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Abstract: Accurate forecasting of PV power not only enhances the utilization of solar energy but
also assists power system operators in planning and executing efficient power management. The
Temporal Convolutional Network (TCN) is utilized for feature extraction from the data, while the
White Shark Optimization (WSO) algorithm optimizes the TCN parameters. Given the extensive
dataset and the complex variables influencing PV output in this study, the maximal information
coefficient (MIC) method is employed. Initially, mutual information values are computed for the base
data, and less significant variables are eliminated. Subsequently, the refined data are fed into the
TCN, which is fine-tuned using WSO. Finally, the model outputs the prediction results. For testing,
one year of data from a dual-axis tracking PV system is used, and the robustness of the model is
further confirmed using data from single-axis and stationary PV systems. The findings demonstrate
that the MIC-WSO-TCN model outperforms several benchmark models in terms of accuracy and
reliability for predicting PV power.

Keywords: photovoltaic power forecasting; maximal information coefficient; temporal convolutional
network; white shark optimizer

1. Introduction

The progress of human society has increased the energy demand. But fossil fuel
reserves are limited and non-renewable. Therefore, more and more countries are starting to
support the growth of renewable energy technology for generating power [1]. As energy
demand rises in developing nations, the installed capacity of photovoltaic (PV) systems
is also increasing annually [2], and Building Integrated Photovoltaics (BIPVs) have been
developed, which are important for reducing energy consumption and improving thermal
quality [3]. Due to factors such as solar radiation and ambient temperature, the output
power of PV systems exhibits intermittency, volatility, and randomness, which brings great
uncertainty to the operation, scheduling, and planning of the power system [4]. Forecasting
photovoltaic power is considered one of the most economically feasible solutions for man-
aging solar intermittency. Precise photovoltaic power forecasting significantly enhances
the efficiency of solar energy utilization, thus increasing the revenue of the power plant
and reducing the economic loss caused by power limitation [5].

In current studies, photovoltaic power prediction typically falls into three main cate-
gories: physical models, statistical approaches, and machine learning methods [6]. Instead
of requiring historical data, physical prediction methods rely on accurate meteorologi-
cal information, power plant geographic information, and PV module information [7].
Meteorological information generally comes from the following three sources: numerical
weather prediction (NWP), satellite cloud images, and sky images. The obtained mete-
orological parameters are combined with parameters such as module mounting angle,
PV array conversion efficiency, and battery status to build a physical model, which in
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turn directly calculates the power generation. Physical modeling of PV cells requires a
large number of circuit parameters, which greatly affects the accuracy of the models [8].
Physical methods, while offering excellent long-term forecasting capabilities, have some
shortcomings. Satellite cloud images suffer from low spatial and temporal resolution,
which makes it difficult to capture meteorological information at small scales [9]. A full-sky
imager is unable to provide a wide range of cloud coverage information [10]. Although the
coverage can be expanded by means of arrays, it requires high hardware costs and complex
communication technologies.

Statistical methods do not require much information about the PV system compared
to physical models [11]. Statistical approaches offer the advantages of straightforward
modeling and suitability across various regions. The application of statistical methods in
PV power prediction also has certain challenges. Collection and calculation of accurate
data in actual implementation remains challenging [12]. Statistical models have high
requirements for accurate historical data, and their relatively low computational speed and
computational volume make it difficult to meet the requirements of short-term PV power
prediction [13].

In recent years, researchers have shown significant interest in machine learning, and
machine learning models can extract nonlinear features from photovoltaic (PV) power gen-
eration data to improve prediction accuracy [14]. An artificial neural network is employed
for short-term solar radiation prediction [15]; as a classical algorithm, it is also used in the
fault detection of lines in the power grid [16–18]. In Ref. [19], the outcomes of the pro-
posed Extreme Learning Machine (ELM) are contrasted with those of conventional models,
demonstrating the capability of the proposed model to predict short-term wind speeds. In
Ref. [20], support vector machine (SVM) is employed to forecast the output from a photo-
voltaic power station. However, these machine learning models encounter challenges due
to the pronounced volatility and nonlinearity of photovoltaic power generation time series;
conventional machine learning models may struggle to capture the intricate nonlinear and
dynamic nature of photovoltaic power generation data [21]. In Ref. [22], various machine
learning algorithms are used for PV power prediction, including ensemble of regression
trees, support vector machine, Gaussian process regression, and artificial neural networks.
Therefore, some scholars have begun to shift their attention to deep learning (DL) models
because they have sufficient feature extraction and feature transformation capabilities [23].
Recently, common deep learning models used in photovoltaic power prediction include
convolutional neural networks (CNNs) and recurrent neural networks (RNNs). The widely
used long short-term memory network (LSTM) is an improvement over RNN, which solves
the problem of RNN gradient disappearance. In Ref. [24], a bidirectional long short-term
memory network with Bayesian optimization is used to predict solar photovoltaic power
generation. In Ref. [25], an algorithm based on LSTM is proposed for predicting solar radi-
ation, outperforming the persistence algorithm, linear least squares regression, and other
algorithms in terms of prediction accuracy. In Ref. [26], a hybrid model employing CNN
and support vector regression (SVR) is proposed to enhance the accuracy of solar radiation
prediction. In Ref. [27], it has been demonstrated that integrating CNN and LSTM to predict
PV power shows superior performance compared to using either model individually.

The Temporal Convolutional Network (TCN) structure outperforms conventional
recurrent structures like LSTM and GRU across various sequence modeling tasks. Hence,
we utilize TCN for addressing the PV power prediction task [28]. TCN is a new convolution
architecture specially designed for sequence modeling. While maintaining the convolution
operation characteristic of CNN, it incorporates dilated causal convolution and residual
connections, enhancing its performance in handling time series data [29]. TCN has recently
been applied to tackle various complex prediction tasks. For example, Reference [30]
applies TCN to short-term wind power prediction and obtains high prediction accuracy
even in the case of large fluctuations in wind power. Reference [31] uses TCN to predict the
ship’s motion attitude.
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Constructing a deep learning model involves numerous hyperparameters, making
it challenging to establish a model with both strong robustness and accurate prediction
capabilities. The traditional enumeration method and grid search method have the disad-
vantages of low efficiency and a large amount of calculation. Therefore, some researchers
began to pay attention to meta-heuristic algorithms. Many meta-heuristic algorithms have
been demonstrated to enhance prediction accuracy. In Ref. [32], Particle Swarm Optimiza-
tion (PSO) is used to optimize the proposed adaptive network based fuzzy inference system.
Reference [33] utilizes a Genetic Algorithm (GA) to optimize the hyperparameters of LSTM
for forecasting PV power generation four hours ahead. Ref. [34] proposes an SCA-BILSTM
architecture for hourly solar radiation forecasting. An SSA-RNN-LSTM architecture for
predicting PV power output one hour in advance is proposed in [35]. In order to better
tune and optimize the model, in this study, a new meta-heuristic algorithm known as
White Shark Optimizer (WSO) is used. Compared to many previous meta-heuristics, WSO
performs better in global optimality and avoiding local minima [36]. In [37], the WSO
algorithm is employed to optimize the design parameters of proton exchange membrane
fuel cell, which improves its performance in practical applications. Compared with SSA,
HHO, DBO, ASO, and other algorithms, its effect is better.

In predicting PV power, potential colinearity between explanatory variables may
lead to feature redundancy, which in turn may adversely affect the performance of the
prediction model. Moreover, explanatory variables that lack a strong correlation with the
output power might also detrimentally influence performance. Given the intricate nature of
PV output power, complex nonlinear or nonfunctional relationships between variables may
exist. The maximal information coefficient (MIC) exhibits stronger robustness and fairness
compared to the traditional correlation coefficient. MIC serves to detect both linear and
nonlinear relationships in extensive datasets, while also revealing possible non-functional
correlations [38]. Currently, MIC is successfully used in various fields [39,40].

According to the literature review, the research gaps in photovoltaic power prediction
that are addressed in this study are as follows: (1) This study investigates the power
prediction of three different photovoltaic systems, namely dual-axis tracking photovoltaic
systems, single-axis tracking photovoltaic systems, and fixed photovoltaic systems. (2) The
maximal information coefficient (MIC) is employed for feature vector selection. (3) The
application of Temporal Convolutional Networks (TCNs) in photovoltaic power prediction
is still rare, especially for the three different photovoltaic systems. (4) This paper is the first
to use the White Shark Optimizer (WSO) algorithm to adjust the hyperparameters of the
TCN to improve the accuracy of photovoltaic power output prediction.

To improve the accuracy of PV power prediction in this study, we propose a novel
hybrid approach of Temporal Convolutional Networks (TCNs), maximal information
coefficients (MICs), and the White Shark Optimizer (WSO). Among them, the MIC is used
to deal with the complex relationships of the variables in the dataset in this study, the data
are processed and then fed into the TCN, and the WSO algorithm adjusts and optimizes the
structure and hyperparameters of the model during the training process to further enhance
its prediction capabilities. The primary contributions of this paper are as follows:

(1) A novel hybrid model (MIC-WSO-TCN) for photovoltaic power prediction is pro-
posed, capable of achieving accurate prediction results across different seasons.

(2) The prediction accuracy of the proposed model is compared with MIC-TCN, MIC-
WSO-BP, and MIC-WSO-LSTM.

(3) The performance of the proposed model in predicting photovoltaic output is evaluated
across various seasons using a dual-axis tracking photovoltaic system. In addition,
the robustness of the model is verified on single-axis and fixed photovoltaic systems,
and its prediction accuracy is evaluated using real power generation data.

2. Methodology

This section introduces three different photovoltaic systems, summarizes the data pre-
processing steps, describes the proposed deep learning model, and explains the indicators
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used to evaluate the performance of the model. In addition, Figure 1 shows a schematic
diagram of the research conducted in this paper.
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2.1. Overview of PV Systems

The three photovoltaic systems are all located in Alice Springs, Australia, with a
latitude of 23.7618◦ S and a longitude of 133.8748◦ E. Figure 2 shows an overview of
the three systems, which are the dual-axis tracking photovoltaic system (1B), the single-
axis tracking photovoltaic system (5), and the fixed photovoltaic system (11). The power
generation data of the photovoltaic system can be downloaded in Ref. [41].
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2.2. Data Preprocessing and Data Split

Data preprocessing includes data segmentation, data standardization, abnormal data
processing, and feature selection. Data preprocessing can improve the convergence speed of
the model and remove the influence of dimension. The outliers in the dataset are removed,
and thresholds are set based on the installed generating capacity and then filtered. Missing
data can affect the accuracy of the model, especially when predicting PV power generation
data that requires continuous measurements. To address this issue, we utilize widely
adopted cubic spline interpolation for handling missing values. In this experiment, the
data from December 2013 to December 2014 are selected. These data are sampled every
5 min. The data of this year are divided into four seasons for the experiment. Since the
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photovoltaic system studied in this paper is located in Australia, the season is opposite to
the northern hemisphere. The data for each season are partitioned into training, testing,
and validation sets, comprising 80%, 10%, and 10% of the total data, respectively.

Due to the fluctuating nature of PV power, it is categorized as time series data. For
forecasting using deep learning, it is crucial to reformat the dataset into a supervised
regression framework. This involves structuring the dataset so that both input features and
their corresponding outputs are explicitly identified [42]. The sliding window technique
effectively addresses this requirement by dividing the dataset to create sequences used as
model inputs, with a defined number of sequences designated as outputs. In this study, a
single-step prediction model is implemented to forecast PV power generation, where data
from intervals 0 to t − 1 serve as inputs, and the data point at time t is used as the output.
The dataset is continuously partitioned by shifting the window one time step forward to
create new input and output pairs.

Because the data include many features, different features have different dimensions.
In order to eliminate the influence of dimension, this experiment adopts data standardiza-
tion. The calculation method is as follows:

u =
1
N

N

∑
n=1

X (1)

σ = std(X) =

√
∑(xi − u)2

N
(2)

Xstd = (X − u)/σ (3)

Here, X represents the actual data, N is the size of the data, u denotes the average
value, xi represents each value of the data, and σ is the standard deviation of the data.

Feature selection is a common feature engineering technology in deep learning and
data mining. When training a model, the input variables are called features, and training
a model with too many useless features can lead to longer training times and reduce the
predictive power of the model and complicate it [43]. Therefore, in order to make the model
obtain better predictive ability, it should be ensured that only the most representative and
relevant features are retained, while irrelevant and redundant features are excluded.

The most commonly used method to capture the correlation between data is by calcu-
lating the correlation coefficient. This coefficient is sensitive to linear relationships between
variables, but when there is a nonlinear relationship between the data, it may produce inac-
curate results [44]. The maximal information coefficient (MIC) offers a balanced approach to
capturing all functional relationships. The underlying idea involves calculating the mutual
information between two variables by analyzing their approximate probability density
distribution within a grid following any form of meshing of their scatter plots, thereby
revealing any correlation between the variables. The normalized mutual information (MI)
serves as a measure to quantify the correlation between two variables. It is calculated
based on a set of sample pairs associated with the two variables, represented by X and Y,
D = {(xi, yi), i = 1, . . . , N}, where N is the number of samples. The calculation process of
normalized mutual information is as follows:

Step 1: Initially, the sample space is partitioned into m × n grids, denoted as G.
Subsequently, the empirical marginal probability densities p(x) and p(y) of X and Y, as
well as the joint probability density p(x, y), are estimated [38]. The calculation methodology
for MI is as follows:

MI(X, Y|D, G) = ∑
x∈X

∑
y∈Y

p(x, y) log2

(
p(x, y)

p(x)p(y)

)
(4)
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The division of data is diverse. In all possible grids, the maximum MI can be expressed
as follows:

MI∗(D, m, n) = maxGMI(X, Y|D, G) (5)

Step 2: In order to facilitate comparison and analysis, the maximum MI value is
normalized, and the normalized value is in the interval of [0, 1].

NMI∗(D, m, n) =
MI∗(D, m, n)

log min{m, n} (6)

Step 3: According to the previous steps, calculate all NMI∗(D, m, n) that satisfy the
condition, this condition is m × n < k(N), and MIC is the maximum NMI∗(D, m, n) value
in all grids. This process can be expressed by the following formula:

MIC(X, Y) = maxm×n<k(N){NMI∗(D, m, n)} (7)

Among them, k(N) is defined as a function of the number of samples. When k(N) =
N0.6, the algorithm works well in practice [38].

In the context of MIC, the value ranges between 0 and 1. High correlation between
two variables results in high mutual information values, indicating stronger correlation.
Consequently, higher MIC values imply stronger correlation. Conversely, when there is
no relationship between the two variables, the value of MIC is 0. The dataset of this paper
contains a large amount of meteorological data and radiation data. After calculation and
analysis, it is most appropriate to discard the characteristics of MIC less than 0.2. After
screening, the characteristics of the input model include global horizontal radiation, diffuse
horizontal radiation, wind speed, temperature, radiation global tilted, relative humidity,
and radiation diffuse tilted.

2.3. White Shark Optimizer

The WSO is a new meta-heuristic algorithm for biologically inspired global optimiza-
tion problems. The algorithm is based on the overall situation of white shark predation
behavior and the way they track prey. Compared with other existing meta-heuristic meth-
ods, the WSO algorithm demonstrates a viable solution in terms of global optimality,
evasion of local minima, and overall solution quality. The inspiration of this optimiza-
tion algorithm comes from three predatory behaviors. The mathematical models of these
behaviors are shown below [36].

2.3.1. The Initialization Process of the WSO

In the optimization problem addressed by the WSO algorithm, a set of random initial
solutions is generated, with each solution representing the position of a white shark. If
there are n white sharks in the population, their positions can be captured by a matrix,
effectively modeling the candidate solutions, as shown below:

w =


w1

1 w1
2 . . . . . . w1

d
w2

1 w2
2 . . . . . . w2

d
...

...
...

...
...

wn
1 wn

2 . . . . . . wn
d

 (8)

where w represents the position of the white shark in the given search area, wi
d specifies

the position of the ith white shark in the dth dimension space, and d is the sum of decision
variables relevant to the issue at hand. The initial population is established based on the
subsequent equation [36]:

wi
j = lj + r × (uj − lj) (9)

Among them, wi
j is the original vector of the ith white shark in the jth, while uj and lj

denote the maximum and minimum limits of the jth dimensional search field. r represents
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a randomly chosen number within the interval [0, 1]. The fitness function is used to assess
the quality of each new alternative candidate solution for white sharks at each new location.
If a white shark’s current position is superior to its new position, it will remain at its current
location. Conversely, if the new position offers an improvement over the current one, the
shark’s location will be updated accordingly [36].

2.3.2. Speed of Movement to Prey

Because white sharks are a kind of creature with strong desire for survival, they hunt
and track their prey most of the time. They usually use auditory, visual, and olfactory
senses to track prey. When the white shark detects the presence of its prey through the
disturbance created by the movement of the prey, it will move to the prey, and this process
can be expressed in Equation (10).

vi
k+1 = u

[
vi

k + p1

(
wgbestk − wi

k

)
× c1 + p2

(
w

vi
k

best − wi
k

)
× c2

]
(10)

For the ith shark, vi
k+1 represents the updated velocity vector for the ith white shark

at step (k+1). wgbestk indicates the globally optimal position vector identified in the kth
iteration of any white shark. wi

k signifies the present position vector of the ith white shark

at the kth step, w
vi

k
best refers to the optimal discovery position vector for the population

marker by the ith shark, and vi signifies the exponential vector for those white sharks
occupying a higher position, as defined in Equation (11). p1 and p2 represent the force of

white sharks, which regulate the impacts of wgbestk and w
vi

k
best on wi

k, and are calculated as
Equations (12) and (13), and u symbolizes the contraction factor instrumental in examining
the convergence patterns of great white sharks within the WSO, and its definition is shown
in Equation (14) [36].

v = [n × rand(1, n)] + 1 (11)

where rand(1, n) denotes an evenly distributed random vector ranging between 0 and 1.

p1 = pmax + (pmax − pmin)× e−(4k/K)2
(12)

p2 = pmin + (pmax − pmin)× e−(4k/K)2
(13)

where k denotes the number of current iterations, and K signifies the maximum iteration
limit. pmin and pmax correspond to the beginning and modified velocities of the white
shark, which are essential for optimal movement. After analysis, it was found that the
values of pmin and pmax were 0.5 and 1.5, respectively [36].

µ =
2∣∣∣2 − τ −
√

τ2 − 4τ
∣∣∣ (14)

where τ represents the acceleration coefficient, set at 4.125, a value determined through
comprehensive analysis [36].

2.3.3. Advance towards the Ideal Prey

Great white sharks predominantly search for potential prey to secure the best food
sources. Therefore, their positions are constantly changing. They typically move towards
prey upon detecting wave sounds caused by prey movement or sensing their scent. Occa-
sionally, prey might move from its original spot, either due to the shark’s movement or in
search of food. Usually, the prey will leave a smell when it leaves, so the white shark can
use this clue. In such instances, white sharks might randomly search for prey, like a school
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of fish feeding. Under these circumstances, we apply the position update strategy outlined
in Equation (15) to model the white shark’s movement towards prey [36].

wi
k+1 =

{
wi

k · ¬ ⊕ wo + u · a + l · b; rand < mv
wi

k + vi
k/ f ; rand ≥ mv

(15)

where wi
k+1 denotes the updated location vector of the ith white shark in the (k+1)th

iteration, a and b are binary vectors, with their definitions provided in Equations (16) and
(17). l and u indicate the minimum and maximum limits of the search space. wo is the logic
vector, as shown in Equation (18). f represents the wave motion frequency utilized by the
white shark, as described in Equation (19). rand is a randomly produced number in the
interval 0 to 1.

a = sgn(wi
k − u) > 0 (16)

b = sgn(wi
k − l) < 0 (17)

wo = ⊕(a, b) (18)

Equations (16) and (17) enable the white shark to comprehensively investigate every
possible region within the search area.

f = fmin +
fmax − fmin

fmax + fmin
(19)

Here, fmin and fmax represent the minimum and maximum frequencies of wave
motion. Through accurate analysis and testing of various problems, it is found that when
the values of fmin and fmax are 0.07 and 0.75, respectively, good results can usually be
obtained [36].

mv =
1(

a0 + e(K/2−k)/a1
) (20)

where mv can affect the search capability and a0 and a1 represent two positive constants
that regulate the exploratory and exploitative behaviors.

2.3.4. Moving toward the Best White Shark

Great white sharks can keep close to the ideal prey location. This behavior can be
expressed by Equation (21).

w′ i
k+1 = wgbestk

+ r1
→
Dwsgn(r2 − 0.5) r3 < ss (21)

where w′ i
k+1 indicates the updated location of the ith white shark relative to the prey

location, while sgn(r2 − 0.5) takes values of 1 or −1 to alter the search direction. The

variables r1, r2, and r3 are randomly produced numbers chosen from the interval [0, 1].
→
Dw

quantifies the distance between the white shark and the prey, as outlined in Equation (22).
ss is a parameter reflecting the intensity of the white shark’s olfactory and visual senses
when tracking other sharks near the optimal prey, outlined in Equation (23) [36].

→
Dw = |rand × (wgbestk

− wi
k)| (22)

where rand denotes a randomly chosen number with the range [0, 1], and wi
k indicates the

white shark’s present location relative to wgbestk
.

ss = |1 − e(−a2×k/K)| (23)

where a2 can influence the exploration and exploitation behavior. For the problem ad-
dressed in this study, the value of a2 is set at 0.0005.
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2.3.5. Fish School Behavior

To create a mathematical model of white shark behavior, the best two solutions are
retained, and the locations of other white sharks are adjusted according to these solutions.
The behavior of white sharks is then described by the subsequent formula:

wi
k+1 =

wi
k + w′ i

k+1

2 × rand
(24)

Equation (24) demonstrates that a great white shark can adjust its position based on the
location of another shark that has achieved an optimal position near the prey. Consequently,
the final position of this shark will likely be very close to the best prey within the search area.
The schooling behavior of fish and the tendency of great white sharks to move towards
the most successful sharks exemplify their collective behavior. This pattern allows for
enhanced exploration and exploitation of the environment.

2.4. Temporal Convolutional Network

A TCN is a convolutional neural network specifically designed for sequence modeling
tasks that require causal constraints, such as time series prediction. In the field of deep
learning, commonly used models include RNN and its variants, including LSTM and
Gated Recurrent Unit (GRU). TCN offers a more straightforward and simpler architecture
compared to recurrent frameworks like LSTM and GRU [28].

TCN is optimized on the basis of a traditional CNN. Distinguished from conventional
CNNs, TCNs incorporate unique features such as causal convolution, dilation factor, and
residual block. The architecture of the TCN is detailed in Figure 3.
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To maintain an output length identical to the input length, the Temporal Convolu-
tional Network (TCN) employs a 1D fully convolutional network (FCN) framework. This
methodology ensures that each hidden layer’s length remains consistent with that of the
input layer by utilizing zero padding to keep lengths equal through successive layers. To
avoid future information from influencing past data, TCN implements causal convolution,
where the output at any specific time t is dependent solely on the input at time t and
previous times.

The basic causal convolution in a network can only access historical information
linearly proportional to its depth, posing a challenge for sequential tasks requiring longer
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historical contexts. To address this limitation, dilated convolution is introduced. This
technique expands the reach of the convolution operation, allowing it to cover a broader
span of input data without increasing the network depth, thereby facilitating the processing
of extended historical sequences. For the filter f : {0, 1, . . . , k − 1}, the dilated convolution
operation F on the element s of the one-dimensional sequence (x ∈ Rn) can be expressed
as follows:

F(s) =
(
x∗d f

)
(s) =

k−1

∑
i=1

f (i) · xs−d·i (25)

where d represents the dilation factor, k is the filter size, s − d · i indicates the direction of
the past, and i is the number of filters. When d = 1, dilated convolution reverts to traditional
convolution. To broaden the network’s receptive field, selecting a larger filter size k and
increasing the dilation factor d are effective strategies. A larger receptive field allows the
network to delve deeper into historical data [45]. Figure 3 illustrates the structure of the
dilated causal convolution in the TCN, with a kernel size k = 3 and dilation factors d = [1, 2, 4].

Although the dilation factor is employed to enhance model reach, practical applica-
tions may still encounter significant model depths, leading to challenges such as gradient
vanishing. To address this, a residual block structure similar to that in ResNet can be
incorporated in place of simple connections between layers in the TCN. This adjustment
helps the model more effectively counter issues like gradient vanishing.

2.5. Model Evaluation

To assess the precision of the prediction model, this study employs multiple statistical
metrics. These include the Mean Absolute Error (MAE), Mean Square Error (MSE), Root
Mean Square Error (RMSE), and the coefficient of determination (R2), which are calculated
using the following formulas.

RMSE =

√
1
n

n

∑
i=1

(yi − ŷi)
2 (26)

MAE =
1
n

n

∑
i=1

∣∣∣∣∣yi − ŷi

∣∣∣∣∣ (27)

MSE =
1
n

n

∑
i=1

(yi − ŷi)
2 (28)

R2 = 1 −

n
∑

i=1
(yi − ŷi)

2

n
∑

i=1
(yi − y)2

(29)

where n represents the number of samples, yi represents the actual value, ŷi then represents
the predicted value, and y represents the average of the actual values.

3. Results and Discussion

In this section, RMSE, MAE, MSE, and R2 are used to evaluate the performance of all
the experimental models on three different PV systems; the experimental models include
MIC-WSO-TCN, MIC-WSO-LSTM, MIC-WSO-BP, and MIC-TCN, which are represented
by TCN2, LSTM, BP, and TCN1 in the figure. In order to evaluate the performance and
accuracy of the proposed model, we use the test dataset to calculate the prediction error of
each season (spring, summer, autumn, winter). The dataset contains the actual photovoltaic
power generation measured in one year, and the power generation data are collected every
5 min. In addition, in order to illustrate the effectiveness of the MIC feature selection
method, the results of the prediction model with feature selection and the prediction model
without feature selection are compared. Taking the dataset of the dual-axis photovoltaic
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system in the summer as an example, the test dataset includes not only sunny days but also
various complex weather conditions such as rainy days and cloudy days. Such a dataset is
closer to the actual demand and can more comprehensively evaluate the predictive ability
of the model. If the CPU is used to train deep learning models with large datasets and
multiple layers, it will take a lot of time. Therefore, this experiment chooses to use GPU to
speed up the training speed, and the GPU memory used in the experiment is 8 GB. Here
are the parameters used to train the model:

(1) The number of epochs selected is 100.
(2) The batch size is equal to 200, which can reduce the training time without affecting

the accuracy of the model.
(3) The learning rate is 0.0015.
(4) The historical sequence input of the model is 15.
(5) The loss function is RMSE.

Based on the data in Table 1, when other conditions are consistent, the model using
MIC feature selection shows lower RMSE, MAE, and MSE values than the model without
feature selection, and the R2 value is also higher. The RMSE of the model after feature
selection decreased from 1.395 to 0.969, and the value of MAE also decreased from 0.528 to
0.386, which decreased by 30.5% and 26.9%, respectively, and the value of MSE decreased
from 1.947 to 0.940, which decreased by 51.7%, while the R2 increased from 0.958 to
0.980, which increased by 23%. It can be seen that the predictive ability of the model has
been significantly improved after the addition of the MIC algorithm. Tables 2–5 show
the prediction accuracy indexes of summer, autumn, winter, and spring, respectively. In
addition, the line charts show the difference between the actual photovoltaic power curve
and the prediction curve of three different photovoltaic systems in four seasons. Each figure
contains five days of prediction samples.

Table 1. Forecasting results comparison of with and without feature selection.

Index Without Feature Selection With Feature Selection

RMSE 1.395 0.969
MAE 0.528 0.386
MSE 1.947 0.940
R2 0.958 0.980

Table 2. RMSE, MAE, MSE, and R2 of different models in summer.

Methods
Dual-Axis Single-Axis Fixed

RMSE
(KW)

MAE
(KW)

MSE
(KW2) R2 RMSE

(KW)
MAE
(KW)

MSE
(KW2) R2 RMSE

(KW)
MAE
(KW)

MSE
(KW2) R2

MIC-TCN 1.383 0.584 1.914 0.959 0.253 0.093 0.064 0.947 0.246 0.092 0.061 0.959
MIC-WSO-BP 1.263 0.507 1.591 0.966 0.226 0.081 0.051 0.958 0.260 0.107 0.068 0.955

MIC-WSO-LSTM 1.267 0.624 1.605 0.966 0.221 0.083 0.049 0.960 0.241 0.101 0.058 0.961
MIC-WSO-TCN 0.969 0.386 0.940 0.980 0.195 0.072 0.038 0.968 0.213 0.081 0.045 0.970

Table 3. RMSE, MAE, MSE, and R2 of different models in autumn.

Methods
Dual-Axis Single-Axis Fixed

RMSE
(KW)

MAE
(KW)

MSE
(KW2) R2 RMSE

(KW)
MAE
(KW)

MSE
(KW2) R2 RMSE

(KW)
MAE
(KW)

MSE
(KW2) R2

MIC-TCN 1.028 0.365 1.057 0.969 0.196 0.066 0.038 0.977 0.168 0.056 0.028 0.980
MIC-WSO-BP 0.991 0.359 0.982 0.972 0.173 0.057 0.030 0.981 0.177 0.107 0.031 0.978

MIC-WSO-LSTM 0.867 0.337 0.752 0.978 0.195 0.064 0.038 0.976 0.161 0.068 0.026 0.982
MIC-WSO-TCN 0.758 0.273 0.575 0.984 0.153 0.053 0.023 0.986 0.148 0.055 0.022 0.985
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Table 4. RMSE, MAE, MSE, and R2 of different models in winter.

Methods
Dual-Axis Single-Axis Fixed

RMSE
(KW)

MAE
(KW)

MSE
(KW2) R2 RMSE

(KW)
MAE
(KW)

MSE
(KW2) R2 RMSE

(KW)
MAE
(KW)

MSE
(KW2) R2

MIC-TCN 0.380 0.177 0.144 0.997 0.108 0.061 0.012 0.993 0.123 0.066 0.015 0.993
MIC-WSO-BP 0.400 0.194 0.160 0.997 0.173 0.079 0.006 0.996 0.118 0.058 0.014 0.994

MIC-WSO-LSTM 0.376 0.238 0.142 0.998 0.094 0.057 0.009 0.995 0.089 0.045 0.008 0.996
MIC-WSO-TCN 0.291 0.151 0.085 0.999 0.058 0.031 0.003 0.998 0.082 0.044 0.007 0.997

Table 5. RMSE, MAE, MSE, and R2 of different models in spring.

Methods
Dual-Axis Single-Axis Fixed

RMSE
(KW)

MAE
(KW)

MSE
(KW2) R2 RMSE

(KW)
MAE
(KW)

MSE
(KW2) R2 RMSE

(KW)
MAE
(KW)

MSE
(KW2) R2

MIC-TCN 0.769 0.331 0.581 0.987 0.141 0.073 0.020 0.981 0.153 0.063 0.023 0.985
MIC-WSO-BP 0.791 0.348 0.625 0.986 0.113 0.050 0.013 0.987 0.136 0.056 0.019 0.988

MIC-WSO-LSTM 0.728 0.357 0.530 0.988 0.116 0.060 0.013 0.987 0.137 0.061 0.019 0.988
MIC-WSO-TCN 0.655 0.304 0.429 0.991 0.083 0.051 0.007 0.993 0.129 0.052 0.016 0.989

Figures 4–6 show the RMSE values of the four hybrid algorithms listed in the tables
for three types of photovoltaic systems across the four seasons (summer, autumn, winter,
and spring). It can be clearly observed that the proposed hybrid method (MIC-WSO-TCN)
achieves lower RMSE values in each season compared to the other three hybrid methods.
The RMSE value of the proposed model is generally higher in summer than in the other
three seasons, while it is at a relatively low level in winter. This is because the dataset
contains more cloudy days in summer (cloudy weather causes significant fluctuations in
photovoltaic output) and more sunny days in winter. Even during periods of severe output
fluctuations, the proposed model maintains a high level of accuracy and outperforms other
comparative models.

Figure 4. Evaluation results of several models (dual-axis).
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Figure 6. Evaluation results of several models (fixed).

Table 2 shows that in summer, compared with the MIC-TCN, MIC-WSO-BP, and
MIC-WSO-LSTM methods, MIC-WSO-TCN has the lowest RMSE values on dual, single,
and fixed photovoltaic systems, which are 0.969 KW, 0.195 KW, and 0.213 KW, respectively.
Compared with MIC-TCN, the RMSE values of MIC-WSO-TCN were reduced by 29.9%,
22.9%, and 13.4% on three different photovoltaic systems, respectively. The MAE values
of the proposed MIC-WSO-TCN model are also lower than other models, and the MAE
values on the three systems are 0.386 KW, 0.072 KW, and 0.045 KW. This indicates a notable
enhancement in the prediction performance of the WSO algorithm upon its integration into
the model. Such improvement can be attributed to the simplicity and robustness of WSO,
which facilitates the rapid and accurate identification of global solutions for challenging
optimization problems, and because WSO does not need to compute the derivatives of
the search space of the relevant problem, it can effectively get rid of the local minima
problem that exists in the actual problem. Figures 7–9 show the prediction results of the
four models in different photovoltaic systems during summer. The figure clearly illustrates
the intermittent nature of solar energy during the summer season due to the mostly cloudy
weather. Even under such complex fluctuating weather conditions, the prediction results of
the method (MIC-WSO-TCN) proposed in this paper can be very close to the actual power
curve. Compared with other methods, the proposed hybrid method is also closer to the
actual power curve than other methods.
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Figure 9. Summer prediction outcomes for fixed PV system.

Figures 10–12 show the prediction results of the four models in different photovoltaic
systems during autumn. Table 3 reveals that during autumn, for the dual-axis tracking
photovoltaic system, the proposed method achieves an RMSE of 0.758 KW, compared to
0.991 KW for MIC-WSO-BP and 0.867 KW for MIC-WSO-LSTM. This represents a reduction
in RMSE of 24.5% and 12.6% relative to these methods, respectively. In fixed photovoltaic
systems, the RMSE, MAE, and MSE for the proposed method are 0.148 KW, 0.055 KW, and
0.022 KW2, respectively. The MAE of the proposed method, MIC-WSO-TCN, is 48.6% and
19.1% lower than that of MIC-WSO-BP and MIC-WSO-LSTM. The proposed method also
shows superior performance for single-axis tracking photovoltaic systems. For example,
in autumn, the hybrid method achieves RMSE, MAE, and R2 values of 0.153, 0.053, and
0.986, respectively, while in summer, these values are 0.195, 0.072, and 0.968. This indicates
that the prediction accuracy is higher in autumn than in summer. By examining Figures 8
and 11, it can be observed that the weather conditions in autumn are less intermittent than
in summer, leading to a more stable power generation curve overall. This suggests that the
prediction accuracy of the model improves when there is less fluctuation in photovoltaic
power. Consequently, the proposed method delivers better prediction accuracy in autumn
compared to summer.
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Figures 13–15 show the prediction results of the four models in different photovoltaic
systems during winter. Table 4 shows that in winter, the performance of each model is better.
For the fixed photovoltaic system, the RMSE values of MIC-TCN, MIC-WSO-BP, and MIC-
WSO-LSTM are 0.123, 0.118, and 0.089, respectively, while the RMSE value of MIC-WSO-
TCN is 0.082, which is reduced by 33.3%, 30.5%, and 7.9% from these baselines. In addition,
the proposed model shows extremely high R2 values in three different photovoltaic systems,
which are 0.999, 0.998, and 0.997, respectively. These results show that the model has good
fitting ability. Figure 13 shows that there are more sunny days (days where irradiance does
not vary much during the day and is essentially cloudless) during the winter months, and
that the model can achieve a very high level of prediction accuracy under these weather
conditions. Although the prediction accuracy of the comparison methods is relatively high,
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the performance of the hybrid method (MIC-WSO-TCN) proposed in this paper is still
better than other comparison algorithms. Figures 16–18 show the prediction results of the
four models in different photovoltaic systems during spring. As can be seen from Table 5,
the model proposed in this paper still performs the best.
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This study introduces a novel hybrid approach, MIC-WSO-TCN, and this approach is
applied to predict the output power for three different PV systems (dual-axis, single-axis,
and fixed PV systems) using actual data across all four seasons. The results reveal that
the model excels in predicting power generation with high accuracy during periods of
minimal power generation fluctuation (such as sunny or cloudless weather) and maintains
commendable prediction accuracy even under complex, fluctuating weather conditions.

4. Conclusions

In this study, power output predictions are made for three different PV systems in-
stalled in Alice Springs, Australia. These three photovoltaic systems are a dual-axis tracking
photovoltaic system, single-axis tracking photovoltaic system, and fixed photovoltaic sys-
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tem. This paper proposes a new hybrid deep learning prediction method (MIC-WSO-TCN).
To demonstrate its superiority, it is compared with MIC-TCN, WSO-TCN, MIC-WSO-BP,
and MIC-WSO-LSTM.

It can be seen from the results that the MIC algorithm and WSO algorithm in the
hybrid model are very useful for improving the prediction accuracy. The MIC algorithm is
used to explore the linear and nonlinear correlation in the dataset, and the characteristics
of high correlation are selected more reasonably. After adding the MIC algorithm, the
RMSE decreases from 1.395 to 0.969, and the value of MAE also decreases from 0.528 to
0.386, which decreases by 30.5% and 26.9%, respectively. The novel WSO algorithm is
utilized to optimize the performance of the model. Compared with MIC-TCN, the RMSE
values of MIC-WSO-TCN are reduced by 29.9%, 22.9%, and 13.4% respectively. Taking the
performance of the model in summer as an example, for the dual-axis photovoltaic system,
compared with MIC-WSO-BP and MIC-WSO-LSTM, the RMSE values of MIC-WSO-TCN
are reduced by 23.3% and 23.5%, and the MAE values are reduced by 23.9% and 38.1%. For
the single-axis photovoltaic system, the RMSE values are reduced by 13.7 % and 11.8 %, and
the MAE values are reduced by 11.1% and 13.3%. For the fixed PV system, the RMSE values
decreased by 18.1% and 11.6%, and the MAE values decreased by 24.3% and 19.8%. Overall,
despite the complex operating conditions of real PV systems, the proposed MIC-WSO-TCN
model also performs the prediction task well, obtaining low RMSE, MAE, and MSE values
and high correlation coefficients, both in the summer season when the power generation
fluctuates dramatically, and in the winter season when the power generation is stable. The
proposed model proves to be very effective and robust in predicting the output of different
types of PV systems.
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