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INTRODUCTION

Wind Speed Prediction Based on Long-
Short Term Memory using Nonlinear
Autoregressive Neural Networks

Globally, wind power is a technologically matured and commercially
accepted technology. However, intermittent and fluctuating wind speed
makes it difficult to connect it directly to the grid. It becomes less attractive
from the quality and continuous power supply point of view. Nevertheless,
the wind speed is affected by meteorological parameters like temperature,
pressure, and relative humidity and may be predicted better using all of
these parameters or some of the theses as inputs. Since the weather
conditions of a particular month repeat approximately after ten years and
sometimes even year to year depending on geographical location. This
study investigates the errors associated with predicting the wind speed of a
particular calendar month using the historical data of the same calendar
month in the previous years. Authors propose a strategy for long-term
prediction of wind speed based on two nonlinear autoregressive neural
network models, (i) nonlinear autoregressive neural network and (ii)
nonlinear autoregressive neural networks with exogenous inputs. The
models are developed by training the networks with hourly mean wind
speed values for seven years, from 2011 to 2017, for three sites in the
Eastern Province of Saudi Arabia. These models are used to predict the
wind speed for 2018, and the results are compared with the measured data.
Both models' effectiveness is evaluated by considering the impact of the
exogenous parameters (temperature and atmospheric pressure). The study
found that the prediction accuracy of wind speed in long-term forecasting
depends not only on the location but also on the repeatability of training
samples across the years.

Keywords: Errors, forecasting, nonlinear autoregressive neural network
wind speed, wind power.

year and affects the seasons [10-14]. It is said that
climate change is a significant factor responsible for the

Wind power is proving to be a competitive alternative
source of energy to the conventional fossil fuel-based
generation and its suitability as a distributive power
source for isolated micro-grids [1-4]. A continuous
campaign is being emphasized for increased wind
power capacity and the existing energy mix to mitigate
the greenhouse gas (GHG) emissions responsible for
environmental pollution. Evidently, many research
articles focusing on multi-gigawatts wind power gene—
ration facilities across the globe are being published. It
is reported that wind power has emerged as one of the
most competitive renewable power generation techno—
logies in recent decades [5-9]. Although, the stability of
wind power integration into the grid is still a challenge
due to the intermittent nature of the wind speed. Many
of such challenges have been addressed by researchers
and reported in the literature. It is reported that weather
variation of a Calendar month repeats itself in another
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variation of wind speed [15]. It is further stated that
there may be less increase in wind speed in urban areas
than in rural areas due to urbanization activities. Jiang et
al. [16] reported that urbanization reduces the wind
speed in cities because of the increased surface
roughness. The study reported that wind speed is
decreased by 0.01m/s every ten years [16]. Li et al. [17]
studied wind speed trends using the homogenized wind
speed dataset obtained from the Greater Beijing Region
between 1956 and 2008. They showed that wind speed
decreased in all regions, and the highest reduction was
recorded near the city center. Nevertheless, wind speed
is affected by meteorological parameters such as
ambient temperature, pressure, and relative humidity
and may be predicted more accurately using these
parameters.

Hitherto, there are two ways of tackling the
problem of randomness and uncertainty of wind power.
One way is to increase the size of the installed capacity
above the intended amount originally proposed and
ensure an adequate rotating reserve of conventional
units to account for the impact of fluctuations of wind
power integration to the grid [18]. The second method is
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to forecast the wind speed and hence the wind power
accurately ahead of time to help the grid operators plan
power dispatch properly, assure continuity of power
availability, and enhance contain the power economy
[19].

Wind speed forecasting has been divided into short-,
medium, and long-term periods. The short-term
forecasting of wind speed is considered as advanced
prediction between 1-48 hours. Short-term forecasting is
important for economic planning of wind power
generation. It helps the power utility operators to plan
adequately for their operation mode, especially when
demand is known. Some important formulations and
applications of short-term wind speed forecasting are
presented in [18-24]. Medium forecasting of wind
speed spans from 48 to 72 hours. In long-term
forecasting, the advance time of forecast is any time
above 72 hours [25]. Since, the wind speed directly
influences the power output, long-term forecasting
becomes important for wind power plants development.
It helps monitor the scheduling of wind power
generation and energy management in wind farms.

The fundamental principle of time series fore—
casting accuracy largely depends on detecting the sub-
patterns in the time series and the historical incidents
[14]. Time series patterns possess characteristics such as
random variations, cyclic patterns, level shifts, and
seasonality. Furthermore, fluctuations existing in the
time series data are also periodic. These fluctuations can
be detected and eliminated by studying the existence of
trends within the series. This can be achieved by the
removal of seasonality using seasonality decomposition
methods. Seasonal decomposition is usually carried out
before the application of forecasting algorithms. The
stages involved in seasonality decomposition for time
series are reported in [14].

Tyler et al. [26] presented two variants of artificial
networks: nonlinear autoregressive neural network and
nonlinear autoregressive network with exogenous inputs
using hourly data of one year. Using a hybrid data
processing strategy, Zhongshan et al. [27] developed
models for forecasting wind speed. The study enhanced
the forecast model by combining complement ensemble
empirical mode decomposition (CEEMD) and a wind-
driven optimization technique. The wind speed time
series was first decomposed into many intrinsic mode
functions using the CEEMD, and each intrinsic mode
function was used to forecast using back propagation
neural networks. The forecasted intrinsic mode
functions were then combined as the final predicted
values. The strategy was only applied for a short-term
forecasting ahead of 10- and 30-minutes. The results
showed that the model improved the forecasting
accuracy of wind speed for the short-term prediction.
However, extending such a study for long-term wind
speed forecast would be interesting.

n [28], the authors proposed Hammerstein model
for forecasting wind speed for 1-24 hours horizon. The
study used the heterogeneous autoregressive (HAR)
model to capture wind speed time series dynamics. The
result proved that the HAR model has a high propensity
to outperform both multilayer perception (MLP)and
autoregressive integrated moving average (ARIMA)
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models judged by the error metrics. The HAR model
was suitable for the hourly forecast of wind speed
without evidence to prove otherwise for long-term wind
speed prediction.

Barbounis et al. [25], considered up to 72 hours
ahead prediction of wind speed as long-term prediction.
The study employed three recurrent networks algo—
rithms to predict wind speed using wind speed and wind
direction obtained from the atmospheric modeling
system SKIRON for four different stations appro—
ximately 30,000 m away from the wind turbine clusters.
The algorithms included infinite impulse response mul—
tilayer perception (IIR-MLP), diagonal recurrent neural
network (DRNN), and local activation feedback recu—
rrent (LAF-MLN) models. The results showed that the
suggested strategies under the IIR-MLP and DRNN
performed better than static algorithms. Furthermore,
the study proposed two new online learning strategies
for updating the RNN using the recursive recurrent error
algorithm. The learning algorithms ensured improve—
ment in the learning phase and improved the accuracy
of the models.

A comparative study of the activation function of
nonlinear autoregressive neural networks (NARNN) and
nonlinear autoregressive exogenous neural networks
(NARXNN) for long-term wind speed prediction was
reported in [1]. The study provided 30 days ahead
forecast of wind speed using data collected from the
different metrological stations in Malaysia. The study
compared the performance of two activation functions
(logsig and tansig) for NARNN and NARXNN models.
It revealed that tansig performed better than logsig in
terms of minimum prediction errors and transfer
functions for the two neural network (NN)models.
Similarly, Barbounis et al. [29] demonstrated the
effectiveness of a locally recurrent multilayer network
using the recursive prediction error (RPE). The model
was better than the atmospheric and time series models.
Moreover, a global recursive prediction error (GRPE)
was developed and partitioned into four sub-problems to
reduce the storage requirement and computational
complexity.

Neural network-based algorithms were used to
develop data fusion algorithms to predict the wind speed
trends in the future year. Azad et al. [30] compared the
performance of different neural network approaches
with classical methods for long-term hourly forecast of
wind speed. Judged by MAE and MSE error metrics, it
was concluded that the hybridization of different NN
algorithms would potentially improve the learning and
forecasting performance for long-term wind speed
predictions.

2. WIND ENERGY IN SAUDI ARABIA

Seasonal variation in Saudi Arabia, like many countries,
is expressed in four climatic seasons, which are Spring
(Mid-March to Mid-June), Summer (Mid-June to Mid-
September), and Autumn (Mid-September to Mid-
December), and Winter (Mid-December to Mid-
March)[31]. From winter breeze in January to peak
desert heat in August, the country experiences different
weather changes across the cities and regions. High
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wind speed is usually experienced in the winter and
summer months. Surprisingly, some of the Eastern
Province cities of Saudi Arabia experience high wind
speeds during the Summer months (June, July, and
August) due to the summer breeze and sandstorms [6,7].
Figure 1 shows the hourly wind speed variation during
January and June of 2017 obtained from the
metrological station in Khafji. The figure demonstrates
the seasonal variation of wind speed at Khafji. These
characteristics are mimicked by other metrological
parameters that influence wind speed variation
throughout the year. This paper investigates the impact
of these variations on the long-term wind speed
forecasting.
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Figure 1. Wind speed measured at 50m height; Khafji, 2017.

2.1 Data Preparation

Each meteorological parameter (such as wind speed,
ambient temperature, and pressure) is modeled as time
series for input to the models. These samples are made
of n observations [X;, Xz X,] Which are used as input to
predict the wind speed ahead of time. The wind speed
forecasts will be made a year ahead. This means that the
input time series is a function of the past values of 12
calendar months. For each sample, the input training
data is modeled as a function F(.), givenby equation (1):

w1 = F (%0055 12005711 ) (1
where x;, is defined as follows:

% (1) + 2 (1=1)
T 2
2
where i is the number of input parameters considered
and ¢ is the total number of sample observations.

3. METHODOLOGY

3.1 Artificial Neural Network (ANN)

ANN architecture consists of node properties, neurons,
connecting strength, and updating rules [32]. Neurons
can learn, which can be used to verifythe future
values[33]. ANNsare used to address complex nonlinear
problems in real-life[33]. An ANN model is comprised
of components like weights (w;), connecting links, bias
(b)), and activation function f{*)[19]. These input x;
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parameters are related to the output y;, as shown in
Figure 2. Each input value, x; is multiplied by the
weight, w; and added to the bias b; to provide the output
s;, €q. (3). This output s; is applied to the activation
function to find the final output y; Examples of
activation functions include linear, sigmoid, Gaussian,
and Gaussian complements. This function can be
selected based on particular problem. The function of
the bias is to decrease the effect of the increasing value
Oij.

S’ = Z;:l w]k * xk +b] (3)

where j and k are the numbers neurons and synapses,
respectively.

X1
X2
o — Y
] Summing Activation Output
& node function
o
Xi
Inputs weight

Figure 2. Structure of a neuron.

This study proposes the nonlinear autoregressive
neural network (NARNN) and nonlinear autoregressive
neural network with exogenous inputs (NARXNN)
models. A typical structure of a NARNN is shown in
Figure 3. The structure consists of an input [y(t-d)],

output ¥(t), and hidden layer nodes and the connecting

lines. Here d represents past values of time series used
to predict the wind speed ahead of time. The input node
is also the feedback node. In developing the NARNN

and NARNNX* models, the predicted time series ¥ (t)

is the wind speed and the external time series included
in the input, x(t) is the exogenous input. The exogenous
inputs used in the present work are ambient temperature
and pressure.

yt—d F®

Input layer Output layer

Hidden layer
Figure 3. A typical structure of a NARNN.

3.2 Nonlinear autoregressive neural network
(NARNN)

The NARNN is a multilayer feed-forward NN which
includes the input and output layers and one or more
hidden layers. The output layer/s is/are usually in-
between the input and output layers. The number of
neurons in the input layer is the same as training inputs,
while the number of neurons in the output layer is equal
to the target samples. The optimal number of neurons
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can be obtained by a simple trial and error method[32].
For NARNN, the inputs x;, [X;, Xa, X3] is comprised of
only wind speed as the training parameter. There are
four vectors in each of the three input training
observations (i.e. n = 12).

For NARXNN* procedure, each input x; has its
number of vectors increased by 24 for NARXNNI1 by
12 for NARXNN2 as explained in sub-sections 4.1.1,
4.1.2, and 4.1.3. The meteorological parameters consi—
dered here are temperatures at 10 m and 2 m and atmos—
pheric pressure near ground level. The reason for consi—
dering temperatures at two different levels is that the
differences in temperature with height create pressure
gradient force, which affects the wind speed [19].

4. PROBLEM FORMULATION

The training data set consists of inputs and targets. The
input parameters are the hourly mean wind speed (HWS),
ambient temperatures at 10m and 2m and pressure for two
months (January and June) of the previous four years,
taking two years at a step (Figure 4). The training sample
includes the data from 2011 to 2015 and the testing data for
years from 2015 to 2017. The training and the testing steps
are explained in the following subsections.

4.1 Training Parameters

Three cases are investigated in this study and are expla—
ined in the subsequent text. These cases are based on
selecting training parameters as described in Figure 5.

4.1.1 Case 1: In case of NARNN, the input vector is
made of three sets of historical wind speed values from
the previous four years measured at 50 m height. These
input vectors are [X;, Xp, X3]. Where X, X, Xsinclude all
the HWS values for January and June of 2011 and 2012,
2012 and 2013, and 2013 and 2014, respectively. Each
vector X;, Xp, and x; has four input vectors, two from
each year for January and June so that the total vectors
in the training input becomes 12. The target, y;, of the
NARNN comprises measured HWS values for January
and June 2015.

4.1.2 Case 2: This is the first case of NARXNN* with
model NARXNNI. The total inputs include all the values
in the NARNN and two more vectors containing
temperatures measured at 10 m and 2 m. In this case, the
total vectors in each input set become 12, and the new
training input set has a total of 36 feature vectors. The
target, y; of the NARXNNI consists of measured HWS
for January and June 2015 and is same for all the cases.

2011

2012

I

2012

X2

2013

Outputs

X3

ANN model

ok

\ Inputs /

Figure 4. Architecture of the ANN showing the training
input and the targets.
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4.1.3 Case 3: In this case, the model is NARXNN?2, the
input has all the vectors as in models NARNN,
NARXNNI, and additional vectors comprised of atom—
spheric pressure for January and June. The total input
vectors in the training inputs [X;, X, X3] become 48. The
target sample remains the same measured wind speed
values for the year 2015.

4.2 Testing Parameters

The testing input sx,, consists of new sets of input vectors.
The new input vectors are obtained from the data for the
years 2014 to 2017 for January and June. This ensures
that the data used for the testing is entirely new and will
be used for the final wind speed prediction. The testing
input vectors are similar to those of the training data sets
described in Section 4.1 for all the cases. For example,
[xt;, xt, xt;] represent the testing input features
comprised of the combination of wind speed such that the
vectors in xt; are obtained from 2014 & 2015, xt, from
the 2015 & 2016, and xt; from 2016 & 2017 data sets.
The architecture of the training and testing samples and
predicted values for2011 to 2018 are depicted in Figure 6.
Finally, the test's output results are the forecasted wind
speeds for the year 2018, in each case. The output from
all the cases is compared with the measured wind speed
values for 2018. Furthermore, the results of each case are
compared, and the effect of exogenous parameters on the
predicted wind speed is studied.

4.3 Forecast Errors

The forecast error is the difference between the mea-
sured and the forecasted values. The error metrics are
used to evaluate the performance of the proposed
models. The performance evaluation metrics used in this
study include the mean absolute error (MAE), mean
squared error (MSE), and root-mean-squared error
(RMSE) and are calculated using the equations (4-6).

N
2kl
N

MAE = 4
N 2

MSE = Q 5)
N

RMSE = (6)

I, is the absolute difference between the forecasted
and the measured wind speed values for the year 2018,
and N is the number of observations.

12 vectors

| Wind speed at 50m

|

| Temparature at 10m. }_

48 vectors

[ Temperature at 2m. l—— — Case 3

[ Pressure at Om }

Figure 5. Description of the training parameters and input
vectors.
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Figure 6. Architecture of the proposed long-term wind
forecasting.

4.4 Accuracy of Long-Term Wind Power Forecasting

The accuracy of long-term wind forecasting should not
be compared with short-term forecasting because the
latter has smaller forecasting errors. It is reported that
the error accuracy of long-term wind speed forecasting
varies from 25% to 40%][34]. These errors are not only
due to a long period of forecast but may also be due to
characteristics of the wind speed pattern depending on
the location or even due to the method and strategy
adopted. Generally, if the forecast period is short, the
wind speed forecast is more relaxed, and hence the
errors are smaller. On the other hand, the forecast errors
are larger in long-term forecasting [34].

5. RESULTS AND DISCUSSION

The training performance and regression are not
reported here for all the cases. Rather performance
validation, regression, error autocorrelation, and time-
series responses are included for the first case only in
Figure 8, Figure 7, Figure 9, and Figure 10;
respectively. It is to be mentioned that the datasets used
in each location do not correlate with each other
because of the distinct geographical locations. Hence,
the learning capability of the models developed for each
case has no effect on the prediction results of other
locations.The MSE for 77 epochs (Figure 7) shows that
the errors stabilized after 8 epochs, and the testing
values fall near the best possible values and match with
the validation line. The scatter plots between the output
and the target (measured) values showed a correlation of
around 0.99 for training, validation, testing, and
validation for output targets of £0.019, £0.016, +0.059,
and +0.025, see Figure 8. Furthermore, correlation
versus lag (Figure 9) demonstrated a normal distri—

bution. The time-series trends of target, training,
validation and errors for each data points are shown in
Figure 10and are found in close agreement with each
other.

5.1 Case I: Wind speed is the only input parameter in
Case 1. The model is developed using the dataset for 4
years from 2011 to 2014 and tested with the data for
2015 and 2017 to predict wind speeds for the year 2018.
The error metrics obtained in this case are given in
Table 1. The error estimates (Table 1) show minimum
values for Khafji, followed by Juabail and Dhahran.
Moreover, the errors recorded in Case I are higher than
those for other cases as will be discussed in forthcoming
sections. These higher values may be accounted for the
long-term prediction of local weather conditions. To
support this claim, it is worth mentioning that at Khafji
site, the average wind speed is higher than that at the
other two sites.

Training: R=0.9932

Validation: R=0.99466
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Figure 7. Training regression, Case 1.
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Table 1. Error metrics in Case 1.

Metrics/Location | Dhahran | Jubail | Khafji
MAE 3.81 2.50 2.31
MSE 55.96 11.63 8.46

RMSE 7.48 341 291

[
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o
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Figure 11. Forecasted and measured wind speeds for 2017,
Jan & Feb. Dhahran, Case I.

The measured and the forecasted wind speed values
show a near-to-close agreement and, more importantly,
follow the increasing and decreasing trend in Dhahran
during Jan & Feb, as shown in Figure 11. In Feb, the
predicted wind speed values are better than those in Jan
at Dhahran. At Jubail in Jan 2017, the predicted values
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are in good agreement with measured values, as seen
from the upper portion of Figure 12. Similar close or
near matching trends between the measured and
predicted wind speeds, except for some erratic values
between 450 to 500 hours, are observed for Jubail in
Feb 2017 (Figure 12). It is observed that the measured
and the forecasted patterns in Figure 13for Khafji during
Jan and Feb 2017 are much closer than those at Dhahran
and Jubail sites. In January at Khafji, the hourly mean
values are in close agreement throughout 700 values
with few erratic outliers. This trend is, however not
obvious in Jubail.

20 T T T T T T
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Wind speed (m/s)
]

0 100 200 300 400 500 600 700

Wind speed (m/s)

] 100 200 300 400 500 600 700
Time (Hour)

Figure 12. Forecasted and actual wind speeds of 2017, Jan
& Feb, Jubail Case I.
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Figure 13. Forecasted and actual wind speeds of 2017, Jan
& Feb, Khafji Case I.

5.2 Case II: In this case, temperatures at 2 and 10 m
above ground level are added as training inputs in
addition to the wind speed. The error metrics values
summarized in Table 2show lower values for Dhahran
and little higher-ups for Jubail and Khafji, which may
be accounted for variations in temperature values at
these sites. The forecasted patterns in Dhahran showed a
close agreement with the measured values in Jan (Figure
14-upper part) compared to that in Feb (Figure 14-lower
part). In February, the model slightly overestimated the
wind speed values except around 350 and 700 hours,
where it underestimated the values (Figure 14-lower
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portion). In July at Dhahran, initially from 0 to 100
hours’, the model overestimated the wind speed and
then underestimated it from 200 to 250 hours. Still, it is
worth noting the increasing, and decreasing trends
followed the measurements (Figure 15-upper part). In
July, however, predicted values closely followed the
measures trend up to around 180 hours, and then a few
underestimates were observed about 200 hours (Figure
15-lower part). Between 380 and 460 hours, excellent
agreement is seen between the two.

In January and February for Jubail data set, wind
speed estimates in February (Figure 16-lower part) fol-
lowed the increasing and decreasing trends of the
measured values very closely. However, in January
(Figure 16-upper part) the results were not encouraging
but generally followed the trend with over and unde—
restimations. Furthermore, at Jubail during June and July,
matching decreasing and increasing trends of wind
speeds between measured and estimated values are ob—
served with some over- and underestimations (Figure 17).

Table 2. Error metrics in Case II.

Metrics/Location Dhahran Jubail | Khafji
MAE 3.00 2.93 2.99
MSE 14.58 13.60 14.26
RMSE 3.82 3.69 3.78
15
o Actual
-§- Forecasted
3
3
E
=
0 100 200 300 400 500 600 700 800
Time (Hour)

(4]

Wind speed (m/s)

o

0 100 200 300 400 500 600 700 800
Time (Hour)

Figure 14. Forecasted and actual wind speeds of 2017, Jan
& Feb, Dhahran Case |l.
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Figure 15. Forecasted and actual wind speeds of 2017, Jun
& July, Dhahran, Case II.
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Figure 16. Forecasted and actual wind speeds of 2017, Jan
& Feb, Jubail, Case Il.
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Figure 17. Forecasted and actual wind speeds of 2017, Jun
& July, Jubail, Case II.

For Khafji data sets of June and July (Figure 18), an
excellent comparison is observed between predicted and
measured values during 200 to 400 hours and 480 to
600 hours (Figure 18-upper part). Some overestimations
are observed between 0 to 150 hours and visible
underestimations around 440 hours and between 600
and 700 hours. In July (Figure 18-lower part), the model
underestimated the values for most of the time shown in
this figure.
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Figure 18. Forecasted and actual wind speeds of 2017 Jun
& Jul, Khafji, Case Il.
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5.3 Case III: In this case, the input training parameters
include wind speed, temperatures, and pressure values.
The error metric, in this case, is summarized in Table 3.
It shows better performance than the previous two
cases. The average MAE, MSE, and RMSE for all sites
are approximately the same and lower than those given
in Table 1 and Table 2.

Table 3. Error metrics in Case lIl.

Metrics/Location Dhahran | Jubail | Khafji
MAE 247 2.34 2.42
MSE 9.70 8.58 9.06
RMSE 3.12 2.93 3.01

During January and February data sets at Dhahran,
the estimated values are seen in very close agreement
with the measured ones in January (Figure 19-upper
part). An excellent trend-following pattern is observed
in February with acceptable under and overestimations
(Figure 19-lower part). In June, an excellent trend-
following and a close agreement are observed between
the estimated and the measured values throughout the
data length except between 0 and 100 hours. The model
overestimated wind speeds (Figure 20-upper part). In
July, the model underestimated wind speeds but follo—
wed the increasing and decreasing trend of measured
wind speed values (Figure 20-lower part).The patterns
in Jan/Feb and Jun/Jul are closely matched to the mea—
sured patterns. The closeness is much more pronounced
in January and June than in February and July.
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Figure 19. Forecasted and actual wind speeds of 2017, Jan
& Feb, Dhahran, Case lil.

Similarly, at Jubail site, Figure and 22 show that the
variability of characteristics of the wind speed pat—terns
in January/February and June/July follow the inc—
reasing and decreasing trends closely with each other.
However, the closeness between the predicted and mea—
sured wind speed values are better in February (Figure
21-lower part) and June (Figure 22-upper part) relative
to January (Figure 22-upper part) and July (Figure 22-
lower part). At Khafji in January (Figure 23-upper
part), the model over- and underestimated the values but
mostly followed the trend. In February (Figure 23-lower
part), the predicted values remained near the measured
ones and followed the increasing and decreasing trend
satisfactorily. Similarly, more or less the same agree—
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ment between the predicted and measured wind speed
values is observed in June and July at Khafji (Figure
24). Relatively better agreement is observed in February
(Figure 23-lower part) and June (Figure 24-upper part)
compared to January and July at Khafji.
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Figure 17. Forecasted and actual wind speeds of 2017,
June & July, Dhahran, Case lll.

In most examples, the forecasts agree with the mea—
sured values and follow the essential trends, whereas
wind speed predictability strength is concerned.

6. CONCLUSIONS

The study found that NARNN is a viable tool for long-
term wind speed prediction. It is observed that the
accuracy of NARNN improved with increasing the
number of training exogenous features. However, the
method requires including the wind speed as part of the
training input for improved accuracy. The accuracy of
prediction by NARNN has limitations for long-term
prognosis. The model captures the impact of seasons
and the wind speed pattern repeatability. Still, more
significant discrepancies are observed while comparing
the predicted and measured values trends in this Case 1.

The addition of exogenous parameters like ambient
temperatures at 10 and 2 m above ground level and the
wind speed values improved the error metrics (model
NARXNNI1). For example, in Case II, the MAE, MSE,
and RMSE values decreased to 3.0, 14.58%, and 3.82
m/s compared to corresponding values of 3.81, 55.96%,
and 7.48 m/s in Case 1.

In Case III (model NARXNN?2) included exogenous
parameters temperatures at 10 and 2 m and pressure
near ground level along with the wind speed as inputs
and wind speed as output, further improving the model's
predictability compared to NARNN and NARXNNI. It
can be understood from the lower values (2.47, 9.70%,
and 3.12 m/s) of the error metrics MAE, MSE, and
RMSE compared to the corresponding higher values of
3.00, 14.58%, and 3.82 m/s for Dhahran.

So, it can be concluded that based on the present
scope of work, the addition of exogenous parameters
does help in improving the model’s predictability.

Geographical location plays a role in the predictive
accuracy of wind speed, as observed from the
simulation results. For example, in Case I, the MAE
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decreases from 3.81 to 2.50 and to 2.31, corresponding
to geographical locations Dhahran, Jubail, and Khafji;
respectively.

Finally, the study concludes that long-term wind
speed prediction requires special preparation and selec—
tion of the training data due to the repeatability of certain
exogenous parameters and the wind speed itself. In future
studies, other algorithms like long-short term memory
neural network, transformer, ensemble sequence models
can also be implemented on the same strategy.
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Figure 18. Forecasted and actual wind speeds of 2017, Jan.
& Feb. Jubail, Case lIl.
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Figure 19. Forecasted and actual wind speeds of 2017,
June & July, Jubail, Case lll.
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NOMENCLATURE
ANN Artificial neural network
ARIMA Autoregressive integrated moving average
GHG Greenhouse gases
HAR Heterogeneous autoregressive
MAE Mean absolute error
MAPE Mean absolute percent error
MLP Multilayer perceptron
NARNN Nonlinear autoregressive neural networks
NARXNN Nonlinear autoregressive exogenous
NN Neural network
RMSE Root mean square error

INPEABUBAILE BP3UHE BETPA 3ACHOBAHO
HA IYT'OTPAJHOJ MEMOPHWJHU ITPUMEHOM
HEJIMHEAPHE AYTOPET'PECHUBHE
HEYPOHCKE MPEXE

C. Pexman, ¥Y.T. Caaman, M. Moxanaec,
®.A. Cynejman, C. Anerona, JI.M. Anxeme,
M.A. Bacup

I'moGanHo riienaHo, eHepruja BeTpa j€ TEXHOJIOLIKH
3peia W KOMeplujasHo mnpuxBalieHa TEXHOJOIH]a.
MebyTuM, UcnpekuIaHa U MPOMEHJbHBA Op3KMHA BeTpa
OTEe)XaBa HErOBO JIMPEKTHO ITOBE3MBAIE Ca MPEKOM.
[Nocraje Marbe aTpakTHBaH ca CTAHOBHUINTA KBAJUTETA U
KOHTHHYHpAHOT Hamajama. Mnak, Ha Op3uHYy BeTpa
yTU4y METEOPOJIOLIKH MMapaMeTpH Kao IITO Cy TeMIle—
parypa, OpUTHCAK W PElaTHBHA BIAKHOCT U MOXE Ce
00Jbe TIpeIBHIETH KOpUIThelheM CBUX OBUX IMapameTapa
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WIM HEKUX OJ Te3a Kao yJa3HuX nopaTaka. [lomro ce
BPEMEHCKH YCJIOBH ojpeheHOr Mecema IOHABIbAjy
OTHPWIIMKE ITOCIIE IECET TOJIMHA, a TIOHEeKal U U3 TONHE
y TOJMHY Y 3aBUCHOCTH 0J] Teorpadckor nosnoxaja. OBa
CTyMja UCTPaXKyje TPEIIKe TOBE3aHe ca MpeaBulameM
Op3uHe BeTpa y onpeheHOM KaleHIapCKOM Mecery
KopucTtehn HCTOpHjcKe MOoJaTKe HCTOr KaJICHIIapCKOT
Mecela y NPETXOJHHM ToJvHama. AYTOPH TPeIaxy
CTpaTerujy 3a JyropodHo mIpenBuhame Op3nHE BeTpa
3aCHOBaHy Ha JIBa MoOJiella HeJIMHeapHe ayTOpPerpechBHE
HeypoHCKe Mpexe, (1) HenmHeapHe ayTOperpecHBHE
HEYpPOHCKE Mpexe ¥ (2) HeIWHeapHEe ayTOperpecuBHE
HEYpOHCKE MpEXe ca er3oreHuM ynasuma. Mopemu cy
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pa3BujeHH  OO0y4aBameM  Mpexa Cca  CpeamuM
BpeqHOCTUMA Op3MHE BEeTpa IO CaTy TOKOM celam
roguna, o 2011. 1o 2017. rogune, 3a Tpu JIOKAIHje y
ucroyHoj nposuHiMju Caynujcke Apabuje. OBwu
MOJICJIA Ce KOpHUCTe 3a mpeasuhame Op3uMHE BeTpa 3a
2018. ronuny, a pesynraru ce ynopehyjy ca uamMmepeHuM
momanuma. EdukacHOCT 00a Mojenma ce olemyje
y3UMameM y o03up yTuIllaja er3oreHux mnapamerapa
(Temmepatypa u armocepcku mputucak). Ctynmja je
OTKpWJIa J1a Ta4yHOCT TMpeaBuhama Op3mHE BeTpa y
JYTOPOYHUM MPOTrHO3aMa 3aBUCH HE CaMoO OJ1 JIOKAllUje
Beh W O TOHOBJBPMBOCTH y30paka 3a OOyKy TOKOM
rOJIMHA.
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