total power is also significantly improved. Compared with Case 1, the other three Cases C2, C3

and C4 increases the total power by 55.8%, 79.0% and 154.6%, respectively.

Compared with Case E2, the total power of Case C2 is smaller. The mean height of 61.3



m is smaller than that of Case E2, which is the main reason for the smaller power output. The
hub heights of Case C4 are even smaller, with a maximum height of 74 m, a mean height of 53

m, and a minimum height of 45 m. Correspondingly, the total power is 44694 kW, which is also

less than that of Case E4.

Table 4 Comparison of different cases.

Case Case Cl Case C2 Case C3 Case C4
Maximum Power (kW) 1511 1508 1513 1509
Mean Power (kW) 585 912 1047 1490
Minimum Power (kW) 260 213 348 1455
Total Power (kW) 17552 27350 31418 44694
Maximum Height (m) 65 85 65 74

Mean Height (m) 65 61.3 65 53
Minimum Height (m) 65 45 65 45

Cost (USD) 4.57X107 4.55X107 4.57x107 436X 107
Cost of Power (USD/kW) | 2603 1662 1454 976

Table 5 compares the cost and Cost of Power of each case. Comparing Cases E2 and C2,
Case E2 has more power output, but Case C2 has a lower Cost of Power. Therefore, increasing
hub height can improve the power output, but it may not be the most economical method for

designing a wind farm. The same phenomenon can be found in Cases E4 and C4. Case E4 has

the maximum power output of all cases, while Case C4 has the minimum Cost of Power.

Table 5 Comparison of cost and COE

Case Case E1 Case E2 Case E3 Case E4
Cost (USD) 4.57%107 471107 4.57X107 4.68 X107
Cost of Power (USD/kW) |2603 1689 1454 1033
Case Case C1 Case C2 Case C3 Case C4
Cost (USD) 4.57x107 4.55x107 4.57x107 436x107
Cost of Power (USD/kW) |2603 1662 1454 976

The layout and hub height are two important factors that should be designed carefully
when designing wind farms. Separately optimizing the layout and hub heights can both increase
power generation of a wind farm. But simultaneously optimizing these two factors could obtain
better results. Power output is a main parameter of concern for wind farms. However, the design
with best power performance may not have the best economic performance. When determining

a wind farm’s hub heights, it is strongly recommended to account the capital together with the



power output.

5. Conclusions

This paper investigates the influence of hub height and layout optimization on power

output of wind farm. Detailed conclusions are summarized as follows.

An engineering three-dimensional (3-D) wake model is introduced. To reduce the
computational cost, Artificial neural network (ANN) is applied to improve the wake model, and
a new 3-D ANN wake model is developed. The new model has a high accuracy of more than
99% of the original one. It can predict the wind speed at any spatial position quickly, and can
save about 80% of computational time. This model is then adopted to optimize positions and

hub heights of wind turbines.

Both hub heights and layout have prominent impact on equivalent wind speed (EWS) and
power generation of wind turbines. For a single wind turbine, increasing hub height will
increase EWS and power output, while decreasing the hub height has the opposite trend. The
reason for this is the increasing trend of wind speed in the vertical direction. For two wind
turbines, increasing the downwind and cross-wind intervals can both increase its EWS and
power output. The influence of wake decreases with the increasing distance from the upstream
wind turbine. On the other hand, the wake effect is most severe in the centerline region, thus
changing the cross-wind spacing to avoid the wake’s impact is another way to improve the

efficiency of downstream wind turbines.

Special attention should be paid when changing the hub height of wind turbine. Increasing
the hub height is beneficial to power output but decreasing it may have different results. The
reason is that the negative influence of wakes decreases with the decreasing height, but the
EWS will become smaller as well. The overall influence should be evaluated according to the

specific changes in hub height and relative downstream distance.

The 3-D ANN wake model and the aforementioned findings have been applied to solve
the wind farm layout and hub height optimization problems. Optimizing hub height or layout
alone can increase the total power by more than 55% and 79%, while simultaneously optimizing
these two factors can increase by 154%. The optimization result is significantly influenced by
the objective. When power output is the only objective, the optimized hub heights tend to
approach the upper height limitation. But if the economic factor is considered, the cost increases
with the increasing height, so the optimized hub height may not be very high, and the power
output does not reach the maximum as well. Therefore, how to balance cost and energy factors

is a key point to designing the spatial layout of wind farm.
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