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Resumo

A transição energética para fontes renováveis de energia e a tendência a eletrificação da sociedade

vêm impondo um enorme desafio à operação do sistema elétrico devido ao aumento da complexi-

dade, da variabilidade e das incertezas associadas a essas transformações. Os avanços recentes das

tecnologias computacionais permitem o desenvolvimento de algoritmos sofisticados, eficientes e que

conseguem processar uma grande quantidade de dados rapidamente. Nesse sentido, o uso de mod-

elos de aprendizagem automática vem ganhando cada vez mais atenção do setor elétrico, uma vez

que podem fornecer previsões precisas sobre o comportamento do sistema e auxiliar todas as partes

interessadas a optimizar as suas atividades. O objetivo deste trabalho é desenvolver uma metodologia

para melhorar as previsões de consumo de energia elétrica e da velocidade do vento geradas por um

modelo de aprendizagem automática, nomeadamente, uma rede neuronal feed-forward (FFNN), incor-

porando uma etapa de correção dos erros de previsão, a qual envolve a estimação dos erros iniciais por

meio de outra FFNN. Os resultados demonstraram que a metodologia proposta foi capaz de melhorar

significativamente as previsões do consumo de energia elétrica em relação aos modelos de referência,

enquanto, para as previsões da velocidade do vento, nenhuma diferença de desempenho notável foi

observada. Por fim, estimativas da potência eólica gerada foram feitas a partir das previsões de vento

e de uma curva de potência modelada com auxı́lio de um método de agregação. Os resultados obtidos

pela metodologia proposta foram mais precisos do que os que utilizaram as previsões do modelo de

referência.

Palavras-chave: Aprendizagem automática, Consumo de energia elétrica, Produção eólica,

Previsões, Rede Neuronais, Velocidade do vento.

vii



viii



Abstract

The energy transition to renewable energy sources and the trend towards electrification of society

have been imposing a tremendous challenge to the operation of the electrical system due to the increase

in complexity, variability and uncertainties associated with these changes. The recent advances in

computational technologies allow the development of sophisticated and efficient algorithms that can

process a large amount of data in a very fast pace. In this sense, the use of machine learning (ML)

models has been gaining increased attention from the electricity sector, as they can provide accurate

predictions of the system behavior and help all the stakeholders to optimize their activities. The aim

of this work is to develop a methodology to enhance the load demand and the wind speed forecasts

generated by a ML model, namely, a feed-forward neural network (FFNN), by incorporating a forecasting

error correction step which involves the prediction of the initial errors by another FFNN. The results

showed that the proposed methodology was able to significantly improve the load demand forecasts

in comparison with the reference models while, for the wind speed forecasts, any notable performance

difference was verified. In addition to that, estimates of the generated wind power were made using

the wind speed forecasts and a power curve modeled with the aid of a clustering method. The results

obtained with the proposed methodology were more accurate than those that used the predictions of the

reference model.

Keywords: Feed-forward neural networks, Forecasting, Load demand, Machine Learning,

Wind power, Wind speed.
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Chapter 1

Introduction

1.1 Motivation

According to the last International Panel on Climate Change (IPCC) report [1], there are strong

evidences of human influence on the global climate change, which is characterized by the global aver-

age temperature increase, higher ocean levels, occurrence of catastrophic events, among others. The

raise of greenhouse gases (GHG) concentration in the atmosphere is most likely the main driver of the

changes on the Earth’s climate. The energy sector accounts for a quarter of the world GHG emissions

[1], being the one with the largest share. Therefore, it is not possible to discuss climate change without

considering the energy sector.

The change of climate conditions can affect physical, biological and human systems in global and

regional scales and require adaptation and mitigation measures. In order to reduce GHG emissions,

several national, regional and global agreements have been signed, such as the European Union (EU)

2009/28/EC directive [2], in which it was agreed that the EU countries must fulfill at least 32% of its total

energy needs with renewable energy by the year of 2030. This type of measure is in accordance with

the findings presented in [3], which states that large-scale changes in the energy system is a must to

achieve this goal and mitigate the global climate crisis. However, the energy transition towards cleaner

sources demands profound and challenging changes in the sector infrastructure, policies, regulations,

market design and operation.

The aging of conventional power plants, technological advances and cost reductions are allowing

cleaner sources, mainly solar and wind-based systems, to boost its share in the electricity mix at the

expense of fossil fuels [4]. Simultaneously, the electrification of significant sectors, such as transport and

heating, are increasing the load demand while the system decentralization is altering the load patterns

and the energy flow, as consumers are changing their roles to become prosumers, i.e. someone who

both produces and consumes energy [4]. Moreover, the growth of digital and storage technologies also

increases system complexity and can expose it to cyber threats [5]. All this transformation requires

various adaptation measures which involves technical, economical and political issues [5] that must be

applied to ensure a reliable, affordable, safe and high-quality electricity.
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The challenges and efforts to integrate renewable energy sources (RES) in the electricity grid will

depend on their degree of penetration on each country/region. Usually, an early stage modification is

the necessity to expand the transmission grid due to the fact that the RES power plants are commonly

located in remote areas, where there is a higher availability of sun and wind resources. After this, the

changes can go from simpler ones, such as minor operational adjustments for small share of RES, to

more complex ones, such as long-term energy storage for electricity mix based on RES [4]. Furthermore,

the larger share of RES in the electricity mix increases the system unpredictability and variability due to

the uncertain availability of natural resources.

This uncertainty of energy supply and demand can cause grid instability issues, such as overvoltage

and frequency deviations. To overcome this situation, the system must be flexible and resilient enough in

order to cope with rapid generation and load changes and balance them at every moment. In this regard,

recent technologies and approaches such as small-scale energy storage systems (e.g. batteries) and

demand response programs have been gaining increased attention [5]. However, they are not always

feasible as they can be extremely expensive and still need more improvement to be applied in a large

scale. On the other hand, one common way for system operators to deal with this variability is by defining

a certain amount of energy reserve that can be used to adjust the system frequency. In liberalized

markets, such as the Iberian Electricity Market (MIBEL1), the necessity and use of this reserve can

configure an extra cost to the system operation and lead to an increase of the electricity price.

The above-mentioned solutions have in common the fact that they try to deal with the system vari-

ability by giving immediate responses to instantaneous deviations, by discharging the batteries, turning

off electrical appliances or increasing the power of a generator for example. Nonetheless, they all typi-

cally have their behavior planned based on power generation and load demand predictions. Therefore,

accurate forecasts are essential for these tools to optimize their performances and, consequently, the

whole system operation.

The interest for energy demand and supply forecasts has significantly increased since the oil crisis

in the 1970’s [6]. At that time, most of the employed models were statistical based such as linear regres-

sion, ordinary least squares, stepwise regression, among others. However, the growing complexity of

electrical systems and the unknown relationships between multiple variables imposes great difficulties

that these simpler models can not handle.

On the other hand, a boost in the application of computational methods have been observed in recent

years. The technological developments in computing allow the creation of sophisticated and efficient

computational methods which typically use advanced statistical concepts. They can be combined with

statistical models, used to estimate its parameters or to make forecasts with reduced computational time

and improved performance [6]. With the ever-growing data availability from the distribution/transmission

system operators, power plants supervisory, control and data acquisition (SCADA) systems, electric-

ity market, weather forecasts and these models proficiency to handle complex data relationships, the

forecast accuracy can be significantly enhanced. More specifically, ML models have shown great capa-

bility to generate accurate predictions of the system behavior from energy generation to consumption

1MIBEL webpage: https://www.mibel.com
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and can benefit the system operators to better handle the sector issues, policy-makers to plan future

actions, market agents to optimize energy tariffs and, also, producers to manage their power plants [7].

Therefore, the employment of these models can help to achieve climate change mitigation and energy

transition goals efficiently and should be of great interest for the sector.

1.2 Objectives and Deliverables

The main goal of this work is to investigate and propose a ML method to generate forecasts of

electrical load demand and wind speed in different time scales by incorporating an error correction

step on the initial models results. Also, the wind power output was estimated by using the wind speed

forecasts and a wind power curve clustering and adjustment method. The major contributions of this

work are summarized below:

• State-of-the-art review on subjects relevant to this research, namely ML algorithms for forecasting

and their recent applications for energy demand, wind speed and power forecasting;

• Preliminary analysis approaches and techniques that can be applied for time-series data;

• FFNNs forecasting models built with well-established Python’s libraries for ML;

• Forecasting models error analysis;

• Clustering method which can be used to identify outliers in wind power curves;

• Comparison of results achieved with datasets with different characteristics and suggestions for

future improvements of the proposed models;

• A paper entitled ”Wind Speed Forecasting using Feed-Forward Artificial Neural Network” was ac-

cepted for the 18th International Conference on Distributed Computing and Artificial Intelligence

(DCAI) 2021;

• A paper entitled ”Electrical Load Demand Forecasting using Feed-Forward Neural Networks” was

submitted for the Energies journal.

1.3 Structure

The present work is organized as follows:

• In Chapter 1, an introduction to the subject of this research is presented together with the context

in which it is inserted, the motivation for its development and the objectives targeted by this work;

• In Chapter 2, a state-of-the-art review on forecasting with ML and current applications for load

demand, wind speed and power forecasts are provided;
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• In Chapter 3, the database used for load demand forecasts, the preliminary analysis conducted

and the proposed methodology are presented;

• Chapter 4 is organized in the same fashion as Chapter 3 but for the wind speed and power fore-

casts;

• In Chapters 5 and 6, the results obtained with the load demand and the wind speed and power

models are discussed respectively;

• In Chapter 7, the major findings of this research are summarized and suggestions for future works

are proposed.
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Chapter 2

Background

This Chapter provides an overview of the concepts and methods on the subject of this research. To

do so, an introduction to forecasts with ML models is presented in Section 2.1. Furthermore, recent

studies with ML applications on electrical load, wind speed and power forecasting are discussed in

Sections 2.2 and 2.3.

2.1 Forecasting with Machine Learning

With the rise of the Third Industrial Revolution, also known as Digital Revolution, and the creation of

the Internet, since the second half of the 20th century, the presence of computers in everyday life has

been increasingly frequent and indispensable. The information, which was previously stored mostly in

paper documents, turned into digital. The data digitalization allows easy access to information, which

requires less space and can be stored safer, saving money and time. Also, data analysis was facili-

tated and impacted every sector in society, changing how governments and companies make decisions

and carry their business [8]. Coupling the available data with expertise and computer-processed math-

ematical/statistical models, the decisions, which were formerly based on human knowledge and basic

analysis, started to be more appropriate and precise. However, with the present technological develop-

ment, data is being collected at such a fast rate and in a such large amount that it became extremely

hard for a human being and simpler models to analyze.

In order to analyze and make decisions based on all this data, the use of ML models is hugely benefi-

cial. ML refers to computer algorithms that are able to learn from data and previous experiences without

being explicitly programmed to do so [9] and is a subset of artificial intelligence, which concerns the abil-

ity that a computer has to perform tasks that are associated with and normally require human intelligence

[10]. With systems that can learn from data as humans but at a much quicker pace, the decision-making

process can be significantly improved. This can be done by either employing these systems to extract

hidden information from data and generate insights or using them to make the decisions on their own

[11].

Tasks that are usually associated with ML models are: image and speech recognition, medical diag-
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nosis, products recommendations, spam filtering and traffic prediction. Depending on the task and on

the available data, ML problems can be classified as: supervised learning, unsupervised learning and

reinforcement learning [12].

In supervised learning problems, the available data comprises features that are associated with

labeled data. The name supervised learning actually comes from the fact the every input has a target

value to learn from [10]. Normally, they are used for classification tasks, where the model labels the

inputs (discrete output); and regression tasks, where the program returns a numerical value given some

input (continuous output). Examples of classification and regression problems are, respectively, spam

filtering and energy price prediction.

In unsupervised learning problems, the available data is not labeled and the system tries to identify

useful properties and patterns on the data by itself. Commonly, they are used to learn a probability

distribution function on the dataset. The learned pattern can then be used to denoise or divide the data

into groups of similar examples (clustering). One typical application of these methods is to identify credit

card frauds [10].

Finally, the reinforcement learning models does not use solely the provided data and also interact

with the environment by means of a feedback loop that evaluate its output [11]. Based on the evaluation

of previous experiences, it must learn by itself the best strategy to avoid bad feedbacks and maximize

good ones. Examples of reinforcement learning are inventory management and traffic signal control.

Since the object of this research is a supervised learning problem and, more specifically, a regression

task to predict electrical loads, wind speed and power, the next paragraphs cover details about this type

of task, such as its mathematical foundation, problems, common practices and models examples.

Before launching a system and starting to providing predictions, these systems must learn how to

perform the task. The way that they learn from data is a stage called training and it can be divided

into two groups: batch or offline and online learning [11]. In batch learning, the model must use all the

available data to train at once, which usually requires a lot of computing resources and time. Due to

these requirements, they are generally trained offline before being deployed to execute what it learned.

If an updated version of the system is needed, a new training must be performed every time. On the

other hand, when the data is too much to process, comes continuously or changes rapidly, the use of

online learning is more appropriate [11]. In this type of learning, the model is trained with small groups

of data, called mini-batches, which reduce the cost of updates and improve the training time.

Regardless of the learning strategy, the models make predictions y of observed (target) values t

using an input vector x. Furthermore, the forecasts are also a function of the models parameters p,

which depend on the chosen model and can be, for example, polynomial coefficients in a linear regres-

sion model or the weights and biases in a neural network. Equation 2.1 presents the mathematical

formulation of such models.

y = f (x, p) (2.1)

During the training, the learning algorithm estimates the models parameters to make predictions of
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the target values and, then, update it to enhance its performance. This is usually done by minimizing

a loss function (also known as cost or error function), which measures how far the predictions are

from the true values [12]. There are several different loss functions that can be used in ML problems,

some of which for classification and others for regression tasks. Among the ones used for regression,

the most common are: mean absolute error (MAE), also known as Manhattan or L1 norm, and mean

squared error (MSE), also called Euclidean or L2 norm. They are presented in equations 2.2 and 2.3

respectively. In these equations, yi is the forecasted value, ti is the target value and n is the number of

points in the dataset. The major difference between these two metrics is that the latter is more sensitive

to outliers due to the squared term [11].

E(p) = MAE =
1

n

n∑
i=1

∣∣f (xi, p)− ti
∣∣ (2.2)

E(p) = MSE =
1

n

n∑
i=1

(f (xi, p)− ti)2 (2.3)

The search for the loss function minimum is commonly done by computing its gradient (∇E(p)), which

is the vector containing the partial derivatives of E(p) [10]. The partial derivative ∂
∂pE (p) indicates how

the function changes with a small change in one of the parameters. Therefore, the gradient vector points

to the direction of the steepest increase of the function. As the learning algorithm goal is to minimize

the error, with this approach the parameters can be updated at each iteration i by going in the opposite

direction. This is an optimization method known as gradient descent and its mathematical formulation is

shown in equation 2.4, where η is called the learning rate (LR).

p[i+1] = p[i] − η∇E(p) (2.4)

The LR is a model hyperparameter and is the rate at which the algorithm updates the models param-

eters. The difference between a parameter and a hyperparameter is that the former is adapted by the

learning algorithm, while the latter is defined by the user in order to control the behavior of the model

or the learning algorithm [10]. Examples of other hyperparameters are the number of layers and nodes

of a neural network, the kernel type for Support Vector Machines (SVM) and the maximum depth of the

tree in a Decision Tree. Regarding the LR, setting higher values to it means that the program will quickly

forget old data and adapt itself to the new one. It is important to do this carefully, as it can result in a

system more sensitive to noise and outliers. On the other hand, slower changes will be verified with

lower values.

If the gradient calculation is done using batch learning, the optimization method is typically called

(batch) gradient descent. With this approach, the algorithm can take too long to converge, as it computes

the partial derivatives using the whole data. However, once it finishes, the solution is optimal as the loss

function minimum can be surely found. On the other hand, with online learning, the method is known

as stochastic or mini-batch gradient descent [12]. In this case, the calculations can be much faster and

a solution close to the optimal can be reached. There are other optimization methods based on the
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gradient descent such as Adam, which uses the concept of momentum by updating exponential moving

averages of the gradient [13], Adagrad and RMSprop.

Before building any model, a common practice is to set a fraction of the dataset apart. This set is

called test set and is not used to train the model at all, only to evaluate it. The way to split the data into

train and test sets depends on the type of problem and the characteristics of the data itself, such as its

size and probabilities distributions. The most important aspect of this practice is to create a test set that

is representative of the whole population [11].

When the model performs badly on the training set, it indicates a problem called underfitting. It can

happen because the model was too simple to identify and learn the structure of the data [11]. Underfitting

can be prevented by increasing the number of parameters of the model or feeding better features to it.

On the other hand, when the model performs well on the training set where it learned from and poorly on

the test set, which it has not previously seen, it is a signal of overfitting. This problem occurs when the

model is too complex to the size and noisiness of the training data and it can be avoided by simplifying the

model either by reducing the number of parameters or the number of features in the dataset, gathering

more and denoising training data [11]. Also, a useful way to reduce the model complexity is by using a

technique called regularization [12]. This approach involves the addition of a penalty term to the error

function so that the coefficients can not reach large values. The penalty term is typically the L1 or L2

norms of the parameters which is controlled by a hyperparameter named regularization factor In Figure

2.1, an example of the learning curve where these types of problems can be seen during training is

presented.
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Figure 2.1: Example of a typical learning curve

Tuning the hyperparameters using the same test set to evaluate the model performance multiple

times does not assure that the results will be satisfactory. Sometimes, even with low errors on the test

set, the models performs poorly on new data. One of the reasons for this to occur is that the model was

adjusted to perform well only on that specific test set [11]. A common solution to avoid this problem is to

split the data not in two, but in three sets. This third set is called validation set and it is usually about 20%

of the training set. The validation set is used to evaluate the model performance after training and adjust

8



hyperparameters while the test set is left to assess only the final optimized model. A further alternative

to achieve better results is to use cross-validation [10]. This technique is typically based on dividing the

training set into k -folds and repeating the training for k times using a different validation set at each time.

Then, the validation error is taken as the average across all folds. This approach is appropriate when

data is scarce but it increases significantly the computational cost.

Although the above-mentioned approaches can help to optimize a model performance, the main

driver for a high ML model effectiveness is still the available data. To solve complex problems, these

models generally need a large amount of good quality and representative data [11]. A sufficient quantity

of examples is necessary so that the model can learn to identify the patterns. To do so, they must be

fed with features that explain the desired output which should be carefully selected. Furthermore, the

data should preferably come with few or without errors, outliers and/or noise. Given the importance of

the data on the results, most of the time to prepare ML models is spent on data preparation [11], i.e.

selecting features and cleaning data. In this sense, there are plenty of methods and algorithms that

can be employed to do this. However, they are out of the scope of this research and, thus, will not

be detailed. Finally, there is a large amount of ML algorithms that can be applied for regression tasks

such as SVM, Decision Trees, Linear Regression and FFNN. The FFNNs will be presented in detail in

Subsection 3.3.1, as this was the model applied in this work. For other algorithms, details can be found

in [10–12].

2.2 Electrical Load Forecasts

2.2.1 Overview

In order to reduce GHG emissions and mitigate climate change, substantial changes on the energy

sector will be required [3]. In that regard, the increased need for electricity, the change of power genera-

tion mix and load pattern are some of the already observed transformations. With all this, the electricity

grid behavior becomes more unpredictable and its operation and control more complex which can lead

to greater supply instability. Therefore, techniques and methods capable of increasing system reliability

are extremely important.

One way to ensure more trustworthiness and better manage the system is by anticipating the load

demand. When accurate forecasts are made, the decisions regarding the power system operation, main-

tenance and planning become more efficient [7, 14]. Furthermore, improvements on energy policies and

tariffs can be achieved. In recent years, much of the research have been focused on the development

of models to forecast the electrical load in different time horizons. These periods are often classified

as short-term, which goes up to 1 week ahead; medium-term, from weeks to 1 year; and long-term,

for future years [15]. Also, each of these timeframes have different applications, with the first being

more important for daily operation and cost minimization [16] and the others for fuel reserves estimation,

maintenance and capacity expansion planning [17].

Several approaches have been employed recently to make these forecasts. These approaches can
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be separated into three categories: statistical based, computational intelligence based and hybrid ap-

proaches [6]. Statistical models usually embrace uni or multivariate time-series models and regression

techniques, such as Autoregressive Integrated Moving Average (ARIMA) and linear regression, while

computational intelligence models are mainly related to ML approaches. Commonly, statistical based

methods are less memory intensive due to its simplicity and, thus, faster to execute. On the other hand,

ML models are capable of identifying nonlinear relationships between inputs and outputs and can be

extremely time consuming. However, this level of complexity can be necessary to achieve better results

[15]. Finally, hybrid models combine features from statistical and computational intelligence models.

They generally use the former to preprocess and/or select the input data that will be fed to the latter.

These forecasting models can be implemented using a large range of inputs that can be divided into

four major categories: socio-economic, such as the region average income and GDP; environmental,

such as mean temperature; building and occupancy, which is related to building sizes and dwelling types;

and time index, that is related to the date stamps used as inputs [18]. Also, electricity demand historical

data is generally taken into consideration. However, the choice of these inputs will depend on the time

scale and type of the region of the study. Usually, historical, environmental and time index data are more

common for short-term forecasts in a region scale [18].

2.2.2 Literature Review

Recently, several neural networks structures have been employed to develop for short-term load fore-

casting. In [19], a model composed of a Convolutional Neural Network, a bidirectional Gated Recurrent

Unit (GRUNN) and a Long Short Term Memory (LSTM) recurrent neural networks (RNN) was presented.

First, the authors computed hourly autocorrelation coefficients of hourly loads and temperature, which

were used to calculate the kernel size of convolutional layers. Later, two-dimensional convolutional lay-

ers with the load and temperature time-series were used to extract features from this data. The extracted

features were used as inputs for the RNNs to forecast the one-hour-ahead load demand. Bidirectional

RNNs combines RNNs which one moves backward and the other forward through a sequence in such

a way that the output of the model depends on both the past and the future [10]. The proposed model

[19] was evaluated by testing it with two electrical load datasets in North America and comparing it with

the performance of other ML methods. The results have shown that the proposed model had the lowest

MAE, generally close to 60MW (load range approximately between 1000 and 3500MW), and Mean Av-

erage Percentage Error (MAPE), less than 1%, and it was able to accurately forecast the demand with

similar performance at every hour of the day. Furthermore, the computational time demonstrated the

possibility to implement it in real time despite the high complexity of the model.

In [20], a hybrid Artificial Neural Network (ANN) to forecast the day-ahead load in a smart grid was

proposed. The strategy was divided into three modules: preprocessing, forecasting and optimization.

The goal of the first module was to remove irrelevant and redundant features from the dataset by ap-

plying a mutual information based technique. The mutual information (MI) represents the uncertainty

reduction about one variable as a consequence of observing another one and is a concept related to the

10



information theory [12]. The forecasting module used the features selected from the previous module as

inputs for an ANN trained by the Multivariate Autoregressive Algorithm to make predictions of the load

demand. Finally, the last module implemented a heuristic optimization technique, namely a modified

Enhanced Differential Evolution algorithm, to minimize the forecasting error. The proposed model was

tested using historical load data collected from two grids in the USA and had its results compared to the

ones obtained with two other ML models. The results suggest that the proposed methodology was able

to generally achieve better performance than the benchmark models in terms of the MAPE, which was

less than 2%, and variance at a lower computational cost.

In [21], the authors introduced an Advanced Wavelet Neural Network to forecast one-step-ahead load

demand. The proposed approach was composed of four stages: load decomposition, feature selection,

prediction models creation and forecasting. The main idea of data decomposition is to break the data

into its constituent parts to find universal or functional properties that are not observed in its usual

representation [10]. In the first stage, a Wavelet Packet Transform with best wavelet basis selection

was used to decompose the electricity demand into low and high frequency components. For each

wavelet component, a feature selection process based on MI was conducted to find the best feature set.

In the next stage, one neural network was created for each component which had the corresponding

selected features as inputs and the predicted load as output. Finally, the one-step-ahead forecasts were

obtained by adding the individual contributions of each component. This approach was evaluated with

two datasets from two different countries (Australia and Spain) and with different time resolution (5min

and 60min). The proposed methodology was able to slightly outperform the benchmark models, namely

Linear Regression and Model Tree Rules, in terms of MAE (between 20 and 90MW for Australia and

330 and 930MW for Spain) MAPE (less than 1% for Australia and 5% for Spain) for both datasets. It

is worth mentioning that the Spanish model showed large accuracy variation over different seasons

and time of the day than the Australian, which was justified by the higher load variability in Spain.

Furthermore, a multi-step ahead forecast (up to 1 hours for Australia and 12 hours for Spain) was tested

and a performance deterioration was observed for longer forecast horizons.

In [22], a LSTM network using a cross-correlation based transfer learning approach is proposed to

forecast 15-minutes-ahead load demand. Transfer learning is a methodology that identifies similarities in

different datasets and allows the use of knowledge from other tasks on related ones [10]. This approach

can be extremely useful when the available data is scarce. In this work, energy demand data from several

randomly selected buildings over approximately one year was collected for the transfer learning step

while the load demand to be estimated came from data collected from a university building in Turkey over

one month. Also, both of them was sampled at every 15-minutes. In a first moment, the cross-correlation

between the data of the buildings to be transferred and the one to be predicted was computed. Then,

the most suitable building data, i.e. the one with the highest cross-correlation score, was used to train

a LSTM model. After the training step, the learned weights were transferred to another LSTM model,

which was retrained using a fraction of the data (training set) from the building to be predicted. Finally,

the performance of the model was assessed on the remaining data (test set) and compared with other

ML models, namely Random Forest (RF), Extreme Gradient Boosting, Light Gradient Boosting Machine
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and a LSTM trained without the transfer learning approach. The results showed that the proposed model

was able to outperform the benchmark models in terms of the RMSE, MAE and MAPE. Moreover, the

contribution of the transfer learning approach was evident, as a significant improvement of the LSTM

model could be verified. The authors also observed that the best proposed models came from those

weights obtained with the data from the buildings with the highest cross-correlation. However, the MAPE

was higher than the one observed in other works (about 8%) and details about the performance of these

models for each day and time was not provided.

In [17], ML approaches including ANN, Multiple Linear Regression, Adaptive Neuro-Fuzzy Inference

System and Support Vector Regression (SVR) were employed to forecast week and year-ahead elec-

tricity demand in Cyprus. The inputs for the models were time, environmental data such as temperature,

humidity, solar irradiation and socio-economic data such as population, gross national income per capita

and electricity price. The results have shown that the ANN and the SVR models performed significantly

better than the other two for both short and long term forecasts, with the MAPE around 2% in the first

scenario and 5% in the second.

In [23], a hybrid model that combined ARIMA with SVM was applied to forecast hourly load demand.

This work used historical data from a state in the south of India to estimate the ARIMA parameters and

generate initial load forecasts. Then, the outliers of the initial predictions were detected by means of

the percentage error method and corrected using the deviation method. The forecast errors data of

the corrected ARIMA model output and other two variables, namely day and average temperature of

the week, were given as inputs for the SVM model estimate the initial forecast error. Finally, the initial

forecasts and the expected errors were added to obtain the final load prediction. The authors found that

the proposed ARIMA-SVM model was able to outperform single ARIMA and SVM models in terms of

MAPE (4.15% versus 5.16% and 4.97% respectively). Furthermore, the performance of the proposed

model without the outlier detection approach was worse (6.23% versus 4.15%).

Another hybrid model was proposed in [24] which combined a SVR model and a two-step parameter

optimization algorithm using Grid Traverse Algorithm (GTA) and Particle Swarm Optimization (PSO) to

forecast the load demand in several short-term scales (from 5-minutes to 16-hours-ahead). The tested

data was comprised of 80 days of load from a distribution feeder. In a first moment, this data was prepro-

cessed to eliminate excessively deviating samples using a mapping algorithm. Then, a GTA designed

with cross-validation was used to narrow the SVR parameters search area. After, the PSO searched

for the best parameters of the SVR model in the GTA solution space also using cross-validation. Fi-

nally, with the best SVR parameters set obtained in the optimization step, the forecasts were conducted.

The results showed that the MAPE increased for longer forecasts horizons, going from 1.31% for the

5-minutes-ahead to 3.19% for the 16-hours-ahead forecasts. Furthermore, the proposed methodology

achieved better results than three benchmark models, namely ARIMA (11.21%), SVM with genetic al-

gorithm (5.27%) and ANN (6.62%) with faster execution (except when compared to the ARIMA model).

In [25], three ensemble learning algorithms, namely RF, Gradient Boosted Regression Tree and

Adaboost (AR2), were employed to forecast one-hour-ahead electricity load. Ensemble models are

those that combine several models which are trained separately in order to reduce the generalization
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error [10]. The main advantage of this type of model is that, on average, they perform at least as well

as any of its members and, if the errors of its members are independent, they will perform significantly

better. In this work [25], historical electricity demand from an office building was collected at every 10

seconds and averaged to an one-hour basis. Different training strategies merging various features such

as historical, time index and environmental data were tested to forecast every hour of a single day. The

authors found that using the time index data with the most recent temperature measurements and a few

past load observations provided the best forecasts in general. The results of this work were compared to

the ones in [26], which generated forecasts for the same building using SVM and three fuzzy rule based

models. It was observed that the AR2 model outperformed the SVM model in terms of MAPE (5.34% vs

5.82%). Moreover, the other two ensemble models performed better than the fuzzy rule based models.

In [27], a short-term load forecasting model based on error correction using dynamic mode de-

composition (DMD) is proposed. Using two years of electricity demand data from a city in China, the

authors built several load forecasting models including ANN, SVR and ARIMA. They used historical

data, namely previous day, same day in previous week and similar day loads, as inputs. The latter was

obtained by grey relational analysis which is a method that aims to find highly correlated data. With

the errors achieved by these models, the DMD was applied to forecast the errors. The DMD is a data-

driven method that can extract complex spatiotemporal features from data. Extensive experiments on

small and large geographical scales were conducted to evaluate the proposed methodology. Nearly in

all cases, combining the DMD for the error correction with the load forecasting model resulted in better

results. The authors tested different decomposition techniques, including a Wavelet Transform, which

generally had a worse performance. Also, it was possible to notice a smaller prediction accuracy for the

small area forecasts which was probably caused by its higher load variability.

Finally, it was observed that plenty of recent works are focused on the application of complex ML

models that require large amount of data. However, this data is not always available which implies a

need for models that can provide good estimates using limited historical data. Furthermore, despite the

good results of these works, the errors are analyzed only in their dimension and not in their pattern.

Therefore, specially when working with limited data, the development of models that can identify the

error patterns can help to improve the original forecasts.

2.3 Wind Speed and Power Forecasts

2.3.1 Overview

Over the last decades, power production from renewable sources have experienced a sharp expan-

sion. With growing concerns about the global climate crisis, the expectation is that this trend will continue

to escalate. Amid those sources, wind energy arises as one of the most attractive due to its high gen-

eration capacity, efficiency and cost-benefit ratio [28]. However, as others RES, wind power generation

also suffers from resource stochasticity and intermittency which impose a challenge to its large scale

penetration as it can undermine the whole electrical system operation [29].
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To surpass these issues, accurate wind energy forecasts can play an essential role. They can,

for example, help to optimize the market prices, producer profits [30] and electricity supply reliability

[31]. Several factors, such as the environmental conditions, weather and time of the day can affect the

predictions [32]. Nonetheless, the volatile characteristics of the wind hamper forecasts models to be

precise [33]. Hence, minimizing the uncertainty associated with the wind is a keystone to improve wind

energy forecasts [32].

As for electrical load forecasts (Section 2.2), the wind speed and power forecasting models can be

classified according to the time horizons and methodology. In Table 2.1, the most common time scales

and its applications found in the literature are presented. With regard to the methodology, the models

can be divided into physical, statistical, ML and hybrid models. Physical models work with complex

mathematical equations that relate the terrain, atmosphere and external conditions to generate weather

forecasts [30]. They are also known as NWP models and can make forecasts for different time horizons,

height levels and parameters. However, they tend to be extremely time consuming due to the high level

of complexity [34]. On the other hand, statistical models are much simpler and can run faster. They

usually have good results for the short-term but their performance quickly worsen for longer terms [31].

As mentioned in Section 2.2, ML models can identify nonlinear relationships between inputs and targets

by working with algorithms that enable them to learn from data. They usually are not as time consuming

as physical models and have better results than statistical methods. Finally, hybrid models can combine

some techniques to make forecasts.

Table 2.1: Wind speed and power forecast horizons and applications (based on [31, 34, 35])

Forecast Horizon Range Applications

Very short-term Up to 30 minutes ahead Regulation actions, market clearing,
real-time grid operations, turbine con-
trol.

Short-term From 30 minutes to 6 hours ahead Load dispatch planning, market opera-
tional security.

Medium-term From 6 hours to 1 day ahead Unit commitment decisions, market op-
erational security, energy trading.

Long-term From 1 day to 3 days ahead Unit commitment decisions, reserve
requirements, energy trading, mainte-
nance planning.

Very long-term From 3 days to longer forecasts Maintenance planning, operation man-
agement, feasibility studies.

2.3.2 Literature Review

In [36], the authors proposed a bidirectional GRUNN based model for NWP wind speed error correc-

tion and used the adjusted wind speed to forecast wind power up to 24 hours in advance. The model

used NWP wind speed error standard deviation as a weight time series, which was later decomposed

into trend and detail terms by means of Empirical Mode Decomposition (EMD). These two terms and

the NWP wind speed were taken as inputs for the GRUNN so that corrections in the latter can be made.

Finally, the corrected forecast was used to estimate wind power by using the wind power curve. An
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experiment using wind speed, power and NWP wind speed data sampled every 15 minutes from a wind

farm in the Sichuan Province, China was carried out to validate the proposed methodology. The results

suggest that the proposed model tended to reduce high NWP wind speeds and increase low speeds.

However, no metric was given to analyze the results. With regard to the wind power forecast, it was able

to outperform predictions made using the original NWP wind speed and benchmark models, namely

SVM and ANN, with slight improvements on the RMSE and the MAE.

In [37], an NWP downscaling model with two different configurations was tested for hourly and sub-

hourly 100-meter wind speed forecasts: one using variables that described the boundary layer, winds

and temperature which were available from NWP outputs and another adding the error between mea-

sured and NWP wind speed as an input. The downscaling model used a parametric approach with linear

regression, which was developed in [38], coupled with stepwise regression based on Bayesian Inference

Criterion (BIC). To verify the methodology, two years of data from a wind farm close to Paris, France was

used and the results were compared with those of the original NWP forecast and benchmark mod-

els, namely Autoregressive Moving Average, ANN and persistence, by means of the normalized RMSE

(NRMSE), the improvement over persistence (∆RMSE) and the MAE.

In the hourly scenario [37], forecasts were made up to 12 hours in advance. The results showed

that the proposed methodology was able to outperform all the benchmark models, except for the first

configuration for 1-hour ahead forecasts. Compared to the NWP forecasts, the results were very similar.

The second configuration presented the best performance for all time horizons and tended to converge to

the one of the first configuration as forecast horizon increased. Also, the improvement of the proposed

methodology over the benchmark models was more significant when the forecast horizon increased,

especially when compared with the persistence model. It is worth mentioning that the performance of

the models that used past observations as inputs worsened as the forecast horizon increased, while it

was kept constant for models that did not.

In the second scenario [37], 10-minute forecasts were made up to 3 hours in advance. The results

for sub-hourly forecasts were very similar to the ones found in the hourly forecasts, with the second

configuration presenting the best performance and with more significant performance differences for

longer forecast horizons. The authors also computed the power output by training the proposed models

with production data and by using the wind speed forecasts and a adjusted power curve. The power

curve was obtained by fitting the power output means every 0.5 m/s. They found similar results for both

approaches and also more notable differences for longer forecast horizons.

In [39], a short-term wind power forecasting with NWP adjustment model was proposed. The authors

developed a framework composed of three modules: wind power forecast, abnormality detection and

data adjustment. In the first module, a “moving” input vector with previous NWP wind speed outputs and

measured/forecasted wind power together with NWP wind speed outputs for the next hours was used

to train an ANN in order to predict the next hour wind power. The second module used the wind power

forecast error rate to label the ANN outputs as normal or abnormal forecasts. The samples with an error

rate greater than a pre-defined threshold were classified as abnormal and used as inputs to adjust the

model. Several features such as peak-valley difference, average, standard deviation, maximum ramp
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up and maximum ramp down were extracted from the input vector and fed in a K-Means algorithm

coupled with BIC to define clusters of abnormal patterns in the input data. After the model was trained,

new observations went through the feature extraction procedure and had its Euclidean distance to each

cluster center evaluated. The points that belonged to any cluster were classified as abnormal while

the others as normal forecasts. The final module consisted of an ANN similar to the one of the first

module but trained to predict the error rate of the abnormal forecasts. The inputs of this model were

chosen by means of a feature selection algorithm, namely the random probe, which was applied on the

features extracted at the previous stage and only for abnormal samples. Also, to consider the possible

differences on the error pattern between different clusters, one single model was trained for each cluster.

To validate this methodology, a data set of 530 days with wind power measurements and NWP data of

a wind farm from the Global Energy Forecasting Competition 2012 – Wind Forecasting was used. The

results suggest that the proposed model was able to correctly identify abnormal forecasts and to reduce

the wind power forecast RMSE in comparison with the same method without the adjustment step and

with the persistence model. Also, it could be noticed that the forecast error increased for longer horizons,

which was also a finding in [37].

In [40], day-ahead wind power forecasts were made in a two-stage approach which was based

on the combination of Hilbert-Huang Transform (HHT), Genetic Algorithm (GA) and ANN. The HHT

is a decomposition method based on EMD employed to extract features from data while the GA is

an optimization algorithm which relies on genetics and natural selection principles. Initially, an ANN

trained with the GA used the decomposed NWP meteorological variables as inputs to predict the wind

speed at wind turbine hub height recorded by the SCADA system. In the second stage, another ANN

built in the same fashion to map the wind power curve characteristics using historical SCADA records

and then used the forecasts made on the first stage to predict the output power of the wind farm. To

evaluate the proposed methodology, the authors used one year of data from the SCADA system of a

wind turbine in Beijing, China and from a NWP model. The proposed model performed better than four

other approaches, namely persistence and ANNs that used other feature extraction and/or optimization

algorithms, in the four seasons of the year (summer, autumn, winter and spring) considering the MAPE,

the normalized MAE (NMAE), the error variance and the forecast skill. The authors also analyzed the

impact of input data on the forecast MAPE by creating 5 subsets with different NWP inputs. Each of

these subsets had one more variable than the previous one and the results showed a performance

improvement every time a new variable was included.

The study in [41] presented a hybrid model that combined physical and statistical approaches to

forecast wind power output up to 72 hours ahead. To do so, a downscaling model was used considering

NWP outputs as initial and boundary conditions to make wind speed forecasts. Later, a Kalman Filter

(KF) was employed to correct systematic errors on these predictions. Also, the authors employed the

manufacturer’s power curve and adjusted equations from the SCADA system to estimate the power

output. Finally, another KF was employed to improve the quality of the forecasts. A case study was

carried out in two different sites in Brazil to validate the proposed methodology. Each of the downscaling

model simulations took 60 to 70 minutes to run and presented a performance drop at the end of each 24-
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hour period. The authors found that the NWP model usually underestimated the wind speeds and that

the KF was able to enhance the initial forecasts by bringing the mean error bias (MBE) close to zero and

improving the RMSE, the Nash-Sutcliffe coefficient and, for one of the regions, the anomaly correlation

coefficient. With regard to the power output, the Kalman-filtered values also brought MBE close to zero,

but the improvements were not as significant as for the wind speed. Moreover, the predictions using

either the manufacturer’s or the adjusted equations were very similar.

In [42], a pure ANN and a hybrid method, based on the combination of an ANN and a computational

fluid dynamics (CFD) model, were proposed to forecast the wind power output from a wind farm in Italy.

For the pure ANN, a model for each turbine connected directly the inputs to the outputs, which were

the mesoscale wind conditions from a NWP model and the power output of the turbine respectively.

In the second case, the target of the ANN was the wind speed at a reference point in the wind farm.

The forecasts of this model were given to the CFD model to estimate the wind speed for each turbine.

Then, the wind power output was obtained by using these values with the theoretical power curve of the

turbines. The authors observed that the pure ANN performed slightly better than the hybrid method in

terms of NRMSE and NMAE. However, they were able to identify different behaviors and showed that

one can complement the other. The hybrid model performed better during wind flow accelerations as it

can reproduce the dynamics between the wind and the terrain. On the other hand, the pure ANN was

more accurate in extreme wind speeds at which the power output did not correspond exactly to the one

of the theoretical power curve.

In [43], an ANN combined with a wind power curve filtering method based on Gaussian Processes

(GP) was proposed to model the power curves of the turbines in a wind farm in Chile. At first, the

wind speed and direction data corresponding to known breakdowns and maintenance periods were dis-

carded. Then, the GP filter was used to identify and remove samples which the power output deviated

more than a given expected error threshold value given the wind speed and direction. The power curves

obtained with the ANN and other four methods, namely the manufacturer’s, the International Electrotech-

nical Commission, a parametric and a non-parametric, were compared using both the dataset only with-

out the known stoppages and the one provided by the GP filter as inputs. The results showed that the

GP filter was able to correctly identify samples of abnormal behavior, i.e. where the power output differs

considerably from the expected. In the case without the GP filter, the ANN had the lowest RMSE in

general but did not have the best results for two of the three turbines analyzed. With the filtered dataset,

a significant improvement was verified, especially for the ANN, which turned out to be the most accurate

for the three turbines.

Finally, as for the previous section, much of the recent works develop models that require a large

amount of data. Therefore, there is also a need for models that can work with a limited amount of

data. To overcome this problem, the analysis and use of the initial models error data can be beneficial.

Furthermore, for wind power forecasts, it is common to assume the manufacturer’s power curve as the

most accurate. However, this is a general assumption and the turbines can deviate from this behavior.

Thus, a method to model a specific wind power curve using data from individual turbines can be more

adequate.
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Chapter 3

Electrical Load Forecasting Models

In this Chapter, the database used to make the electrical load forecasts is introduced in Section

3.1. Also, in Section 3.2, the findings of the preliminary analysis of this data are discussed. Finally, the

proposed methodology is presented in Section 3.3, with details about the FFNN employed in this work

as well as the particularities of the initial and the error models.

3.1 Database

The database for the electrical load forecasts consisted of historical data collected from Enedis1,

which is the major distribution system operator in France. This data is freely available and it is published

in a consolidated form, so that the information from producers and consumers is kept anonymous. The

collected data refers to the measured load demand in an industrial area connected to the medium voltage

grid (for subscribed power up to 36kVA) and was sampled at every 10-minutes. Furthermore, it came in

a .csv format, which could be directly used by the Python scripts that were developed later. The retrieved

period ranges from 01-10-2016 to 31-03-2017 in a total of 26208 samples. In Figure 3.1, an overview of

the dataset is presented.

3.2 Load Preliminary Analysis

A preliminary analysis of the electrical load data was carried out in order to find relevant information

that could be used to prepare the models. At first, from Figure 3.1, it is noticeable that the retrieved data

had some noisy samples close to 30-10-2016 as the load pattern drastically changes. These points were

removed after the application of a statistical test that will be detailed in the next section. Also, it appears

that the load demand has a growth trend in this period. Moreover, from Figure 3.2 one can observe that

the load behavior is cyclical throughout the days and that several peaks take place around 02:00, 12:00

and 23:00. In Figures 3.3 and 3.4, this pattern also seems to change depending on the weekday, with

1Webpage: https://data.enedis.fr/
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Figure 3.1: Electrical load database

lower power demand on weekends, and on the month, increasing significantly from October to January

and decreasing in February.
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Figure 3.2: Electrical load database in detail

Figure 3.5 shows the autocorrelation function (ACF) plot for the electrical load data. This graph

is frequently used to analyze time series and shows the correlation between the time series and past

observations (lags). The autocorrelation coefficient ranges from -1 to 1 and measures how strong is

the relationship between two variables, with 1 indicating strong positive relationship, -1 strong negative

relationship and 0 meaning no relationship. The values above the blue area of the graph are those that

are statistically significant (p > 95%). Therefore, in this case, the plot suggests that the previous power

demand is strongly related to the current one for lags up to 7 days (1008 periods). The ACF also shows

that there is a descending trend of the autocorrelation coefficient as time progresses and that spikes

occurs at the end of each day period (lags 144, 288, etc).
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Figure 3.3: Electrical load daily average
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Figure 3.5: Electrical load database autocorrelation
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3.3 Methodology

3.3.1 Feed-Forward Neural Networks

The term neural network comes from the fact that these models were inspired by biological brains

in the sense of how they process information. A neural network model is typically composed of nodes

(or neurons) that are distributed across different layers, namely input, hidden and output layers [12].

Each node in a layer is linked to the ones in the next by means of a weight parameter that measures

the strength of that connection, forming a fully connected network structure that reminds the nervous

system. In Figure 3.6, a general neural network is illustrated.

Input Layer

Hidden Layers

Output Layer

Figure 3.6: General neural network model structure

The operating principle of neural networks can be described as a sequence of functional transfor-

mations [12]. For a given layer l ∈ {1, ..., L}, where L is the number of layers, a quantity called the

activation value A[l] =
(
a
[l]
1 , ..., a

[l]
j

)T
can be calculated as a linear combination of inputs X [l−1] =(

x
[l−1]
1 , ..., x

[l−1]
i

)T
and weights W [l] in the form

A[l] = W [l]X [l−1] + b[l] (3.1)

where
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 (3.2)
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and b[l] =
(
b
[l]
1 , ..., b

[l]
j

)T
is a parameter known as bias, which is used to adjust the output. The subscripts

i and j represents the number of nodes or dimension of layers l − 1 and l, respectively.

Then, the activation value A[l] is transformed by a nonlinear, differentiable function h[l](·) that is

named activation function as in Equation 3.3, resulting in the next layer input vector X [l]. For hidden

layers, the activation function is generally a logistic sigmoid or hyperbolic tangent function, while for the

output layer it will depend on the type of the problem, which may be the identity function for regression

tasks, a logistic sigmoid for binary classification or a softmax for multiclass classification.

X [l] = h[l]
(
A[l]
)

(3.3)

The Equations 3.1 and 3.3 (also shown in Figure 3.6) present recursive calculations that constitutes

a process known as forward propagation [12]. This name comes from the fact that the information is

flowing forward through the network and this is the reason why this type of model is called FFNN. There

are some particularities about these equations that should be mentioned: the first input vector X [0]

comes from the features selected from the dataset, while the remaining are the result of the calculations.

Also, the final result, observed in X [L], is the output of the model, that may be a single or multiple,

continuous or discrete value depending on the problem.

As mentioned before, the parameters optimization in ML models is typically done with gradient de-

scent based calculations. With this approach, in this case, the required partial derivatives are related to

the two parameters of a FFNN model: the weights and biases. Appling the Equation 2.4 to the last layer

of this model results in

W
[L]
[i+1] = W

[L]
[i] − η

∂E

∂W [L]
(3.4)

b
[L]
[i+1] = b

[L]
[i] − η

∂E

∂b[L]
(3.5)

Using the chain rule, one can write these partial derivatives as

∂E

∂W [L]
=

∂E

∂X [L]
◦ ∂X

[L]

∂A[L]
· ∂A

[L]

∂W [L]

T

(3.6)

∂E

∂b[L]
=

∂E

∂X [L]
◦ ∂X

[L]

∂A[L]
· ∂A

[L]

∂b[L]

T

(3.7)

where the dot (·) symbol stands for matrix multiplication and the circle (◦) symbol for the Hadamard or

element-wise product. At this stage, it is useful to introduce the following notation

δ[L] =
∂E

∂X [L]
◦ ∂X

[L]

∂A[L]
(3.8)

where δ[L] is a value known as delta and represents the error that the layer L− 1 sees.

Moving on to the layer L− 1, the calculations are
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∂A[L]

)
◦ ∂X

[L−1]

∂A[L−1]
· ∂A

[L−1]

∂b[L−1]

T

(3.10)

δ[L−1] =
∂A[L]

∂X [L−1]

T

· δ[L] ◦ ∂X
[L−1]

∂A[L−1]
(3.11)

From layer L− 1 to the first layer, it is possible to write the next deltas as

δ[l] =
∂A[l+1]

∂X [l]

T

· δ[l+1] ◦ ∂X
[l]

∂A[l]
(3.12)

and, therefore, the partial derivatives can be obtained as follows:

∂E

∂W [l]
= δ[l] · ∂A

[l]

∂W [l]

T

(3.13)

∂E

∂b[l]
= δ[l] · ∂A

[l]

∂b[l]

T

(3.14)

Finally, the parameters updates can be performed using equations 3.13 and 3.14 with 3.4 and 3.5

respectively. The process presented above constitutes the learning algorithm for neural networks and

is known as backpropagation. With this approach, the algorithm goes through each layer in reverse,

measuring the error contribution from each connection by means of the deltas and updating the pa-

rameters accordingly [11]. By computing the gradient in reverse, the backpropagation algorithm avoids

unnecessary calculations as it reuses previous ones. This is the major reason of this method higher

computational effectiveness when compared to numerical methods such as finite differences [12] and

one of the cornerstones to FFNN popularity.

3.3.2 Load Forecast

Preliminary tests using different ML models such as SVM, RF and FFNN demonstrated a better

forecast performance of the latter. Thus, only FFNNs were further investigated in this work. The models

were created with Python’s TensorFlow library, together with scikit-learn, numpy and others for three

different forecast horizons: 10-minutes ahead, 1-hour ahead and 12-hours ahead. For each horizon, six

different inputs combinations were tested. They were divided into two categories, one considering only

the previous recorded loads and the other also including the sine and cosine transformations of time.

The choice of these inputs were based on the preliminary analysis (see Section 3.2) and did not include

other possibly explanatory variables such as the weekday or month to keep the models simpler and to

verify if the selected inputs would be able to reach good results. Therefore, the configurations were:

A. Inputs without time:

1. Loads at the previous six (6) periods;
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2. Loads at the previous three (3) periods and three (3) days at the time of the forecast;

3. Loads at the previous three (3) periods, three (3) days and three (3) weeks at the time of the

forecast;

B. Inputs with time:

1. Loads at the previous six (6) periods and time of the forecast (transformed into sine and

cosine);

2. Loads at the previous three (3) periods, three (3) days at the time of the forecast and time of

the forecast (transformed into sine and cosine);

3. Loads at the previous three (3) periods, three (3) days and three (3) weeks at the time of the

forecast and time of the forecast (transformed into sine and cosine).

In a first moment, 20% of the data was separated (≈5000 samples) to be tested by the initial electrical

load model while the other 80% was used as the training set. In order to have more reliable results,

the models were trained with 3-fold cross validation. Before feeding the data into the models, the Z-

score, also called standard score, of each sample in the training set was calculated as in Equation 3.15

and those that were more than 3 times the standard deviation away from the set mean were removed

(Zscore > 3). In Equation 3.15, x is the sample value, µ stands for the set mean and σ represents its

standard deviation. Later, the training data was scaled to be between 0 and 1. Data scaling is a common

pre-processing technique which can improve the model learning process. After the training, the models

were ranked based on the average of the validation set root mean squared error (RMSE) over the 3

folds. Also, the MAE was another metric used to evaluate the performances.

Zscore =
(x− µ)

σ
(3.15)

To find the best parameters for the FFNN, a grid search was performed. In an initial search, the

number of nodes varied from 12 to 48 in steps of 12 with hyperbolic tangent (tanh) or rectified linear

unit (ReLU) activation function (Equations 3.16 and 3.17). This resulted in a total of 8 models per input

configuration that are presented in Table 3.1. At this stage, some parameters were kept constant, such

as the number of layers (3), the LR (0.01), the number of maximum epochs (1500) and batch size (144).

The chosen optimizer was the Adam algorithm, which is a stochastic gradient descent method based

on adaptive estimation of the first and second-order moments [13]. Also, to avoid overfitting, they were

programmed to stop the training if the validation MSE did not decrease between five consecutive epochs,

an approach known as early stopping. After this step, the model with the best overall performance for

each time horizon was further explored by changing the LR to 0.005 and to 0.001. Finally, the best

configuration had its results compared to that of the persistence model in the 10-minutes horizon and to

a linear regression of the same inputs in the 1-hour and 12-hour horizons.

tanh (x) =
ex − e−x

ex + e−x
(3.16)
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f (x) = max (0, x) (3.17)

Table 3.1: Electrical load models
Model Nodes in the hidden layer Activation function

1 12 ReLU
2 24 ReLU
3 36 ReLU
4 48 ReLU
5 12 tanh
6 24 tanh
7 36 tanh
8 48 tanh

3.3.3 Error Forecast

A model to predict the errors of the initial electrical load forecasting model was developed for the

three horizons. The data used in this step was provided by the errors observed on the test set, computed

as the difference between the initial model forecasts and the actual values. After analyzing the errors

and based on the error forecast methodology proposed in [44], three different input configurations were

created:

A. Errors at the previous four (4) periods;

B. Errors at the previous four (4) days at the time of the forecast;

C. Errors at the previous four (4) periods and four (4) days at the time of the forecast.

The database, which, at this point, was the initial model test set, was again separated into train and

test sets, scaled, trained and ranked in the same fashion as for the initial model. The major differences

were on two fixed parameters: the LR was initially fixed on 0.005 and the batch size was 50 instead of

0.01 and 144 (therefore, same models as in table 3.1). The choice to reduce the batch size is due to the

size of the dataset, which is smaller in this case, and, therefore, the frequency of the weights updates

can be increased and lead to better performances without increasing the computational time. The other

parameters were kept the same. Moreover, the best configuration had its LR adjusted to 0.0025 and

0.001 in order to look for further improvements. Lastly, the adjusted model was created by adding the

predicted errors to the initial forecasts and the results were compared to the same baseline models as

before but, at this time, considering only the samples in the error test set.

Figure 3.7 shows a diagram of the proposed methodology. As described in Subsection 3.3.2, the

initial electrical load forecasts were made. By calculating the errors of the initial predictions, a new model

was built to forecast the initial errors. Finally, the initial load and the errors forecasts were combined to

generate an updated electrical load estimate.
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Chapter 4

Wind Speed and Power Forecasting

Models

In this Chapter, the database used to forecast wind speed and power and adjust the wind power

curve is introduced in Section 4.1. In Section 4.2, the observations of the preliminary analysis of this

data are presented. Finally, the proposed methodology is described in Section 4.3, with the description

of the initial and the error models for the wind speed forecast, wind power curve modeling and power

prediction.

4.1 Database

The database for the wind speed and power forecasts consisted of NWP data from the European

Centre for Medium-Range Weather Forecasts (ECMWF1) and historical data from the SCADA system

of three wind turbines in a wind farm in the south of South America.

The ECMWF provides global forecasts from medium (≈15 days) to long (up to 3 months) range for

atmospheric and ocean-wave components at different horizontal and vertical resolutions. In this work,

the Atmospheric Model High Resolution 10-day forecast (HRES) was used2. This is a physical model

that has a 9km x 9km resolution and runs twice a day, at 00:00h and 12:00h UTC (reference time), for

the following 10 days. However, only 24 forecast hourly steps (steps 1 to 24) data from 31-12-2018 at

12:00h UTC to 12-12-2020 at 12:00h UTC were retrieved.

With this data, two different configurations were tested: one with 12 forecast hourly steps data in the

above-mentioned period at both reference times and the other with 24 forecast hourly steps data only at

the 12 UTC reference time. By doing so, it was assured that every timestep in this period had only one

forecast. The reason to do this was to enable the models to use the most recent data to make forecasts,

with the first being used for 12-hour and the second for 24-hour ahead forecasts.

1Webpage: https://www.ecmwf.int/
2More details in: https://confluence.ecmwf.int/display/FUG/HRES+-+High-Resolution+Forecast and

https://www.ecmwf.int/en/forecasts/datasets/set-i
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The data collected in this study was the U and V components of wind (IDs 131 and 132, respectively),

which are the components parallel to the x and y-axis respectively, at the wind farm location and at

pressure level 133 (equivalent to a geopotential and geometric altitude of 106.54m), as this height was

the closest to the hub height. The data was retrieved using ECMWF Meteorological Archive and Retrieval

System (MARS3) coupled with Python scripts. They came in .GRIB format which was exported to .csv

files afterwards. Finally, the forecasted wind speed was calculated from the U and V components of

wind.

The SCADA is a system that connects software and hardware elements of a wind turbine/farm in a

single control system which collects, process and displays all measured data, allowing the operator to

monitor turbine/farm conditions in real time. These data come from sensors and controllers installed

in every subassembly of a wind turbine and it is usually sampled every 10-minutes, providing the av-

erage, maximum, minimum and standard deviation of the period. Among the recorded parameters are

production status, such as active and reactive power; electrical data, such as voltages and currents;

generator data, such as generator speed and bearing temperature; and environment data, such as wind

speed and direction. In this work, some production status parameters, average wind speed and power

data recorded from 01-01-2019 to 10-12-2020 of two turbines was used (referred as Turbines A and B),

in a total of 17040 samples. Also, a shorter period from 01-01-2019 to 30-04-2019 of a third turbine

was tested (named Turbine C) which resulted in 2880 samples. This data was originally sampled in a

10-minute basis and, for the wind speed forecasts, it was resampled to an 1-hour basis to match the

sample rate of the NWP data.

In Figure 4.1, a fraction of the database with the measured wind speed and both 12 and 24 forecast

hourly steps for Turbine A is shown. One can notice that the NWP wind speed is the same for both

databases during 12 hours of each day. Furthermore, in Figure 4.2, the hourly wind speed and power

averages for Turbine A in 2019 are presented.
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Figure 4.1: SCADA, 12h and 24h Wind Speed for Turbine A

3More details in: https://confluence.ecmwf.int/display/UDOC/MARS+user+documentation
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Figure 4.2: Wind Speed and Power for Turbine A

4.2 Wind Data Preliminary Analysis

In this Section, a preliminary analysis of the initial NWP predictions, wind speed and power charac-

teristics recorded by Turbine A SCADA system is presented. They were carried out in order to better

understand the available data and help to build the forecasting models. Also, it should be mentioned that

these analysis were performed for the three turbines, although the results discussed here refer to only

one of them due to space limits.

Typically, the wind speed distribution can be approximated by a Weibull distribution [45]. Equations

4.1 and 4.2 show the Weibull probability density function (PDF) and cumulative distribution function

(CDF) respectively, where u is the wind speed in m/s; k is the shape parameter (unitless) which usually

ranges from 1 to 3 with higher values representing more variable winds; and c is the scale parameter

which is given in m/s and is proportional to the mean wind speed. The PDF shows the probability of a

given wind speed occur while the CDF indicates the likelihood of a speed greater than a certain value.

f(u) =
k

c
·
(u
c

)k−1

· exp
(
−
(u
c

)k)
(4.1)

F (u) = exp

(
−
(u
c

)k)
(4.2)

Figures 4.3 and 4.4 show the Weibull distribution of Turbine A and of the 12 hour NWP. They were

obtained using data only from the year of 2019 so that a full year period was considered. Regarding

the distribution parameters, it is possible to notice that the shape parameters are very similar while the

mean wind speed of the NWP output is about 12.8% higher than the observed wind speed (7.272 vs

6.445 m/s). This difference could be caused by the discrepancy between the model and turbine hub

height or indicate that the forecasts are biased in someway.

In Figure 4.5, the monthly average wind speed of the SCADA and NWP data is shown. Again,

one can visualize that the NWP forecasts presented averages higher than the observed wind speed.
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Figure 4.3: Turbine A Weibull Distribution
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Figure 4.4: 12 hour NWP Weibull Distribution

Furthermore, the wind seasonality can also be seen, with summer months (October to March) having

lower values compared to the winter months (April to September).

With regard to the wind power, it is possible to notice in Figure 4.2 regions where the turbine be-

havior changes and the power output is not the expected one for the observed wind speed, i.e. do not

follow the wind power curve. First, there are plenty of points that recorded a power output equal or

very close to zero regardless of the observed wind speed. Among the reasons for this to happen are:

turbine maintenance, faults and/or grid restrictions that makes it unavailable at some periods. Another

apparent deviation can be observed in regions close to an output power of 1100 and 1600 kW. In these

areas, the turbine output seems to be limited somehow. These constraints are most likely related to grid

restrictions that curbs the output power. Finally, several scattered points can be verified. These points

are probably a consequence of the timesteps where a restriction of any kind was imposed to the turbine

and, considering that the SCADA system provides consolidated results, they reflect this different behav-

ior. Also, they can be outliers or represent measurement or aggregation errors. All of these samples
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Figure 4.5: Turbine A monthly wind speed average

that can indicate that the turbine is not behaving properly can hinder the performance of wind power

forecasting methods as they do not represent the optimal conditions and, therefore, should be carefully

handled.

4.3 Methodology

4.3.1 Wind Speed Forecast

In order to make wind speed forecasts, a FFNN was implemented using Python TensorFlow library,

together with scikit-learn, numpy, pandas and others. The details of a FFNN model were presented in

Subsection 3.3.1. As mentioned before, wind speed forecasts were made for two different horizons: 12

and 24-hour ahead. In every case, the inputs were forecasted wind speeds by the NWP model and

the output (target) was the SCADA wind speed average. For the first horizon, three different inputs

combinations were tested, while for the second, only configuration B was tested, as it had the best

results in the 12-hour horizon. The following inputs were chosen based on the analysis of the correlation

of the predicted NWP wind speeds and the target value:

A. NWP at t=0, 12, 24, 36 (4 inputs) — Models PAn.12;

B. NWP at t=0, 1, . . . , 11 (12 inputs) — Models PBn.12 and PBn.24;

C. NWP at t=0, 1, . . . , 5 (6 inputs) — Models PCn.12;

The acronyms for the models were created by taking its abbreviations, i.e. NWP, ANWP or P, together

with the forecast horizon (12 or 24-hour) and with the turbine (TA, TB or TC). In the case of the proposed

model, the neural network configuration reference is also present. As an example, the model PA3.12.TA

refers to the proposed model that used 4 inputs (PA) with neural network configuration number 3 for the

12-hour horizon for turbine A.
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With regard to data preparation, at first 20% of the data was separated to evaluate the final model

(test/holdout set) while the remaining was used as the training set. The model was trained with 5-fold

cross validation so that the results of each one were more reliable. Before the training of each fold,

training data was scaled to be in a range between 0 and 1. The fitted scaler was then applied to the

validation set to prevent leakage of information at the training step. After training the models, they were

ranked based on the average RMSE of the 5 folds on the validation set. Also, the MAE was used to

assess model’s performance. Finally, the best model was compared to the baseline models and, at this

stage, the R2 metric was also considered.

For every configuration, a grid search was performed so that the best parameters for the FFNN could

be found. The searched parameters were the number of nodes in the hidden layer and the LR of the

algorithm. As there is no consolidated technique to choose these parameters, the following strategy

was adopted: the number of nodes ranged between the input layer size and 3 times this value and

the LR was exponentially decreased from 0.01 to 0.00001. The configuration of each model and the

values of these parameters can be found in the Appendix A. Following preliminary investigation, all other

parameters were kept constant for all models, such as activation function (rectified linear unit), number

of layers (3), maximum epochs (50) and batch size (32). The chosen optimizer was the Adam algorithm

[13]. To avoid overfitting, all the models were programmed to stop the training if the validation MSE did

not decrease between three consecutive epochs. After finding the best model, the holdout set was then

evaluated and the results were compared with two baseline models: the initial NWP forecast and the

NWP model adjusted by the mean error (ANWP).

The grid search was done only for one of the three turbines (Turbine A) as it is an extremely time

and memory consuming procedure which was conducted in a regular personal notebook with limited

computing resources. Therefore, for the other two turbines, only the top-3 models for Turbine A were

tested and appraised.

4.3.2 Error Forecast

The error forecast for the wind speed model was performed only for Turbine A in the 12-hour horizon,

as the initial models were proposed for this condition. The data for the error forecasting model was

obtained from the test set of the wind speed correction model by calculating the difference between the

measured wind speed and the forecasts made by this model. Based on the error analysis and on the

error forecast methodology presented in [44], an input vector consisting of the previous 12 observed

errors and the following 12 forecasts was created to predict the next 12 errors (target vector), in a

multioutput neural network approach.

To prepare the data to be trained, the database was separated into train and test sets, scaled, trained

and ranked in the same fashion as in the wind speed forecasting model (see Subsection 3.3.3). The

major differences were on the searched and fixed parameters. In this case, the number of nodes tested

were 20, 24 and 30; the LR was either 0.0001 or 0.00001; and the batch size was 1, 10 or 32. The

choice to change the batch size is due to size of the dataset and the frequency of the weights updates,
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which are smaller and higher respectively and can counterbalance in terms of training time. The other

parameters such as activation function (hyperbolic tangent), number of layers (3), maximum epochs

(50) and chosen optimizer (Adam) were kept constant. The models configurations can be found in the

Appendix A. Lastly, the adjusted wind speed was obtained by adding the predicted errors to the initial

forecasts and the results were compared to the baseline models (applied to the error test set instead).

4.3.3 Wind Power Curve Modeling

Similarly to the error forecast, the wind power curve was obtained only for Turbine A but, here, only

the SCADA data for 2019 was considered. A typical wind power curve can be divided into four different

operating regions, as illustrated in Figure 4.6. In region I, the wind speed is lower than the minimum

required for the turbine to operate (cut-in speed) and, therefore, the output power is zero. Likewise, in

region IV, the wind speed is higher than the supported maximum (cut-out speed) and, thus, the turbine

is disconnected. In region III, the wind speed is between the rated and the maximum speeds and the

output power is the rated power. Finally, in region II, the wind speed is between the cut-in and rated

speed and the output power is expected to be proportional to the cube of the wind speed. Therefore, the

power curve modeling performed in this work refers only to region II. In addition to that, as mentioned

in Section 3.2, there are plenty of points that do not represent a typical power curve. Thus, it was

necessary to clean the dataset before fitting any curve. To do that, several conditions regarding multiple

SCADA parameters were used to filter the measurements in a first moment. The points that did not

follow the conditions below over a 10-minutes period were removed from the dataset.

• Turbine brake active for less than 5 seconds;

• Turbine controller active for more than 595 seconds;

• Turbine connected to the grid for more than 595 seconds;

• Turbine system ’Not OK’ message for less than 5 seconds;

• Turbine without any abnormal event code;

• Turbine average active power equal to or higher than zero;

• Measured Wind speed between cut-in and rated speeds;

• Difference between yaw alignment and wind direction less than 10°.

After removing these data, it was verified that several non-representative points were still in the

dataset. Hence, another approach to filter those points was needed. The chosen solution was the

Density-Based Spatial Clustering of Applications with Noise (DBSCAN), which is a clustering algorithm

that aims to separate high density from low density areas of the dataset [46]. The working principle of

this method is based on grouping together points that are sufficiently close to each other (neighbors

samples). To do that, two parameters must be controlled: a distance measurement, which can come

from any distance function, and a minimum number of samples to constitute a cluster. DBSCAN differs

35



0 5 10 15 20 25 30

Wind Speed [m/s]

0

1000

2000

3000

4000

P
ow

er
O

u
tp

u
t

[k
W

]

I II III IV

Wind Power Curve

Figure 4.6: Typical Wind Power Curve

from other clustering algorithms, such as K-Means, as it does not require the number of clusters to

be previously defined. Also, it allows the identification of outliers and works only with two parameters,

which makes it simple to use. On the other hand, it does not work well with datasets that have different

densities distributions [47].

A sample of the dataset can be categorized into three types: core, border or noise samples. The core

samples are those that have at least n points within the minimum distance ε from it. The border samples

are those that have at least one core sample within distance ε from it. The noise samples are those that

are neither core nor border samples. Finally, the clusters are composed by the core and border samples.

Algorithm 1 presents the pseudocode of the DBSCAN algorithm. One can notice that the neighborhood

queries are executed only for points that are not labeled yet and those are labeled right after the query.

This assures that one neighborhood query will be perfomed exactly one time for each sample in the

dataset [48]. Furthermore, a sample can only be relabeled if it was previously classified as noise. In

addition to the pseudocode, in Figure 4.7, an illustration of how the DBSCAN classify samples is shown,

where the red points are core samples, the green are border samples and the purple are noise samples.

Minimum samples = 4

ε

Figure 4.7: DBSCAN example (based on [48])

In this work data, as the wind speed x and power y axis values had different ranges, a scaler was
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Algorithm 1: Pseudocode of the DBSCAN algorithm (based on [48])
Input: DB: Database
Input: distFunc: Distance function
Input: ε: Minimum distance
Input: minPts: Minimum points
Data: label: Point label, initially undefined
foreach point p in DB do // Iterate over the whole database

if label(p) 6= undefined then continue // Skip processed points

Neighbors N ← RangeQuery(DB, distFunc, p, ε) // Find initial neighbors

if |N | < minPts then // Core point check

label(p)← Noise // Non-core points are labeled as noise

continue
c← next cluster label // Start new cluster

label(p)← c // Label point p
Seed set S ← N \{p} // Expand neighborhood

foreach point q in S do // Iterate over the every neighbor q of p
if label(q) = Noise then label(q)← c // Changes from noise to member

// of the cluster

if label(q) 6= undefined then continue
Neighbors N ← RangeQuery(DB, distFunc, q, ε) // Find new neighbors

label(q)← c // Label point q
if |N | < minPts then continue // Core-point check

S ← S ∪N // Add new neighbors to S

end
end

applied to set the range between 0 and 1 on both axis in order to facilitate the adjustment of the distance

parameter. The choice of this parameter is crucial for the method efficiency as large values can make

the algorithm create a single cluster for the whole dataset while small ones can make it label most data

as outliers. In addition to that, the minimum samples parameter allows to control how the algorithm

will deal with noise and generally needs to be higher for very large or noisy data. The adjustment of

both parameters was performed by trial and error so that the algorithm could identify the samples that

seemed not to follow the expected wind speed and power relationship.

After applying the DBSCAN algorithm and removing the outliers from the dataset, it was possible to

obtain the wind power curve. To do that, different polynomial curves were fitted by changing the degree

from 3 to 7 and the best one chosen based on a visual analysis. Equation 4.3 presents the formulation

for these curves, where a represents the coefficients and n indicates the degree of the polynomial.

Finally, with the polynomial fit for region II (see Figure 4.6) and, considering the expected power output

for regions I, III and IV, the wind power curve was defined.

y =

n∑
i=0

aix
i (4.3)

4.3.4 Wind Power Forecast

In Figure 4.8, the proposed methodology for the wind speed and power forecasts is illustrated. After

computing the wind speed with the methodology described in Subsections 4.3.1 and 4.3.2 and finding

the wind power curve as detailed in Subsection 4.3.3, the output power was calculated by using the
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estimated wind speed with the power equations. Finally, the results were compared to the ones observed

using the original NWP forecasts and the SCADA wind speed with the proposed power curve.
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Figure 4.8: Proposed methodology
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Chapter 5

Electrical Load Forecasting Results

In this Chapter, the results obtained with the electrical load forecasting models are presented as

follows: Section 5.1 shows the results of the initial predictions, Section 5.2 presents the analysis of the

initial models errors, Section 5.3 demonstrates the results of the error forecasting models and, in Section

5.4, the achievements of the adjusted model are discussed.

5.1 Initial Results

The initial load forecasts are presented below separately for each time horizon. The tables in this

subsection present only the results of the best model for each horizon in order to make the text more

fluid. The complete results can be found in the Appendix C (Tables C.1 to C.18).

10-minute horizon

The initial results obtained with the best 10-minutes ahead model are presented in Table 5.1. The

configuration A2.4a, which was the original one with LR of 0.01, achieved almost the same results of the

configuration A2.4b but converged considerably faster. This probably happened due to the higher LR.

On the other hand, model A2.4c appeared to learn in a much slower pace and did not reached the same

results. When compared to the persistence model, the RMSE and the MAE of the best proposed model

were 10.6% and 23.8% higher. These findings are somehow understandable as making predictions for

such a short time in the future can be easier by assuming that the next value will be the same as the

one observed now. Indeed, the proposed ANN converged to a solution that generated forecasts similar

to those of the persistence model (Figure 5.1). However, giving inputs other than the previous recorded

value to the model seemed to hinder its predictions.

1-hour horizon

The results of the best 1-hour ahead model are shown in Table 5.2. Here, the best configuration

also took the previous three periods and days as inputs, however, the arrangement with time performed
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Table 5.1: Results of the 10-minutes ahead initial and baseline models
Model LR RMSE [kW] MAE [kW] Test RMSE [kW] Test MAE [kW] ET [s]

A2.4a 0.01 223 159.34 234.24 177.66 354.13
A2.4b 0.005 223.62 160.9 - - 524.84
A2.4c 0.001 247.98 179.5 - - 548.39

Baseline - - - 211.72 143.53 -
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Figure 5.1: 10-minutes ahead initial forecasts

better. Similarly to the previous case, the model with the original LR had better results than the other

two but with similar execution times, which suggests that the higher LR enabled the model to be closer

to a loss curve minimum at the end of the training. Furthermore, it achieved superior performance than

the linear regression model in the order of 10.7% over the RMSE and of 11.3% over the MAE. In Figure

5.2, the forecasts made with the ANN can be seen. It shows that the model was able to make accurate

predictions but missed some of the load spikes and had a slightly smoother behavior when compared to

the actual values.

Table 5.2: Results of the 1-hour ahead initial and baseline models
Model LR RMSE [kW] MAE [kW] Test RMSE [kW] Test MAE [kW] ET [s]

B2.8a 0.01 339.43 261.33 376.25 303.76 513.99
B2.8b 0.005 357.58 276.05 - - 546.2
B2.8c 0.001 1037.59 736.56 - - 515.76

Baseline - - - 421.48 342.3 -

12-hours horizon

Table 5.3 presents the results of the best 12-hours ahead model. The best configuration was the

same of the 10-minutes horizon with only the previous three periods and days as inputs. Here, decreas-

ing the LR to 0.005 enhanced the forecasts when compared to the other two configurations. The lower

execution time combined with the worse performance of the original configuration suggest that a LR of

0.01 was too high and the training stagnated and stopped at some point while for model A2.1c it was too

40



0 50 100 150 200 250 300

Timesteps [10min]

4000

4500

5000

5500

6000
E

le
ct

ri
ca

l
L

oa
d

[k
W

]

Electrical load 1 hour ahead forecasts

Predictions

Real

Figure 5.2: 1-hour ahead initial forecasts

low and did not allowed the results to improve sufficiently. In comparison to the linear regression model,

the performance of the best proposed model was 12.6% and 13.5% superior in terms of the RMSE and

the MAE. Figure 5.3 shows results that were similar to the previous case. Yet, the predictions seemed

more inaccurate, with more substantial errors.

Table 5.3: Results of the 12-hours ahead initial and baseline models
Model LR RMSE [kW] MAE [kW] Test RMSE [kW] Test MAE [kW] ET [s]

A2.1a 0.01 548.03 432.91 - - 184.89
A2.1b 0.005 543.55 431.31 501.46 399.92 531.64
A2.1c 0.001 647.33 520.63 - - 507.03

Baseline - - - 573.76 462.44 -
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Figure 5.3: 12-hours ahead initial forecasts

41



Summary

An interesting observation that was valid for all the models is that often those with lower execution

times had the worst performances, which can suggest that they were stuck in a local minima and were

not able to progress with the chosen LR (see tables in Appendix C). Also, it seemed that the differences

of the number of nodes in the hidden layer and the activation function from one model to another did not

impact the execution times.

Finally, Table 5.4 summarizes the results of the proposed initial models for the three forecast hori-

zons. These results showed that the forecast accuracy decreased as the forecast horizon increased

and indicate the greater degree of difficulty to make longer forecasts due to the higher uncertainty of

the data, justifying the use of more complex models. Furthermore, for very short-term forecasts, simple

methods such as the persistence model can provide relatively good estimates with low computational

resources.

Table 5.4: Summary of the initial forecasts in the three horizons

Horizon RMSE [kW] MAE [kW]

10-minutes 234.24 177.66
1-hour 376.25 303.76

12-hours 501.46 399.92

5.2 Error Analysis

Figures 5.4, 5.5 and 5.6 show the error distributions for the models proposed in Section 5.1 for the

three forecast horizons. It is possible to notice that the error distribution is similar to the Gaussian

distribution, especially for the 1-hour and 12-hours forecasts. Moreover, the figures also present the

mean and standard deviation of these errors. The fact that the means are not centered in zero suggests

that there is still some error bias and that more information could be retrieved from the data. Also, the

standard deviation increases for longer forecast horizons which, again, can indicate the higher degree

of uncertainty on long-term predictions.

Figures 5.7, 5.8 and 5.9 show the ACF plot for the three horizons. As explained in Section 3.2,

this graph reveals the strength of the relationship between a time series and its previous values and it

was used to construct the error forecasting models. One can verify that the autocorrelation coefficients

rapidly decreased and showed an oscillating behavior with more significant spikes at the end of each

day (lags 144, 288, 432 and 576). Therefore, configurations combining these lags and the most recent

values were tested to forecast the initial models errors.

5.3 Error Forecast

The error forecasts are presented below separately for each time horizon. The tables in this subsec-

tion show only the results of the best model for each horizon in order to make the text more fluid. The

complete results can be found in the Appendix C (Tables C.19 to C.27).
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Figure 5.4: 10-minutes ahead error distribution
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Figure 5.5: 1-hour ahead error distribution
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Figure 5.6: 12-hours ahead error distribution
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Figure 5.7: 10-minutes ahead error autocorrelation
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Figure 5.8: 1-hour ahead error autocorrelation
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Figure 5.9: 12-hours ahead error autocorrelation

10-minute horizon

Table 5.5 shows the results of the best 10-minutes ahead error forecasting model. In this scenario,

all the models had similar results in terms of error metrics. The major difference was regarding the

training time, which was higher for smaller LRs. The most probable reason to these facts is that the

three models were able to find the same loss function minimum but those with smaller LRs had smaller

weights updates and, therefore, took longer. Figure 5.10 shows the error predictions made with model

C.8b. One can notice that the predictions were very accurate, especially on the error spikes. After this

step, it was expected that the error correction model would improve the initial results.

Table 5.5: Results of the 10-minutes ahead error forecasting models

Model LR Val. RMSE [kW] Val. MAE [kW] Test RMSE [kW] Test MAE [kW] ET [s]

C.8a 0.005 170.14 118.07 - - 23.57
C.8b 0.0025 169.97 118.26 103.69 78.01 50.9
C.8c 0.001 172.17 119.87 - - 96.7
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Figure 5.10: 10-minutes ahead error forecasts

1-hour horizon

In Table 5.6, the results of the best 1-hour ahead error forecasting model can be seen. The remarks

made for the 10-minutes ahead error forecasting model are also valid for this case. In Figure 5.11, the

forecasts made with model C.1b are illustrated. Here, the model was not as accurate as in the previous

case to predict spikes and trends.

Table 5.6: Results of the 1-hour ahead error forecasting models

Model LR Val. RMSE [kW] Val. MAE [kW] Test RMSE [kW] Test MAE [kW] ET [s]

C.1a 0.005 284.81 230.45 - - 16.66
C.1b 0.0025 284.43 230.86 236.54 186.57 37.54
C.1c 0.001 284.71 230.93 - - 78.75
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Figure 5.11: 1-hour ahead error forecasts
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12-hours horizon

Table 5.7 presents the results of the best 12-hours ahead error forecasting model. In comparison

to the other two scenarios, here there is a significant difference on the training time of the models.

Although the results were similar, the model C.3c (with the smaller LR) was able to perform slightly better

than the other two with considerably higher execution time. This was probably because the smaller LR

enabled the model to continue improving despite the closeness to a loss function minimum while the

other two stagnated and stopped training. Figure 5.12 shows that, as in the 1-hour horizon, the model

underestimated some spikes and, also, presented smoother behavior when compared to the true error.

Table 5.7: Results of the 12-hours ahead error forecasting models

Model LR Val. RMSE [kW] Val. MAE [kW] Test RMSE [kW] Test MAE [kW] ET [s]

C.3a 0.005 406.92 334.34 - - 6.83
C.3b 0.0025 407.37 334.82 - - 9.54
C.3c 0.001 405.6 332.62 343.05 257.43 56.57
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Figure 5.12: 12-hours ahead error forecasts

Summary

Unlike the initial models (see Section 5.1), here all the models in each forecast horizon presented

similar performances regarding error metrics and execution times (see tables in Appendix C). In every

case, the best model was the one that combined both the previous 4 periods and days as inputs. Lastly,

Table 5.8 summarizes the results of the proposed error models for the three forecast horizons. Again,

the forecast accuracy decreased as the forecast horizon increased which emphasize the greater degree

of difficulty to make longer forecasts due to the higher uncertainty of the data. Furthermore, one can

notice that both the RMSE and MAE were lower than the ones achieved with the initial models, which

can possibly indicate that these models were more accurate than the initial.
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Table 5.8: Summary of the error forecasts in the three horizons

Horizon RMSE [kW] MAE [kW]

10-minutes 103.69 78.01
1-hour 236.54 186.57

12-hours 343.05 257.43

5.4 Adjusted Results

The adjusted results are presented below separately for each time horizon. As explained in Section

3.3, the adjusted model was obtained by adding the forecasted error to the initial prediction and had its

results compared to that of the baseline models considering only the error test set.

10-minute horizon

Table 5.9 shows a comparison between the results obtained with the initial, adjusted and baseline

forecasting models for the 10-minutes ahead scenario. It can be noticed that the initial model performed

worse than the persistence model and that, by means of the proposed methodology, it was able to

outperform it. The improvements of the adjusted forecasts over the baseline was of 38.2% on the RMSE

and 29.1% on the MAE. These results are illustrated in Figure 5.13, which shows that the proposed

methodology apparently allowed to correct the ”persistence” behavior previously presented by the initial

model and achieve more accurate forecasts.

Table 5.9: Results of the 10-minutes ahead forecasts
Model RMSE [kW] MAE [kW]

Initial 200.83 152.96
Adjusted 103.69 78.01
Baseline 167.77 110.0
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Figure 5.13: 10-minutes ahead adjusted forecasts
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1-hour horizon

In Table 5.10, a comparison between the results obtained with the initial, adjusted and baseline

forecasting models for the 1-hour ahead scenario can be seen. Originally, the initial model had a perfor-

mance only slightly superior to the one of the linear regression model. With the proposed methodology,

the initial results were improved by 32.1% on the RMSE and 36.2% on the MAE. In Figure 5.14, it is

possible to notice that the model correctly adjusted the initial forecasts between timesteps 0 and 50 and

close to timestep 150, while it did not change the accurate predictions of some load spikes.

Table 5.10: Results of the 1-hour ahead forecasts
Model RMSE [kW] MAE [kW]

Initial 352.95 295.43
Adjusted 239.34 188.49
Baseline 371.58 307.11
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Figure 5.14: 1-hour ahead adjusted forecasts

12-hours horizon

Table 5.11 presents a comparison between the results obtained with the initial, adjusted and baseline

forecasting models for the 12-hours ahead scenario. Like in the previous case, the proposed method-

ology was able to enhance the initial forecasts, which were only slightly better than that of the linear

regression model. Here, the improvements over the initial model were of 22.5% on the RMSE and

29.0% on the MAE. Figure 5.15 shows the results of the initial and adjusted forecasts. It can be seen

that, again, the proposed methodology to properly correct the forecasts close to the timesteps 50 and

150 while it did not affect the initial predictions on the load spikes.
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Table 5.11: Results of the 12-hours ahead forecasts
Model RMSE [kW] MAE [kW]

Initial 442.55 362.55
Adjusted 343.05 257.43
Baseline 480.68 381.89
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Figure 5.15: 12-hours ahead adjusted forecasts

Summary

Finally, Table 5.12 summarizes the results of the proposed methodology for the three forecast hori-

zons. Like in the initial and error predictions, the forecast accuracy decreased as the forecast horizon

increased which reinforce the greater degree of difficulty to make longer forecasts due to the higher

uncertainty of the data.

Table 5.12: Summary of the adjusted models for the three horizons

Horizon RMSE [kW] MAE [kW]

10-minutes 103.69 78.01
1-hour 239.34 188.49

12-hours 343.05 257.43
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Chapter 6

Wind Speed and Power Forecasting

Results

In this Chapter, the results obtained with the wind speed and power forecasting models are presented

as follows: Section 6.1 introduces the results for the wind speed forecasts, including the benchmark

models, in Subsections 6.1.1 and 6.1.2, initial models, in Subsection 6.1.3, error analysis and forecast,

in Subsections 6.1.4 and 6.1.5, and the adjusted model, in Subsection 6.1.6; Section 6.2 presents the

results for the wind power forecasts, including the power curve modeling, in Subsection 6.2.1, and the

power estimation, in Subsection 6.2.2.

6.1 Wind Speed

6.1.1 Baseline 1 – NWP Model

The first baseline model is the forecasts made by the ECMWF NWP model itself, which is detailed in

Section 4.1. In the next subsections, the results for the different time-horizons are presented.

12–hour horizon

Table 6.1 shows the results of the 12-hour horizon NWP model compared to the same test set of the

PB.12 model for the three turbines, as it had the best ANN performance (see Section 4.3). One can

notice that there was no significant variation between the errors for different turbines (less than 0.1 m/s

in all cases). This was an expected finding as the wind profile for turbines that are close to each other

tends to be very similar.

Table 6.1: NWP.12 forecasts metrics
Turbine RMSE [m/s] MAE [m/s]

A 1.682 1.312
B 1.692 1.304
C 1.672 1.289
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Figures 6.1, 6.2 and 6.3 show that, for Turbines A and B, the error distribution was similar to the

Gaussian Distribution, with the mean slightly smaller than zero (-0.87 and -0.63 m/s, respectively) and

the standard deviation of 1.44 and 1.57 m/s, while Turbine C showed a more irregular distribution but with

comparable results (mean of -0.79 m/s and standard deviation of 1.47 m/s). The different distribution for

Turbine C can be explained by the less amount of data for this turbine (≈580 samples versus ≈3400 for

Turbines A and B). Also, the negative mean suggests that there is some bias in the NWP forecasts which

seem to be generally higher than the actual wind speed. This is possibly explained by the difference

between the NWP model height (106.54m) and the turbine hub height (90m) and/or by some inherent

model errors.
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Figure 6.1: NWP.12.TA Error PDF
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Figure 6.2: NWP.12.TB Error PDF
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Figure 6.3: NWP.12.TC Error PDF

24–hour horizon

Table 6.2 shows the results of the 24-hour horizon NWP model compared to the same test set of

the PB.24 model for the three turbines, as it also had the best ANN performance (see Section 4.3). As
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in the 12-hour horizon case, there was no significant variation between the errors for different turbines.

However, it can be noticed that the errors are greater, which can be explained by the higher uncertainty

of longer forecasts.

Table 6.2: NWP.24 forecasts metrics
Turbine RMSE [m/s] MAE [m/s]

A 1.751 1.366
B 1.759 1.350
C 1.688 1.310

As the error distribution in the 24-hour horizon was very similar to the one of the 12-hour horion, the

mean and standard deviation values are presented in Table 6.3 instead of figures. A small but in some

way interesting difference can be seen in the standard deviation of Turbines A and B, which were slightly

higher than the previous ones. This is possibly another indication of the higher uncertainty of longer

forecasts.

Table 6.3: NWP.24 error mean and std. dev.
Turbine Error Mean [m/s] Error Std. Dev. [m/s]

A -0.85 1.53
B -0.62 1.65
C -0.78 1.50

6.1.2 Baseline 2 – Adjusted NWP

As the NWP models can have some bias, another baseline model was considered by adding the

average error of the NWP model to the original forecasts. The average error was calculated over the

same training set of the best ANN models and added to the test set predictions so that the results could

be compared.

Tables 6.4 and 6.5 show the results of both 12 and 24-hour horizon for the adjusted NWP model.

This simple correction could lead to a decrease of up to 14.1% on the RMSE and to 19.1% on the MAE

of the initial forecasts on the 12-hour horizon and to 12.5% on the RMSE and to 16.0% on the MAE

on the 24-hour horizon. Also, one can notice that the mean error was closer to zero while the standard

deviation was the same as in the previous case.

Table 6.4: ANWP.12 forecasts metrics
Turbine Error mean [m/s] Error Std. Dev. [m/s] RMSE [m/s] MAE [m/s]

A -0.08 1.44 1.444 1.102
B -0.09 1.57 1.572 1.205
C -0.10 1.47 1.478 1.138
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Table 6.5: ANWP.24 forecasts metrics
Turbine Error mean [m/s] Error Std. Dev. [m/s] RMSE [m/s] MAE [m/s]

A -0.04 1.53 1.532 1.162
B -0.06 1.65 1.648 1.257
C -0.06 1.50 1.497 1.168

6.1.3 Initial Results

The initial results are presented for each turbine in each forecast horizon. As mentioned in Section

4.3, only for Turbine A all the models were adjusted. For the other two turbines, the top-3 models were

trained.

12–hour horizon — Turbine A

Tables 6.6, 6.7 and 6.8 show the three best results obtained for the training of Turbine A models in

the 12-hour horizon on the validation set. The complete tables can be found in the Appendix B. It can be

seen that all the models had similar performances regarding both error metrics, with the configuration ”A”

showing slightly worse results. This is possibly explained by the fact that the original NWP wind speed

forecast at time t showed the highest correlation with the target (wind speed measured in SCADA)

among other timesteps and, therefore, contains most of the relevant information used to adjust the NWP

outputs. Also, the use of timesteps closer to t seemed to have added a few more information (models

”B” and ”C”) while further timesteps did not. However, in order to improve these forecasts, searching for

other explanatory variables should be likely considered.

Another remark that can be made is related to the almost nonexistent difference between the results

within each model. This means that the models were able to reach nearly the same minimum despite the

different parameters and can be an indication of overcomplexity. Hence, further investigation concerning

the choice of those parameters is encouraged.

In relation to the execution time, the first configuration also presented worse performance while the

two other models had similar results. By analyzing the number of epochs over the 5 folds that each

model took to train, it was not possible to establish a direct relation with the computational time. Still,

potential reasons to this difference are the gradient calculation complexity, which can differ from one

model to another.

Table 6.6: PA.12.TA best results
Model RMSE [m/s] MAE [m/s] Execution Time [s]

PA4.12.TA 1.437 1.092 33.021
PA6.12.TA 1.439 1.094 33.892
PA1.12.TA 1.441 1.094 29.042

Table 6.9 shows a summary of the best proposed model and the two baseline models on the test

set. One can notice that the proposed model had significant better results for the three error metrics

analyzed. The improvements over the initial NWP forecast were about 23.3% on the RMSE, 24.8% on
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Table 6.7: PB.12.TA best results
Model RMSE [m/s] MAE [m/s] Execution Time [s]

PB10.12.TA 1.384 1.052 15.675
PB3.12.TA 1.388 1.058 15.525
PB12.12.TA 1.389 1.059 18.157

Table 6.8: PC.12.TA best results
Model RMSE [m/s] MAE [m/s] Execution Time [s]

PC11.12.TA 1.390 1.057 15.034
PC3.12.TA 1.392 1.059 18.052
PC1.12.TA 1.393 1.059 18.849

the MAE and 41.3% on the R2, while for the ANWP they were 10.7%, 10.5% and 11.7%. This result sug-

gests that the errors in the NWP model is not only caused by some bias and/or the difference between

the model height and the turbine hub height. The use of an ANN was able to find and correct other error

patterns and is, thus, a reasonable and efficient choice to enhance NWP wind speed forecasts.

Table 6.9: Turbine A 12–hour horizon summary

Model RMSE [m/s] MAE [m/s] R2

PB10.12.TA 1.290 0.986 0.705
ANWP 1.444 1.102 0.631
NWP 1.682 1.312 0.499

Figure 6.4 shows the wind speed forecasts made with the NWP model, the adjustment made with

model PB10.12.TA and the measured wind speed. It is notable that for higher wind speeds, the proposed

model decreased the forecasts, while for lower wind speeds they were slightly increased. A Weibull

Distribution of the forecasts was fitted and can be seen in Figure 6.5. The proposed model could

not generate predictions that followed the typical wind distribution, being more similar to a Gaussian

Distribution and with the shape parameter above the common upper limit (3.366 vs 3). On the other

hand, it was able to improve the scale parameter by bringing it closer to the that of the true distribution

for Turbine A than the NWP outputs were (see Figure 4.3 and 4.4).

12–hour horizon — Turbine B

As explained in Section 4.3, only the models PB10, PB3 and PB12 were retrained for Turbine B,

as they had the best results for Turbine A. The results of this step can be found in Table 6.10. First,

it is possible to notice that the three models were ranked in the same way as they were for Turbine A.

However, the results of the first two were slightly worse while the last one were considerably worse.

Although the turbines are close to each other and the wind profile is probably very similar, there can

be small differences that impact the models fitting. It was possible to notice that Turbine B models

went through all the epochs, but the loss decreased slower than for Turbine A. Therefore, it is possible

that increasing the number of epochs to train would result in better performance and closer to the one

observed for Turbine A.
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Figure 6.4: PB10.12.TA forecast
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Figure 6.5: Turbine A forecasts Weibull Distribution

Table 6.10: PB.12.TB results
Model RMSE [m/s] MAE [m/s] Execution Time [s]

PB10.12.TB 1.534 1.177 13.427
PB3.12.TB 1.580 1.230 12.618

PB12.12.TB 4.303 3.685 12.402

Table 6.11 shows a comparison between the results obtained with the proposed model and the two

baseline models on the test set. As in the previous case, the proposed model was able to improve the

baseline models significantly. However, this improvement was not as notable as before, with a decrease

of 14.4% on the RMSE, 14.6% on the MAE and 22.7% on the R2 of the NWP and 7.9% on the RMSE,

7.6% on the MAE and 9.9% on the R2 of the ANWP. It should be mentioned that, in this case, the

application of an ANN is also justifiable as it enhance the initial results considerably. Finally, Figure 6.6

shows the NWP forecasts, the proposed model adjustment and the actual wind speed.
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Table 6.11: Turbine B 12–hour horizon summary

Model RMSE [m/s] MAE [m/s] R2

PB10.12.TB 1.448 1.113 0.666
ANWP 1.572 1.205 0.606
NWP 1.692 1.304 0.543
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Figure 6.6: PB10.12.TB forecast

12–hour horizon — Turbine C

Similarly to Turbine B, only the three best models for Turbine A were retrained for Turbine C and

the results are presented in Table 6.12. Here, the models were also ranked in the same way as for the

other turbines, but with a larger difference between each model. The performance of the best model

(PB10.12.TC) was in between the ones observed for the other turbines. The computational time was

smaller in this case as the dataset was limited to 4 months instead of 2 years.

Table 6.12: PB.12.TC results
Model RMSE [m/s] MAE [m/s] Execution Time [s]

PB10.12.TC 1.455 1.098 11.075
PB3.12.TC 1.811 1.376 10.871

PB12.12.TC 5.635 5.162 11.679

Table 6.11 summarizes the results obtained with the proposed model and the two baseline models

for Turbine C on the test set. As for the other two turbines, here it was also possible to enhance the initial

results considerably. The improvements were approximately 27.2% on the RMSE, 27.7% on the MAE

and 79.3% on the R2 for the NWP and 17.6% on the RMSE, 18.1% on the MAE and 30.8% on the R2

for the ANWP. Again, the deployment of an ANN showed better performance than the baseline models

and was able to produce more accurate predictions. In Figure 6.7, forecasts made by the NWP model

and the proposed model can be seen together with the measured wind speed.
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Table 6.13: Turbine C 12–hour horizon summary

Model RMSE [m/s] MAE [m/s] R2

PB10.12.TC 1.218 0.932 0.667
ANWP 1.478 1.138 0.510
NWP 1.672 1.289 0.372
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Figure 6.7: PB10.12.TC forecast

12–hour horizon — Best Results

Table 6.14 shows the best results obtained for each turbine on the 12-hour horizon. In every case,

the proposed model achieved better results than the baseline models. For Turbine A, 16 models were

proposed and trained in three different input configurations while, for the other two turbines, only the

three best for configuration B were adjusted. It can be noticed that the Turbine C model performed

better than the other two turbines models. This can be possibly explained by the smaller seasonality

observed on the wind dataset of Turbine C when compared to the other turbines datasets (see Section

4.2). As described in Section 4.1, Turbines A and B used 2 years of data while Turbine C had only 4

months. Due to this reason, it is believed that the Turbine C model was able to find more consistent

error patterns and make better adjustments. Therefore, it is suggested that new experiments are made

considering a dataset with a smaller period of time.

Table 6.14: Best results for each turbine (12–hour horizon)

Turbine RMSE [m/s] MAE [m/s] R2

A 1.290 0.986 0.705
B 1.448 1.113 0.666
C 1.218 0.932 0.667

24–hour horizon — Turbine A

As mentioned in Section 4.3, only the input configuration B was tested for the 24-hour horizon, as it

had the best results in the previous case. Table 6.15 shows the top-3 models for Turbine A in the 24-hour
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horizon during the training. The complete tables can be found in Appendix B. Comparing the results with

the ones found in the 24-hour horizon (see Table 6.7 and Appendix B), it can be noticed that the best

models were not the same. However, the differences between them were again very small.

Table 6.15: PB.24.TA best results
Model RMSE [m/s] MAE [m/s] Execution Time [s]

PB11.24.TA 1.459 1.106 23.269
PB5.24.TA 1.461 1.107 38.018
PB4.24.TA 1.461 1.107 38.144

Table 6.16 shows the results obtained on the test set with the best proposed model and baseline

models. Again, the proposed model was able to improve significantly the initial results. The improve-

ments were 20.6% on the RMSE, 21.7% on the MAE and 43.8% on the R2 for the NWP and 9.2% on

the RMSE, 8.0% on the MAE and 12.5% on the R2 for the ANWP. These findings were similar to the

ones of the 12-hour horizon. It should be mentioned that the results of the 24-hour horizon were worse

than those of the previous case (see Table 6.9) if a comparison between the models in each scenario

is made. This reinforces the fact that predictions on longer terms are more and uncertain and difficult

to be made. Finally, Figure 6.8 shows the forecasts made with the proposed model, the NWP and the

measured wind speed.

Table 6.16: Turbine A 24–hour horizon summary

Model RMSE [m/s] MAE [m/s] R2

PB11.24.TA 1.391 1.069 0.657
ANWP 1.532 1.162 0.584
NWP 1.751 1.366 0.457
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Figure 6.8: PB11.24.TA forecast
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24–hour horizon — Turbine B

As in the 12-hour horizon, only the top-3 models found for Turbine A were retrained for the other two

turbines. By looking at Table 6.17, it can be seen that the best models were not ranked the same way as

they were for Turbine A, which is a different from the findings of the 12-hour horizon. The execution time

was also distinct. The reason to this was that these models needed fewer epochs to reach a minima

that made the training stop. On the other hand, one of the models also had considerably worse results

while the other two were similar.

Table 6.17: PB.24.TB results
Model RMSE [m/s] MAE [m/s] Execution Time [s]

PB5.24.TB 1.591 1.211 5.018
PB11.24.TB 1.669 1.297 13.183
PB4.24.TB 3.757 3.115 12.742

Table 6.18 summarizes the results of Turbine B on the 24-hour horizon. Once again, the proposed

model had better performance than the baseline models, with improvements of 13.7% on the RMSE,

13.4% on the MAE and 24.7% on the R2 for the NWP and 7.9% on the RMSE, 7.0% on the MAE and

11.5% on the R2 for the ANWP. Again, by comparing this table with Table 6.11, the results of every model

for Turbine B on the 24-hour horizon were worse than those on the 12-hour horizon. Lastly, Figure 6.9

shows the SCADA wind speed and the outcomes of the proposed model and the NWP.

Table 6.18: Turbine B 24–hour horizon summary

Model RMSE [m/s] MAE [m/s] R2

PB5.24.TB 1.518 1.169 0.632
ANWP 1.648 1.257 0.567
NWP 1.759 1.350 0.507
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Figure 6.9: PB5.24.TB forecast
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24–hour horizon — Turbine C

Table 6.19 shows the results obtained for Turbine C on the 24-hour horizon. As for Turbine B, the

best model was not the one found for Turbine A and the results of one of the models were significantly

worse than the others. Also, the execution time differed but, in this case, in addition to fewer epochs to

stop the training, the dataset size was smaller.

Table 6.19: PB.24.TC results
Model RMSE [m/s] MAE [m/s] Execution Time [s]

PB5.24.TC 1.511 1.137 2.933
PB11.24.TC 2.003 1.505 4.412
PB4.24.TC 5.245 4.763 4.095

Table 6.20 presents similar findings as before. The proposed model improved the initial results by

22.2% on the RMSE, 22,1% on the MAE and 70.3% on the R2 for the NWP and 12.3% on the RMSE,

12.6% on the MAE and 23.3% on the R2 for the ANWP. In the same way as in the previous cases, the

results for the 24-hour horizon were worse than those of the 12-hour horizon when the same models

are compared (see Table 6.13). Ultimately, Figure 6.10 shows illustrates the predictions made with the

proposed model and the NWP together with the recorded SCADA wind speeds.

Table 6.20: Turbine C 24–hour horizon summary

Model RMSE [m/s] MAE [m/s] R2

PB5.24.TC 1.313 1.021 0.613
ANWP 1.497 1.168 0.497
NWP 1.688 1.310 0.360
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Figure 6.10: PB5.24.TC forecast
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24–hour horizon — Best Results

Table 6.21 presents the best results obtained for each turbine on the 24-hour horizon. The proposed

model was able to provide better results than the baseline models in every case. In this scenario,

16 models were proposed and trained using input configuration ”B” for Turbine A while, for the other

two turbines, only the three best found for Turbine A were evaluated. Again, Turbine C model performed

better, followed by Turbines A and B (see Table 6.14). These results strengthens the possibility of finding

better results when using smaller datasets, where the wind variability is reduced such as in Turbine C

dataset.

Table 6.21: Best results for each turbine (24–hour horizon)

Turbine RMSE [m/s] MAE [m/s] R2

A 1.391 1.069 0.657
B 1.518 1.169 0.632
C 1.313 1.021 0.613

6.1.4 Error Analysis

Figures 6.11 and 6.12 show the error distributions for the best Turbine A models in the two forecast

horizons (PB10.12.TA and PB11.24.TA). One can notice that both error distributions seem to follow a

Gaussian distribution and presented similar results, with the mean slightly more distant from zero and

smaller standard deviation in the first horizon. Comparing to the results of the baseline models, the

proposed model was able to reach an error mean close to the one obtained with the adjusted NWP with

smaller standard deviation (see Table 6.4).
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Figure 6.11: PB10.12.TA Error PDF
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Figure 6.12: PB11.24.TA Error PDF

In Figures 6.13 and 6.14, the RMSE for each forecast horizon is presented. In this case, the persis-

tence method result was also included. The results show that this method had the worst performance

by far, with a significant error increase for longer horizons. This finding is very similar to the one in [37].
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Also, the proposed model outperformed both the NWP and Adjusted NWP models for every forecast

horizon. It is worth mentioning that the proposed model RMSE showed a behavior similar to the one

of the other models, with an increasing trend for longer horizons. However, the results indicate that the

model was able to find error patterns that can not be corrected only by adding the average error.
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Figure 6.13: RMSE for the model PA10.12.TA
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Figure 6.14: RMSE for the model PB11.24.TA

Finally, in Figure 6.15, the ACF plot for Turbine A in the 12-hour horizon can be seen. Unlike the rela-

tionship observed for the electrical load forecasts, the autocorrelation coefficients here dropped quickly

to zero and had only a few values above the significance range (see Section 5.2), which may suggest

that previous errors do not provide useful information about future errors. However, based on this result

and on the proposed error forecast methodology, an input vector with the last 12 errors (from H-11 to H)

and the most recent 12 forecasts (from H+1 to H+12) was used to estimate the next errors (from H+1 to

H+12).
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Figure 6.15: PB11.12.TA Error ACF

6.1.5 Error Forecast

Table 6.22 shows the results of the three best wind speed error forecasting models. The complete

results can be found in Appendix B (Table B.5). As observed for the electrical load error forecast (see

Section 5.3), all the models presented similar performances regarding both metrics and execution times

and, therefore, any strong conclusion about the different configurations can be made.

The results in Table 6.9 and in Figure 6.16 show the bad performance of the error forecasting model,

which was not able to find any pattern in the data. This is in contrast with the findings of the previous

section, where the proposed error model was able to provide good estimates of the error. One of the

possible reasons is related to the chosen input parameters. For the load forecast case, the ACF plots

showed a significant correlation between previous observations and the target values (see Figures 5.7,

5.8 and 5.9 in Section 5.3) while, in this case, this relationship was not observed (Figure 6.15). Thus, it

is reasonable to conclude that more features would be necessary to improve the error forecasts with this

approach. Also, due to the stochastic nature of the wind, it is possible that the error pattern is random

and, therefore, much harder to predict.

Table 6.22: Turbine A best error models
Model RMSE [m/s] MAE [m/s] Execution Time [s]

10 1.244 0.945 4.818
11 1.245 0.947 4.519
8 1.247 0.951 4.423

6.1.6 Adjusted Results

As explained in section 4.3, the adjusted results were obtained by adding the predicted error to the

initial forecasts. In Table 6.23, the metrics for both initial and adjusted models are presented. One can

notice that the proposed wind speed error forecasting model was not able to improve the results as it was

observed for the electrical load scenario. On the contrary, a slight performance decline was observed.
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Figure 6.16: Turbine A error forecasts

These results are illustrated in Figure 6.17. This outcome was somehow expected after the findings in

the previous section, which showed the poor performance of the proposed model to forecast the errors.

However, it is worth mentioning that the two proposed models had better results than the NWP model.

Table 6.23: Turbine A Initial and Adjusted models metrics

Model RMSE [m/s] MAE [m/s]

Initial 1.386 1.050
Adjusted 1.393 1.058

NWP 1.655 1.268
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Figure 6.17: Turbine A initial and adjusted Forecasts

65



6.2 Wind Power

6.2.1 Wind Power Curve Modeling

As explained in Subsection 4.3.3, after removing measurements that did not follow regular operating

conditions, several samples in the operating region II still behave differently from what it was expected

and, to filter those points, the DBSCAN clustering algorithm was used. The results obtained with this

method can be seen in Figure 6.18. The proposed approach was able to correctly classify the samples

more distant to the turbine’s expected behavior as outliers. Those points were removed from the dataset

and not used to adjust the wind power curve.

Figure 6.18: DBSCAN Clusters for Turbine A

With the remaining samples, polynomials with degrees from 3 to 7 were fitted so that the wind power

curve could be found. In Figure 6.19, a 4th degree polynomial is shown as this was the best curve found

for this data. Finally, with the curve fitted for the region II, and considering an output power of zero for

regions I and IV and the nominal power in region III, the wind power curve for this turbine was defined.

Figure 6.19: Adjusted Wind Power Curve for Turbine A
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6.2.2 Wind Power Estimation

The adjusted wind power curve was used to estimate the wind power production using the wind

speeds measured with the SCADA and the ones of the proposed initial model and the NWP. The first

was chosen so that the best possible result with the available data could be analyzed, as the error

corresponding to this estimate is probably related to noise and sampling of the data. The choice for the

initial model wind speed is due to its better results when compared to the adjusted model, which was

not able to improve the initial results. Finally, the NWP wind speed was used to generate the power

forecasts of the baseline scenario.

The results of the wind power forecast can be seen in Table 6.24. One can notice that the power

estimates made with proposed model wind speed presented an improvement of 26.5% and 24.5% over

the RMSE and MAE of the ones obtained using the NWP wind speed, moving closer to the results found

using the SCADA wind speed. These findings validate the proposed methodology and show that having

more accurate wind speed forecasts is crucial to improve the power predictions.

In order to illustrate the achieved results, Figure 6.20 shows the actual wind power output and the

forecasts made with both the proposed model and NWP wind speeds. First, it is noticeable the better

performance of the proposed model when compared to the baseline during most of the time. The main

exception can be seen during nominal power production (from timestep 0 to 30 approximately). At those

timesteps, the NWP seemed to perform better. A probable explanation to this is that the proposed model

primarily adjust the average wind speed and, therefore, the higher wind speeds turn out to be reduced

and the power output do not correspond to the nominal power. However, in general, the proposed model

tends to be more accurate and generates better estimates.

Table 6.24: Results of the wind power forecast for turbine A

Input Data RMSE [kW] MAE [kW]

SCADA Wind Speed 73.40 214.45
Proposed Initial Model Wind Speed 266.86 385.56

NWP Wind Speed 363.18 510.90
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Figure 6.20: Wind Power forecast for Turbine A
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Chapter 7

Conclusions

In this Chapter, a summary of the achievements of this work and suggestions for future research are

presented in Sections 7.1 and 7.2 respectively.

7.1 Achievements

To overcome the global climate crisis, multiple adaptation and mitigation measures are required. As

the energy sector accounts for most part of the GHG emissions, it has a fundamental role. Despite

the recent advances, such as the sharp increase of RES in the electricity mix, there is still much to

improve to meet the sustainability and climate goals. The ongoing transformations has been increasing

the electrical system complexity and volatility, imposing new challenges to the sector. To avoid energy

supply issues and provide a reliable service, it is essential to anticipate the system behavior. In this

sense, this work presented a ML based methodology to forecast electrical load demand, wind speed

and power in different time scales by incorporating an error correction step following the initial models

results.

The proposed methodology utilized a FFNN for both initial and error forecasts as the error time

series often contains useful information which can be used to improve initial estimations. After a careful

state-of-the-art review and an extensive data preliminary analysis, the models were created. For that,

well-established Python’s libraries for ML, such as TensorFlow, scikit-learn and others were used. A

search for the best models inputs and parameters configurations was also conducted. Furthermore,

benchmark models, namely persistence and linear regression for the electrical load demand and NWP

for the wind speed, were used to perform the same task and had its results compared with the proposed

methodology.

With regard to the electrical load demand forecasts, historical data collected from a distribution sys-

tem operator in France was used. The data referred to the measured load demand in an industrial area

connected to the medium voltage grid and was sampled at every 10 minutes. The forecasts were made

for three time horizons: 10-minutes, 1-hour and 12-hours ahead. The results demonstrated that the

proposed initial models outperformed the linear regression model for the last two horizons, while, for
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the first, the results were worse than those achieved with a simple persistence model. By comparing

the results for the three time scales, it was verified that the forecast accuracy decreased for longer time

horizons which highlights the higher difficulty to make longer forecasts due to the higher uncertainty of

the data. Also, for very short time scales, the findings suggest that a simpler model can provide better

estimates.

The initial electrical load demand forecasting errors analysis showed that the model might not have

extracted all the information from the input data as the error distribution was not centered in zero and

there was a correlation between a given error and the previous ones. Indeed, the error forecasting

models achieved good forecasting accuracy, with lower RMSE and MAE than the initial models. Fur-

thermore, by combining the predicted error to the initial forecasts it was possible to improve the initial

results significantly for all time scales. Especially for the 10-minutes ahead forecasts, the application of

the proposed methodology resulted in a more accurate model than the persistence model.

For the wind speed forecasts, historical data from a NWP model and the SCADA system of a wind

farm in the south of South America was used. The data was sampled at every 1 hour and forecasts were

made for two time horizons: 12-hours and 24-hours ahead. Several models were tested for one of the

turbines (Turbine A) and the three best were used for other two. The results showed that the proposed

initial models were able to slightly outperform the benchmark models, namely the NWP and an adjusted

NWP, for all turbines in every forecast horizon. The findings suggest that the proposed model was able

to find and correct error patterns other than the one caused by the difference between the NWP model

height and the turbine hub height. Also, the forecasting accuracy was higher for Turbine C, which had

only 4 months of data instead of 2 years for the other turbines. In this case, the use of less data leaded

to better results probably because of the smaller seasonality present in Turbine’s C data.

Unlike the initial electrical load demand forecasting error analysis, the errors of the wind speed fore-

casting models presented a distribution centered very close to zero and almost no correlation between

present and previous errors. As an expected consequence, the error forecasting models were not able

to achieve better accuracy and improve the initial models results. As the wind speed is extremely related

to weather and terrain characteristics, considering this type of data might be beneficial for wind speed

forecasting.

The historical data from the wind farm was also used to adjust the wind power curve of one of the

turbines. For this, the DBSCAN clustering algorithm was employed. The main goal of this method is to

identify and classify samples in high and low density areas of the dataset. The clustering algorithm had

a satisfactory performance with regard to identifying samples that apparently did not have the expected

wind speed and power relationship. However, the choice of the parameters was done by trial and error,

which is not the most efficient way. Those points were removed from the dataset and a wind power curve

was approximated. With the adjusted power curve and the estimated wind speed, wind power forecasts

were made. The results accomplished with the proposed wind speed model were superior than those of

the original NWP.

The findings of this research suggest that the proposed methodology can be beneficial for the energy

sector, as it provided enhanced forecasts with ML models that work with limited amount of data. When
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data is scarce, it is essential to extract as much information as possible from it. The analysis of the errors

showed that sometimes there is more information in the data than the models are able to find and that

including a error correction step can improve the forecasts.

7.2 Future Work

During the development of this research, some ideas for future works emerged:

• For both the electrical load and wind speed forecasting models, it would be interesting to take into

consideration other input variables that have been largely used in the literature, such as socio-

economic and/or environmental indicators for the load demand predictions and other NWP outputs

and/or terrain characteristics for the wind speed estimates;

• Other types of neural networks that are adequate for time-series data processing could be used to

make these forecasts, such as LSTM and GRUNN;

• The performance of the error correction step could be tested using other initial forecasting models,

such as the abovementioned neural networks, SVM and RF. Also, including a information gain

measurement could help the models to weight how much the error forecast should influence the

adjusted result;

• It could be beneficial to develop forecasting models for different seasons as both the load and wind

pattern showed a considerable seasonality;

• For the wind speed forecasting models, it would be interesting to analyze other FFNN training

strategies that could lead to predictions that follow a Weibull distribution;

• An automated method to choose the DBSCAN parameters should be developed, as the trial and

error performed in this work would not be practical in real applications, considering that a wind

farm have several turbines that require individual adjustments;

• The results of the wind power forecasts could be compared to the ones obtained using the manu-

facturer power curve or other adjusted power curves.
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Appendix A

Wind Speed Models Configurations

Table A.1: Wind Speed Models ”A” configuration

Model Number of Nodes in the Hidden Layer Learning Rate

PA1 10 0.01000
PA2 10 0.00100
PA3 10 0.00010
PA4 10 0.00001
PA5 8 0.01000
PA6 8 0.00100
PA7 8 0.00010
PA8 8 0.00001
PA9 6 0.01000

PA10 6 0.00100
PA11 6 0.00010
PA12 6 0.00001
PA13 4 0.01000
PA14 4 0.00100
PA15 4 0.00010
PA16 4 0.00001
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Table A.2: Wind Speed Models ”B” configuration

Model Number of Nodes in the Hidden Layer Learning Rate

PB1 20 0.01000
PB2 20 0.00100
PB3 20 0.00010
PB4 20 0.00001
PB5 18 0.01000
PB6 18 0.00100
PB7 18 0.00010
PB8 18 0.00001
PB9 15 0.01000

PB10 15 0.00100
PB11 15 0.00010
PB12 15 0.00001
PB13 12 0.01000
PB14 12 0.00100
PB15 12 0.00010
PB16 12 0.00001

Table A.3: Wind Speed Models ”C” configuration

Model Number of Nodes in the Hidden Layer Learning Rate

PC1 12 0.01000
PC2 12 0.00100
PC3 12 0.00010
PC4 12 0.00001
PC5 10 0.01000
PC6 10 0.00100
PC7 10 0.00010
PC8 10 0.00001
PC9 8 0.01000

PC10 8 0.00100
PC11 8 0.00010
PC12 8 0.00001
PC13 6 0.01000
PC14 6 0.00100
PC15 6 0.00010
PC16 6 0.00001

78



Table A.4: Wind Speed Error Models configuration

Model Number of Nodes in the Hidden Layer Learning Rate Batch Size

1 20 0.00010 1
2 20 0.00010 10
3 20 0.00010 32
4 20 0.00001 1
5 20 0.00001 10
6 20 0.00001 32
7 24 0.00010 1
8 24 0.00010 10
9 24 0.00010 32

10 24 0.00001 1
11 24 0.00001 10
12 24 0.00001 32
13 30 0.00010 1
14 30 0.00010 10
15 30 0.00010 32
16 30 0.00001 1
17 30 0.00001 10
18 30 0.00001 32
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Appendix B

Wind Speed Models Results

Table B.1: PA.12.TA results
Model RMSE [m/s] MAE [m/s] Execution Time [s]

PA4.12.TA 1.437 1.092 33.021
PA6.12.TA 1.439 1.094 33.892
PA1.12.TA 1.441 1.094 29.042
PA12.12.TA 1.444 1.097 28.890
PA8.12.TA 1.444 1.096 35.992
PA3.12.TA 1.444 1.097 33.236
PA5.12.TA 1.444 1.097 33.465
PA11.12.TA 1.444 1.098 33.461
PA10.12.TA 1.445 1.098 34.226
PA13.12.TA 1.446 1.099 32.510
PA9.12.TA 1.447 1.100 35.302
PA15.12.TA 1.447 1.100 32.841
PA7.12.TA 1.447 1.100 22.966
PA2.12.TA 1.447 1.100 28.544
PA14.12.TA 1.447 1.100 30.332
PA16.12.TA 1.448 1.100 27.381
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Table B.2: PB.12.TA results
Model RMSE [m/s] MAE [m/s] Execution Time [s]

PB10.12.TA 1.384 1.052 15.675
PB3.12.TA 1.388 1.058 15.525
PB12.12.TA 1.389 1.059 18.157
PB8.12.TA 1.389 1.058 15.726
PB5.12.TA 1.390 1.059 17.081
PB15.12.TA 1.390 1.060 17.214
PB7.12.TA 1.392 1.061 15.099
PB13.12.TA 1.392 1.062 18.190
PB14.12.TA 1.393 1.063 16.743
PB6.12.TA 1.393 1.063 14.213
PB16.12.TA 1.394 1.063 17.473
PB11.12.TA 1.395 1.065 17.456
PB9.12.TA 1.396 1.065 15.936
PB1.12.TA 1.396 1.065 20.049
PB2.12.TA 1.396 1.065 15.185
PB4.12.TA 1.398 1.067 15.697

Table B.3: PC.12.TA results
Model RMSE [m/s] MAE [m/s] Execution Time [s]

PC11.12.TA 1.390 1.057 15.034
PC3.12.TA 1.392 1.059 18.052
PC1.12.TA 1.393 1.059 18.849
PC4.12.TA 1.394 1.062 17.766
PC13.12.TA 1.395 1.061 15.954
PC5.12.TA 1.395 1.062 17.932
PC2.12.TA 1.395 1.062 18.000
PC6.12.TA 1.396 1.063 16.391
PC10.12.TA 1.396 1.063 14.923
PC7.12.TA 1.396 1.063 15.829
PC16.12.TA 1.396 1.063 16.817
PC8.12.TA 1.397 1.063 15.452
PC12.12.TA 1.398 1.065 17.115
PC9.12.TA 1.398 1.064 15.688
PC15.12.TA 1.399 1.066 14.905
PC14.12.TA 1.399 1.066 14.698
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Table B.4: PB.24.TA results
Model RMSE [m/s] MAE [m/s] Execution Time [s]

PB11.24.TA 1.459 1.106 23.269
PB5.24.TA 1.461 1.107 38.018
PB4.24.TA 1.461 1.107 38.144
PB10.24.TA 1.461 1.108 22.034
PB8.24.TA 1.461 1.107 25.083
PB14.24.TA 1.462 1.107 20.098
PB16.24.TA 1.463 1.111 18.879
PB7.24.TA 1.464 1.110 37.102
PB2.24.TA 1.464 1.110 37.205
PB12.24.TA 1.464 1.111 23.190
PB6.24.TA 1.465 1.112 34.725
PB15.24.TA 1.466 1.113 20.759
PB1.24.TA 1.466 1.113 38.613
PB3.24.TA 1.466 1.113 33.623
PB9.24.TA 1.467 1.114 21.015
PB13.24.TA 1.467 1.114 22.300

Table B.5: Turbine A error models results
Model RMSE [m/s] MAE [m/s] Execution Time [s]

10 1.244 0.945 4.818
11 1.245 0.947 4.519
8 1.247 0.951 4.423
4 1.248 0.947 4.106

15 1.248 0.948 4.727
3 1.249 0.948 3.430
9 1.249 0.948 4.026
5 1.251 0.954 3.337
2 1.251 0.952 3.932

13 1.251 0.952 4.402
14 1.252 0.954 3.189
7 1.253 0.953 3.745
1 1.253 0.957 3.361

12 1.253 0.955 4.485
6 1.253 0.957 4.059

17 1.254 0.958 4.320
16 1.255 0.956 3.796
18 1.255 0.955 4.338
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Appendix C

Electrical Load Models Results

Table C.1: Results of the A1 models for the 10-minutes ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

A1.4 242.39 174.03 180.29
A1.3 242.70 174.57 168.67
A1.2 243.15 175.66 182.00
A1.1 253.10 186.73 221.63
A1.5 256.80 182.16 235.83
A1.6 270.42 210.90 162.14
A1.7 475.26 344.22 49.71
A1.8 502.59 377.78 38.87

Table C.2: Results of the A2 models for the 10-minutes ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

A2.4 222.73 159.53 246.10
A2.2 224.22 160.96 195.67
A2.1 225.03 161.67 178.58
A2.5 242.35 170.77 226.15
A2.6 244.41 182.38 168.44
A2.7 272.26 208.88 94.76
A2.8 285.42 222.61 71.49
A2.3 398.73 294.36 148.53
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Table C.3: Results of the A3 models for the 10-minutes ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

A3.6 291.71 226.74 111.85
A3.5 295.85 242.23 132.83
A3.7 315.52 231.52 81.90
A3.8 344.40 249.90 63.66
A3.1 563.28 449.06 2.93
A3.2 571.47 454.32 3.76
A3.3 580.09 460.27 3.58
A3.4 599.57 474.90 3.11

Table C.4: Results of the B1 models for the 10-minutes ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

B1.7 240.74 181.66 195.64
B1.4 242.25 175.15 180.94
B1.3 242.90 175.12 289.44
B1.2 248.88 182.27 371.79
B1.1 249.36 183.58 446.52
B1.6 254.98 189.24 302.09
B1.8 273.74 212.60 91.05
B1.5 365.09 271.97 363.77

Table C.5: Results of the B2 models for the 10-minutes ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

B2.2 223.12 160.18 249.42
B2.4 223.37 161.03 208.87
B2.1 225.61 163.17 230.61
B2.3 228.02 166.66 235.35
B2.6 250.92 178.65 127.01
B2.8 267.04 204.19 60.01
B2.7 267.28 196.28 70.16
B2.5 306.82 236.07 230.22

Table C.6: Results of the B3 models for the 10-minutes ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

B3.6 311.72 239.61 49.77
B3.7 317.84 233.00 39.26
B3.8 331.41 247.05 32.46
B3.5 336.83 270.14 95.53
B3.1 615.41 504.54 1.97
B3.2 621.48 507.54 1.77
B3.4 631.64 513.84 1.50
B3.3 634.12 514.87 1.60
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Table C.7: Results of the A1 models for the 1-hour ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

A1.1 572.21 465.41 91.84
A1.3 573.56 466.60 44.24
A1.2 574.02 467.16 39.08
A1.4 673.20 536.27 25.81
A1.5 712.01 595.18 157.34
A1.8 771.64 636.35 50.05
A1.7 805.80 667.98 52.85
A1.6 846.46 693.15 59.32

Table C.8: Results of the A2 models for the 1-hour ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

A2.6 463.31 364.12 228.18
A2.1 465.41 375.39 171.29
A2.3 465.46 376.36 224.66
A2.2 465.67 375.77 181.96
A2.7 466.20 367.29 193.99
A2.4 467.42 378.38 217.47
A2.5 482.71 379.58 225.62
A2.8 678.55 535.40 78.93

Table C.9: Results of the A3 models for the 1-hour ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

A3.6 550.35 449.76 54.43
A3.7 560.49 461.66 43.26
A3.8 572.15 471.17 32.07
A3.2 591.09 470.79 1.99
A3.5 591.27 474.10 86.33
A3.3 603.45 480.31 1.84
A3.4 605.37 481.66 1.60
A3.1 1860.83 1761.30 72.15

Table C.10: Results of the B1 models for the 1-hour ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

B1.7 387.76 307.92 308.68
B1.6 417.97 329.22 272.42
B1.8 538.71 447.98 128.35
B1.5 549.19 441.91 212.19
B1.1 572.03 465.67 51.27
B1.2 573.49 467.95 53.75
B1.3 573.98 469.01 69.29
B1.4 574.39 469.37 62.79
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Table C.11: Results of the B2 models for the 1-hour ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

B2.8 348.96 271.82 194.76
B2.7 356.58 276.64 205.38
B2.6 386.33 298.88 263.97
B2.1 464.69 375.80 465.34
B2.2 465.43 376.69 451.10
B2.3 467.40 378.66 251.86
B2.4 468.96 380.31 237.60
B2.5 472.04 370.68 409.50

Table C.12: Results of the B3 models for the 1-hour ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

B3.5 526.16 425.09 98.43
B3.6 529.94 424.47 54.06
B3.7 546.73 439.21 41.90
B3.8 560.90 453.75 34.80
B3.1 632.82 518.71 2.56
B3.2 634.81 519.62 2.10
B3.3 648.97 527.27 1.90
B3.4 660.83 534.17 1.69

Table C.13: Results of the A1 models for the 12-hours ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

A1.4 663.39 535.40 46.75
A1.3 663.43 535.46 51.15
A1.2 663.98 536.00 106.52
A1.1 667.36 539.02 164.66
A1.5 746.74 607.26 462.32
A1.6 795.18 653.65 346.18
A1.8 866.14 707.79 53.61
A1.7 867.05 705.31 69.46

Table C.14: Results of the A2 models for the 12-hours ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

A2.1 583.56 465.15 103.06
A2.2 587.93 468.29 64.87
A2.3 593.15 471.88 52.65
A2.4 597.27 474.39 49.15
A2.6 663.67 508.49 247.40
A2.5 670.57 525.36 245.93
A2.7 688.58 536.14 206.75
A2.8 719.36 577.17 78.72
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Table C.15: Results of the A3 models for the 12-hours ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

A3.1 619.72 494.56 2.26
A3.2 621.48 495.45 1.93
A3.5 628.11 502.14 87.88
A3.3 635.49 504.76 1.75
A3.6 637.86 506.67 46.99
A3.4 646.70 513.25 1.39
A3.7 648.41 513.96 35.53
A3.8 672.59 531.08 27.57

Table C.16: Results of the B1 models for the 12-hours ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

B1.2 661.66 532.41 62.83
B1.1 662.25 533.30 74.83
B1.4 663.77 532.84 38.47
B1.6 673.77 541.15 176.30
B1.3 742.62 589.03 25.17
B1.5 774.78 626.45 190.31
B1.7 805.36 633.59 79.02
B1.8 867.87 685.25 36.02

Table C.17: Results of the B2 models for the 12-hours ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

B2.1 585.58 461.69 84.49
B2.4 592.77 458.75 93.00
B2.3 592.80 458.01 98.94
B2.2 593.05 461.49 65.38
B2.7 615.31 481.40 175.85
B2.6 639.22 502.54 165.94
B2.8 652.77 520.81 159.71
B2.5 697.02 567.22 180.31

Table C.18: Results of the B3 models for the 12-hours ahead forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

B3.5 642.79 506.52 256.81
B3.1 646.44 532.24 5.20
B3.2 653.44 535.95 2.81
B3.8 656.59 513.62 67.40
B3.7 659.59 515.65 97.47
B3.3 659.69 539.60 3.52
B3.4 669.06 545.41 2.67
B3.6 669.15 522.06 104.85
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Table C.19: Results of the ”A” models for the 10-minutes ahead error forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

A.6 212.10 139.26 35.74
A.7 212.78 139.83 27.39
A.8 213.22 140.36 18.37
A.2 214.17 140.09 6.55
A.3 214.37 139.60 6.75
A.4 214.40 140.23 4.34
A.1 214.53 140.03 11.34
A.5 214.90 143.50 21.50

Table C.20: Results of the ”B” models for the 10-minutes ahead error forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

B.8 179.61 133.94 21.75
B.6 179.67 133.87 36.83
B.7 180.36 134.43 20.96
B.5 180.42 134.05 70.47
B.4 183.34 135.73 10.75
B.2 183.47 135.83 14.13
B.3 183.72 136.06 10.65
B.1 183.81 136.00 29.04

Table C.21: Results of the ”C” models for the 10-minutes ahead error forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

C.8 172.22 120.20 23.97
C.3 172.50 119.54 22.92
C.4 172.99 119.96 21.79
C.1 173.84 121.99 35.80
C.2 173.87 121.99 18.90
C.7 174.07 123.07 29.30
C.6 176.50 124.52 25.25
C.5 181.52 128.36 43.52

Table C.22: Results of the ”A” models for the 1-hour ahead error forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

A.4 319.63 252.31 22.62
A.8 319.85 251.56 160.46
A.3 320.08 252.69 24.74
A.5 320.29 252.43 210.58
A.7 320.29 252.12 118.18
A.6 320.35 252.47 136.10
A.2 320.66 253.30 22.73
A.1 321.73 254.11 33.56
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Table C.23: Results of the ”B” models for the 1-hour ahead error forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

B.1 290.12 236.72 12.54
B.3 290.26 236.82 9.71
B.2 290.30 236.90 10.25
B.4 290.51 236.99 6.28
B.8 294.06 239.01 22.15
B.7 294.93 239.59 25.73
B.5 295.68 239.26 43.01
B.6 296.79 240.91 21.57

Table C.24: Results of the ”C” models for the 1-hour ahead error forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

C.1 284.61 230.97 11.09
C.3 284.69 231.16 5.96
C.2 284.71 230.96 7.77
C.4 284.78 231.36 5.45
C.8 292.07 237.70 13.79
C.7 292.27 237.80 16.29
C.5 292.53 236.47 36.21
C.6 294.02 238.64 21.72

Table C.25: Results of the ”A” models for the 12-hours ahead error forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

A.1 480.29 380.19 53.31
A.4 480.31 380.35 29.67
A.2 480.37 380.34 25.91
A.3 480.42 380.35 27.45
A.5 480.72 384.38 78.71
A.6 481.43 384.26 27.17
A.7 481.49 384.04 23.90
A.8 481.50 384.17 16.42

Table C.26: Results of the ”B” models for the 12-hours ahead error forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

B.7 417.98 347.61 59.39
B.4 418.44 348.27 10.62
B.3 418.78 348.52 12.89
B.1 419.21 348.85 14.30
B.2 419.86 349.67 9.59
B.8 421.30 349.82 33.79
B.6 422.66 350.87 51.86
B.5 432.32 357.77 57.48
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Table C.27: Results of the ”C” models for the 12-hours ahead error forecasts
Model RMSE [kW] MAE [kW] Execution Time [s]

C.3 405.68 332.63 15.17
C.2 406.67 334.04 8.24
C.4 406.72 334.02 8.90
C.1 407.42 334.82 12.86
C.8 416.01 342.91 33.52
C.6 420.33 345.90 43.05
C.7 421.29 346.06 27.81
C.5 430.50 352.54 48.93
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