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1. INTRODUCTION

Over the past few years, electrical power systems have changed significantly as a result of large
penetration of renewable sources of energy. In wind power sector, a considerable number of wind power
plants (WPPs) have been combined with the existing power systems across the world. In the third quarter of
2023, about 288 MW of land-based wind power production was incorporated to the USA power system, which
increased the cumulative operating land-based wind power to over 146 GW [1]. In Europe, many countries
like UK, Germany, and Spain reached to advanced stages of power generation depending on wind energy. In
2022, a 19 GW of new wind power was integrated to the grid in Europe [2]. Significant focus has been directed
towards wind power in Asia, where China and India ranked among the top five markets worldwide in terms of
cumulative installations at the end of 2021 [3]].

The WPP’s electric power throughput primarily relies on the value of wind speed that receives by
each individual wind turbine where it can be assessed as input fuel to the turbines. These wind speeds also
determine the dynamic response of the WPP under load fluctuations and fault conditions at the moment of the
event. From this standpoint, it is very important to determine the actual exact wind speeds and use them in
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the WPP system’s studies. The wind speed distribution within a WPP is not uniform and it is different from
one location to another. Therefore, the wind distribution cannot be considered constant at all locations within
the WPP. Many research works have been conducted in the literature to develop and investigate different wind
speed forecasting models. The result in [4] combined the autoregressive moving average with the support vector
regression to form a hybrid approach for modeling and predicting the wind speed. An approximation method
of wind speed distribution was proposed with the aim to accurately estimate the WPPs’ output generation [3].
Silveira et al. [6] used the Normal-Weibull-Weibull as a mixture distribution model for modeling wind speed
data, while Zhang et al. [/|] presented a prediction method for wind speed in the WPP clusters considering
the spatial characteristics. Wind speed data were generated at every 1 sec for a given WPP’s site to be used
in the dynamic studies of power systems integrated with WPPs [8]. While the above-mentioned research
efforts provide valuable insight into the modeling and forecasting of wind speeds, they did not test or apply the
generated wind speed data to the aggregate models of WPPs.

In aggregate modeling of WPPs, numerous number of wind turbines are represented by one or few
equivalent machines. The wind speeds that are received by the equivalent machines have to be appropriately
calculated such that the aggregated model accurately represents the entire WPP as closely as possible. In the
context of WPP aggregation and wind speeds’ calculation, study in [9] assumed a WPP of only one section of
wind turbines where the different wind incidents affecting the turbines were disregarded. However, other works
were assumed that the wind speed is reduced by a specific amount constant number (5 percent of incoming wind
speed, 0.5 m/sec, 1 m/sec) per row or section without calculating the exact wind speeds that receive by the wind
turbines within the WPP [10], [11]. An equivalent wind speed model was discussed to be used in the equivalent
aggregated model [12]]. However, the developed model was not able to reflect both the exact wind losses and the
dynamic response of the WPP. Wang et al. [13] presented different approaches to aggregate the impedances of
the turbines and internal network of a WPP. A comparison study [14]], [15] was performed between the predicted
and measured output power for a WPP. The wake effect model was taken into consideration to show its influence
on the predicted power from a WPP. The studies [[16], [17] presented aggregated models that may be used to
represent the entire WPP in stability analysis. Four different types of WPPs were used to study and implement
the wake effect model in the power systems’ simulation [18]. However, neither the aggregated model of the
WPPs nor the wind speed that is received by every individual turbine were presented properly. Rahman et al.
[[19] used multiple probabilistic clustering algorithms to study and evaluate the performance of the aggregated
WPP. The result in [20] showed the inadequacy of full aggregated model of WPPs due to ignoring the effects
of different wind speeds within the WPPs. Shabanikia et al. [21] proposed weighted dynamic aggregation
method to find an equivalent aggregated model for a WPP incorporating induction generator wind turbines.
Han et al. [22]] used multivariate multi-scale entropy method to aggregate the WPPs. Jin ef al. [23]] proposed a
combination model to calculate the wind speeds at the turbines with application to the aggregated model taking
into account the wind turbines’ low voltage ride through characteristics. Yet, the wind speed relation with the
WPP configuration as well as the arrangement of the wind turbines were not considered.

Although many aggregation models of WPPs take into consideration wind direction and spatial effects,
this paper contributes by proposing a simple methodological approach for calculating the actual exact speed
of wind incident at every wind turbine within the WPPs depending on an incoming real wind speed profile.
Towards a realistic aggregated model, a methodology of aggregating WPP systems under different wind speed
directions was presented taking into account the calculated actual exact wind speeds. Comparison and analysis
were conducted on the performance of WPP to assess the impact of considering or disregarding the actual exact
wind speeds. The analysis was performed under different wind speed directions with the aim of identifying the
most favorable direction that results in reduced wind energy losses. This work is organized as follows: section
2 introduces methodology for calculating actual exact wind speeds and the WPP aggregation under different
wind directions, section 3 presents and discusses the results of the paper, and section 4 outlines the conclusions.

2. METHOD
2.1. Wind speed modeling

Wind speed fluctuations have an enormous influence on the dynamic response of wind turbines. This
is owing to a significant cubic relation that relates the speed of wind with the extracted power from the turbine
as described by ().

P =0.5pAC,(\, B)Vix (t) )
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Where P, p, A, Cp, A, 8, and Viy (t) are the turbine mechanical power, air density, blades” sweep area, turbine
power coefficient, tip speed ratio, blades’ pitch angle, and speed of wind, respectively.

In general, the wind speed modeling relies on four components that comprise together the wind speed.
Those are the basic, gust, ramp, and turbulence wind components. The sum of those components gives the
wind speed that a turbine receives at any moment and it takes the form of [24].

Vi (t) = Vs + Ve (t) + Vavr (t) + Vv (t) ()

Where Vv, Vg, Viwvr, and Vayn are the basic, gust, ramp, and turbulence wind speed components,
respectively. The basic wind speed component can be considered constant among the WPP while the gust
wind speed component changes as a function of time [24]] as it is expressed by (3).

0, t<Ty
t—T
Viwg(t) =< C (1 —cos |27 - T , T <t<T, 3)
0, t>15

Where C, T4, and T are a constant that represents a percentage of the gust maximum value in m/sec, the start
time of the gust component in sec, and the end time of the gust component in sec, respectively. The ramp wind
speed component is also a function of time [24] where it is given by (@).

0, t <13

" B t—Ty

) =S G (7). Tse<y )
0, t>1Ty

Where C;, T3, and T4 are a constant that represents the ramp maximum value in m/sec, the start time of the
ramp component in sec, and the end time of the ramp component in sec, respectively. The turbulence (noise)
wind component takes the form of (3).

VwnN (t) = Z \/SWN(fz) Af + COS (27Tfit +0; + A¢) 5

i=1
Where Sw (f;) is the turbulence (noise) spectral density and it is defined by (6).

lVWB
m(£)°

(1+iﬂ)g

Vws

Swn(f) = (6)

Where f;, 0;, Ag, |, H, and Z, are the frequency, initial phase, phase component, turbulent length scale, wind
hub height in m, and roughness length, respectively. It should be noted that the value of A f falls between 0.1
Hz and 0.3 Hz while the value of [ equals to 20 m for H less than 30 m and it is equal to 600 m for H larger
than 30 m [25]).

2.2. Algorithm for actual exact wind speeds’ calculations within the WPP

In a particular WPP layout, the incoming wind speed received by every single wind turbine in a row or
a section will reduce due to shadowing and wind turbulence among the WPP. This phenomenon will continue
among the whole WPP between each upstream row (or section) and the next downstream row (or section). The
wind speed at every individual turbine within the WPP is obtained by (7)) [8].

Viv(t,z) = Vwo(t)(1 _ (L)Q(l V1= C’t)) )

Kyx+ R

Where Vi, (t), R, Ky, Cy, and Vay (¢, z) are the incoming wind speed in m/sec, radius of the turbine rotor in
m, wake decay coefficient, thrust coefficient, and the wind speed at any location within the WPP, respectively.
It should be noted that the above model is called Jensen’s model for wake effect calculation. The wake decay
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coefficient is a constant which is defined by experimentally measurements and it ranges from 0.04 to 0.05 for
offshore WPP while its value equal to 0.075 for onshore WPP [26]. The C; in (8) is defined as the thrust
coefficient [27]] and it depends mainly on the receiving wind speed and the turbine type. The thrust coefficient
of wind turbine [28]] is modeled by (8).

= 3.5(2‘;/\;\/20 3.5) )
‘Wo

Normally, the wind turbines are distributed and organized on a fixed pattern within the WPP. In
most cases, the turbines are divided into rows and columns taking into account the blade length to ensure
an appropriate normalized distance (distance/rotor diameter) between the turbines. On the other hand, the
overall dimensions of the WPP site, the nature of the ground (smooth or rough lands) as well as the prevailing
wind flow direction are important factors that constrain the appropriate wind turbines’ positioning within the
WPP. It is crucial to distribute the turbines such that they face, to the maximum extent, the possible wind flow
in the particular area [8]].

A flowchart in Figure[T]illustrates the key steps that were followed in determining the actual exact wind
speeds within the WPP. The first step involves defining the WPP layout, specifying the turbines’ arrangement
inside it, and determining the normalized distance between turbines. After choosing the layout, the wind speed
profile that reaches the foremost row (or section) of wind turbines is measured. The wake decay coefficient
value is then selected based on the nature of the WPP. To obtain the wind speed at the second row (or section)
of wind turbines, the thrust coefficient of the second row’s (or section’s) of wind turbines is calculated using
(), followed by calculating the wind speed using (7). By using the calculated actual exact wind speed at the
second row (or section) as an incoming wind speed, the (7)) and (8] are employed to compute the wind speed at
the third row (or section) of wind turbines. The process continues with the aim of calculating the actual exact
wind speed at every wind turbines’ row (or section) within the WPP.

2.3. Aggregation of WPP under different wind directions

In the framework of a model that combines multiple aggregated machines, any row or section of wind
turbines among a WPP is capable of being aggregated into a single equivalent machine; thus, the entire WPP
is modeled by a multi-machine approach. This model is based actually on the fact of identical operating points
for the wind turbines in each row or section as a result of identical received wind speed. The calculated actual
exact wind speeds are utilized to aggregate the WPP in Figure [2] employing the multi-machine aggregated
approach. It is important to mention that the multi-machine aggregated model is used in this paper among the
other aggregated models due to its better ability to capture and provide the WPP’s collective response at the
connection point with the grid [L1]. The effects between ignoring and considering the actual exact wind speeds
are shown in terms of WPP’s active output power. The weighted mean method was used to aggregate the wind
turbines’ parameters to get the equivalent parameters of the aggregated model. These equivalent parameters
can be computed by (9).

S' n n
a; = S Z S, Zseq = Zaizﬁi Zreq = ZG’Z”
i=1"~7 i=1 i=1 )

Xmeq = iaiXmi Heq = iaiHi Hi = Hti + Hgi
i=1 i=1

Where a; is the weight coefficient, Z; is the impedance of stator, Z,; is the impedance of rotor, X,,; is the
magnetizing reactance, Hy; is the inertia constant of turbine, and Hy; is the inertia constant of generator [10].
The power ratings of the equivalent generator can be obtained [10] by (T0).

Seq =Y _Si P = i P; (10)
i=1 =1

Where S; and P; are the apparent and active power ratings of each individual generator while n refers to the
generators’ number. The aggregation of the internal electrical network of the WPP can be found in [29].
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Determine the WPP layout, the way that the wind
turbines are organized, and the normalized

distance between the turbines

A A

Measure the incoming wind speed profile that the
first row or section of wind turbines

receives

A A

Select the value of the wake decay coefficient
according to the nature of the
WPP

A A

Calculate the thrust coefficient of the wind
turbines at the second row or section

using the equation (8)

A A

Calculate the wind speed at the 2nd row or
section of wind turbines using the

equation (7)

A A

Use the calculated wind speed at the 2nd row or section
as an incoming wind speed and obtain the 3rd row

or section of wind turbines’ wind speed

A A

Continue the process to calculate the actual exact
wind speed at each wind turbines’ row

or section within the WPP

Figure 1. Flowchart diagram showing the steps involved in calculating the actual exact wind speed at every

3.

row or section of wind turbines within a WPP

RESULTS AND DISCUSSION
The algorithm for calculating the actual exact wind speeds within the WPP as well as the aggregation

of wind turbines were performed in MATLAB software. In the WPP under study, there are five sections,
each containing four turbines as depicted in Figure The total number of turbines are 20 with 1.5 MW
rating each. The type of the generator installed in each wind turbine is a doubly-fed induction generator with
0.00706+j0.171 pu of stator winding impedance (Z5) and 0.005+j0.156 pu of rotor winding impedance (Z,).
Each section of wind turbines are connected together at the section busbar through 2 MVA rated transformers
and as well as internal transmission lines (Z;). Further, each section of wind turbines is linked to the station
busbar through section transmission line (Z1,;) where the entire WPP in turn is connected to the grid via a 47

MVA rated station transformer.
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Figure 2. WPP layout under study, where D is the wind turbine blades’ diameter

The spacing between the wind turbines within the WPP is normally chosen in away that reduces the
overall energy loss due to the wind turbulence. A real wind speed profile was used as an initial incoming wind
speed that reaches the first row (or section) of wind turbines inside the WPP. The measurements of the used
wind speed profile were gathered in Boulder city, located in the state of Colorado, USA. They were captured
with a cup anemometer, measuring at a frequency of 100 Hz, positioned at 36.6 m above ground level. Here,
it is worth mentioning that the wind speed at the turbine hub height was computed by utilizing the power-law
(301, as given by (LI).

du \*
Vg = VWane (d) (11)

Where Viyy, Vw,...» i, dane, and o are the wind speed at hub height, wind speed at the anemometer height,
turbine hub height, anemometer height, and wind shear exponent, respectively. In this work, the hub height of
turbines is 80 m, and the wind shear exponent was assumed to be 0.14 (the typical value for flat terrain) [31]].
Three wind speed directions were considered and the actual exact wind speeds were calculated at all
the wind turbines within the WPP. It is worth mentioning that each wind direction in Figure 2 is assumed to be
fixed and the wind turbines are facing the incoming wind. The actual exact wind speeds’ calculations and their
importance in aggregating WPP were accomplished and discussed under the following case studies:
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3.1. Wind speed direction from west to east

The wind speed were considered to be faced by the wind turbines in the direction from west to east
as it is indicated in Figure 2] The spacing among each two consecutive sections of wind turbines was chosen
to be nine times the diameter for the turbine blades. The algorithm that was discussed in the previous section
was implemented and the actual exact wind speeds at the different sections of wind turbines were calculated as
shown in Figure 3| The results show the accurate amount of reduction in the initial incoming wind speed that
is faced by the first section of wind turbines as the wind flows among the WPP.

Considering the aforementioned wind speed direction, the entire WPP was aggregated using the
multi-machine aggregated model. Figure [4] shows the aggregation of the WPP in Figure 2] under the wind
direction west to east. The calculated actual exact wind speeds in Figure [3| were received by the corresponding
equivalent wind turbine for each section in the WPP. The WPP’s output active power was chosen to show the
effect of considering the actual exact wind speeds within the WPP. Figure [5] shows the WPP’s output active
power under two cases; with 0.5 m/sec decreasing in wind speed at each section (as it is assumed by many
works) and with the actual exact wind speed at each wind turbine within the WPP.

16

S

n

o

Calculated wind speeds (m/sec)

— Section I
a4 Section II
I Section IIT
2r =~~~ Section IV
"""" Section V
0 L . I |
0 10 20 30 40 50
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Figure 3. Calculated actual exact wind speeds at different sections of the WPP in Figure under the wind
direction west to east
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Figure 4. Multi-machine aggregated model under the wind direction west to east

3.2. Wind speed direction from south to north

In this section, it was assumed that the wind speed confronting the turbines flows from the southern
direction and proceed in a northerly trajectory as depicted in Figure [2| The WPP under consideration with this
wind speed direction comprises four rows with five wind turbines within each row. The initial incoming wind
speed that is received by the first row of turbines as well as the distance between each two consecutive rows are
the same as in the previous case. The simulation was executed using the same algorithm that was discussed in
section 2. The actual exact wind speeds at the different rows within the WPP were calculated and are shown in

Figure [6]
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The WPP depicted in Figure 2] was aggregated into a multi-machine model under the consideration
of south to north wind speed direction. As a result, the whole WPP in Figure [2]is represented as it is given in
Figure[7} The calculated actual exact wind speeds, as illustrated in Figure[6] were applied to the corresponding
equivalent machines of the WPP. Figure [8] depicts the response of the multi-machine aggregated model under
two cases; with 0.5 m/sec decreasing in wind speed at each row and with the actual exact wind speeds received
by the wind turbines within the WPP.
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Time (sec)
Figure 8. Multi-machine aggregated model response under two cases, with 0.5 m/sec decreasing in wind
speed and with the actual exact wind speed at each wind turbine under the wind direction south to north

3.3. Wind speed direction with 45°

The wind speed was considered to flow and face by the wind turbines with 45° as it is depicted in
Figure 2] Here, the WPP under study consists of four stages, each comprising a different number of wind
turbines. The number of turbines that receive an identical wind speed in each stage can be obtained by (12).

ns(i) = Ng + Ng + 1 — 2i (12)

Where ¢ = 1,2, 3, ... is an index that represents the number of stages, Ng is the number of sections, /Ny is the
number of rows, and ns(4) represents the total count of turbines in each stage within the WPP. As a result, in
stages L, II, III, and IV, there are eight, six, four, and two wind turbines, respectively, that receive an identical
wind speed. The distance between the wind turbines of two consecutive stages is v/2(9D) where D is the
diameter of the turbine blades.

With the specified wind speed direction in consideration, the initial incoming wind speed is directed
towards the primary stage, encompassing eight wind turbines. Furthermore, it was adhered to the algorithm
outlined in section 2, resulting in the calculation of actual exact wind speeds at distinct stages, as visually
represented in Figure [0] Taking into account a wind direction of 45°, the WPP depicted in Figure [2] was
aggregated into four equivalent machines. Figure[I0]illustrates the WPP aggregated model under wind direction
with 45°. The quantity of turbines that was aggregated together in stages I, II, III, and IV are eight, six, four,
and two wind turbines, respectively. The same procedure elucidated in the preceding two sections was applied
to analyze the response of the aggregated model. The actual exact wind speed that face by each wind turbine
within the WPP was used in the simulation. The WPP’s active power was used to show the effect of the
calculated actual exact wind speeds. Figure[TT|shows the WPP’s output active power under two scenarios; one
with a decrease of 0.5 m/sec in wind speed at each stage and the other with the actual exact wind speeds.

3.4. Assessing WPP throughput across multiple wind speed directions

The dynamic nature of wind speed is a pivotal factor that leads to the variability in WPP power
generation. The continual fluctuations and non-constant direction of wind speed increase the challenges and
complexity of harnessing wind energy for sustainable power generation. It is paramount of importance to
consider actual wind speed profile and different wind directions in evaluating the reliability and throughput of
WPPs. This will help to optimally deploy the dynamic nature of wind speed inside WPPs.

Through the presented analysis in the previous sections, it can be seen that there is a contrast between
the response of the WPP under the calculated actual exact wind speeds and the assumption of a 0.5 m/sec
reduction commonly used in the literature. This contrast highlights the importance of accounting for actual
exact wind speeds within the WPP in aggregating large wind farms. The actual response of an aggregated
model of a WPP will be more realistic and beneficial in studying the dynamic response of power systems when
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integrated with large WPPs. The obtained results reveal that the highest output power of the WPP attained
under the wind direction of 45° as shown in Figure This observation emphasizes the significance of wind
speed direction in maximizing the throughput of WPPs. Therefore, a precise understanding of wind patterns
in a specific geographic region is critical for the effective placement of the turbines within a WPP. The WPPs
have to be constructed such that the quantity of wind turbines receiving an identical level of wind speed is
maximized on one hand, and the wind energy loss is minimized on the other hand.

Calculated wind speeds (m/sec)
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"""""""" Stage II
2+ I Stage III ~
T 77~ Stage IV
0 I I I I
0 10 20 30 40 50

Time (sec)

Figure 9. Calculated actual exact wind speeds at different stages of the WPP in Figure [2|under the wind
direction with 45°
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4. CONCLUSION

In this paper, a methodology for aggregating WPPs based on incoming wind direction under exact
wind speeds was presented and assessed. Toward a realistic aggregated model that reflects the entire WPP
response, an algorithm was employed to compute the actual exact wind speed experienced by every individual
wind turbine within a WPP. Furthermore, the throughput of the aggregated models that are obtained depending
on wind speed direction was studied and compared. The results showed the importance of the exact calculation
of the speeds of the wind within the WPP in ensuring that the aggregated WPP model accurately represents
real-world conditions. The results also highlighted the effect of the wind directions on the response of WPPs.
It was concluded that the wind speed direction with 45° produces a larger WPP output power compared to that
with other wind directions. The variability of wind speed direction over the year within a specific geographic
area brings a substantial significance to the positioning of wind turbines within a WPP. A strategic positioning
of the wind turbines is necessary to achieve maximum throughput from a WPP throughout the year under the
prevailing wind speed direction.

The proposed wind direction based aggregation of WPPs as well as the exact wind speed calculations
provide valuable insights for wind farm designers and grid operators into the dynamic behavior of large WPPs,
the efficient benefiting of site characteristics, and the reduction of wind energy losses. By knowing the wind
speed direction at the site and exact wind speed on every wind turbine within the farm, designers can more
effectively assess the placement and performance of the turbines. The aggregated model of a WPP adequately
reflects the output and dynamic response of the complete wind farm, which enables grid operators to enhance
system planning and perform stability studies.

It is worth mentioning that the present work opens the door for further future research within the
scope of WPP aggregation. For instance, practical relevance requires testing the proposed approach under
multiple long-term wind speed regimes. This may represent a limitation of the current work. The presented
simulation results in this work may also be compared with real-world implementation for benchmarking
purposes. Additional work may also include comparing the proposed wind speed calculation algorithm with
the probabilistic and statistical techniques of wind speed estimation. Also, artificial intelligence and machine
learning methods such as clustering algorithms, deep hybrid models, and gated recurrent units can be employed
to improve the wind speed estimations at the various locations within the WPPs to increase the accuracy of the
aggregation models. All these research pathways provide opportunities to focus future efforts by researchers
on developing robust and more realistic aggregation models of the WPPs.
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