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Abstract: The integration of Photovoltaic (PV) systems requires the implementation of potential PV
power forecasting techniques to deal with the high intermittency of weather parameters. In the
PV power prediction process, Genetic Programming (GP) based on the Symbolic Regression (SR)
model has a widespread deployment since it provides an effective solution for nonlinear problems.
However, during the training process, SR models might miss optimal solutions due to the large search
space for the leaf generations. This paper proposes a novel hybrid model that combines SR and Deep
Multi-Layer Perceptron (MLP) for one-month-ahead PV power forecasting. A case study analysis
using a real Australian weather dataset was conducted, where the employed input features were the
solar irradiation and the historical PV power data. The main contribution of the proposed hybrid
SR-MLP algorithm are as follows: (1) The training speed was significantly improved by eliminating
unimportant inputs during the feature selection process performed by the Extreme Boosting and
Elastic Net techniques; (2) The hyperparameters were preserved throughout the training and testing
phases; (3) The proposed hybrid model made use of a reduced number of layers and neurons while
guaranteeing a high forecasting accuracy; (4) The number of iterations due to the use of SR was
reduced. The presented simulation results demonstrate the higher forecasting accuracy (reductions
of more than 20% for Root Mean Square Error (RMSE) and 30 % for Mean Absolute Error (MAE) in
addition to an improvement in the R? evaluation metric) and robustness (preventing the SR from
converging to local minima with the help of the ANN branch) of the proposed SR-MLP model as
compared to individual SR and MLP models.

Keywords: hybrid model; genetic algorithm; PV power forecasting; symbolic regression; deep
multi-layer perceptron; MLP

1. Introduction

Recently, the world has been witnessing an increasing interest in Renewable Energy
(RE). RE refers to ecological resources that produce electricity from free and inexhaustible
energy, with no emission of greenhouse gases. On the one hand, energy security accompa-
nied by environmental worries are a major concern when utilizing fossil fuels for electricity
production. On the other hand, the deployment of RE ensures the supply of electricity
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to isolated sites without the creation of new transmission and distribution lines. These
are the reasons why most countries have made the use of RE a priority in their energy
policy toward achieving Sustainable Development Goals (SDGs). For instance, a total of
509 GW of generated Photovoltaic (PV) power was recorded by the end of 2018, with an
increase of 102 GW in comparison with 2017 [1]. The large accessibility of this type of RE in
many locations in the world would enormously impact energy security, the environment,
and economic growth, which justifies intensive research and development efforts in this
direction. Thus, the use of PV power appears to be an obvious choice when targeting
a massive reduction in CO, emissions worldwide in the next decade. Nevertheless, the
generated PV power depends mainly on the weather parameters, which continuously
vary during the day [2—4]. Usually, PV power is forecasted over single or multiple steps
ahead [5]. An accurate power forecasting is thus mandatory as it might prevent PV power
plants from sudden interruptions and total collapse [6,7].

Forecasting models ensure the effective operation of unit commitments and fast proac-
tive dispatches to the grid utility [8]. These techniques are classified into short, medium,
and long-term prediction, depending on the forecasting horizon [9]. PV power is predicted
using a comprehensive analysis of weather parameters, including temperature, irradiance,
and dust [10]. The prediction process is usually implemented using numerical weather
prediction techniques [11]. Markov chains have been widely employed for weather and
power prediction because the estimated power is unaffected by prior forecasts. More-
over, data-driven approaches using domain knowledge have been widely implemented to
estimate the prospective behavior of energy systems [12].

On the other hand, physical models have been extensively used (despite their poorer
accuracy) to define the actual PV power output [13,14]. The stochastic prediction of weather
data is performed by statistical time series algorithms such as Auto-Regressive Moving
Average (ARMA) and exogenous input-based Auto-Regressive Moving Average (ARMAX)
to indirectly predict PV power [15]. The work in [16] presented many ARMA-based
techniques for short-term PV power prediction such as Seasonal Auto-Regressive Inte-
grated Moving Average (SARIMA), modified SARIMA, exogenous inputs-based SARIMA
(SARIMAX), and optimized SARIMAX. The numerical simulations verified that statistical
methods are only reliable in the summer season, with the superiority of the Optimized
Combined SARIMAX [16]. Moreover, the accuracy decreases significantly due to unstable
weather conditions.

The authors of [17] investigated the performance of several hybrid PV power forecast-
ing techniques (nonlinear models) such as least squares support vector regression (LSSVR),
feedforward neural network (FFNN), and exogenous input-based auto-regressive models
(NARX). The comparison showed that the applied FFNN marginally outperforms the stan-
dard models. Alternatively, genetic algorithms (GAs) have shown potential functionality in
time series forecasting for various applications. GAs mimic biological evolution by using
various duplications of their components. The architectural structure is carried out by
individual selection, mutation, and crossover. GAs offer key perceptions for developing
effective models such as machine learning (ML), intelligent search, and deep learning
(DL) [18] for many applications. For instance, the authors of [19] presented a comprehen-
sive review on the use of Artificial Neural Networks (ANN), Support Vector Machines
(SVM), and Extreme Learning Machines (ELM) in smart grids. The work in [20] discussed
an interesting application of DL Neural Networks that improves the accuracy of short-term
PV power forecasting using sky images. The authors concluded that the cloud coverage
rate was a key feature that led to the improvement of the short-term forecasting accuracy
by 2%. In [21], the application of supervised, unsupervised, and statistical ML techniques
with minimum input features was discussed for PV fault detection. Another application
of ML was proposed in [22], which investigated the energy storage properties of novel
ionic liquid-MXene hybrid nanofluids. Two modern ensemble ML techniques—quadratic
support vector regression and Matern 5/2 Gaussian process regression—were employed
to predict the model of the specific heat, viscosity, and thermal conductivity of the above-
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mentioned nanofluids. Numerous statistical indicators (such as correlation coefficient
and RMSE) were taken into consideration to assess the performance of the proposed ML
techniques. Moreover, a Random Forest (RF) algorithm was proposed in [23] to predict
wind power generation. Then, the wind power forecasting data were correlated with the
predicted load demand to determine the day-ahead optimal energy of a pumped hydro
energy system.

For PV power forecasting, it has been remarkably noticed that in most cases, the
accuracy falls when the time horizon increases. The increase in the forecasting accuracy
by using DL models with multiple layers has gained increasing interest in PV power
prediction. For instance, the authors of [15] investigated the use of DL algorithms such as
Long Short Term Memory (LSTM), Convolutional Neural Network (CNN), and a hybrid
LSTM-CNN model in PV power prediction. It is worth mentioning that the hybrid LSTM-
CNN model showed a higher prediction accuracy in comparison with the LSTM and CNN
predictors. Indeed, the model selection criteria depend on the complexity, computational
cost, forecasting horizon, and accuracy requirements.

Hybrid structures and ensemble models are usually applied to improve the perfor-
mance of the current approaches. For instance, a hybrid model using the Radial Basis
Function Neural Network (RBFNN), Wavelet Transform (WT), and Particle Swarm Opti-
mization (PSO) has been proposed in the literature to increase the effectiveness of prediction.
Hybrid models aim to predict the PV power for various time ranges (from 1 h to 3 days
across multiple seasons, and for sunny, cloudy, and rainy days). In the analyzed case
study, WT has a major contribution to the precision of the hybrid system by smoothing the
input data. In [16], the authors combined PSO, GA, and Adaptive Neuro-Fuzzy Inference
Systems (ANFIS) to reduce the error value. The GA-PSO-ANFIS hybrid method was tested
on real-world data from the Goldwind microgrid system in Beijing. According to the
current literature study, most of the work achieved to date tends to emphasize short-term
(e.g., hourly and daily) PV power forecasting. Only a few studies have been conducted to
address a longer time horizon due to the decrease in the forecasting performance with time
horizon expansion. In this study, monthly PV power forecasting was achieved by using a
perfectly tailored hybrid model with excellent accuracy. The extrapolation ability of the pro-
posed model was verified on a real PV power plant. Table 1 illustrates the state-of-the-art
work for PV power forecasting.

This paper’s main contributions are the following:

1.  Anovel feature selection technique was employed to investigate the feature patterns;

A novel hybrid algorithm was explored for PV power forecasting;

3. Afair evaluation was presented by showing the numerical and graphical performances
of the proposed hybrid model.

N

The rest of the paper is structured as follows: Section 2 briefly defines the models
employed in the simulation process and formulates the problem statement for the pa-
per. Section 3 presents the proposed architecture and explains the adopted structure. In
Section 4, a case study is provided for the validation of the proposed model along with a
comprehensive interpretation of the simulation results. Finally, Section 5 summarizes the
proposed techniques and concludes the study.
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Table 1. State-of-the-art PV power forecasting techniques.

Model Reference Score Metrics Lowest Score Dataset
XGBF !-DNN 2 [24] RMSE, MBE 3, FS 4 RMSE = 51.35W PV data in Limberg, Belgium
SR-FFNN [25] RMSE, MBE 2, MAE, R? R?=0.932 Solar power in Flanders, Belgium
LSTM [26] NMAE, RMSE RMSE = 38.13 kWh 1 MW PV site in Goheung, Korea
Modified LSTM [27] MAE, RMSE RMSE = 0.55 kW Ansan, Gyeonggi-do, Korea
LSTM-EMA 5 [28] RMSE, R%, MAPE R2 =096 Ye°nse°“g'gu“i<(;ry::“gg"d°' South
NRMSE, nMBE, MAE 32 PV plants installed at different
6 4 7 7 — p
ENS [29] nMAE MAE =74.1kwW latitudes in Italy
GA-PSO-ANFIS [30] RMSE, MA]:Z{ NMAE, FS RMSE = 2.08 kW Goldwind m?crog.r.l.d system found
in Beijing
SOM7,1vQ8,SVR? [31] MRE 1° and RMSE MRE = 1.79% Taiwan Central Weather Bureau
PFLRM ! [32] RMSE, MAD 2, MAPE RMSE = 59.38 kW Coloane island of Macau
ANN [33] RMSE, R? R? =0.999 Solar power plant in Dhaka
LSH 13 [34] RMSE, MRE, QR RMSE = 4.23 kW PV power station in Ashland
AE 5.LSTM [35] MAPE, RMSE, MAE RMSE = 0.14 kW PVinverter installed in Haenam,
South Korea
SFLA 16-ANN [36] MAPE MAPE = 5.38% PV sites in Florida
PCPOW 17 [37] R2 R2 = 0.938 Yunnan Electric Power Research

Institute

! Extreme Gradient Boosting Forest. 2 Deep Neural Network. 3> Mean Bias Error. 4 Forecast Skill. 3 Exponential
Moving Average. ® Ensemble of Methods. 7 Self-Organization Map. ® Learning Vector Quantization. * Support
Vector Regression. '° Mean Relative Error. 1! Partial Functional Linear Regression Model. 2 Mean Absolute
Deviation. 3 Local Sensitive Hashing. * QR pass rate. 1> Auto-Encoder. 1 Shuffled Frog Leaping Algorithm.
17 PSO-based sky images cloud motion speed calculation method for PV power.

2. Background and Proposed Architecture

The separate stages of the proposed forecasting system, including the Symbolic Re-
gression (SR) and Multi-Layer Perceptron (MLP), are comprehensively explained in this
section. The main emphasis is on the problem statement of the proposed architecture.

2.1. Symbolic Regression

Unlike most of the ML techniques that make use of a pre-defined parametric function
(prior assumptions of the fitness procedure), SR, which is considered to be an evolutionary
algorithm, creates a formula that is fit to a proposed database [38] throughout the training
phase. The structure of the SR is seen as a set of coordinating tree functions (Figure 1).

Figure 1. Binary genetic tree programming representation: f(x,y) = sin(@), z € R*.
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As illustrated in Figure 1, the inner nodes represent the start of a mathematical process
completed by a leaf. During the training phase, the technique examines the parameter
patterns in the dataset using analytic functions and state variables. From a hierarchical
perspective, the inputs are supplied to the system, and the fitness functions are built during
the initial iteration. The error values are generated by mutations and crossovers. Gene
replication then generates the descendants’ offsprings, thus replacing the first generation
and producing the final symbolic function.

The goal is to create new entities from stronger genes that respect the Darwinian -
survival of the most appropriate strategy [39]. Mutations are then employed randomly to
reduce the root mean square error (RMSE) values. The symbolic function is fixed once the
error hits the minimum threshold, and the training part ends to allow for the evaluation
process to take place. It is worth noting that only supervised problems are compatible
with SR as the database is the main factor in designing the symbolic functions. The biggest
advantage of most of the SR models is the fact that they allow the dataset itself to select
the best function that corresponds to the lowest RMSE. The most important parameters
of SR are generation, stopping criteria, population size, and mutation point. Despite the
aforementioned features of SR, the main drawback of such models is the large search space
with infinite generation. A large number of local minima slows down the search process.
Therefore, there is a risk that the model will be fooled with false sub-optimal solutions.

2.2. Deep Multi-Layer Perceptron

The MLP model is a deep FFNN consisting of input, hidden layers, and output
layers [40]. In such a model, the information transmission is unidirectional. It was shown
in [41] that the perceptrons are triggered by nonlinear activation functions, including
sigmoid, hyperbolic tangent function (tanh), Rectified Linear Unit (ReLU), and a normalized
exponential function (Softmax) [17]. These functions are computed as follows [17]:

1
Sigmoid(x) = TTexp(—n) (1)
2
tanh(x) = Trep(-20 1 2)
ReLu(x) = max{0, x} (©)]
Softmax(x); = —*— 4
oftmax(x); Z;-;l - 4)

where x = (x1,...,x¢) represents the input samples, k denotes the total values, and x; is the
input sample at j time step. Each neuron is characterized by a bias, while the importance of
each connection is defined by its specific weight. During the transmission, the weighted
inputs w;x; are summed up with the bias value b, as per [42].

yi =wix; +b 5)

After applying the nonlinear activation function to the residual, the last value is
conveyed to the next layer. The same procedure is duplicated until the final output is
obtained using the formula below [42]:

y= q’(i wix; +b) = ®(w'x +b) (6)
-1

where y denotes the system output and ®(.) : R — R is the nonlinear activation function.
The design of the MLP is presented in Figure 2, where the nodes are interconnected via
weighted links.
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Figure 2. MLP model architecture.

Finally, the back-propagation concludes the training process, where the bias and
weights are tuned based on the disparity between the actual and predicted values (loss
function). The learning rate is identified by the gradient-based optimization algorithm
at each iteration. MLP, considered as the initial form of DL due to the high number
of neurons and layers [43], has been used in many applications to address supervised
problems involving Natural Language Processing (NLP), regression, and classification
algorithms. This model is characterized by its ability to effectively handle nonlinear
problems. However, its main disadvantages are its sensitivity to the input scaling and
redundancy in high-dimensional space. In short, the hyperparameter tuning, initial bias,
and weights’ values as well as the type of activation function have a big impact on the
model architecture and the accuracy /rapidity of convergence.

2.3. Genetic Programming

Genetic programming (GP) is very similar to GA. GP was first introduced in [44],
where the presented architecture consisted of a series of tree structures, and the final
function was constructed from the operational functions (nodes). Moreover, GP offers more
flexibility with fewer invalid states as compared to GAs. GP makes use of a set of commands
such as Auto-Defined Loop (ADL), Auto-Defined Recursion (ADR), Auto-Defined Iteration
(ADI), and Auto-Defined Function (ADF) [45]. The iterative solution-finding process of GP
is illustrated in Figure 3.

> Create random generation

v

Evaluate fitness of each individual

Initialization

ermination
criteria
reached

Evaluation
e

.

Apply genetic operations based on
selection rules

Evolution

Add descendents to the next
generation

()

Figure 3. GP flowchart.
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2.4. Problem Formulation
The nonlinearity of PV power parameters is due to the used meteorological data, which
are linearly independent. The mathematical relationship between the weather parameters
is represented by the formula below [46]:
I + Ki(T - Tref)G
Gre f

Ppy = vaNp - Id - Ish (7)

where Ppy is the generated PV power, G is the irradiation, and T is the cell temperature.
Moreover, G,, fr Tye fr Ki, 13, Vpo, Np, and I are the reference irradiation, reference tempera-
ture, temperature coefficient, diode current, PV voltage, number of parallel cells, and the
short-circuit current, respectively. The generated PV power from a single module using the
Australian weather dataset is illustrated in Figure 4.

1000
800
600

400

Irradiation(W/m?)

200 -

300
30 250

200
150

Temperature (°C) 100

50
00 Daily PV Power (W)

Figure 4. Typical 1-day PV power generation versus the temperature and irradiation.

As can be seen in Figure 4, the PV power output is highly correlated with the tempera-
ture and the irradiation, which has adverse effects on the grid utility. Numerous weather
parameters affect the seasonality of the PV power generation which in turns affects the
grid stability and unit commitment. This paper proposes efficient and accurate PV power
forecasting for 30 days ahead in order to lessen the effects of weather variation on the utility
grid by providing information about future PV generation.

3. Hybrid Model

The hybrid model proposed in this paper is built by combining SR, GA, and deep MLP
models. The SR-MLP is represented by a group of sub-trees with heterogeneous units. The
role of the mutation is to find a local minimum between the models, taking into account the
residuals of the offsprings. In contrast to the ensemble models that combine homogeneous
models, the proposed predictor merges two heterogeneous tree structures. The first model
uses an iteration of mathematical operators, while the second one makes use of multiple
neurons and weight/bias adjustments. The final output is obtained in the last layer with
the use of a single operator. The application of this technique implies a kind of transfer
learning that reduces losses and noise. The dataset undergoes a feature selection process to
eliminate missing or erroneous values resulting from sensor damage or recorded errors.
MLP and SR are then trained separately, and the voting method is used to average the
two predictors’ outputs. Extensive simulation analysis has been conducted to provide the
ML technique that best meets the performance requirements of the underlying forecasting
task. To the authors’ best knowledge, the symbolic regression model has never been joined
together with others for PV power forecasting. Moreover, the hybridization of the MLP and
Symbolic Regression (SR) has never been tailored to perform a prediction task. Figure 5
shows the flowchart of the proposed predictor.
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Figure 5. Flowchart of the proposed PV power forecasting algorithm.

The proposed forecasting algorithm performs as follows: The weather station gen-
erates precise information about the meteorological parameters of the PV system, such
as temperature, irradiation, and relative humidity. The data collected are fed to the sec-
ond bloc, where an extensive feature selection process is employed to clean the data of
erroneous values and outliers. The proposed feature selection tool classifies the inputs
according to their importance to optimize the data processing. Then, the selected feature
vectors are fed to the third bloc, which represents the SR-MLP model. The proposed model
generates monthly PV power forecasts that are to be used in the scheduling of the operative
conditions control for the grid utility (Figure 5).

4. Case Study
4.1. Features Selection

The dataset includes open-source measurements of meteorological parameters taken
with a 5-minute time step in a solar farm in Australia [47]. The training was performed
using data recorded between 1 January 2017 and 31 December 2018, while the testing was
performed using the data from January 2019. To optimize the number of feature inputs
and limit the database size in order to speed up the training process, two effective feature
selection methods were applied at the same time (Extreme Boosting and Elastic Net) [48,49].
The attribute selection contributes to the system by removing the irrelevant and correlated
features from the dataset. Having these techniques combined leads to a more reliable
collection (a different way of measuring the parameter magnitude). Figure 6 illustrates the
feature selection results, while the irradiation and former PV power values over two years
are illustrated in Figures 7 and 8.
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I ELASTIC NET
I Extreame Boosting

Wind speed/direction

Temperature

Relative humidity

Previous PV power

Features inputs

H. radiation

Diffuse H. radiation

0,0 02 04 0.6 08 10 12 14

Inportance weight scaled value

Figure 6. Coefficients of the nonlinear correlation between the PV power and related system attributes.

—— solar radiation(w/m?) J

& 1250

=
o
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o

Solar radiati
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Timeset(timestep=5 min)

Figure 7. Recorded irradiation variation over 2 years (W/m?).

—— previous power(kW) ’

previous power(kW)

0 50,000 100,000 150,000 200,000 250,000
Timeset(timestep=5 min)

Figure 8. Recorded PV power variation over 2 years (kW).

According to Figure 6, the horizontal radiation (irradiation) and the former PV power
values (historical values recorded at the same time in the previous year) are the most
important features compared to the other parameters. Figure 7 shows the high seasonality
of the irradiation. However, this seasonality does not match the behavior of the variation
of the recorded PV power, which is characterized by high variations and nonlinear trends
(Figure 8). This analysis is crucial for the determination of the most significant indicators
for the next PV power predictions. It is worth noting that 70% of the data was used for
training, while the remaining 30% was devoted to testing and validation.

4.2. Training and Simulation Results

The performance of the proposed model is investigated in this section. For an im-
proved learning process, data were pre-processed to eliminate missing and erroneous data.
The resulting data were then unified between 0 and 1. This re-scaling allowed for a better
understanding of the functional (features) behavior of the MLP model in particular. Both
training and testing phases were performed using PYTHON. The hyperparameters of each
model were designated with the use of a Random Search method. The RS was selected
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due to its excellent performance for hyperparameter optimization as compared to several
benchmarks, including PSO and Bayesian Optimization (BO). The MLP consisted of 3000
layers, while the SR had 25 iterations. The performance evaluation was implemented
through simulation graphs, cross-validation, and score metrics (mean absolute error (MAE),
RMSE, and coefficient of determination (R?)), as per [50-52]:

1 n—1
MAE = _)  lyi — i ®)
i=0
RMSE = ©)
N D =
R?=1- S5 ——== Wizl g5, (10)

Zi:() (]/i - ]/i)z i=0
where n denotes the total number of samples, § and y refer to the forecasted and real
observations, respectively. The experimental results were taken from real-time series data.

The results of the predicted PV power against the real PV power values over one month
are presented in Figure 9.

—— SR-MLP
—— Real power
200

o
o

PV power(KW)
)
o

50

0
0 1000 2000 3000 4000 5000 6000 7000 8000
Timeset(5 min)

Figure 9. One-month predicted vs. real PV power (kW).

As shown in Figure 9, the proposed algorithm presents highly accurate predicted
PV power values. It is worth mentioning that the training process only lasted for 6 min.
Thus, the proposed algorithm works well with time series data and time periods of up
to 1 month. To separately examine the improvement rate of the proposed SR and MLP
models, Figure 10 is presented. Additionally, Figure 11 shows a high-resolution zoom of
the prediction results using the different models.

350 -
= R A R ﬁ po /«f — P
150 / 150 I — SR
o0 r\ /\ = b — srme
7 I | (1 | |3 \ —— Real power
2s0(2 [ | || |} ] :
25 | 25 \\
g U_}200!5_22)00 ‘m} ZS(HSDO LWJO 02{10 4909 _50\1}' 5100 52\};—
< 200 P .
[ : : | |
3 ! ! il
2 150 i i ; i
> ] i
o ! ! il
100 : it
i il I
50 ' i\
i 11k
| J
0 ==

0 1000 2000 3000 4000 5000 6000 7000 8000
Timeset(5 min)

Figure 10. Performance investigation of the PV power forecasting using different models.
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200
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S 125

PV power(K!
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2750 2775 2800 2825 2850 2875 2900 2925
Timeset(s)

Figure 11. One-day PV power forecasting using the different models (kW) (high resolution).

As shown in Figures 10 and 11, the proposed SR-MLP technique outperformed the
individual SR and MLP algorithms. Moreover, the employed transfer learning, through
a voted technique, improved the prediction accuracy. The hybrid tree joined two sub-
branches at an average connected leaf point. Using only irradiance and previous PV power
values, the model was able to produce accurate estimates. The proposed predictor avoided
an overfitting of the system and maintained high efficiency over the prediction horizon.

Figure 12 displays the cross-validation visualization of the proposed approach. The
two curves of the real and forecasted PV power nearly have a perfect match, with a small dif-
ference during the PV generation peaks. The highest error was registered at time step 43 at
37 kW, while the rest of the forecasting points remained close to the ground truth. Therefore,
the proposed approach was successfully cross-validated. Table 2 details the performance
metrics of each model, while Figure 13 illustrates their graphical representations.

200 —— SR-MLP
—— Real power

PV power(KW)
2 N a
o o o (&)

~
o

o
=]

N
o

o

0 20 40 60 80 100
Timeset(5 min)

Figure 12. A capture of the SR-MLP Cross-Validation from [0,100] (high resolution).

I MAE
I RMSE

Score errors

Symbolic regressor MLP Hybrid method

Predictors

Figure 13. MAE and RMSE Error comparison.
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4.3. Discussions

Table 2 and Figure 13 present the PV power forecasting accuracy of the different
predictors in terms of the RMSE, MAE, and R? metrics. One can notice that the proposed
SR-MLP algorithm clearly outperforms the individual SR and MLP algorithms. Moreover,
it is worth mentioning that parallel computing greatly reduces the computational cost
(only 7 min for a 2-year historical database at a 5-minute time step, on a LENOVO Ideapad
7205-151KB computer using Python version 3.7).

Table 2. Comparison of Score Metrics.

Errors SR MLP SR-MLP
RMSE (kW) 7.21 6.48 5.58
MAE (kW) 4.92 3.81 3.3

R2 0.988 0.990 0.993

The training speed of the hybrid algorithm was significantly improved by eliminating
unimportant inputs during the feature selection process performed by the Extreme Boosting
and Elastic Net techniques. The training as well as the testing datasets were equally
supplied to the system. Moreover, the hyperparameters were preserved throughout the
training and testing phases. Thus, the proposed algorithm is characterized by higher
forecasting performance as compared to the individual algorithms. Indeed, the reliability
of the proposed SR-MLP is based on two predictors, which greatly improves the overall
forecasting accuracy. The robustness of the SR-MLP algorithm prevented the SR from
converging to local minima with the help of the ANN branch. The system output was
computed by averaging the results for each predictor. Further research is needed on the
effect of varying the contribution ratio of each predictor on the optimal results. However,
the proposed forecasting system is very effective in keeping grid-connected PV systems
protected from unexpected disturbances.

5. Conclusions

This paper presented an effective hybrid model that supports the Symbolic Regressor
(SR) model in the search for local minima and optimal solutions. The proposed hybrid
method consists of a combination of SR and Deep Multi-Layer Perceptron (MLP). At each
forecasting time step, the hybrid SR-MLP creates an optimum by averaging the results of
each predictor. The proposed SR-MLP is characterized by the following features: (1) its easy
implementation and training rapidity (eliminating unimportant inputs during the feature
selection process with the use of Extreme Boosting and Elastic Net techniques); (2) a reduced
number of layers and neurons while guaranteeing high accuracy; (3) a reduction in the
number of iterations due to the use of SR; and (4) the preservation of the hyperparameters
throughout the training and testing phases. The presented simulation results demonstrated
that the proposed SR-MLP is characterized by its high effectiveness through different test
scenarios. The proposed technique could be of significant interest to grid utilities, including
unit commitment and economic dispatch. However, if the SR does not inversely follow the
MLP, the error will dramatically increase. For this reason, the development of an indicator
that creates a warning and guides the mixture to an accurate forecast is needed to prevent
the hybrid predictor from providing any misleading information.
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