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Abstract: This paper proposes a novel hybrid forecasting model with three main parts to accurately
forecast daily electricity prices. In the first part, where data are divided into high- and low-frequency
data using the fractional wavelet transform, the best data with the highest relevancy are selected,
using a feature selection algorithm. The second part is based on a nonlinear support vector network
and auto-regressive integrated moving average (ARIMA) method for better training the previous
values of electricity prices. The third part optimally adjusts the proposed support vector machine
parameters with an error-base objective function, using the improved grey wolf and particle swarm
optimization. The proposed method is applied to forecast electricity markets, and the results obtained
are analyzed with the help of the criteria based on the forecast errors. The results demonstrate the
high accuracy in the MAPE index of forecasting the electricity price, which is about 91% as compared
to other forecasting methods.
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1. Introduction
Electrical energy, as a source of human activities, is of vital importance to human
life, and, therefore, countries all over the world are seeking access to a reliable power
supply [1–12]. Considering fossil fuels, especially oil and gas resources, for decades, the
issues of replacing these energy resources, and saving and optimizing energy consumption
have been seriously addressed in the economies of developed countries [13–24]. Moreover,
effective measures have been taken to optimize energy consumption to prevent the rapid
exhaustion of non-renewable energy resources [25–36]. Indeed, energy is identified as
one of the most important and strategic issues in the global economy [37–48]. There are
four forecast patterns based on the expected time frame [49–60]: (1) real-time, (2) dayahead, (3) midterm, and (4) long-term prediction patterns [61–72]. In the real-time method,
forecasting is generally performed for an hour later or a fraction of it. In other words, at any
given time, the forecasting system for an hour later predicts a quantity based on the existing
data [73–83]. This model is not very efficient, and little has been done for the price [84–90].
In the short-term or day-ahead forecasting method, the forecast is usually done for the
next day. In this case, the forecasting model predicts the next 24 h for each incoming
call based on the input data. Many methods have been used in short-term forecasting
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for various designs and planning. Hence, this paper focuses on this issue of using the
short-term forecasting [91]. In the mid-term forecasting method, the forecast is done for the
upcoming months, using time series or smart systems, such as neural networks, where the
highest monthly load is forecasted. It is not a viable solution for predicting the electricity
price because the price is highly dependent on variable parameters, such as the fuel price,
available production, congestion and so on. These variable parameters vary greatly with
time and cause many errors in the monthly forecasts of the electricity price [92]. The
long-term forecasting method is used for forecasting over a period of several years. This
method is widely used to predict the average or the highest volume of the load for the
upcoming years to build new power plants or to strategically plan for electricity exports
and imports. Different patterns are used for this kind of prediction, requiring special input
arrangements [93].
Considering the horizontal time of forecasting, the electrical energy cannot be stored
on a large scale; therefore, the management of its generation and distribution should be
optimized by balancing energy supply and demand, planning, investing, and exploitation
of electricity generation and distribution. In particular, the investment process in the
electricity industry is time consuming. Therefore, in planning power systems, the first and
the most important step is to have sufficient and complete information on how to increase
the consumption of electrical energy and predict its logical trend by considering various
factors affecting the electric energy consumption. Any decision in this case, depends
on having information about the amount of energy consumed at different temporal and
spatial sections in the system. Such awareness is based on previous information studies,
the study of load growth process, or the assumption of empirical rules or a mathematical
model [94,95].
At the present time, various techniques of time series are used to predict the load
and electricity prices. These techniques include the dynamic regression and conversion
function [96,97], ARIMA [14], autoregressive conditional heteroskedasticity [98], the hybrid
method of ARIMA model and GARCH model [16], the hybrid method of the FRWT and
ARIMA model [99], and the GARCH model [100]. Although in the past these methods
proved to be efficient due to the simplicity of the power system and the fact that fewer
parameters are involved in the prediction, they do not meet the needs of companies in
today’s power systems. As a result, over time and with the help of some amendments,
these basic methods have been implemented as a complementary system along with newer
methods. In another sense, although these methods have received attention, due to their
simple implementation and linearity, they are not sufficiently effective in the nonlinear
system and dramatically increase the forecast error. Therefore, their linear structure can be
used as an appropriate model for smart methods for tracking the linearization property.
Another category of predictive methods is comprised of artificial intelligence–based
methods and optimization algorithms. In reference [101], the neural network method is
used to predict the settlement price of the U.K. electricity market. To reduce the forecast
error and increase the neural network functionality, reference [102] presents a new model
in the neural network learning architecture, using the transfer function to the wavelet
selection. In reference [103], the time series model and the neural network, which are
obtained from the combination of two linear and nonlinear systems, are employed to
establish a proper relationship between the input data to decrease the forecast error. The
lack of decision making in logical data is a weak point for networks. To enhance the neural
network learning capability, a fuzzy-neural composite method is used in research [104]. In
other words, this method is an amendment to the neural network and time series methods.
The panel co-integration approach and particle filter are used for prediction of another
day price. The proposed model is a combination of two steps. In reference [105], a hybrid
method comprised of time series and support vector network is used to predict carbon
price in the market. Additionally, in research [106], the hybrid method is applied for
predicting price or load demand. In [107], a forecasting model of long short-term memory
and gated recurrent unit is presented to improve the prediction accuracy of wind power
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generation. A hybrid deep learning model consisting of gated recurrent unit, convolution
layers and neural network is performed to accurately forecast wind power generation of
time-series data, in another study [108]. Reference [109] emphasizes on providing more
comprehensive software for predicting load.
As the different researchers conducted their work on forecasting load performed only
by combining several methods, in this paper, the authors present a learning framework
using a meta learning system and a multi-variable forecasting time series system with
higher accuracy. The proposed method in this study shows that a meta-training system
built on 65 load data presents a forecasting task which will significantly reduce the error in
comparison with other existing algorithms.
One of the most important arguments for prediction is the proper use of input data to
find the best possible relationship between them and, finally, expect a forecast. Another
feature of this method is reducing the computational time of the program, which plays a
vital role for meeting the criteria of accuracy. In another way of forecasting, using wavelet
transform, the input data are divided into two categories or subsystems, one of which is the
detail and the other one is the approximation. With the help of preprocessing in wavelet
transform, the forecasting accuracy will be greatly improved by ignoring the inappropriate
data. For example, in reference [110], the ARIMA time series method is employed to
forecast prices in the Spanish market, where, due to the unusual conditions of the price
signals, the wavelet transform for input data can dramatically improve forecasting.
To make use of the wavelet transform and preprocessor system, in reference [111], a
hybrid method comprised of wavelet transform and the pre-filter system is used to select
the best data. Recently, neural networks in conjunction with a support vector framework
were used in contemporary research to solve the forecasting problem. In reference [112],
a support vector technique is applied to predict variations of wind energy. One of the
weaknesses of the proposed method is the proper adjustment of the parameters of the
improved neural network. This weakness is overcome with the help of the genetics
algorithm. To yield more efficient forecasting results, the ARIMA method is employed for
covering the nonlinear state of this system. In reference [113], the authors use the least
squares support vector and ARIMA to predict the electricity price. The paper acknowledges
that by combining these two methods, better results can be achieved. In this study, the
particle swarm optimization is utilized for the setup of support vector.
However, the mentioned price forecasting obtains high quality price fluctuations,
but they need insight to the system operation and so, they are not practical. Although
selecting the price models by ex-post data to propose the influencing price is important,
but mentioned data are not available before real time. The horizon of forecasting is one
hour in the mentioned works since it is useful in the investigation of the performance of
forecasting models. In addition, for some market participants, the operation based on 1 h
ahead is modified. The market participants cannot change their operation structures one
hour before real time. Proposing the suitable forecasting horizons with considering the
market time-line and the participants ’ability has not been investigated in the literature yet,
systematically [114].
Due to the lack of a proper solution for capturing the relevant information on the
forecasting load scenarios, in this paper, the modified feature selection algorithm based
on the maximum relevancy and minimum redundancy is employed to sort the data for
the best possible options with the highest correlation for training the least squares support
vector machine. Furthermore, taking into account the positive aspects of the methods
applied, we use the fractional wavelet transform to reduce the error caused by nonlinear
fluctuations in input data. By applying the proposed wavelet transform, the data can be
divided into several separate sections, each of which can be justified via the time basis.
This operation increases the ability of the support vector machine to learn and train. In
other words, the multi-resolution obtained via the proposed wavelet transform allows for
accurate prediction and facilitating easier data storage, simultaneously. The need for an
appropriate smart method is felt more than ever.
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To this end, a developed hybrid algorithm based on grey wolf optimization (GWO)
and the particle swarm algorithm with variable coefficients is proposed in this paper. Since
information in the search space lacks any order, the use of GWO improves the solution
accuracy. The proposed method is applied to electricity markets. The GWO data are
compared to those achieved via other available methods, using the proposed criteria. The
results show the simplicity of implementation and the high ability of the proposed method
to minimize prediction errors.
According to the aforementioned descriptions, the main contributions of this paper
are described as follows:
1.

2.
3.

We proposed a new decomposition structure based on wavelet transform to remove
the noisy term from original price signal and employed modified feature selection in
three dimensions to reduce the redundancy and increases the relevancy.
We developed a new nonlinear support vector machine with a kernel function as the
engine of this forecasting method to extract the best pattern with valuable input data.
We used all of the ability of the learning engine, and all control parameters are
adjusted with an optimization problem. In fact, the aim is to solve with the new
hybrid optimization algorithm of gray wolf and particle swarm optimization. The
hybrid algorithm employs both of their abilities in searching for the best solution.

The rest of this paper is organized as follows: Section 2 explains the employed tools
in the hybrid forecasting method. The fractional wavelet transform, developed feature
selection, nonlinear support vector machine and gray wolf algorithm are also described in
this section. The proposed hybrid forecasting method is described in Section 3. Section 4
provides the case studies where the performance of the input selection method is evaluated,
and the accuracy of the proposed forecasting is compared to that of the state-of-the-art
forecasting methods. The conclusion and future scope are demonstrated in Section 5.
2. Tools Suggested in Forecasting Hybrid Algorithm
In this section, the tools used in the hybrid algorithm to forecast price are described,
and in Section 3, the relationship between these tools is expressed.
2.1. Fractional Wavelet Transform
The purpose of the process in the idea of signal processing is to carry the initial signal
in a specific domain, such as a wavelet, where the domain of the signal is processed by the
threshold and returns to the time domain. This return to the time domain is done with an
inverse transform. Normally, it is appropriate to distinguish disturbances while processing
signals because the signals analyzed have high temporal localization at lower scales (higher
frequencies) [115]. This analysis, as a numerical tool, can greatly reduce the complexity
of large-scale computing, such as the Fourier series transform. In addition, by smoothly
changing the coefficient, this analysis can convert the dense matrices to series that can be
quickly and precisely calculated. In order to model the wavelet transform, we first provide
a brief explanation of the wavelet transform. Suppose that there is a particular wavelet
transform, where h(n) and g(n) combine ϕ(t) and ψ(t) scale functions, respectively.
ϕ(t) =

√

2∑ h(n)Φ(2t − n)

(1)

n

Ψ(t) =

√

2∑ g(n)Ψ(2t − n)

(2)

n

As a result, the detection process is a collection of convolution processes on a corresponding scale. On the scale of one signal, electrical power c0 (n) is branched to two signals
c1 (n) and d1 (n), which are obtained by the following:
c1 ( n ) =

∑ h(k − 2n)c0 (k)
k

(3)
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d1 ( n ) =

∑ g(k − 2n)c0 (k)

(4)

k

The d1 (n) is the main signal model in the form of wavelet transform coefficients.
In reference [115], degree α in the fractional wavelet transform for the desired signal
x (t) ∈ L2 ( R) can be expressed as follows:
2

∗

Wxα ( a, b) = exp(−0.5jb2 cot α){[ x (t) exp(0.5jt2 cot α)] × [α−0.5 ϕ( −αt ) exp(0.5j( αt ) cot α)] }
D
E
2
= exp(−0.5jb2 cot α) x (t) x (t) exp(0.5jt2 cot α), ϕ a,b (t) exp(0.5j( t−α b ) cot α)
R +∞
= −∞ x (t) ϕ∗α,a,b (t)dt

(5)

where the fractional degree in the wavelet transform function ϕα,a,b (t) includes the classic
discrete wavelet transform ϕ a,b (t) and the following fractional function:
ϕα,a,b (t) = exp(−0.5j(t2 − b2 − (

t−b 2
) ) cot α)
α

(6)

where the wavelet transform with the partial fraction in relation (5) is obtained by the
following:
D
E
Wxα ( a, b) = x (t), ϕα,a,b (t)
(7)
As it is known, the partial wavelet function is formed on the inner product of signal
X(t) and the degree α from the fractional wavelet transform ϕα,a,b (t). It should be noted
that when α = π/2, a fractional wavelet transform reduces the effect of the classic wavelet
transform. Based on the above-mentioned explanations, the fractional wavelet transform
function is expressed as follows:
s
Wxα ( a, b)

=

2πα
1 + j cot α

Z +∞
−∞

exp(−0.5ja2 u2 cot α) Xα (u)φα∗ ( au)K−α (u, b)du

(8)

where Xα (u) and φα ( au) represent the degree of the fractional wavelet transform from
signal X(t) and ϕα ( a/t), respectively. As a result, the decomposition and reconstruction
terms and the frequency bound are shown in Figure 1.

Figure 1. The overview of proposed wavelet transform decomposition and reconstruction tree at two
levels.

2.2. The Role of the Preprocessing System in the Selection of the Best Data
Forecasting by the support vector network is one of the most important steps in
selecting input data. At this stage, it must be decided which category of the input variables
of the system has the highest value in the forecast. The method applied in this paper is
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based on using the feature selection algorithm to determine the best subset as the input for
the forecasting problem [116]. For this purpose, the H(X) entropy criterion for the set of
irregular numbers X form on distribution of P(X) is expressed by the following:
Z

H ( X ) = − P( X ) log2 ( P( X ))dX

(9)

If the values X1 , X2 , . . . , Xn are defined as random inputs by P(X1 ), P(X2 ), . . . , P(Xn ),
H(X) is obtained by the following:
n

H ( X ) = − ∑ P( Xi ) log2 ( P( Xi ))

(10)

i =1

Based on the two relations above, entropy often takes into account an amount of uncertainty. In this case, H(X) has the highest value of log2(N). For the purpose of generalization,
the total entropy with two members of X and Y is as follows:
n

H ( X, Y ) = − ∑

m

∑ P(Xi , Yj ) log2

P( Xi , Yj )



(11)

i =1 j =1

Given the uncertainty for a series of data, the uncertainty value of other variables is
defined as follows:
n
n
m

H (Y/X ) = ∑ P( Xi ) H (Y/X = Xi ) = − ∑ P( Xi ) ∑ P(Yj /Xi ) log2 P(Yj /Xi ) =
i =1

i =1

n

j =1

m

− ∑ ∑ P( Xi , Yj ) log2 P(Yj /Xi )



(12)

i =1 j =1

Thus, the total entropy can be expressed as follows:
H ( X, Y ) = H ( X ) + H (Y/X ) = H (Y ) + H ( X/Y )

(13)

In order to sort the data, the interactive method is formulated by the following:
!
n m
P( Xi , Yj )
MI ( X, Y ) = ∑ ∑ P( Xi , Yj ) log2
(14)
P( Xi ) P(Yj )
i =1 j =1
Now, assume that Y becomes known and so its uncertainty is negligible. If X and Y
are related, then t MI (X, Y) is high and vice versa; by observing Y, the uncertainty of X
decreases. We suppose that candidates of Y1 , Y2 , . . . , YN are known, and Ym has more
data MI (X,Ym) with X being a better candidate since by Ym, the uncertainty of X reduces
more than with other inputs. To select the electricity price forecast, the target becomes the
next hour price. Hence, MI (X,Ym) is assigned a value to Ym to forecast X. We rank the
inputs based on information with the target variable or data for the forecast process.
A large numerical value for Formula (14) indicates a high correlation between the
two members of X and Y and vice versa. Other explanations and relations are available in
reference [116]. In order to develop the above model and select the data, it is necessary to
explain the three following concepts:
(A) Correlation of the candidate data: Data Xk will have the highest correlation with class
Y, compared with the data Xk0 as other members of data Xj .
(B) The minimum joint mutual information entropy: Assume that F represents the internal
data set, and S is a subset of the selected data. By considering that Xk ∈ F − S and X j ∈
S, then the minimum joint mutual information entropy is equal to min( I ( Xk , X j ; Y )).
(C) Correlation of the selected data: Since the selected data Xj have the highest correlation
with class Y compared with other data X j0 (I ( X j ; Y ) > I ( X j0 ; Y )), the correlation

Electronics 2021, 10, 2214

7 of 28

of the selected data is used to update the candidate data that can be modeled as
I (Y; Xk , X j ) = I (Y; X j ) + I ( Xk ; Y X j ) .
The selection data goal was to choose data with the highest value I ( Xk , S; Y ). I ( Xk , S; Y )
has replaced I ( X, X j ; Y ) based on complexity to create class S and select the data. Based
on concept A, the candidate Xj data will be appropriate if I ( Xk , X j ; Y ) has a large value.
Particularly, I ( Xk , X j ; Y ) will have a small value if Xk has the same information as class Y or
if it has no new information in it. However, some data with a small value I ( Xk , X j ; Y ) may
be more dependent than duplicate data. Therefore, in this paper, these data are considered
with a coefficient in the proposed data selection algorithm. In point of fact, these data are
weighted based on their correlation, and this weighting coefficient is updated dynamically
for each candidate data as follows:
C_W (k, j) = 2

I ( Xk ; Y X j ) − I ( Xk ; Y )
H ( X k ) + H (Y )

(15)

In this method, the updated value of C_W is replaced by min( I ( Xk , X j ; Y )) which is
introduced by DR_W (Xi ).

DR_W ( Xi ) = min ( I ( Xk , X j ; Y )) × DR( Xi ) + min I ( xi ; x j ; Y )
(16)
X j ∈S

Xi,j ∈S

Based on the above relation, I(xi ;xj ;Y) represents the interactive information of data xi
and xs with class C. The value of I(xi ;xj ;Y) indicates the iteration or redundant information
and aims to reduce it in the final target function. DR( Xi ) is an intermediate variable based
on the following equation:
DR( Xi ) = DR( Xi ) + C_W ( Xi , X j ) × I ( X j ; Y )

(17)

As it is known, DR_W (Xi ) considers two types of correlation and correlation coefficients, C_W. Based on the above-mentioned explanations, Figure 2 illustrates the process
of the proposed data selection algorithm.
2.3. The Proposed Nonlinear Support Vector Machine
The support vector machine moves the backup of the nonlinear data to a larger
space. It then uses simple linear functions to create linear delimiters in the new space.
An attractive feature of the support vector machine is that its regression formulation is
based on minimizing structural risk rather than minimizing experimental risk. Therefore,
it performs better than conventional methods, such as neural networks. This method has a
structure with high flexibility.
Different optimization methods can be applied for the accuracy of variables. Support vector machines are employed in the estimation problems of linear and nonlinear
functions [117]. To explain the proposed nonlinear model, consider a regression in some
functions:
f (x) = wT x + b
(18)
where N represents training with xk ∈ Rn inputs, yk ∈ R outputs. To minimize the
operational risk, the following cost function can be used:
Remp =

1
N

N

∑

k =1

yk − w T xk − b

(19)
e
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Figure 2. Flowchart of the proposed algorithm in data selection.
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The Vapnik ε-insensitive function is defined as follows, as shown in Figure 3:
R

0, i f |y − f R( x )| ≤
|y − f ( x )|R =
|y − f ( x )| − , otherwise

(20)

Figure 3. (Top) ε-insensitive waste function to estimate performance; (bottom) ε-tube accuracy.

Then, the estimation of the linear function is performed by the formulation of the
following initial problem:




P : minw,b JP (w) = 21 w T w
such that
yk − w T xk − b ≤ e, k = 1, . . . , N 
w T xk + b − yk ≤ e, k = 1, . . . , N

(21)

The above formula is related to the state in which data have ε-tube accuracy. If the ε
value is assumed to be small, some points are out of ε-tube, and it is impossible to solve
the problem. Therefore, additional variables ξ k , ξ k ∗ are defined. As these cases show, the
equation is amended as follows:


N

1 T
2w w + c

(w, ξ, ξ ? )

(ξ k + ξ k? )

=
∑
 P : minw,b,ξ,ξ ? JP
k =1

 such that
yk − w T xk − b ≤ e + ξ k , k = 1, . . . , N


w T xk + b − yk ≤ e + ξ k? , k = 1, . . . , N
ξ k + ξ k? ≥ 0, k = 1, . . . , N








(22)

The Lagrangian for this equation is equal to the following:

L(w, b, ξ, ξ ? ; α, α? , η, η ? ) =
1 T
2w w + c
N

− ∑

k =1

N

N

k =1

k =1

∑ (ξ k + ξ k? ) − ∑ αk (e + ξ k − yk + w T xk + b)

α?k (e + ξ k?

+ yk

− wT x

N

k

− b) − ∑

k =1

(ηk ξ k + ηk? ξ k? )

(23)
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The optimal Lagrangian point is defined as follows by positive Lagrangian multipliers
αk , α?k , ηk , ηk? ≥ 0:
maxα,α? ,η,η ? minw,b,ξ,ξ ?
(24)
with optimization conditions:


















∂L
∂w

N

= 0 → w = ∑ (αk − α?k ) xk
N

∂L
∂b

k =1

= 0 → ∑ (αk − α?k ) = 0

∂L
∂ξ k
∂L
∂ξ k?

(25)

k =1

= 0 → c − α k − ηk = 0
= 0 → c − α?k − ηk? = 0

In this case, the mixed problem is QP:

 1 N
 −2 ∑

k,l =1




D : maxα,α? JD (α, α? ) =
N
N



αk − α?k αl − α?l xkT xl − e ∑ (αk + α?k ) + ∑ (αk − α?k )yk 

k =1
k =1


N

?
?
such that ∑ αk − αk = 0, αk , αk ∈ [0, c]

(26)

k =1

SVM in the initial weighted space for estimating the linear function is equal to f ( x ) =
N

w T x + b. By considering that w = ∑ αk − α?k xk , the linear function in the mixed space is
k =1

as follows:

N

f (x) =

∑ (αk − α?k )xkT xk + b

(27)

k =1

Bios (b) complies with KKT supplementary conditions. The solution features correspond with the classification results, and the solution is inclusive. The solution vector
elements are 0 and they have a constraint property (constriction). The primary problem,
in this case, is the parametric and non-parametric mixed problem. With the development
of the above-mentioned model, the linear support vector regression can develop into the
nonlinear state by employing the kernel method. In the initial weighted space, the model
is as follows:
f ( x ) = wT ϕ( x ) + b
(28)
By helping the training data { xk , yk }kN=1 and ϕ(.) : Rn → Rnh , the transition to high
space is done. In this nonlinear case, w can also be infinite. The problem of initial space is
obtained by the following:







N

P : minw,b,ξ,ξ ? JP (w, ξ, ξ ? ) = 12 w T w + c ∑ (ξ k + ξ k? )
such that



k =1




yk
k ) − b ≤ e + ξ k , k = 1, . . . , N 
T
?
w ϕ( xk ) + b − yk ≤ e + ξ k , k = 1, . . . , N 
ξ k + ξ k? ≥ 0, k = 1, . . . , N

− wT ϕ( x

(29)

By obtaining the Lagrangian and the optimization conditions, the mixed problem is
as follows:


N


1
?
?
?
 D : maxα,α? JD (α, α ) = − 2 ∑ αk − αk αl − αl K ( xk , xl )− 


k,l =1


N
N


?
?
(30)


e ∑ (αk + αk ) + ∑ (αk − αk )yk


k =1
k =1


N



such that ∑ αk − α?k = 0, αk , α?k ∈ [0, c]
k =1
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At this point, the kernel method K ( xk , xl ) = ϕ( xk ) T ϕ( xl ) f or k, l = 1, . . . , N is applied,
and the following model is obtained:
N

f (x) =

∑ (αk − α?k )K(x, xk ) + b

(31)

k =1

The QP problem solution is unique and comprehensive and expresses positive definability of the kernel method. For example, the classifier of the solution is limited.
2.4. ARIMA Model
In this method, the time series is stated by past values, i.e., y(t − 1), y(t − 2), . . ., and
randomly, i.e., a(t), a(t − 1), . . . The Equation degree is obtained in accordance with the
oldest values of the data series and the oldest value of the random variables. For a complete
description, please refer to reference [97] y(t − 1), y(t − 2), . . .
2.5. Grey Wolf Algorithm
The gray wolf optimizer (GWO) is a novice in meta-heuristic algorithms that are influenced by evolution. The leadership and hunting features of the gray wolves are emulated.
Gray wolves belong to the family of Canidae and have very rigid class hierarchies. In a
pack of wolves, they tend to favor the hunting of prey. In the classic GWO for an optimal
virtual environment, which covers the four tiers of the wolves’ hierarchy, which are alpha
(α), beta (β), delta (δ) and omega (ω), they commonly do have some inferences. The α wolf
is the leader of the wolf pack at the highest level. It could be a wolf of either male or female
gender. Hunting, discipline, sleeping, and time to wake are vicariously liable for making
all sorts of decisions. Secondly, β are the subjugated wolves and assists the α leader in
decision making or any other pursuits. As the second greatest wolf in the cluster, the β
wolf is perhaps most likely to become an α leader. The third degree of the gray wolves,
δ wolves, annihilates the wolves in the front, and the last degree is called the ω wolves,
who ensure the perceived safety and the competence of the wolf packs [114]. The flowchart
of this algorithm is shown in Figure 4. In the GWO algorithm, the four grey wolves are
utilized to predicate the leadership hierarchy. The three hunting steps contain searching the
bait, blocking it, and attacking it. Although this algorithm is capable of searching locally,
there is the likelihood of localization by increasing the number of optimization parameters.
Grey wolves have an ascendant social system [114]. Alphas have democratic conduct in the
group in that the alpha is followed further by wolves [114]. Alpha wolves are permitted to
select spouses in the group, and group organization is more important than power.
Here, the grey wolf search algorithm based on the chaos theory is used in order to
train the nonlinear support vector network more efficiently and reduce the goodness-of-fit
function, i.e., minimize the average output error. The formula for the problem based on the
logistic model is expressed as follows [118]:
csd+1 = µsd (1 − csd ), 0 ≤ c0 ≤ 1

(32)

where s is equal to 0, 1, . . . , the logistic coefficient (µ) is equal to 4, and the (Ng) variables
are obtained by the following:
Ng

0 = [X1 , X2 , . . . , X
Xcls
cls,0
cls,0
cls,0 ]

1× Ng
Ng
1
2
cx0 = [cx0 , cx0 , . . . , cx0 ]
j
X
− X j,min
j
cx0 = X cls,0 − X
, j = 1, 2, . . . , Ng
j,max
j,min

(33)
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For this equation, we have the following:
Ng

i = [X1 , X2 , . . . , X
Xcls
cls,i
cls,i
cls,i ]
j
xcls,i

=

j
cxi−1

1× Ng

, i = 1, 2, . . . , Nchaos

× ( X j,max − X j,min ) + X j,min , j = 1, 2, . . . , Ng

(34)

0 is the initial place obtained of the chaotic variable. X
In the above relation, Xcls
j,min
and X j,max represent the chaotic variables, low and high. Nchaos shows the number of
chaotic variables.

Figure 4. Flowchart of GWO optimization algorithm.

2.6. Improved Particle Swarm Algorithm
In 1995, Eberhart and Kennedy introduced the particle swarm optimization algorithm
as a novel initiative inspired by the group search for food by birds or fish [36]. Star, ring,
and square topologies can be considered types of topologies proposed for the exchange
of information between particles in the PSO algorithm. In the star topology, the best
particle i position and group position in the D-dimensional search space are indicated
→
→
by p i = ( pi1 , pi2 , . . . , piD ) and g = ( g1 , g2 , . . . , gD ). The relations between the velocity
and momentum of the particle i in the moment or the next iteration are obtained by the
following:
vid (t + 1) = ωvid (t) + c1 rand1 ( pid (t) − xid (t)) + c2 rand2 ( gd (t) − xid (t))

(35)
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→

→

→

x ( t + 1) = x ( t ) + v ( t + 1)

(36)

where ω is the inertia coefficient of the particle, and c1 , c2 are Hook’s law spring constant
or acceleration coefficients, which are usually fixed at 2. To randomize the velocity, the
coefficients c1 and c2 are multiplied by the random numbers rand1 and rand2 . Usually, in
the implementation of the PSO, the value of ω decreases linearly from one to almost zero.
Generally, the inertia coefficient ω is governed by the following equation [119]:
ω = ωmax −

ωmax − ωmin
iter
itermax

(37)

In the above relation, itermax is the iterations maximum, iter is the current iterations
number, and ω max and ω min are the inertia coefficients, maximum and minimum. ω max and
→
ω min are in 0.9 and 0.3. v i , and particle i velocity, in each dimension of the D-dimensional
search space is limited in the interval [−vmax , + vmax ] so that the probability of leaving
the search space by the particle is reduced. vmax is usually chosen in such a way that
vmax = kxmax where 0.1 < k <1 and xmax determines the length of the search. As the Formula (35) shows, the coefficients c1 and c2 are usually considered constant, which will be
a dark point in the local and final search for the particle swarm. For improving particle
swarm performance, the following improved coefficients are proposed:
vid (t + 1) = ωvid (t) + c1i rand1 ( pid (t) − xid (t)) + c2i rand2 ( gd (t) − xid (t))

(38)

The coefficient c1i is updated in each iteration, self-adaptively. If the value of c1i is
small, then the value of c1i r1 will be small as well, and the local search will be strengthened.
Conversely, the large value of c1i will result in the large value of c1i r1 , thus improving
the general search. To select the best value for c1i , two thresholds, T1 < 0 and T2 > 0, and
two variables, R1 in the range (0, T1) and R2 in the range (0, T2), are used, which are
defined as c1i = 2R1 and c2i = 2R2 , respectively. As a result, two vector populations are
generated by coefficients c1i and c2i . When T1 < 0, R1 is negative, resulting in the small c1i
and strengthening the local search.
2.7. The Proposed Hybrid Algorithm
In this section, we introduce the structure of particle swarm and GWO. The initial
population is obtained by the collection of individual experiments of the population.
Initially, particle positions are created randomly, and these positions are considered to
be the best particle positions. Here, the initial population is the same as the best particle
position. The position fitting of particles in the population is calculated. By using the
algorithm, the velocity and particle positions are updated in accordance with relation (38).
The fitting of the new positions is obtained, and the best position is selected. Social
particle experiments are computed by the ring neighboring topology. In accordance with
Formula (32), the mutation is performed, and the training vector is obtained. The training
vector and the parent vector create the offspring vector, using the binomial composition
operator, and the fitting of the offspring vector is calculated. By using the tournament
selection between the parent and the offspring, the winner is selected. If the termination
condition is met, the algorithm stops its process.
The steps of the proposed hybrid algorithm are as follows:
(1)
(2)
(3)

Random production of initial population with 4N members as initial responses.
Evaluating and sorting the population based on their competence.
Applying the grey wolf algorithm to 2N upper members of the population based on
the mutation and intersection of the generations.
-

Selection: For the target population, the best 2N members are selected based on
their competence.
Intersection: For the better-selected population, we use the intersection of two
wolves to produce a new generation.
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(4)

(5)

Mutations: 20% of the new population is mutated.

The particle swarm algorithm is applied to the other 2N population based on the
relations of population production, and the new population is produced. The 2N
population is combined with the 2N population generated by the grey wolf search
algorithm.
Repeat the previous steps from step (2) until the convergence or termination conditions are achieved.

2.8. Determining the Prediction Error
There are various criteria for evaluating the proposed method, some of which are
listed below. The standard deviation error (SDE) criterion can be used to compare the
results as follows:
r
1
(39)
SDE =
( e − e )2
N∑ h
where ek is the prediction error at the hth hour and e is the average error in the prediction
period.
eh = p̂h − ph
(40)
In order to compare the efficiency of the prediction methods, criteria, such as the
mean absolute percent error (MAPE), mean absolute error (MAE), and daily mean absolute
percent error (DMAPE) are used, which are defined by the following relations:

MAPE =

1 N PACT (i) − PFOR(i)
N i∑
PACT (i)
=1

(41)

MAE =

1 N
PACT (i) − PFOR(i)
N i∑
=1

(42)

DMAPE =

1 24 | PACTt − PFOR t |
24
24 t∑
1
=1
24 ∑ PACTt

(43)

t =1

where PACT and PFOR represent the actual and the predicted value of the electricity price,
respectively.
3. Prediction of Electricity Price Using the Proposed Method
In this section, we describe the model used to solve the daily prediction problem.
First, assume that the prediction is made for day d. In addition, suppose that the previous
information about the price data series is available for 24 h of the day d − 1 as ph ; h =
1, . . . , T, where T usually ranges from almost one week to several months before. Given
the assumptions made, the model created in the following steps can be tracked.
Step 1: First, according to the proposed partial wavelet transform function, the input
data are divided into several sub-sections (series). In this regard, the wavelet transform
function is a suitable criterion for data analysis based on their length and flatness. The
wavelet transform function divides the input data ph ; h = 1, . . . , T into four separate series
(ah , bh , ch , dh ), each of which separately enter the neural network (as shown in Figure 5). The
three series ah , bh , ch are the matrix of details with lower matching, and dh is the estimation
matrix which plays the most important role in the transform function. Therefore, the matrix
division into four distinct sections can be formulated as following:
Step 2: We use the proposed algorithm to sort the data with the highest correlation
based on Figure 1. In point of fact, in this step, the best data with a correlation value of
more than 0.55 are used for training the nonlinear support vector machine and ARIMA
time series.
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Figure 5. Separation of input data by the wavelet transforms function.

Step 3: We use a support vector to train each section in order to predict the information
about hours T + 1, . . . , T + 24 of matrix analyzed from initial data and sum up the results of
the prediction to obtain the initial information. Indeed, ARIMA deals with the extraction of
the linear model from the input signal, and the support vector extracts nonlinear patterns
from the data. Finally, the extracted model is obtained from the combination of the linear
and nonlinear sections.
Step 4: At this stage, better training of nonlinear support vector machine by reducing
the output error and updating the weights and biases is discussed. In other words, the
proposed hybrid algorithm is created based on the chaotic coefficients to some range and
Ng. The proposed learning machine tries to make the best performance in linear and
nonlinear terms, which is shown in Figure 6. The electricity price forecasts at day D are
needed for previous data to D-1. The electricity price at day D (24 h) is announced by the
Independent System Operator (ISO) for D-2, thereby allowing the actual forecasting of
day-ahead prices for day D to occur between the clearing hour for day D-1 of day D-2 and
the bidding hour for day D of day D-1.

Figure 6. Proposed time framework for day-ahead electricity price forecasting.

Step 5: In this section, with the help of the target function introduced, which is based
on the reduction of the output error, weighing and biases are optimized for the nonlinear
support vector machine for better training. The objective function used in this paper is the
mean absolute percentage error (MAPE), which can be formulated based on the number of
study days (N) as follows:
DMAPE =

1 24 | PACTt − PFOR t |
24
24 t∑
1
=1
24 ∑ PACTt
t =1

(44)
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Step 6: We create the variables defined based on the decision functions in the proposed
algorithm of grey wolf search. A typical close-loop flowchart is shown in Figure 7.

Figure 7. A typical overview of relation between GWO and learning method in order to decrease the
prediction error.

Step 7: The improvement of the particles obtained by considering the ratio of acceleration and velocity of each particle in accordance with Section 2.7.
Step 8: We examine the termination condition of the program. If the condition is
fulfilled, the results will be printed; otherwise, we should start from the second step.
4. Simulation Results
4.1. Studying the Proposed Algorithm
In this section, various test functions are selected to evaluate the performance of the
suggested algorithm. Table 1 indicates a list of different test functions. The test functions
are proposed to have many local points. The results of the optimal answer obtained are
presented in Table 2. According to [120], various numerical analyses on these functions are
tried to evaluate the performance of the algorithms.
Table 1. The mathematical detailed of employed benchmark functions.
No.

Range

D

Function

Formulation

1

[−1.28, 1.28]

30

Quartic

f 5 ( x ) = ∑ ixi4 + random(0, 1)

2

[ − D2 ,

D2 ]

6

n

i =1
n

n

f 10 ( x ) = ∑ ( xi − 1)2 − ∑ xi xi−1

Trid6

i =1

3

4

[−4, 5]

[−30, 30]

24

30

Powell

Rosenbrock

f 13 ( x ) =

i =2

n/k

2
2
∑ ( x4i−3 + 10x4i−2 ) + 5( x4i−1 − x4i ) +

i =1

( x4i−2 − x4i−1 )4 + 10( x4i−3 − x4i )4
n −1

f 16 ( x ) = ∑ [100( xi+1 − xi2 )2 + ( xi − 1)2 ]
i =1

5

[−10, 10]

30

n

Dixon-Price

f 17 ( x ) = ( x1 − 1)2 + ∑ i (2xi2 − xi−1 )

Foxholes

25

i =2

6

[−65.536, 65.536]

2

1
f 18 ( x ) = [ 500
+ ∑

−1
1
2

j=2 j+ ∑ ( xi −αij )6
i =1

D: Dimension, [L, U]: lower and upper bands, Fun: Function name, No.: Number, Min: Minimum value.

]

2
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Table 2. Statistical results obtained by GA, PSO, GWO and proposed through 30 independent runs on mentioned benchmark
functions in Table 1.
No.

Range

D

Function

Min.
Mean

1

2

[−1.28, 1.28]

[−D2, D2]

30

6

Quartic

Trid6

0

−50

4

[−4, 5]

[−30, 30]

24

Powell

30 Rosenbrock

0

0

6

[−10, 10]

[−65.536,
65.536]

30

2

DixonPrice

Foxholes

0

0.998

GWO

Proposed

0.00052

0

0.01029

0.000928

0.00073

0.00029

SEM

0.004951

5.04 × 10−5

7.61 × 10−5

7.029 × 10−5

Mean

−48.049

−49.73

−48.94

−50

StdDev

2.03 ×

10−3

0

0

0

StdDev

3.82 × 10−7

0

0

3.039

0.0423

0

2.09 ×

10−7

0

2.82 ×

10−4

0.01 × 10−9

StdDev

1.023

0.0837

SEM

0.154

1.52 × 10−5

5.32 × 10−6

2.67 × 10−9

Mean

1.98 × 104

13.029

11.524

9.837

StdDev

1.74 × 103

22.034

2.935

4.844

SEM

8.837

2.039

0.033

0.002

101

0.534

0.498

0

StdDev

2.18 × 101

0.0024

0.0716

0

SEM

41.209

1.947 × 10−4

2.919 × 10−3

0

Mean

0.998004

0.9980032

0.998001

0.998009

StdDev

0

0

0

0

SEM

0

0

0

0

Mean
5

PSO
0.00625

StdDev

Mean
3

GA
0.1324

1.21 ×

D: dimension, Mean: mean of the best balues, StdDev: standard deviation of the best values, SEM: standard error of means.

Figure 8 shows as an example of the convergence for the proposed algorithms for test
functions 1 and 4.

Figure 8. Evolution rate comparison for two benchmark functions, f1 and f4, versus the number of function evaluations.

As can be seen in the figures, the proposed method converges faster than other
methods and has found a more optimal solution. On the other hand, it is clear from
Figure 8 that the proposed method has less standard deviation and is more robust in
solving the problem. The solutions proximity shows their high performance and the used
model has low standard deviation.
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4.2. Spain’s Electricity Market
As mentioned previously, we propose an algorithm for short-term price forecasting.
To simulate and predict price by the proposed algorithm, Spain’s market system as a real
market is employed [121]. The reason for selecting this system is its real information and
easy access. Figure 9 shows the changes of the price in Spain’s system for all hours in 2008.
To predict Spain’s system, the information of 50 days before is obtained and after sorting
the input data, 7 candidates for training enter the support vector machine. In training
these data, the observer matrix has 1400 members. Figures 10 and 11 indicate the forecast
changes for 24 and 168 h periods by the proposed method. As the figures demonstrate,
the proposed algorithm has a greater capability to obtain weights for training the support
vector machine.

Figure 9. Electricity price changes per hour in 2008 in Spain.

Figure 10. Simulation results for Spain’s system for the 24 h period; continuous blue line (the real
value) and the dotted red line (the forecast value).

As observed in the above figures, the proposed method shows a good performance. A
comparison is presented in Table 3, showing the variation of the proposed method with
other methods applied in this market on the basis of the weekly MAPE criterion for four
weeks in Spain’s electricity market. Other methods are obtained from the reference [122].
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Figure 11. Simulation results for Spain’s system for the 168 h period; continuous blue line (the real
value) and the dotted red line (the forecast value).

Table 3. Proposed and other models presented on basis of the weekly MAPE criterion for four weeks
in Spain’s market.
Test
Week

ARIMA
[122]

WaveletARIMA
[122]

FNN
[122]

NN
[122]

Mixed
Model
[122]

MI +
CNN
[109]

MI-MI
+ CNN
[109]

Proposed

Winter
Spring
Summer
Fall
Average

6.32
6.36
13.39
13.78
9.96

4.78
5.69
10.70
11.27
8.11

4.62
5.30
9.84
10.32
7.52

5.23
5.36
11.40
13.65
8.91

6.15
4.46
14.90
11.68
9.30

4.51
4.28
6.47
5.27
5.13

4.29
4.20
6.31
5.01
4.95

4.209
4.103
5.938
5.054
4.826

The results obtained from the simulations reveal that this algorithm has a greater
capability for better forecasting, compared to other available methods. The positive results
achieved are also indicative of the success of the feature selection algorithm in sorting data
divided by the wavelet transform. Additionally, in order to overcome the irregular and
nonlinear behavior of input data, the proposed chaos theory, which is based on variation
in frequency and domain, has a very good performance, which can be concluded in the
figures and tables. The higher prediction accuracy of the suggested model demonstrates
the increasing performance of the mentioned algorithm. For investigating the performance
of the mentioned algorithm in comparison to MI and correlation methods and to have the
same comparison, the number of input data is considered to be 1400. As given in the table,
the number of data selected by the correlation, MI, and proposed methods is 70, 48, and 22,
respectively, which means that the rate of the filter is 20%, 29%, and 63%, respectively.
4.3. Australia’s Electricity Market
The second electricity market selected for studying the efficiency of the proposed
method is Australia’s electricity market. According to previous research, Australia’s power
generation was independently carried out by its states. During the 1990s, the National
Electricity Market was developed [123]. However, all the states did not participate in this
national electricity market. In addition, retail competition was introduced, but each state
offered different arrangements and time schedules for this case. The state of Victoria was
the first active state in the field of the reform of the electricity industry in Australia. The goal
of the market was to compare the proposed method with other methods of interfacing with
the support vector network. In reference [124], methods are presented for the Australian
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electricity market. Numerical comparison for proposed methods based on the MAPE
criterion are stated in Table 4. The used methods have the best MAPE value, except for the
months of April and November, when the numerical value of the proposed method and
the best method from the reference [124] have the same number. In addition, the results
indicate ARIMA’s failure rate of approximately 13.63%.
Table 4. Comparison of the methods based on the support vector network to forecast the Australian
electricity market.
Test Day

ARIMA

LSSVM

PLSSVM

ARIMA +
LSSVM

ARIMA +
PLSSVM

WT +
ARIMA +
LSSVM

Proposed

January
February
March
April
May
June
July
August
September
October
November
December
Average

22.06
13.09
13.06
14.76
13.82
25.56
12.93
5.76
11.23
8.05
8.65
14.55
13.63

23.12
16.89
19.34
19.98
21.23
33.56
17.56
13.45
22.74
16.57
14.26
18.78
19.79

19.96
14.70
17.04
17.25
19.15
29.12
15.70
10.63
19.42
13.24
11.94
15.80
17.00

20.13
12.23
12.14
13.02
12.94
23.06
11.87
6.40
12.31
9.23
8.34
13.68
12.95

18.34
11.23
10.23
11.59
10.49
21.34
10.56
5.21
10.45
7.34
6.78
11.38
11.25

2.21
2.01
2.06
1.86
2.54
4.39
1.39
3.10
1.42
1.72
0.88
2.07
2.14

2.16
2.00
2.02
1.82
2.43
4.11
1.33
3.04
1.39
1.71
0.86
2.02
2.07

According to Table 4, the used model has higher accuracy and efficiency in predicting
price and load simultaneously. To illustrate this point, Figures 12 and 13 show the results
of the 24 and 168 h periods, respectively. As demonstrated in the figure, the used model
has great reliability in the price forecast.
The MAPE value obtained by this model was lower than that of the other models. The
lower value of this criterion indicates the higher accuracy of this method in forecasting.
Based on the results of this table, Figure 14 shows the rate of improvement in the final result
compared to other methods. The following formula is used to obtain the improvement rate:


AVE MAPEOther Method − AVE MAPEProposed Method
× 100%
(45)
Modi f ied =
AVE MAPEOther Method

Figure 12. The daily price forecast for Australia’s electricity market for the first two months of 2010;
the continuous blue line (the real price) and the dotted red line (the forecast value).
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Figure 13. The weekly price forecast for Australia’s electricity market for the first two months of
2010; the continuous blue line (the real price) and the dotted red line (the forecast value).

Figure 14. Comparison of the improved MAPE criterion in the proposed method and other available methods.

Based on the above-mentioned formula, the final value obtained from the proposed
method is compared with the final value obtained from other methods, and the percentage
of improvement indicates the increase in the forecast accuracy. Greater numerical values
yield greater accuracy and significant improvement in the proposed algorithm compared
with other methods; on the other hand, the negative values show a reduction in the forecast
accuracy. As the figure demonstrates, the proposed method has improved prediction in all
cases.
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4.4. New York’s Electricity Market (NYISO)
NYISO is a governmental organization that was established in December 1999 to
manage the electricity wholesale market and exploit high voltage transmission lines in
New York City. The volume of trading in this market was estimated at USD 2.7 billion
in 2004. Based on the above-mentioned points, this market has a complex structure that
can obtain the suggested algorithm. Information about the market was obtained from
reference [125–127]. Price changes per hour for the period from 1 January 2014 to 1 March
2014 are shown in Figure 15. In order to run the prediction, the data are standardized
between 0 and 1, from which the target vector (Tr ) and the instruction vector (In ) are
extracted. The number of days d for the total data, d − 1 days for training, and the
last day for validation are considered for forecasting the following day. Generally, if the
Kth forecasting engine forecasts hour h from day d, then its value will be converted as
a predetermined value for hour h + 1 from day d. Based on the GMI method, 37 data
are selected from 1400 data, which produce a filter of 38% (1400 ÷ 37), including the set
{P(d-162) , P(d-22) , P(d-143) , P(d-43) , P(d-71) , P(d-13) , P(d-14) , P(d-21) , P(d-29) , P(d-27) }. As the review of
the accuracy of the proposed method, one day in March and the last week of March are
considered as the test function.

Figure 15. Changes in normalized price signals of NYISO.

After applying the proposed method, Figures 16 and 17 show the price forecast. The
used model succeeds in forecasting with acceptable accuracy.

Figure 16. Daily forecast for the NYISO; continuous blue and dotted red line.
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Figure 17. Weekly forecast of NYISO; continuous blue and dotted red line.

As the latest analysis from the NYISO electricity market, the fourth week is chosen
as well as different seasonal conditions. Table 5 shows the comparison between all employed tools in the proposed forecasting method. To compare them, the MAPE criterion
is used. Based on the results given in this table, the developed MI and FWT show better
performance.
Table 5. Proposed models formed on MAPE criterion, their various combinations to study the performance of signal
decomposition and data selection methods.
Method

Winter

Spring

Summer

Fall

Average

SVM + DWT + PSO + MI
LSSVM + FWT + HMPSO-MGWO +MI
LSSVM + FWT + HMPSO-MGWO + MMI
NLSSVM + FWT + HPSO-GWO + MI
NLSSVM + FWT + HPSO-GWO + MMI
NLSSVM + DWT + HMPSO-MGWO + MI
NLSSVM-ARIMA + DWT + HMPSO-MGWO + MMI
NLSSVM-ARIMA + FWT + HMPSO-MGWO + MMI
(Proposed)

8.76
7.35
6.54
6.09
5.98
4.93
4.18

8.69
7.54
6.98
6.32
5.78
4.93
4.59

9.53
8.98
7.09
6.77
6.13
5.65
5.21

8.90
8.04
7.63
7.04
7.01
6.37
5.88

8.97
7.97
7.06
6.55
6.22
5.47
4.96

4.01

4.12

4.65

4.39

4.29

Based on the values presented, the proposed method has shown better results. The
above table shows that the techniques used in the proposed method in the data selection section (MMI), in the decomposing section (FWT), in the training section (NLSSVM–ARIMA),
and in the configuration of the hybrid algorithm (HMPSO–MGWO) have shown better
performance compared to the techniques available in the same field.
5. Conclusions
Price anticipation has a high duty in optimizing the production, marketing, market
strategy, and government policies because the government sets up and implements its
policies based on not only the existing conditions, but also short-term forecasts of key
economic variables, including oil and gas prices. Obviously, the forecast accuracy of
the proposed model can reflect the success of these policies. The significance of this
issue has accelerated research into models and methods of forecasting over the last few
decades. Given the increasing demand in the restructured electricity market and the rising
competition between producers and purchasers of energy, the forecast of the electricity
market in terms of energy demand is one of the most important issues in the restructured
electricity system. The forecast error will increase in classical models where the electricity
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price is forecast, the number of input variables varies, and the variables do not follow a
specific series model. Intending to achieve the lowest forecast error and correcting the
defects of previous methods, this paper employed a hybrid method comprised of the
fractional wavelet transform to reduce the fluctuations in the input data and increase
the forecast accuracy, the improved support vector machine with a nonlinear structure
to better train and learn about the previous values of electricity prices and use them for
future information, and the new idea of combining the chaos theory, the particle swarm
optimization algorithm, and grey wolf search to find the best weights and biases and
minimize square forecast errors.
Based on the comparative criteria obtained from the tables, it can be seen that the
proposed method has worked much better. For example, according to the MAPE criterion,
by obtaining a value of about 8% improvement, compared to the best method in published
articles, its proper performance can be realized.
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