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Abstract: Forecasting electricity consumption is currently one of the most important scientific and
practical tasks in the field of electric power industry. The early retrieval of data on expected load
profiles makes it possible to choose the optimal operating mode of the system. The resultant forecast
accuracy significantly affects the performance of the entire electrical complex and the operating
conditions of the electricity market. This can be achieved through using a model of total electricity
consumption designed with an acceptable margin of error. This paper proposes a new method for
predicting power consumption in all nodes of the power system through the determination of rank
coefficients calculated directly for the corresponding voltage level, including node substations, power
supply zones, and other parts of the power system. The forecast of the daily load schedule and the
construction of a power consumption model was based on the example of nodes in the central power
system in Mongolia. An ensemble of decision trees was applied to construct a daily load schedule
and rank coefficients were used to simulate consumption in the nodes. Initial data were obtained
from daily load schedules, meteorological factors, and calendar features of the central power system,
which accounts for the majority of energy consumption and generation in Mongolia. The study
period was 2019-2021. The daily load schedules of the power system were constructed using machine
learning with a probability of 1.25%. The proposed rank analysis for power system zones increases
the forecasting accuracy for each zone and can improve the quality of management and create more
favorable conditions for the development of distributed generation.

Keywords: forecasting; machine learning; rank models; daily load schedule; power supply zone;
node substations; central power system of Mongolia

1. Introduction

Modern electric power systems (EPSs) are complex and include a large number of
structural elements that are connected hierarchically. They are characterized by a large share
of generation from renewable energy sources as well as intellectualization. These factors
complicate the functioning of EPSs, which must make their own adjustments to reliability
assessment processes when planning and managing operation modes. In addition, the
growing availability of renewable energy sources increases the instability of the power
balance of the power system, as there is additional uncertainty in terms of electricity
production. The combination of these factors makes the short-term forecasting of power
consumption a critical aspect of ensuring the reliability and efficiency of the power system.
The reliability of the power supply to individual consumer groups and the economic
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efficiency of the functioning of the power system as a whole depends on the accuracy of
such short-term forecasting to a significant extent. Increasing the accuracy of forecasting
saves energy resources and determines the efficiency of power supply management and
the consequent increase in the profits of energy enterprises. This, in turn, is determined by
the transition to market relations between the subjects of the wholesale market, as well as
responsibility for the results of actions based on the forecast.

In the wholesale electricity market, the forecasting problem is solved on different
time horizons: long term (for several years ahead), medium term (for a period from one
month to one year ahead), and short term (for an hour, a day, or a week ahead, respectively,
solved using hourly, daily, or weekly data). One of the biggest difficulties in the short-term
forecasting of the electrical load is the unpredictable behavior of the observed objects,
which are influenced by various external factors, including user actions [1].

The problem of forecasting power consumption is that it is necessary to simultaneously
take into account a huge number of factors that have an impact on the change in energy
consumption during the period under consideration. Experts in energy companies who
forecast such dependencies acquire experience gradually, over months and years of work.
At the same time, there is always the possibility of unforeseen load surges. Consequently, it
is extremely important to use electrical load forecasting software that could minimize the
number of such incidents through carefully analyzing historical trends.

It should also be noted that the solution to the above scientific and practical problems
is of great interest to both manufacturers and consumers of electric energy. Thus, for electric
power producers, load forecasting is significant from the point of view of optimizing
the supply and reservation of electric energy, the convenience of carrying out preventive
maintenance, and ensuring the safety of the operation of the EPS. For consumers, load
forecasting is useful for minimizing costs associated with the payment of fines when
exceeding capacity limits or overpayment for declared but unused capacity, as well as
predicting downtime of technological equipment in case of a power shortage in the EPS.

Currently, the methodology used by the electric power industry has been extensively
researched in numerous studies, for example [2-5]. There are many formalized methods
for predicting power consumption (approximately 150 in total, but in practice only 20 to 30
are used), which can be conditionally divided into five main groups.

1.  Regulatory methods (methods of “direct counting”) are based on the use of energy
consumption standards for the main types of products and sectors of the economy. The
use of regulatory methods presupposes the prediction of specific power consumption
rates per unit of production [6]. From the point of view of the proposed model, the
advantages of this method include the fact that it is quite simple and does not require
any complex calculations.

2. Technological methods take into account the policy of energy saving, efficient use of
energy, justification of rational types of energy carriers, and modes of operation of
electric receivers. The complexity of such accounting limits the scope of application of
these methods by individual enterprises, while regulatory methods can be applied to
relatively large territorial units (network nodes and energy districts). Difficulties in
predicting specific indicators of electricity consumption constrain the use of both of
the above methods [7].

3. Methods of processing consumer applications, for example, for connecting additional
loads, are effective for individual substations but are much less effective for energy
districts [8]. In other words, the comparative effectiveness of this method decreases
with the enlargement of the territorial division, that is, with the increase in the number
of consumers.

4.  Forecasting methods based on mathematical models, including trend extrapolation
methods (simple regression models) consist of establishing an analytical relationship
between a certain modeled indicator (power consumption, load, balance indicators,
etc.) and a set of parameters affecting it. The tasks of regression analysis are estab-
lishing the form of dependence, selecting a regression model, and evaluating model
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parameters. Note that there is no minimally necessary data set that is required to
prepare a reliable model [9]. However, the above listed methods rely on data obtained
from consumers or on some standards obtained empirically, while others are based on
statistical data processing using various mathematical methods or their combinations.
Regression models and time series models should be noted as the most successful.

5. Economic-statistical and econometric methods have the main purpose of identifying
future tendencies for predicting the load for the time period under consideration. The
method studies and makes provisions for seasonal changes in energy consumption,
the reduction of electricity consumption of large consumers due to the suspension of
factories, equipment repairs, temperature factors, the shutdown of energy-intensive
industries, and consumer withdrawal from the unified energy system due to high
tariffs, as well as the reduction of electricity consumption by large enterprises, etc.

It is known that there are a large number of variables that affect the mode of power
consumption and, accordingly, the accuracy of its forecast. These variables differ a lot and
can be divided into explicit and implicit (latent), exogenous (originated outside the power
system) and endogenous (conversely, born by the EPS itself) [7]. Power consumption,
frequency, power losses, and overflows are clearly endogenous variables. Meteorological
variables and the type of day are explicit exogenous variables [10,11]. Higher temperatures
lead to an increase in power demand as people turn on air conditioning units to cool their
homes and offices. Wind speed also has an impact on power consumption. For example,
high wind speed at low temperatures leads to more intense heat removal from buildings.
Cloudiness affects the cost of electricity for lighting.

To date, a number of different approaches to short-term forecasting have been pro-
posed, starting from regression methods [12,13] and ending with machine learning ap-
proaches based on neural networks [8,14,15] and hybrid or analog forecasting meth-
ods [16,17]. A significant part of modern publications devoted to this problem are focused
on the development and improvement of new information technologies for predicting time
series, such as neural, fuzzy networks, genetic algorithms, etc. This is due to the ability
of these methods to make a forecast in such conditions as the uncertainty of the initial
data (the presence of telemetric distortions), the lack of a priori information, the complex
non-stationary behavior of the predicted time series. A great part of the work is related
to the development of forecasting algorithms for the entire power system or a separate
node from which a large enterprise is supplied, while relatively little attention is paid to
the problem of short-term forecasting in the nodes of the power system [18].

In [19], the authors proposed two approaches featuring the autoregression method
(so called ‘bottom—up” and ‘top—down’). The first method separately predicted the daily
load curve at each substation (or node). Then, the load profile of the system was formed as
the sum of the load curves of the individual nodes in the second method, the daily load
schedules of this power system were predicted using the autoregression algorithm, and
through multiplying system consumption by the load distribution coefficient, the load
profiles for each node were obtained.

Tan et al. [20,21] processed node and power system data using the deep learning
method to obtain a consumption forecast for both the entire power system and for each
node. The method implies that at the initial stage, the participation coefficient is determined
in p.u. values; then, at the next stage, the daily load curves for each node are obtained with
the use of these coefficients.

In [22-25], the neural network method was used to predict electricity consumption at
the level of both the power system and its nodes. Data on the consumption of the power
system and its nodes, as well as such exogenous variables as meteorological factors and
calendar features, were used as input data. The prediction of the consumption of each node
was implemented similarly to the total consumption, but the difference is in the calculation
of the participation coefficient for the respective node.

Bruce Steven et al. [26,27] compared the results of load forecasting in 22 nodes per-
formed using such methods as the proportional one, the linear regression method, the
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integrated moving average autoregression model, and the machine learning method. In
these studies, the proportional method containing the coefficient of node participation
showed sufficient accuracy in predicting the load in the nodes.

Wang et al. [28] proposed to use the support vector machine to predict electricity
consumption in northern China. They considered, the analysis and processing of the initial
data to be most important stage that leads to obtaining the correct result. Nonlinear initial
data were transformed into linear ones using autoregression—a moving average. Based
on this, the final result was formed taking into account seasonal factors according to the
method of support vectors. Using fuzzy logic [29], load graphs were developed reflecting
the influence of temperature, type of day, and time of year in Turkey. In that work, fuzzy
logic played the role of an auxiliary tool for neural networks.

The above-mentioned works show the positive results of using a coefficient expressing
the share of consumption of each node in total consumption. Moreover, the implementation
of the methodology is quite simple and requires a small amount of information obtained
on the basis of statistical data or calculation results, rather than big data in each node.

The advantages of classical methods are statistical significance, fast and easy imple-
mentation, prevalence, and that these methods are well investigated. They have some
disadvantages, including low efficiency in predicting complex time series, a dependence
on unreliable assumptions, a limited ability to use additional variables, and sensitivity to
distortions [16]. In contrast, machine learning is more flexible than classical methods and
has the possibility of using many different factors. However, the process of using them is
quite complicated.

The purpose of this article is to present an approach to load forecasting for both power
systems in general and for their individual nodes through the example of the central power
system of Mongolia. For this purpose, a machine learning method based on an ensemble of
decision trees was used to obtain a model of the total consumption of the power system [30-32].
The daily load curves of the entire power system, data on meteorological factors, and calendar
features for 2021 were used as input data. Due to the lack of complete information on power
consumption for each node of the system, these data were modeled via the calculation of the
IEEE reliability test system (IEEE reliability test system), and the results were used further on
for forecasting [33,34]. The establishment of the zone’s participation coefficient was carried out
via the method of rank models [35]. Rank models together with the machine learning method
made it possible to predict consumption in each zone. Thus, calculating the various operating
conditions of the EPS, a model was created.

The contributions of this study include the following:

- For the first time, a methodology was proposed to make load profile forecasts for the
nodes of the EPS of Mongolia with hourly resolution. It can improve the accuracy of
planning the EPS’s operation.

- In contrast to existing studies on forecasting the power consumption of large energy
systems, it was proposed to divide the power system into zones for predicting their
power consumptions using rank analysis. This approach allows us to increase the
forecasting accuracy for each zone, improve the quality of management, and create
more favorable conditions for the development of distributed generation.

- Ithasbeen established that the accurate prediction of power consumption in Mongolia
requires the use of temperature forecasting; other meteorological factors have little
influence on consumption.

- Ithas been discovered that despite the cyclic nature of power consumption, statistical
methods, such as ARIMA, are inferior to machine learning algorithms that are able to
take into consideration additional factors, such as the type of day (weekends, holidays)
and temperature.

The organization of this paper is as follows: Section 2 provides information about the
research methods. Section 3 contains a description of the dataset and power system under
consideration and the results of the research. Section 4 provides a discussion about the
results. Finally, the conclusions are given in Section 5.
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2. Research Methods
2.1. Autoregressive Integrated Moving Average (ARIMA) Model

The ARIMA model assumes that the forecast value is determined using a linear
function of several previous values of the original time series and random errors. Modeling
is implemented according to the following sequences [36].

The first stage is the calculation of the integrated component into which the data are
integrated. It is achieved through subtracting each value from the previous retrospective
value. The purpose of this stage is to create a time series without a trend. In other words, the
time series is transformed to a stationary form from a non-stationary form to approximate
modeling. There are three methods that are widely used to transform time series into
stationary ones, including trend removal, seasonality, and differentiation [37]. In this paper,
the differentiation method was used. The method is expressed using the following equation:

Pl =P —P_,, 1)

where P/—converted value and Pr—actual value.
At the next stage, autoregression is performed. It calculates the forecast value based
on the weighted sum of the previous values:

Py = Zlf:l D‘thfk/ (2)

where P is forecast value, « is the value of the weighting factor, and p is the order of the
autoregression polyline.

The last step of the ARIMA is to calculate the moving average. The calculation of the
moving average is performed similarly to autoregression, but errors are taken instead of
actual previous values, as shown in the equation below:

=Y 1, Bjurj, 3)

where u; is the value of the random error, B is the value of the weighting factor, and g is the
order of the moving average polynomial.
As a result of the listed stages, the time series model was developed as follows.

P=Y" P+ Z}Ll Bjus—;. 4

It can be seen from the equation that the ARIMA model (p, d, ) is determined by the
values of the polynomial degree p and g, which are calculated using the autocorrelation
function (ACF) and the partial autocorrelation function (PACF) [38]. The value d reflects
the number of steps required to bring the series to a stationary form. When constructing
an ARIMA (p, d, q) time series model, it is necessary to strive to minimize the number of
its parameters.

2.2. Ensemble Models

Ensemble models are machine learning algorithms that combine multiple individual
models to improve the accuracy and robustness of predictions. Three popular types of
ensemble models are Random Forest, AdaBoost, and XGBoost.

Random Forest is a decision tree-based ensemble model that creates multiple decision
trees and aggregates their predictions to make a final prediction [39]. It is a powerful
algorithm for both classification and regression tasks and is known for its ability to handle
high-dimensional data with many features.

AdaBoost (Adaptive Boosting) is another ensemble model that combines weak learners
to create a strong learner [40]. It works through iteratively training weak models on the
same dataset and adjusting the weights of misclassified samples in each iteration to improve
the overall accuracy of the model.
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XGBoost (Extreme Gradient Boosting) is a gradient boosting algorithm that uses
decision trees as base models [41]. It is known for its speed and scalability, making it
a popular choice for large datasets. XGBoost also includes regularization techniques to
prevent overfitting and improve generalization performance.

Consider a certain time series, expressed as follows:

Spn={(X, V1), (X2, Y2),...,(Xn, Yu)}, (5)

where X are the source vectors containing the functions f(X); Y are the output scalars or
labels; S, are the studied samples of the time series (Xj, Y, ) with observation n.

To develop an algorithm, it is necessary to divide the data into parts for training
and testing. After training on the data, the algorithm should be built with a model that
calculates the dependencies between the corresponding variables. In other words, at the
end of the learning process, the algorithm outputs the function /i(X, S,) of the time series
model.

The basic principle of the Random Forest method is that samples of size n from the
training time series S, are randomly selected and placed on the decision trees. Regression
analysis and the classification of random samples are carried out on each tree, and their
models are derived, which express the dependencies between random variables. The
aggregation of results, which is performed via averaging the output of all decision trees,
will become a Random Forest model. The main advantage of aggregation is that it is
immune to outliers, since independent trees with different training samples are generated:

yr = Ly ﬁ(x si) ®)
g &i=1 79n )
where S/, is i-th random sample; g is the number of the decision tree.

A model developed using the Random Forest method has the ability to take into account
several factors affecting electricity consumption simultaneously. The Random Forest method
contains all the advantages of machine learning methods and is preferable to the method of
support vectors and neural networks since it does not require a complex theory.

To build a model with sufficient probability using this algorithm, it is necessary to
specify the number of decision trees and their depth. The more decision trees, the better
the probability, but the time to build a Random Forest also increases proportionally. Also,
the probability of the model depends on the depth of the decision trees. Despite the fact
that increasing the depth improves the quality of both training and testing, the smaller
the depth of the trees, the faster this algorithm is built and works. Hence the need for an
optimal choice of the number of decision trees and their depth approach.

2.3. Rank Models

Rank models allow predicting the structural properties of objects. Such tasks are quite
common when calculating operating conditions and optimizing them [34]. In particular, to
predict consumption in the nodes of the power system, the method of rank models is used,
whose basic idea is to establish the coefficient of participation of a node in total power
consumption. If we imagine the power system as a hierarchical structure with several
nodes that differ in the predicted value, then we can use these models. The rank can be
determined in p.u. values for tie-substations, power supply areas, power plants, and other
parts of the power system. The rank is determined using the following equation:

P;

Ri= =,
1 PZ

@)

in which
n
Pr=) P, (8)
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where P; is the forecast parameter for the ith part, P-—is the total value for the object under
study, R; is the rank coefficient, and 7 is the number of parts.

If the value of the total load or consumption is known, it can be distributed among
nodes using rank coefficients. In other words, to obtain a forecast load curve for the nodes,
the values of the predicted daily load profiles of the entire power system must be multiplied
by the rank coefficient:

P = P(Y') «R;, )

where P(Y’ ) is the value of the daily load curve of the power system, R; is the rank

coefficient, and P, is the value of the daily load curve of the ith node.

If the rank remains stable at different time periods, using rank models together with
other forecasting methods, it is possible to make a time series of consumption at each node.
Otherwise, it is necessary to determine the rank coefficient for different time periods.

The prediction error should be measured using the average modulo error (MAE is
main absolute error) and the average modulo error in percent (MAPE is main absolute
percentage error). They are expressed using the following equations:

1 N
MAE = 553 [P = P, (10)
1 Py — P!
MAPE = Nzﬁzl %100, (11)
m

where N is number of hours in the data set, P}, is the power forecast value in the mth hour,
and Py, is actual value in the mth hour.

3. Results

The Mongolian power system contains five regions including the central power system,
which accounts for 97% of the country’s energy consumption. In 2021, the consumption of
the central power system reached 9.8 million kWh, and generation—7484 million kWh. In
2021, combined heat and power (CHP) plants covered 92% of the total generation. Solar
and wind power plants generated the other 8% [42—44]. The total installed capacity of
renewable energy plants in the central power system is 268 MW, comprising 23 MW of
hydropower plants, 67 MW of solar photovoltaic stations, and 155 MW of wind turbine
plants. The main share of power consumption is occupied by the household sector, since
industry is relatively underdeveloped. The central power system provides electricity to
approximately 40 settlements. Although the mining industry has been on the rise recently,
the household sector is expected to remain the leader in electricity consumption in the
immediate future, according to the forecast.

3.1. The Result of the Autoregressive Integrated Moving Average Model

Any retrospective is non-stationarity by nature, since the shape of the daily load curves
included in the time series is influenced by some factors. Therefore, according to the rules
of analysis of the model, it is necessary to convert it to a stationary form. As an example,
Figure 1 partially shows a time series of the source data. The data set is received from the
system operator of the power system of Mongolia and depicts hourly load consumption.
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1,300 1 = Actual load curve
1,200 1
=
= 1100
o
3
~ 1,000
900 4
18,100 18125 18,150 18175 18,200 18,225 18,250 18,275
Time, Hour
Figure 1. Example of a time series of source data.
After removing the trend and seasonality via differentiation, the time series is turned
into the following pattern, as shown in Figure 2.
100 4 —— Normalized load curve
50 4
=
=
B 01
3
=50
18,100 18,125 18,150 18175 18,200 18,225 18,250 18,275
Time, Hour
Figure 2. Transformed time series.

The initial data were divided into training and testing parts. As a training set, hourly
consumption data were selected for the last 30 days before the forecast day. The analysis
of autoregression and moving average was carried out on a training set, and a time series
model was built. Figure 3 shows the modelled and the actual time series.

1300 | =—— Prediction
— Actual load .‘ |
1,200 ’ - \ ' , 4 j ' 1
\ I / / f ] \ / ‘}\ }
z || ANEREPY A SR I\
= 1,100 15 Y f - ‘ \ of
o a2 \ \ \ ‘ ' y
§ \ 'l " .‘
1,000 1 \ { vy v \
| ) D |
A ¥ et A - o
900 1 [
18,100 18125 18,150 18175 18,200 18,225 18,250 18,275
Time, Hour

Figure 3. Time series modeling.

According to the developed model, the daily load curves of forecast days were pre-
dicted, which were randomly selected from each month. Since regression analysis considers
the relationship between only two variables, ARIMA does not have the ability to take into

account additional variables, including weather factors and other factors that affect electric-
ity consumption.



Inventions 2023, 8, 114

9 of 20

3.2. The Result of Ensemble Models

As input data, the daily load profiles of the central power system of Mongolia were
taken. These load profiles account for most of Mongolia’s electricity consumption and
generation. The observation period is 1 January 2019 to 31 December 2021. Meteorological
factors, including wind speed, humidity, and outdoor air temperature, were used as input
data for model construction. In addition to these data, calendar features were calculated,
including the type of day (weekdays and weekends) and the day of the week (Monday,
Tuesday, . .., Sunday) in order to reflect the difference in daily consumption.

Table 1 shows a part of the of initial data, which include the number (tine), day in the week
(wd), type of day (wh), outdoor temperature (termp), outdoor humidity (hum), wind speed (wind),
electricity consumption (load), and electricity consumption for the i-th day ahead (load—i).

Table 1. Fragment of initial data.

Year  Month Day Hour Wwd Wh Temp Hum Wind Load-7 Load-6 e Load-1
2019 1 8 0 2 1 -33 67 3 947 894 - 917
2019 1 8 1 3 1 =31 68 5 888 838 e 850
2019 1 8 2 3 1 -29 68 4 825 825 .. 819
2019 1 8 3 3 1 —33 67 4 795 811 - 813
2019 1 8 4 3 1 -33 67 5 773 808 e 804
In many works regarding load forecast, the influence of individual variables listed
above is investigated. In this paper, the effects of these variables are determined via
correlation analysis, and the results are shown in Table 2. It can be seen that the most
significant influence on electricity consumption is exerted by the outdoor air temperature,
and the correlation coefficient ranges from —0.56 to —0.59, while other exogenous variables
do not significantly affect consumption. In addition, it is obvious from Figure 4 that the
predicted consumption significantly depends on the previous days. Thus, these factors
must be considered in the development of a multifactorial model of the daily load.
Table 2. Correlation values between initial and forecasting data.
Wd Wh Wind Hum Temp Load-7  Load-6  Load-5 Load-4  Load-3  Load-2  Load-1
load 0.004 0.05 0.15 —0.03 —0.59 0.96 0.96 0.96 0.97 0.97 0.97 0.98
1200
- 20
~ 1100
= r10
£ 1000 - i v
=] =
: ! J o 8
3 900 A 2
S L 10 &
2 800 - 5
S 8
& 700 r720 3
w
600 - - =30
0 50 100 150 200 250 300 350
Number of day

Figure 4. Graph of average daily consumption and average daily temperature for 2021.

To develop ensemble models, the data set is randomly divided into training and test
sets in a ratio of 70 to 30. In the process of training, a list of the most influential variables is
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established, and a regression analysis is carried out between the predicted and actual values.
Figure 5 shows the importance of the features as a measure of the relative importance of
each feature in a machine learning model. The higher the feature importance score, the
more important the feature is in predicting the target variable.

load-1
load-7
load-6
load-2
load-3
load-4

temp
load-5

wd
wh I importance

000 005 010 015 020 025 030 035

Figure 5. The role of initial variables in the learning process.

Figure 5 shows that the parameters of the daily load profile for forecast days depend
on the previous day and prior week. As for exogenous variables, the outdoor temperature
strongly influences the creation of the model. Despite the calendar features, including the
type of day and the day of the week, they play their role in developing the model, but no
more than the other variables considered. It is worth noting that the same behavior was
observed when predicting the daily load for working days using statistical analysis in [45].

When developing algorithms, the most important task is to determine the number
(n_estimators) and depth (max_depth) of decision trees included in the ensemble. The goal of
the task is to set the parameters so that the quality of the model is the best, reducing the
volume of the algorithm. The choice of these parameters has a significant impact on the
volume of the algorithm and the probability of the model. The dependence of the model
estimate on these parameters is shown in Figure 6.

100 -

0.95 -

set_type
— ftrain_score
0.65 - — test_score

T T T T T T

0 10 20 30 40 50
max_depth

Figure 6. Cont.
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0990 { _—
0.988 -
0.986
. set_type
5 0984 — train_score
= - test_score
0.982 -
0.980 -
/_——/”’\_—’ — e
0978{ _——

25 50 75 100 125 150 175 200
n_estimators

Figure 6. Dependence of the model probability on the depth and number of trees.

From Figure 6, it is obvious that the optimal tree depth value coincides with the point
at which the training score reached its maximum value, and from that moment, the test
score stabilizes. In terms of the number of trees, it does not greatly affect the quality of the
model, given that the model contains more than 100 trees. Thus, in order to minimize the
volume of the algorithm, it is necessary to set the depth and number of trees to these values.
Setting the depth and number of trees is implemented using the GridSearchCV function
(sklearn library), selecting the best model parameters (Table 3).

Table 3. Hyperparameters of models.

Random Forest AdaBoost XGBoost
Depth of trees 12 12 12
Number of trees 100 100 100
MAPE [%] 244 2.38 2.35

The quality of the model was estimated using the MAE and MAPE. For the test set, MAE
was 18.8 MW, and MAPE was 2.44%. Figure 7 shows the segment of the test set of the model.
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§ 1000 1 1 o I O \ - — Mean absolute erro
[ \
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Figure 7. The segment of the model testing process.
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The results of Random Forest, Adaptive boosting (AdaBoost), and Extreme Gradient
Boosting (XGBoost) algorithms were analyzed. The results of the analysis confirm that the
ensemble models have high accuracy, as shown in Table 4.

Table 4. Forecasting accuracy.

Month Naive AR ARIMA Random Forest AdaBoost XG Boost
MAE MAPE MAE MAPE MAE MAPE MAE MAPE MAE MAPE MAE MAPE
[MW] [%] [MW] [%] [MW] [%] [MW] [%] [MW] [%] [MW] [%]
January 20.90 1.97 26.11 2.45 19.90 1.90 10.24 0.92 10.82 1.04 5.84 0.55
February 26.54 2.70 23.12 2.21 33.70 3.05 16.67 1.63 13.73 1.33 11.38 1.11
March 20.53 2.23 31.29 3.26 25.86 2.64 25.04 2.66 11.70 1.23 9.38 0.97
April 20.22 2.45 26.42 3.17 20.06 2.22 9.80 1.32 10.45 1.26 8.75 1.02
May 22.76 2.98 29.51 3.98 28.26 3.88 16.62 2.26 11.08 1.47 9.43 1.26
June 27.04 3.67 11.68 1.69 28.25 4.06 7.69 1.17 12.65 1.80 12.03 1.70
July 30.19 5.54 11.73 1.78 19.91 3.05 11.20 1.66 8.64 1.31 6.89 1.06
August 22.69 3.21 33.18 4.52 15.06 2.08 8.87 1.21 19.36 2.64 9.25 1.24
September 24.09 2.98 23.78 3.03 17.21 2.14 8.91 1.08 16.64 217 15.54 2.09
October 19.64 2.07 43.28 4.61 21.81 2.46 11.93 1.27 18.39 1.93 17.48 1.79
November 22.51 2.14 21.76 2.18 18.61 1.93 14.31 1.37 15.52 1.58 14.83 1.48
December 20.29 1.78 30.53 2.83 17.39 1.66 9.20 0.87 10.69 0.96 8.33 0.76
Result 23.14 2.81 26.03 2.96 2217 2.59 12.54 1.45 13.26 1.56 10.76 1.25

According to the constructed model, daily load profiles from each month were pre-
dicted and compared against the statistical analysis method developed in the previous
work [45]. Table 4 shows the results of the ensemble models, ARIMA, and the simplest
linear autoregression (AR) as a simple benchmarking method. In addition, a naive forecast
algorithm was applied (the values recorded on a previous day were used as the next-day
forecast; for example, 1 p.m. is taken as the forecast for 1 p.m. for the next day).

As shown in Table 4, the machine learning method has the highest prediction accuracy
with an average error of 1.25% or 10.76 MW. Therefore, this machine learning algorithm has
the ability to predict power consumption with sufficient accuracy and to take into account
several variables that affect load profile.

3.3. Consumption Forecasting in the Nodes of the Energy System

The central energy system of Mongolia consists of five energy supply zones, includ-
ing Ulaanbaatar (energy supply zone “U”), Erdenet-Bulgan (energy supply zone “H"),
Darkhan-Selenge (energy supply zone “T”), Baganuur—Choir (energy supply zone “B”)
and Gov (energy supply zone “G”). Figure 8 shows the simulation network of the power
system.

The daily load curves for each substation were modeled on the basis of information
from the IEEE reliability testing system, where the required data were gathered via instru-
mentation, control, and automation equipment. Through summing up the data for the
respective substations, the daily load curves of each power supply zone were calculated.
Since the power system is characterized by a hierarchical structure with nodes differing in
the amount of electricity consumed, the coefficients of individual node participation in the
total power consumption can be determined using rank models in per-unit values. Table 5
presents the results of the rank models” application from the point of view of the energy
supply zone. The rank model parameters are visualized in Figures 9 and 10.
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Table 5. Results of rank models.
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Zone Participation Rate, %
Ulaanbaatar U’ I 54.34
Erdenet-Bulgan ‘H’ I 25.73
Darkhan-Selenge T’ III 8.75
Frog ‘B’ v 8.63

Gobi ‘G’ v 2.55
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Figure 10. Dependence between rank coefficient and rank number.

It can be seen from Figure 10 that fairly good models have been obtained for the power
supply zone according to the R? criteria. It is worth noting that during the observations,
the rank orders of rank in the studied time series did not change. Moreover, for the entire
energy supply zone, fluctuations in the coefficients of participation are of small range.
Hence, it can be concluded that the use of rank models allows us to precisely predict the
electricity consumption in each energy supply zone.
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Load, MW

Using machine learning methods, electricity consumption was predicted at one-hour
intervals with an average error of 1.25%, and daily load curves for each energy supply zone
were obtained through applying rank coefficients. As an example, Figure 11 shows the
load curve for overall power consumption in the power system and load profiles per every
supply zone.
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Figure 11. Daily load curves of the power system and power supply zones.

It can be seen that the graphs of each energy supply zone have a different shape,
since the values of the rank coefficients are constantly changing over time. In other words,
the graphs show what kind of load affects the form of the total consumption curve. The
final results of forecasting electricity consumption in power supply zones are shown in
Table 6. Also, Figures 12 and 13 depict the accuracy of the consumption model for each
power supply zone. From this, it can be concluded that the proposed models can be used
to calculate the operating conditions of the power system, since the average error of the
models was not more than 2.0%. Also, from the point of view of power supply zones, the
method can determine the loads of respective substations.
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Table 6. Final results of consumption forecasting in energy supply zones.
Rank Zone U Zone H Zone B Zone T Zone G
an
Number MAE MAPE MAE MAPE MAE MAPE MAE MAPE MAE MAPE
[MW] [%] [MW] [%] [MW] [%] [MW] [%] [MW] [%]
January 2.81 0.37 0.83 0.37 0.41 0.48 0.38 0.49 0.29 1.38
February 7.70 1.24 2.52 1.27 1.04 1.21 0.86 1.18 0.31 1.46
March 3.69 0.58 1.16 0.56 0.49 0.56 0.54 0.70 0.23 1.29
April 8.05 1.66 3.36 1.65 1.66 1.83 1.15 1.68 0.24 1.86
May 1.38 0.32 0.60 0.34 0.30 0.40 0.25 0.41 0.15 1.43
June 2.55 0.66 1.18 0.70 0.57 0.78 0.48 0.69 0.16 1.46
July 5.05 1.43 241 1.43 0.90 1.34 0.94 1.37 0.18 1.48
August 6.73 1.58 2.46 1.59 1.14 1.58 1.11 1.60 0.30 2.12
September 1.37 0.32 0.62 0.37 0.29 0.41 0.24 0.35 0.22 1.78
October 3.56 0.80 1.44 0.80 0.58 0.84 0.55 0.86 0.22 1.41
November 6.68 1.39 2.65 1.41 1.06 1.37 0.95 1.40 0.33 1.79
December 1.77 0.31 0.72 0.36 0.35 0.46 0.37 0.49 0.23 1.10
Result 42 0.88 1.66 0.90 0.73 0.93 0.65 0.93 0.23 1.54
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Figure 12. Rank model for the power supply zone.
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Figure 13. Accuracy of consumption models of power supply zones.

4. Discussion

The task of EPS modeling and forecasting of the processes appearing in the whole
system and in its individual elements is a key objective of power system management. The
solution of this task would make it possible to plan electricity generation more economically
and reliably, as well as to optimize possible EPS running arrangements. However, the
adopted short-term forecasting methods do not fulfill completely the needs of EPS planning
and control.

The main disadvantage of the existing methods is the need to develop a load model
and constantly refine the obtained model. Another disadvantage of these methods is
the inaccurate determination of the relationships between input and output variables, as
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the dependencies between them are nonlinear. Hence, to ensure the high-quality short-
term forecasting of electrical consumption in enterprises, a specific forecasting system is
required. It ensures the efficient acquisition and use of the necessary data, carries out all
stages of forecasting, and is controlled through a graphical user interface. The forecasting
system should be adaptive, use modern methods of data analysis, and make full use of the
computing power of modern computers.

This study considers the problem of modeling and forecasting the daily load profile
in the nodes of a power system. A forecasting method using the coefficients of mode
individual participation in the total consumption of the EPS is proposed in this work.

In the paper, the electricity consumption of the entire power system was predicted
with an average error of 1.25%. The use of the machine learning method reduced the
error of the ARIMA model, which was 2.58%, to 1.25%. Thus, the error reduction was
1.33 percentage points or 52%. Despite the fact that the results obtained using the ARIMA
statistical method show the possibility of implementation in practice, the method is not
designed to consider some important additional variables, including meteorological factors
and calendar features.

For Mongolia, the proposed method of power consumption forecasting, which makes
a provision for meteorological factors and is aided by machine learning algorithms and
rank analysis techniques, was performed for the first time. Therefore, the results obtained
are unique and cannot be found in other studies. However, the resulting accuracy is in line
with state-of-the-art research in this field. The day-ahead forecasting error for large power
systems is usually 1-4% [46].

The received power consumption forecast does not result in reduced electricity pro-
duction since there are always standby generating capacities. But the more accurate the
forecast, the more efficiently the problem of load sharing among utilities can be solved.

5. Conclusions

This paper presents techniques, such as the autoregressive integrated moving average
model and a machine learning method based on the ensemble of decision trees, and
demonstrates their effective use for the central power system of Mongolia for the first time
in history.

This study considers the problem of modeling and forecasting the daily load profile
in the nodes of the power system. The daily load curves of energy supply zones are
modeled using the coefficients indicating the participation of individual nodes in total
power consumption, which are established using the method of rank models. It can be
concluded that the proposed models of power consumption in power supply zones can
be practically applied to calculate the operating conditions of this power system, since
the average error of the models was no more than 1.5%. With such accurate models, the
consumption of any node of the power system can be determined using rank coefficients
calculated at the appropriate level of the power system, such as tie-substations, power
supply zones, and other parts of the system.

The disadvantage of the Id forecasting system is the dependence on the accuracy of
meteorological forecasts, as well as the need for regular revision of power consumption co-
efficients for each node of the power system. The proposed approach should be generalized
for other electric power systems, which is planned to be accomplished in the future.
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