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Abstract. Nowadays wind power forecasting research is becoming more and more important in economic operation
and safety management of power systems. Moreover, with a huge increase of data availability, data-driven models,
especially for short-term forecast, represent a good compromise between precision and computational loads. This
paper deals with a data-driven algorithm consisting of a combination of three main steps: gis-based data collection
and pre-treatment, classification wind turbines step (Twostep cluster analysis) and short-term wind power forecast
with artificial neural networks (ANN). The wind turbines were geo-referenced, the initial variables (single turbines
power output, wind direction and speed) were pre-processed, a recursive optimized cluster analysis (CA) was
performed to obtain a simplified mathematical structure for an artificial neural network. A windfarm (48 MW)
placed in the eastern part of Sicily (Italy), was tested as case study. It consists of two different sites each one with 28
wind turbines at different rotor heights and different orography. The time series dataset consists of almost four years
data (sampling time of 10 minutes). The consequent simplified mathematical structure leaded to perform good
results in in a short-term wind power output forecast for both sites of the case study.

Kewords: gis, cluster analysis, short-term forecast, wind power.
INTRODUCTION

In last decades, the use of renewable energy systems and especially the wind power systems has considerably
increased. In the last report of the World Wind Energy Agency (WWEA) it has been stated how the installed wind
power capacity worldwide reached a total peak power of 597 GW with 50.1 GW added in 2018 [1]. The increase of
the installed wind farms has encouraged the scientific community to better asses forecast methods for the wind
energy production [2]. Traditional thermal generators, despite the fact are intermittent, are much more predictable
than wind power generators. The primary energy source follows a deterministic process and the uncertainty grade in
forecast models refers almost only about the random faults of the several system components. For these reasons
these systems are usually described as “dispatchable” in contrast with wind generation systems described as “non-
dispatchable”. Wind speed and direction are inherently variable and so it is difficult to evaluate wind power
generation with traditional methods. The time horizon pays an important and crucial role in the model accuracy
since forecast errors typically increase as the time range [3]. According to time range forecast methods may be
divided in three main groups, each of them for different purposes. Short-term forecast methods usually range from 1
hours to 72 hours and are useful in power system planning for dispatch and for electricity trading where wind power
or storage systems can be traded [4]. Medium-term methods range from 72 hours to one week and are usually
performed to schedule plan or energy storage system maintenance [5]. Long-term methods range from weeks to
months and are generally used to better evaluate wind farm overall energy production and investments payback [6].
Therefore, it appears evident how time horizon decision may affect the prediction models results. Current
forecasting and prediction models may be also divided according to the model type itself. A first group refers to
physical models. The physical models generally make use of global databases of meteorological measurements or
atmospheric models, but they require large computational systems in order to achieve accurate results [7, §].
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Computational fluid dynamics (CFD) is also used as an alternative method to the power law [9] or rotor
performance [10]. In the statistical traditional methods, such as autoregressive moving mean models (ARMA) or
autoregressive integrated moving mean models (ARIMA), a vast amount of data is analyzed and meteorological
processes are not represented. They give good results in the estimation of mean monthly or even higher temporal
scale wind speed [11]. Recently, the so-called learning approaches, or Al data-driven models, are considered a good
compromise among the previous groups. They may be defined as “gray box” methods since they are able to explain
physical phenomena such as wake effects [12, 13] or faults despite the fact they do not involve any physical model.
Unfortunately, the latter methods are still not performing good results in near-real time given that the computation
load increases as much as the time series and the number of observations [3]. The present work deals with an
innovative method for short-term forecast wind power generation with a combination of GIS-based method,
statistical analysis and neural network. The rest of this paper is organized as follows. Section 2 describes a wind
farm located in the south of Italy treated as case of study. Section 3 illustrates the main steps of the developed
model. Section 4 shows model results and Section 5 contains a brief discussion and conclusion.

CASE STUDY: A WIND FARM LOCATED IN THE SOUTH OF ITALY

The proposed methodology illustrated in the next chapter has been tested for a real case study. A wind farm, as
reported in Fig. 1, located in Sicily (south of Italy), was studied. This wind farm presents an overall Ppeax of 48 MW
consists of two main sites of 28 same wind turbines each one. The two sites are located in a mountain zone and
present different quotes for each turbine, especially in site 1. Other main details are reported in Table 1.

TABLE 1. Main characteristics of the two sites.

Site 1 Site 2
Position 37°58°32”" N, 37°56°47°N,
15°07°00”’E 15°12°03’E
N° Turbines 28 28
Turbines quotes 732-1149 [m] 1038-1243 [m]
Turbine Height 52-58 [m] 52-58 [m]
N° blades 3 3
Turbine Ppeak 850 [kW] 850 [kW]

FIGURE 1. The Wind farm position

The Turbine model presents a power curve with a very low Cut-in speed as reported in Fig. 2. The choice
of this turbine model is probably due to the low wind velocities distribution of that geographical zone.
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FIGURE 2. (a) The power curve of the turbine model for an air density of 1.225 kg/m?. (b) A picture of some turbines in site 2.
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Despite the sites are closed each other, they have been treated separately because of their different
geographical distribution turbines. Fig. 3 shows the different distribution of each site. Site 1 presents two
geographical clusters distribution orientated in the north direction, while site 2 presents three geographical clusters
oriented to East.

(®)

FIGURE 3. The location of the 28 turbines of site 1 (a) and site 2 (b).

The time series consists of data from 2015 to 2017. For each turbine (56 turbines) there were collected: Power
peak [kW], Wind speed [m/s], Wind direction [°] with a time step of 10 minutes. In this work 2017 was deeply
analyzed and the model was applied with a time range of a month in the two sites. For the lack of space in this paper
the results refer to only one month (February 2017). In the following Table 2 the synthetic values are presented.

TABLE 2. Main data for site 1 and site 2 in February 2017.

Medium Max Dev.std Medium Max Dev.std
Turbine Ppeax Ppeax Ppeax Wind Wind Wind
[kW] [kW] [kW] speed[m/s] speed[m/s] speed[m/s]
Site 1
210 163.75 850 199.61 5.67 23.71 3.27
220 75.89 828.73 146.39 4.07 16.21 2.38
310 351.51 843.11 194.18 7.71 21.45 3.48
316 144.21 848.55 198.83 5.85 20.35 3.53
Site 2
112 170.69 849.81 206.23 5.57 27.76 3.30
128 216.21 849.99 229.90 6.51 25.17 3.59
139 163.88 848.45 204.53 5.21 33.81 3.47
144 111.42 849.41 165.92 4.85 8.86 2.54
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Wind direction frequencies are presented in Fig. 4. Despite the geographical turbines positions, this wind
directions distribution reveal some possible wake effects (and the consequent power losses effect) occurred in the
proximity of the turbine 316 for site 1 and in turbine 112 for site 2 .

N Turbine 210 o Turbine 220 N Turbine 112 N Turbine 128

W i £ w E w*s w E

) S S S
o Turbine 310 N Turbine 316 N Turbine 139 N Turbine 144
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FIGURE 4. The distribution of the Wind directions in February 2017 for site 1 (a) and site 2 (b).

METHODS AND APPLICATION

In order to perform a short-term forecast overall power production in the two different sites, it was implemented
a model consisting of three main steps as illustrated in Fig. 5.
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FIGURE 5. The main scheme of the implemented model.
In the following sub-chapters the three main steps are explained.
Pre-processing step
The first step consisted of data collection from all turbines (28 for each site), data pre-treatment and a
preliminary data analysis. First of all, the wind turbines were georeferenced in a Gis-based system. In this way, all
turbines were geographically clustered. The integration of spatial coordinates (x,y,z) to the presented methodology

gave the opportunity to better assess the cluster analysis data results. A next step involved data collection from time
series samplers. For each month, with a time step of 10 minutes, there were collected Ppeak [kKW], Wind speed [m/s]
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and Wind direction [°] for each turbine. In this paper it is presented just February 2017 (time series of 4032
samplers). Once collected, data was pretreated in order to handle missing values and wrong values (such as negative
Ppeax). A Python script was implemented in order to replace missing values with a moving mean calculation (by
considering similar subsets), anyway missing values were about 1% of the total subset. For the considered variables
(Ppeak, Wind speed, Wind direction) there were calculates some preliminary statistical indices such as: Mean,
Maximum, Minimum, median, dev. std. (c). In Cluster Analysis there were used 6 variables for each turbine: mean
Ppeak, 6 (Ppeak),mean Wind speed, ¢ (Wind speed), mean Wind direction, ¢ (Wind direction) for each turbine. Since
the high difference of scales variables, it was crucial for Cluster analysis to standardize them. It made easier to
compare scores, even if those scores were measured on different scales. The main criteria is the follows:

7=%" )

Where Z is the standardize value, X is the variable non-standardize, m is the mean and o is the standard
deviation.

Cluster Analysis

Once obtained a matrix of 28 (turbines) x 6 (std.variables) elements, it was performed the Cluster Analysis part.
It consisted of three sub-steps:

e  TwoStep Cluster algorithm
e  Clusters validity analysis
e  Centroid turbine definition

TwoStep Cluster algorithm

The two-steps Cluster Analysis is an exploratory algorithm designed to reveal natural groupings (or clusters)
within a dataset that would otherwise not be apparent. Clustering techniques have been widely used in many
applications involving environmental researches [14, 15]. Clustering methods are divided in two main groups:
hierarchical and partitioning algorithms. The first methods usually form clusters successively, on the basis of a pre-
selection clusters established at the beginning. The second ones split data in clusters at the same time according to
some criteria. The TwoStep Cluster algorithm is a hierarchical clustering method. It involves the main two steps:

e  Pre-clustering;
e  Clustering.

In the first step the algorithm scans the dataset samplers one by one and decides whether the current sampler has
can be added to the previously formed clusters or it will be the centroid of a new cluster based on a distance
criterion.

In the presented model Euclidian distance was chosen as distance criterion. Considering two generic turbines
(T1 and T2) Euclidian distance is defined as follows:

Ed(T1,T2) = /3, (T1; — T2;) ©)

Where T = (T, Ta,., Tn) with n the number of variables described before (mean Ppeak, mean Wind speed etc.).
The following step considers the sub-clusters already formed and group them in the desired number of clusters. The
process starts with defining an initial cluster for each sub-cluster. Then, all clusters are compared and the pair of
clusters with the smallest distance between them is merged into one cluster. The model was performed according to
a prior decision about the number of clusters. It was decided to test it from 2 clusters (minimum) up to 8 clusters
(maximum) and classify all turbines according to these 7 possibilities.
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Clusters validity analysis and Centroid turbine definition

Since the model was tested to group turbines in different clusters sizes (from 2 clusters to 8 clusters) it was
crucial to choose the optimal clusters number. There are many clustering validity indices to assess the validity of
clustering. In this paper, the Sihoulette (S) coefficient was used. The S coefficient in d-dimensions is shortly
defined as follows:

bi—a;

Sp = €)

max [a;,b;]

Where aiis the average distance between i and all other data points in the same clusters, bi is the smallest average
distance of i to all points in any other cluster of which i is not a member. The average Si over all points of a cluster is
a measure of how tightly grouped all the points in the cluster are. Thus the average Si over all data of the entire
dataset is a measure of how appropriately the data have been clustered. S varies in the range [-1,1]. S > 0,5 was
considered as criterion for the correct number of clusters.

With the appropriate number of cluster it was chosen a most representative turbine for each cluster. The chosen
turbines was that turbine whose Euclidean distance to the centroid of the cluster was the minimum.

ANN Step

In this paper, a Multilayer perceptron (MLP) neural network was used to conduct a short-term overall wind
power forecast (about 70 hours) in advance. This common neural network has been widely used in similar
researchers [4,16]. MLP can give a reasonable solution for such a highly nonlinear problem as wind power forecast.
It uses a feedforward architecture. It was modeled with three layers of nodes: input layer, hidden layer and an output
layer. Except for the input nodes, each node is a neuron that uses a nonlinear activation function. As activation
function it was used the sigmoid function which is probably the most historically common one. MLP uses a
supervised learning technique called backpropagation for training. The Data subset was divided in two categories:
the 70% was used for the learning phase and the 30% as test phase. MLP received as input the wind speeds and wind
directions and gave as output the overall Ppeak of each site. It was tested with the best turbines of the selected clusters
and it was modeled for other cases to make a comparison of results. The results were discussed according to the
overall relative error (E%) with real power and the sum of squares Error (SSE).

RESULTS

The results of the cluster analysis accordingly the recursive validity test by S coefficient are presented in Table 3.
The site 1, due to its high variability of all samplers (all variables presented a high o ), showed a lower S
coefficients and just the case of 8 Clusters fulfilled the criterion (S>0.5). Site 2 presented a lower variability
samplers and the criterion was respected with seven clusters.

TABLE 3. Sihoulette results for site 1 and site 2.

2 Clusters 3 Clusters 4 Clusters 5 Clusters 6 Clusters 7 Clusters 8 Clusters
Site 1 0.423 0.445 0.467 0.472 0.485 0.495 0.511
Site 2 0.447 0.465 0.476 0.479 0.491 0.506 0.512

The two cases (8 Clusters for site 1 and 7 Clusters for site 2) are reported in Fig. 6 and 7, Table 4 and 5. In Site
1, most of the clusters (2, 4, 5, 7, 8) despite the fact they were defined with a numerical method, followed a
geographical clustering distribution. It reveals how this “black box method was able to follow physical phenomena
such as power loss due to wake effects, wind variation due to quotes and terrain roughness.
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TABLE 4. The clusters results for site 1.

Clusters Turbines Centroid
Turbine
Cluster 1 206, 226 206
Cluster 2 216, 217, 220, 216
222,223
Cluster 3 214,221 214
Cluster 4 309, 310 309
Cluster 5 210, 213, 318, 213
219, 313
Cluster 6 308, 311, 314, 308
Cluster 7 207, 224, 225, 207
312,315,318
@ Cluster 1
i st Cluster 8 316,317 317

M Cluster3
@ Clusterd
A Cluster 5
Cluster 6

@ Cluster7
@ Cluster$

FIGURE 6. The geographical clusters distribution for site 1.
In the case of Site 2, the same considerations may be applied to Clusters 1, 3, 4, 5 and 7.

TABLE 5. The clusters results for site 2.

Clusters Turbines Centroi
d
Turbine
Cluster 1 110, 111, 114, 110
116, 130, 141
Cluster 2 131, 143 131

Cluster 3 112, 115, 117, 132

118, 132, 133
Cluster 4 109, 126, 127, 128
128, 129
Cluster 5 135, 139 135
. cluster 1
W cluster2 - -
A cluster3 < ’ Cluster 6 113, 134, 140, 142
. cluster 4 P ‘ 142
cluster 3 S
(&) cluster 6 r - _ -~ -
W cluster 7 ‘ . Cluster 7 144, 145, 146 146

FIGURE 7. The clusters distribution for site 2.

020028-7



The short-term power forecast results are showed in Fig. 8 for site 1, and Fig. 9 for site 2. The overall
power output was calculated in different scenario configuration. P clusters refers to the output wind power of the
proposed model. P real represents the real overall wind power. P random turbines represents the output overall wind
power forecast using an equal number of turbines of the clusters results (8 turbines for site 1 and 7 turbines for site
2) but chosen randomly. P best turbine represents the overall output wind power forecast using just one turbine and
the results refers to the best turbine output. It was also calculated the forecast wind power using all turbines, but it
was presented just E% and SSE. Both in site 1 and in site 2, the proposed methodology reveals good performances.
The Clustering method gave good results for both sites. The relative error was almost three time less than randomly
chosen turbines criterion. Moreover, the errors were, in both cases, almost the same in comparison with the
application of MLP for all turbines.

13000
Fr E%  SSE
kW] All turbines 2.88% 30.67
11000 Best turbine (216)  9.70% 121.64
Clusters 3.88% 3741
Random Clusters  8.80% 82,89
9000
7000

— e
48 54 60

t [h]

P best turbine

P clusters

FIGURE 8. The real and forecast power for site 1 for about 70 hours.

Py
kW]
22000 E% SSE
All turbines 2,52% 2342
20000 Best turbine (128) 11.52% 848 h ‘ l‘
Clusters 331% 2475 [ )
18000 Random Clusters  1121% 82,77 g Uy
16000 iy
14000 -
12000 LA
= h ;
10000 ' I
8000 Wi ‘ I
6000 VA ‘ . LM A
2000 W e oo NV “
ﬁ‘v i i 7 vy '
5 FX
0 6 12 18 24 30 36 42 48 54 60 66

t [h]

—Zkpeal == Prandom twbines ——P clusters - P best turbine

FIGURE 9. The real and forecast power for site 2 for about 70 hours.
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CONCLUSIONS

This paper deals with a new methodology application in short-term wind power forecast applications. This
methodology consisted in the application of three main steps with a combination of Gis-based techniques,
classifying statistical methods and ANN methods. The main goals reached can be summarized as follows:

e The proposed classified method (Twostep clustering) was effective in generating strong wind turbines
clusters for both sites treated as case study.

e  This numerical classification followed a natural geographical distribution of the wind turbines.

e The results of the model improved considerably the accuracy of the short-term wind power forecast.
The application of this lower number of turbines was almost the same of the application of all turbines.
This latter case usually suffer a heavy computation load not really adapted for near-real time
applications such this one.

For future work it is under investigation the integration of other variables such as: slopes, terrain roughness,
quotes, directions of all turbines. All these gis-based variables should lead to better performances for the model

itself.
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