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Abstract: Installed wind power has significantly grown in recent years to synchronize with the
ever-increasing demand for environment-friendly and renewable energy. However, wind energy
has significant uncertainty or random futures, and will give rise to destructive effects on the safety
operations of the power system. In this respect, an accurate and reliable wind power prediction is of
great significance for improving the power system stability and optimizing the dispatch plan. Com-
pared with traditionally deterministic point forecast techniques, probabilistic forecasting approaches
can provide more stochastic information to quantify the random characteristics of wind power and
to estimate its impacts on the power system. Moreover, the interval of the output power is a key
stochastic information on wind power. In general, an interval prediction needs to compromise the
calibration and the average width of the predicted interval. To find the best combination of these
two metrics, a methodology based on a kernel extreme learning machine (KELM) and an improved
universal tabu search algorithm is proposed. In the proposed methodology, to eliminate the inherent
randomness on the weights between the input and hidden lays in the commonly used extreme
learning machine, a radial-basis-function-based kernel extreme learning machine is proposed, and
an improved tabu search method is introduced to optically compromise the calibration and the
average width of the predicted interval to overcome the deficiency of existing algorithms, such as the
insufficient global search ability of a particle swarm optimization. A prototype wind farm is utilized
as a case study to verify the efficiency and advantage of the proposed methodology.

Keywords: global optimization; interval prediction; kernel extreme learning machine; tabu search
algorithm; wind power

1. Introduction

As the most environment-friendly and renewable energy, wind energy has an ever-
increasing demand in the new century [1]. As a result, installed wind power has signifi-
cantly grown in recent years. However, compared with the traditional thermal power, wind
energy has significant uncertainty or random futures and will give rise to a destructive
effect on the operation of the power system [1,2]. These uncertainties come mainly from
the chaotic weather conditions. In this respect, accurate and reliable wind power predic-
tion is of great significance for improving the power system stability and optimizing the
dispatch plan [3].

The existing prediction methods for wind power are mostly point-forecasting ap-
proaches. In these forecasting models and methods, the wind power at a future moment is
predicted. Since wind power is inherently uncertain at a moment, these traditional point
predictions will inevitably introduce errors on the prediction results, and they cannot reveal
and model fully the uncertainty natures of the wind power output. Consequently, in the
face of the access of a high proportion of wind power energy and with an ever-increasing
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capacity of the installed wind energy, a wealth of efforts has been devoted to developing
probabilistic prediction methods. Compared with traditionally deterministic point forecast
techniques, a probabilistic forecasting approach can provide more stochastic information
to quantify the random characteristics of the wind power and to estimate its impacts on
the power system. Consequently, different probabilistic forecasting models and methods
have been proposed and applied to two-stage robust optimizations [4], multistage robust
dispatch [5], unit commitment [6], stochastic control [7], and energy trading [8], to name
but a few. Moreover, the interval of the output power is a key stochastic performance
parameter in a wind power prediction model and method. For example, in the adaptive
robust optimization for the security-constrained unit commitment problem [5], a two-stage
robust optimization methodology is utilized to find the worst case in the wind power
uncertainty set in order to develop the most economical unit commitment to deal with
the worst conditions of the wind power. In the two-stage robust optimization, the total
scheduling costs can be divided into two parts, that is, the unit start-up /shutdown costs
and the dispatch costs. The decision variables of the first stage are the operation condition
of a thermal power unit in 24 h, which can provide the domain of the “max-min” function
in the second stage [4—6]. Dispatching cost is the most economical way to deal with the
worst case of the wind power interval. It should be noted that the worst case of wind power
and the dispatching cost are functions of the first-stage decision variables. However, ac-
cording to the nature of a stochastic process, the wind power at a specific time is essentially
a continuous random variable [9]. In this point of view, the worst case of the wind power
will rarely occur [9]. That means that the results of the robust optimization are extremely
conservative [4,6,9]. If the intervals of the wind power are set too widely, the resulting set
of the unit commitment will also be conservative excessively. To conclude, the wind power
interval is vital to the operation plan of a unit commitment [1,2]. Therefore, it is advisable
to develop an effective algorithm for rational interval predictions of the wind power.

In the literature, different methods have been proposed for reliable wind power inter-
val predictions. These methods can be divided into two categories, that is, the parametric
estimation and the nonparametric estimation methods. The parametric estimation method
often assumes that the error of the forecasted wind power obeys a special distribution, and
then uses some samples to estimate this distribution. In this direction, Wan et al. [10] pro-
posed a new algorithm based on the extreme learning machine (ELM) and bootstrap method
for the probabilistic forecasting of wind power generation. However, the assumption on
the special distribution of the prediction errors may not be appropriate and applicable
for other wind farms. Therefore, researchers have paid more attention to nonparametric
interval predictions of the wind power. In this respect, Wan et al. [11] developed a hybrid
intelligent algorithm by combining ELM and particle swarm optimization (HIA) to predict
the wind power interval directly. However, the particle swarm optimization algorithm used
in this approach is easy to be trapped in local optimal solutions. Wan et al. [12] introduced
some auxiliary variables in the quantile regression model to obtain a more reliable interval
prediction result. Zhao et al. [13] used an adaptive bilevel programming model (ABP) to
calculate the best quantile at a certain confidence level, which can minimize the average
width of the predicted intervals. Since the slave problem is a linear programming one in
the ABP model, the strong dual condition is satisfied, and the KKT theorem can be used to
transform the bilevel programming into a single-level problem. However, the transformed
model includes a bilinear item, which is an NP-hard problem. Wan et al. [14] developed
an empirical distribution function to approximate the quantile interval via the similar
historical power series data at a specific forecasting time. However, the procedures of
repeated validations are required in the algorithm to determine the appropriate parameter
for measuring the similarity, which will take a large amount of solution times. To conclude,
a reliable and robust wind power interval prediction technique is still demanding.

In general, the interval forecasting of wind power is formulated as an optimization
problem to optimize the calibration and the average width of the wind power interval. To
address the interval forecasting of wind power, this paper proposed a combined universal
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tabu search algorithm and the KELM methodology. The ELM is trained as a regression
model for the interval prediction of wind power. To compromise both the calibration and the
average width of the wind power interval, the weights from the single hidden layer to the
output layer are optimized. To eliminate the inherent randomness on the weights between
the input and hidden lays in the commonly used extreme learning machine, a radial-basis-
function-based kernel extreme learning machine is proposed instead of the commonly used
extreme learning machine. Since the objective function is a nonconvex and multimodal
one, a universal tabu search method is improved to overcome the deficiencies of existing
algorithms, such as the insufficient global search ability of a particle swarm optimization,
to optically compromise the calibration and the average width of the predicted interval.
To verify the effectiveness of the proposed methodology, it is used to predict the power
interval of a prototype wind farm with promising results.

The rest of this paper is organized as follows: The prediction model KELM is given
in Section 2. The improved universal tabu search algorithm is explained and numerically
validated in Section 3. The case study and numerical results are reported in Section 4.
Finally, conclusions are presented in Section 5.

2. Kernel Extreme Learning Machine

The probabilistic prediction model for the interval of wind power in this paper is based
on the extreme learning machine. An extreme learning machine (ELM) is a feedforward
neural network with a single hidden layer [15]. The weights and biases connecting the
input layer and the hidden layer nodes are randomly assigned or given by a designer, and
are not updated during the training and learning process. The weights between the hidden
layer and the output layer will be updated in the training process. An extreme learning
machine has a strong generalization ability and a high computational efficiency, and its
computational speed is faster than that of the neural network trained by a back-propagation
algorithm. Consequently, an extreme learning machine can be used for classification,
regression, clustering, sparse approximation, compression, and feature learning. Now ELM
has been widely employed in face recognition, image classification, wind speed, and wind
power prediction.

In the following discussion, one will consider a case where there are N training samples
{(xi, ti)}fil, where x; = (xj1, X2, ... Xip )T € Ry, is the ith input node, n is the number of
the total input nodes in ELM, and t; is a sampled value of the trained function, which
presents the training target, that is, the output power in this study. If the number of hidden
layer neurons of the extreme learning machine is Ny, and its activation function is g(x), the
relationship between input and output can be expressed as Equation (1):

Ny
tj = ;ﬁigi(wi'xj +b;),j=123,...N )
1=

where ¢; is the output of the extreme learning machine, w; is the weight vector connecting
the ith hidden layer neuron and all input nodes, B; is the weight vector connecting the ith
hidden layer neuron and all output nodes, b; is the ith bias of the hidden layer neurons,
and w;-x; is the inner product of these two vectors. If one defines T as the vector of ¢}, the
above N equations can be written in a matrix form as Equation (2):

HB=T )
where H is given by:

glwixy+by) -+ g(wn,-x1+by,)
H = : : 3)
glwrxn+b1) - gi(wn,xn+b;)
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If the input weights and hidden layer biases are randomly assigned, the matrix H
will not change in the training process. If the number of neurons in the hidden layer is
equal to the number of training samples, H is an invertible square matrix, and the trained
neural network can accurately approximate and fit all the training samples. However,
the number of neurons in the hidden layer is generally much smaller than the number of
training samples. Consequently, H is a nonsquare matrix, and a generalized inverse matrix
is used to solve the output weight. Moreover,  can be reformulated as Equation (4):

B=H'T 4)

where H* is the Moore-Penrose generalized inverse matrix of the matrix H. After j is
determined, if the new sample is used as the input of the ELM, the output can be calculated
from Equation (5):

Ytest = Htest,B )

where Hyg; is a matrix obtained by the new sample and the input weight.

Since the weights between the input and hidden lays in the extreme learning machine
have inherent randomness characteristics, the kernel extreme learning machine (KELM)
is used in this paper [16]. KELM combines the ELM and the kernel function to eliminate
the inherent randomness characteristics and to enhance the adaptability and stability of
an ELM.

Generally, the hidden nodes are more than the features of input data in the ELM, so
the data transformation from the input layer to the hidden layer can be equivalent to a
dimension ascension. Therefore, KELM uses a kernel function to map all input samples
from an n-dimensional input space to a high-dimensional hidden layer feature space. In
this study, a radial basis function (RBF) kernel function is used and given by Equation (6):

K(x,xj) = exp[—w] (6)

202

where ¢ is the bandwidth of the kernel function.
According to Equation (6), the kernel matrix can be obtained as:

K(xq,x1) -+ K(xq,x4)
HH' = : : )
K(xp,x1) -+ K(xn, xn)
where H is defined as:
H = [h(x1),h(x2),. .. h(x,)]" 8)

The h(x;) can be regarded as a high-dimensional mapping of the ith sample through
the weights of the input and the hidden layers. Note that one does not need to have the in-
formation of the H matrix, and the output weights can be gained via the RBF kernel function.

In order to increase the stability of the ELM, a regularization coefficient C and a unit
matrix E are introduced, and the output weight is then calculated from Equation (9):

B* = (g n HHT) “y ©)

The HHT matrix can be calculated via Equation (7). In the proposed ultra-short-term
forecasting of wind power, we use the historical wind power data as input variables for
KELM instead of using the numerical weather prediction (NWP) information. It is better to
use the historical wind power data as input variables for KELM than to use the numerical
weather prediction (NWP) information. Consequently, the input data are the historical
wind power series, and the output is the wind power at a further instant.
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3. Interval Prediction Methodology

To evaluate the qualities of the forecasted wind power interval, two indicators to
quantify, respectively, reliability and sharpness, are used. Reliability is defined as the ratio
of the number of observing samples falling within the interval to that of the total samples,
and it can be expressed as Equation (10):

P = I(yz) (10)

z=
1M1=z

i

In (10), I represents an indicator function. When the real value of the wind power of
the ith sample at time ¢ falls within the interval, I(y;) is assigned to be 1; otherwise, it is set to
be 0. The value of the reliability should be as close as possible to the predefined confidence
level 100(1 — a)%. Under the same reliability, a narrower interval is more helpful and
preferred in applications to power system scheduling. Although randomly increasing or
decreasing the distance between the upper and lower boundaries of the interval can easily
meet the reliability requirements, it will cause a sharpness deterioration. In this respect,
one defines the width of the predicted interval as Equation (11):

wi(x;) = Up(x;) — Le(x;) (11)

where U;(x;) and L¢(x;) are, respectively, the upper bound and lower bound of the pre-
dicted wind power. At a certain confidence level 100(1 — a)%, the score of the interval as
defined in [10] can be used as an indicator for evaluating the width of the forecasted interval:

—2awy(x;) — 4[Le(x;) — ti] t; < Le(x;)
Si(x;) = —2aw(x;) ti € I1(x;) (12)
—20w(x;) — 4t; — Up(x;)] t; > Up(x;)

It is clear that the score of a narrow interval will be higher, and the interval whose true
value falls outside the interval will be weighted by a penalty term in its score.

In order to ensure both the reliability and the sharpness of the predicted interval, one
will optimize the following objective function in this paper:

min £ = min P — (100 — )% + ]}V % 5|} 13)
i=1

st L(x;) < Ur(x;) (14)

where P is the reliability as defined in (10), and Z S¢(x;) is the average score for the interval.

In training KELM, the weights from the smgle hidden layer to the output layer are
optimized to find the best solution of Equations (13) and (14). As explained previously,
the objective function as defined in Equation (13) is a nonconvex and multimodal one,
and the universal tabu method as introduced in [17] is improved and used to solve this
optimization problem to overcome the deficiency of existing ones.

A tabu search algorithm (TS) is a heuristic algorithm proposed by E Glover et al. [18,19].
Compared with other stochastic algorithms, a tabu search method is featured for its sim-
pleness in concept and easiness in algorithm structure and numerical implementation.
Consequently, tabu search has been widely used in optimization problems [20,21]. How-
ever, the balance between the exploration and exploitation searches in exiting tabu searches
is still unsatisfactory. In this regard, the universal tabu search method as proposed in [17]
is improved to find the optimal solution of Equations (13) and (14).

For space limitations, details about a tabu search algorithm are referred to in [17-21],
and only the improvements made in this paper will be explained in the following para-
graphs. To compromise the exploration and exploitation searches, the searching procedures



Sustainability 2022, 14, 10779

6 of 12

of the proposed tabu search algorithm are divided into two different phases: the intensifi-
cation phase and the diversification.

In the diversification phase, to guarantee the diversity of the algorithm, for each current
state, x, a series of neighborhood solutions are generated first. Moreover, a neighborhood
solution, y, of x will be generated using the following mechanism as Equation (15):

yi=xj+ ijhi (15)

where j presents the jth dimension, /; is the step size of the neighbor i, r is a random
number that is uniformly distributed in [—1, 1], and p;j is half of the dimension size of the
jth variable.

Once all of the neighborhood solutions are generated, the search procedure will move
to the best one of all the neighborhood solutions to start a new cycle of iterations.

In the intensification phase, to guarantee the exploiting search ability of the algorithm,
for each current state, x, a series of neighborhood solutions are also generated first but
using a different generating mechanism. For example, a neighborhood solution, y, of x will
be generated using the following equation as Equation (16):

yi=xj+ (2r = 1)k (16)

where r is a random number that is generated using a Gaussian distribution.

Once all of the neighborhood solutions are generated, the search procedure will move
to the best one of all the currently available solutions, including x and all neighborhood
solutions, as well as the so far searched best one to start a new cycle of iterations.

The proposed algorithm starts from the diversification phase to explore uniformly the
whole searching space. If the so far searched best solution in this phase will not change for a
given number of consecutive iterations, the procedure will move to the intensification phase
to start exploiting searches until the number of consecutives iterations for no improvement
in the so far searched best solution exceeds a predefined value.

To help readers to implement the proposed tabu search method to develop the corre-
sponding codes, its detailed iterative procedures are given below. In the below explanation,
Ny, Nj, and Ny are three stop criteria to terminate the algorithm.

Step 0: Initialize the algorithm parameters;

Step 1: Start the diversification searching phase until the number of consecutive
iterations without any improvement on the so far searched best solution exceeds N;

Step 2 Start the intensification searching phase until the number of consecutive itera-
tions without any improvement on the so far searched best solution exceeds Nj;

Step3: N=N + 1. If N < Ng, go to step 1;

Step 4: Terminate the iterative procedures of the method.

To demonstrate and test the performances of the proposed improved tabu search
algorithm, an extremely high multimodal function having about 10° local optima is selected
as a case study. This benchmark mathematical function is given by

min f(x) =2 {105in2(7rx1) + (xn —1)*+ 7;11 [(x,- —1)%(1+ 105in2(ﬂxi+1))} }

~10<x<10(i=1,2,...,5)

(17)

The global optimal solution and the cost function value are, respectively, x; = 1,
(I=1,2,...,5)and fgopba = 0. To compare the performances of different algorithms, this
case study is solved by the proposed tabu search method and the original tabu search
algorithm [12]. In the numerical study, the parameters of the proposed tabu search method
are set as: Ng =10, N; = 5, and Ng = 3. The other parameters for the two tabu search
algorithms are the same for a fair comparison. To obtain the stochastic information on
the averaged performances of a method, each algorithm is run 100 times by starting from
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different randomly initialized points. Table 1 gives the averaged performance comparison
of the aforementioned two methods for solving this test mathematical function.

Table 1. Performance comparisons of different algorithms.

Number of Runs to Find Global Averaged No. of Iterations
Optimal Solutions Proposed That of [12]
100/100 2045 3281

In Table 1, finding the global optimal solution for a run means that the errors between
the searched solutions of the algorithm and the exact ones in view of both the function value
and the decision variables are smaller than 10~ in absolute values. From the numerical
results in Table 1, it is observed that all the 200 independent and random runs of the two
algorithms converge to the exact global optimal solution of this test function. In other
words, the proposed algorithm and the original one can escape from the nearly infinite local
optima of this extremely multimodal test function and converge on the global optimum
with 100% probability. However, the iterative number used by the proposed algorithm
is extremely reduced as compared with the original version of the tabu search algorithm,
that is, reduced from 3281 to 2045. Consequently, the improved tabu search algorithm is
computationally efficient in finding the global optimal solution of a multimodal objective
function with continuous variables.

4. Case Study

A prototype wind farm is selected as the case study of the proposed method to
demonstrate its performances. As explained previously, the forecasted wind power result
using NWP as the input variables is usually less accurate as compared with that using the
historical wind power series since the correlation between forecasted points and historical
data plays a more important role as compared with the NWP data. In this regard, the
historical wind power series are used in this case study. Generally, the weather in the time
period from winter to spring of the following year is windy, while that from summer to
autumn is breezy. In this point of view, the wind power forecasting for different seasons
should use different historical wind power data. More specifically, in the presented work,
the interval prediction of the wind power is divided into the following four phases:

(1) The winter period interval prediction. In this phase, the historical wind power data in
November to December will be used.

(2) The summer period interval prediction. In this phase, the historical wind power data
from June to July will be used.

(3) The autumn period interval prediction. In this phase, the historical wind power data
from September to October will be used.

(4) The spring period interval prediction. In this phase, the historical wind power data
from March to April will be used.

The historical wind power data of a complete year for the prototype wind farm are
obtained by recording the wind power every 1 h. Since the wind turbines are generally
located in an open-air field and work in a chaotic environment, the historical wind power
data are easily disturbed by weather conditions. As a consequence, abnormal data will be
inevitably recorded in the initial historical wind power. Accordingly, one will first eliminate
the abnormal data from the raw historical wind power data before the forecasting. In
this regard, a wealth of methods is readily available [22-29]. However, the approach as
introduced in [30] is used in this study. The finally used v-p wind power curve is given in
Figure 1. In the implementation of a wind power forecasting methodology, the first 70% of
the total data are used as the training data, and the remaining 30% as the testing data. The
target of the training data t; will be expanded 1.2 times into the upper training data, and
reduced 0.8 times into the lower training data, respectively. The initialization of the output
weights (the decision variables) of the upper bound and the low bound is conducted in
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the two training datasets via KELM. One will then set a neighborhood (or variation) range
for each output weight by adding 2 and subtracting 2 from the initial weights to construct
the ranges of weights. The domain of the optimization function is then determined. The
confidence level of intervals is set to be 100(1—0.1)%.

20.0

17.54

15.0

Wind Power (MW)
-~ 5 B
W (=3 W

o
o
L

N
n

0.0 4

0 5 10 15 20 25
Wind Speed (m/s)

Figure 1. Power curve of the prototype wind farm.

Under the previous implementation and parameter conditions, the forecasted results
of very short intervals (e.g., 15 min—6 h) for the wind power for 1 h look-ahead time in
December, July, April, October, and July with 1 h look-ahead time using the proposed
model and method are given in Figures 2-5. It should be pointed out that the interval for
the look-ahead time can be set flexibly. Following the common practice in the literature,
one sets them from 15 min to 6 h in this article. However, one could also set them from
10 min to 6 h, for example.

Observing the results of Figures 2-5, it is clear that the real wind power curve (the blue-
colored curve) is nearly exact in the forecasted interval between the forecasted upper bound
and forecasted lower bound for all of the forecasted seasons. Consequently, the proposed
method can reliably predict the interval of the wind power for power system scheduling.

Test Data

| —— Upper bound
—— Lower bound /
|
—— Real data !

. I I

0.4 1

Normalization of wind power

0.2 1

N WJW W

0 25 50 75 100 125 150 175 200
Time (1hour)

0.0 1

Figure 2. One-hour look-ahead of wind power interval prediction results in December.
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Figure 3. One-hour look-ahead of wind power interval prediction results in July.
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Figure 4. One-hour look-ahead of wind power interval prediction results in October.
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Figure 5. One-hour look-ahead of wind power interval prediction results in April.
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To compare the performances of the proposed interval prediction model and existing
ones, the hybrid intelligent algorithm (HIA) as introduced in [11] is also used for the
short-term interval prediction of this prototype wind farm. In numerical comparisons, the
reliability performance parameter P (%) and the sharpness of the predicted interval W are
used. The performance parameter P (%) is the percentage of the actual power values that
fall within the forecasted intervals, while the performance parameter W is the average
width of each interval in each season. In view of the metric P (%), the deviation between
P (%) and the confidence level is smaller, and a more reliable interval is predicted by the
method. In view of the metric W, under a certain confidence level, a narrower interval (i.e.,
a smaller W) is more promising in engineering application. The performance parameters of
HIA and the proposed method under 90% confidence level are compared in Table 2. From
these performance parameter results, it is naturally concluded that:

(1) Inview of the metric W, the proposed algorithm outperforms HIA since the values
of the metric W of the predicted interval for December, July, and April using the
proposed algorithm are smaller than the corresponding values using HIA;

(2) In view of the metric P (%), the two methods behave almost similarly, since the
proposed method performs better in the predicted interval for December and October,
while HIA performs better for July and April;

(3) It should be noted that the robustness of the proposed algorithm is stronger than
that of HIA since the values of the metric P (%) for the four seasons of the former are
always larger than that of the predefined 90% confidence level, while the values of the
same metric for only July and April of the latter are larger than that of the predefined
90% confidence level.

Table 2. Experimental results of two algorithms with 90% confidence level.

Proposed HIA
Month
P (%) W P (%) w
December 90.92 0.456 89.86 0.495
July 91.71 0.482 93.98 0.491
October 90.96 0.457 87.11 0.410
April 90.35 0.410 91.58 0.434

5. Conclusions

Interval prediction is an effective tool to quantify the uncertainty of wind power. In
order to have a high-quality forecasting interval of wind power, a combined methodology
based on KELM and an improved universal tabu search method is proposed. First, the
compromise between the reliability and the average width of the interval prediction is
formulated as the optimization of the weights from the single hidden layer to the output
layer of KELM. This nonconvex optimization problem is then solved by introducing an
improved tabu search algorithm. The numerical prediction results on the intervals of a
prototype wind farm under a 90% confidence level confirm that:

(1) Inview of the sharpness of the predicted interval, the proposed algorithm outperforms
the existing approach, HIA;

(2) In view of the robustness on the reliability of the predicted interval, the proposed
algorithm behaves extremely well over the existing approach, HIA.

As regards the further direction of the authors, we will explore the relevance of the
implications to BRICS countries.
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