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Abstract. The article deals with the issues related to increasing the accuracy of forecasting the
volume of power grid construction (the total length of power lines and transformer substation
capacity) for power systems A set of parameters that affects the volume of electric grid
construction and reflects the level of development and structure of power systems has been
identified. The parameters of a higher level of the hierarchy of forecasting the development of
electric grids are selected, and, therefore, having more stable characteristics of changes in time
in comparison with electric grid indicators. To consider the set of parameters in detail, a special
method of multivariate statistical analysis — factor analysis, which allows relating the electric
grid indicators and a large set of influencing parameters, was investigated. The novelty of the
work lies in the proposed method, which allows to develop multifactor dynamic models of
forecasting of power grid indicators (total length of power lines and power of transformer
substations), in which the coefficients are functions of time and are based on extensive
information on the development of electric grids, as well as including an additional
independent variable that considers the previous value of the modeled indicator (autoregressive
component). These models can be called dynamic factor-autoregressive ones, and they are
more effective than the methods of direct optimization of network configuration, geometric
modeling and extrapolation due to the lack of reliable information on the specific territorial
characteristics of newly introduced electric grids for the long term (more than 5-7 years).

1. Introduction

When solving the complex problem of optimal development of power systems, there is a need to
determine the volume of electric grid construction. Forecasts of electric grid indicators are important
not only for determining optimal plans for the development of the power system, but also in
developing material balances considering the sectoral structure of the country's economy.

The difficulty in determining these indicators is primarily due to the fact that the specific territorial
characteristics (the size of the power systems territory, population, etc.) of newly introduced higher
voltage networks (110 kV and more) are not known for the long term or are known very roughly.
Therefore, methods based on direct optimization of the network configuration [1, 2] are ineffective
here.

The use of only extrapolation methods for forecasting power network indicators, based only on the
study of the development history, the mean-value method, moving averages, or exponential averages
[3] is not recommended due to the incompleteness of their results. However, due to well-established
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algorithms, they can be used only as additional techniques while reference information preparing and
processing.

Several references can be noted [4, 5, 6, 7], there were attempts made to use neural networks and GZ
analysis for forecasting electricity demand. However, the use of this approach to determine the volume
of electric grid construction is not universal, because these methods do not reflect a significant number
of parameters affecting the electric grid indicators in the models.

2. The problem statement

The article offers a methodology for constructing dynamic factor-autoregressive models to forecast
electric grid indicators - the total lengths of power lines (L) and capacities of transformer substations
(Sy) for two stages with voltages of 220 and 110 kV. The dynamics of such models is that the
coefficients of the models are functions of time; auto-regressiveness is the inclusion of an additional
independent variable into the model, considering the previous value of the simulated indicator itself.
Previously, it was assumed as influencing parameters, that the volumes of the power grid construction
are most influenced with the parameters characterizing the size of the territory of power systems, the
population, the number of large cities, installed capacity of power plants and their structure, power
units, levels of energy generation and consumption, maximum electrical loads. Such parameters can be
defined at a higher level in the hierarchy of forecasting electric grids. So more stable characteristics of
their changes over time (they are less susceptible to influence from random circumstances) can be
obtained and can be forecasted with greater accuracy compared to electric grid indicators. Therefore, it
is of interest to construct electric grid models as functions of these parameters.

Thus, to obtain and study economic and statistical models, a comprehensive approach was used,
including a combination of methods of correlation, factor and regression analyzes.

Since any approach to forecasting is probabilistic in nature, therefore, to manage the risk of its
reduction in the proposed models introduced a time parameter and autoregressive component,
allowing to take into account changes in the previous value of the simulated indicator. This allows you
to reflect the trends occurring in the market.

3. Theory

The sequence of constructing electric grid models for forecasting the total lengths of power lines and
the capacities of transformer substations in power systems is considered.

As reference information for constructing and studying economic and statistical models for forecasting
volumes of electric grid construction, we used data on four relatively "large" power systems (PS-1,
PS-2, PS-3, PS-4), the installed capacity of power plants at the end of the study The approximation
period is in the range from 3200 to 6200 MW, and relatively “small” power systems (PS-5, PS-6, PS-
7), the installed capacity of which is only 120-1300 MW. The period under review was 16 years (11
years is a training sample for constructing economic and statistical models, and 5 years is a control
sample for assessing the prognostic capabilities of economic and statistical models). In addition, the
energy systems of the considered set of indicators differ significantly in the average annual growth
rate of the modeled indicators g, determined by the formula:

1(r =)
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where y, and yr — are according to the values of the studied indicators at the beginning (t = 0) and the
end (t = T) of the studied period. The characteristics of the considered power systems are given in
table 1.

Table 1. Characteristics of the power systems.

Power Installed capacity of power Average annual growth rates of simulated
systems plants, MW indicators 3
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total length of power transformer
lines substations power
Beginning of  End of period 110 kw 220 kw 110 220 kw
period (t=0) (t=T) kw
PS-1 2900 6200 0.157 0.085 0.295 0.570
PS-2 2100 4500 0.070 0.033 0.404 0.186
PS-3 1020 3300 0.065 0.249 0.522 0.260
PS-4 1300 3200 0.083 0.040 0.158 0.440
PS-5 300 1300 0.404 0.060 1.50 0.083
PS-6 220 750 0.304 0.468 0.313 0.136
PS-7 95 120 0.120 1.100 0.680 0.500

At the first stage, such parameters as the area of the power system territory (TS, km?), population
(H,th.p.) in the context of urban (H,, thousand people) and rural (H,, thousand people), the
number of cities with a population of more than 15 thousand people. (n;s,pc.), as well as with a
population of more than 100 thousand people (n40,pc.), total installed capacity of power plants
(Ninst,» MW) in the context of the structure of generating capacities (hydroelectric power plant (HEP),
heating power plant (HPP), state district power plant (SDPP)), most power plant (N,,), highest unit
power (N, MW), maximum electric load (Ppq., MW), production levels (W, million kWh) and
consumption (W,,s, million kWh) of electric power were taken into consideration.

The formation of such models was preceded by a correlation analysis [8], a correlation matrix was
obtained on its basis. Histograms were constructed using this correlation matrix (figure 1), which
indicate that there are strong interconnections of the initial set of parameters that affect the electric
grid parameters.
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Figure 1. Cross-correlation coefficient histograms (r) of set of parameters affecting electric grid
performance of power systems (k — the number of correlation coefficients at intervals).

High specific weights of strong correlation connections cause difficulties in eliminating the
phenomenon of multicollinearity of variables [9]. In such cases, the accuracy of mathematical models
decreases sharply. For this reason, it is not possible to consider more than three or four of these
influencing parameters in the economic and statistical models for forecasting electric grid indicators,
which leads to a significant loss of information.

To consider the totality of multicollinear parameters affecting the development of electric grid
facilities of power systems in detail, it is recommended to use special methods, multivariate statistical
analysis, and, in particular, factor analysis [10].

An analysis of the correlation matrix showed that some of the parameters selected for the study were
excluded: Hy, W¢q,s — as excessive (having a strong cross-correlation — ry;__y = 0.994 and "Weoms—Wp
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= 0.992) and Nygp, — as uninformative (having a negative and less 0.2 cross-correlation). For further
factorization of the indicated set of parameters, only 12 parameters were left: TS, H,
Hp, 145, M100) Ninsts Nupps Nsppp » Npps Ny Prax, W-

Factorization of the correlation matrix of the selected parameters was carried out by the principal
factors method. Hypothesis testing about a sufficient number of factors was performed according to
the Neumann-Pearson criterion, which showed that at a significance level o = 0.05 for power systems,
two factors F; and F, proved to be sufficient and they consider 90% of the total variance ° of the
factorizable set of parameters (figure 2). Here, the dispersion c* is the arithmetic mean of the squares
of the deviations of each parameter value from the total mean.
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Figure 2. Dependence of contributions to the total variance of variables (c°)
from the number of allocated factors (m).

The inclusion of factor F; and the following factors practically does not increase the percentage of
total dispersion. Such high efficiency is explained with strong correlation between the parameters (60-
70%). Moreover, the cross-correlation coefficients of the parameters have values from 0.5 to 0.99.

The final stage is the construction and analysis of economic and statistical models, and factors will act
as variables there - some conditional parameters that consider the correlation relationships of the initial
factorizable parameters. The article considers multifactor dynamic factor-autoregressive models of the
form

m
Yt = Qo¢ t z aicFie + Amy1.0Ye-1 + bmr1aVe-1 & €y
i=1
where y, — is simulated indicator (total length of power lines L and power of transformer substations
Su); Fit is factors obtained on the basis of factorization of the tset of parameters affecting the modeled
indicator y, and forecasted at a higher level of the information hierarchy of power systems; m is
number of factors highlighted; ay, ai;— model coefficients (i = 1,..., m), considering time factor t.
It is accepted as a working hypothesis:
Aot = Ago * bost, (2)
a;; = ajp + bjt, (i=1,..., m).

Then equation (1) can be written as follows

m m
Ye = (apo + bo1t) + z ajofFie + z bi1Fit t + Amr1.0Ye-1 + bmtr1aVe-1 t 3)
i=1 i=1
Such dynamic models considers trends in the time series of model coefficients, which are formed as a
result of a change in time as the influence of some factors-arguments on the studied electric grid
indicators, and previous values of the modeled indicator.

The quality of approximation of the factor-autoregressive models of power systems was assessed
using the following statistical characteristics: multiple correlation coefficient R showing the degree of
relationship between the considered parameters, multiple determination coefficient R?, which is often
used as a measure of the effectiveness of models, the average relative error g,,, characterizing the
average deviation of the simulated indicator from its calculated value according to the model, and the
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standard deviation o, expressed as a percentage of the mathematical expectation of the studied
indicator.

4. Results of the experiment

As a result of the study, factor-autoregressive models were obtained to forecast the lengths of power
lines and the capacities of transformer substations at voltage levels of 110 kV and 220 kV according to
equation (3). As noted above, two factors F; and F,, were identified as a result of factorization which
is over 90%, which describe the total variance of the factorizable set of initial parameters. The
simulation results are given in table 2.

Table 2. Factor-auto-regression models of electric grid indicators
of power systems development.

Indicators Free Coefficients of models with variables
component t F, F, Fit Fot Yeer Yeat
Total length of power lines (L)
voltage:
220 kV 140.9 -16.7 -719 98 -274 25 1.04 0.0003
110 kv 338.7 -9.7 100.1 7.2 9.6 -6.7 0.98 0.0001

Power of transformer

substations (S ) voltage:
220 kV 173.8 -15.8 1159 -80 -48.9 25 0.9 0.02
110 kV -318.3 46,9 -233.8 27.7 643 -7.5 1.2 -0.05

For the obtained models, the approximating ability was verified. The approximating ability is
estimated by the above four statistical characteristics R, R? o and g, The results are summarized in
table 3.

Table 3. Comparative assessment of the approximating ability of factor-auto-regressive
models of forecasting for power grid indicators.

Indicators R, R?, Average approximation error, %
rel. rel. c,% PS-1 PS-2 PS-3 PS-4 PS-5 PS -6 PS -7
units. units
Los0 0.986 0.972 12.19 5.54 6.93 17.20 5.90 19.30 14.21 9.43
L110 0.995 0.990 6.9 3.21 3.94 2.86 5.8 11.83 9.37 10.50

0.989 0.978 18.42 9.68 9.05 2.10 9.83 21.05 21.55 25.10

S
220 0996 0995 7.41 233 623 830 731 1952 1495  26.09

StT 110

The factor-auto-regressive models have high correlation coefficients R (table 3). Therefore, the
identified factors reveal the pattern of changes in power supply indicators.

Acceptable accuracy results were obtained for relatively “large” power systems (PS-1, PS-2, PS-3, PS-
4). The exception is parameter modeling L,,, for PS-3: its average approximation error is 17.2%. The
latter can be explained with significant average annual growth rates of L,,, for PS-3. Average annual
growth rate of Ly, for PS-is 0.249, while the growth rate of this indicator for the remaining energy
systems — PS-1, PS-2 and PS-4 (only relatively large power systems are compared) are in the range
from 0.03 to 0.085 (table 1).

There is also a large error (up to 26%) for relatively "small" power systems — PS-5, PS-6 and PS-7,
their installed capacity is much less than PS-1, PS-2, PS-3 and PS-4 (table 1). Apparently, the grid
indicators of their development are more susceptible to the influence of random factors in such "small"
power systems.

5. Discussion of the results
The article offers dynamic factor-auto-regressive modeling of volumes of electric grid development of
power systems. According to the statistical characteristics of the approximating ability assessment, it
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is proved that such models work quite well for relatively “large” power systems; the installed capacity
of their power plants is in the range from 3200 to 6200 MW. Moreover, the error increases for those
power systems that have high growth rates of simulated indicators.

Therefore, considering the time factor t in the indicated form of model (3) is the most effective with a
more stable development of power systems. Otherwise, it is recommended to use simplified factor-
autoregressive models for modeling, i.e. models without a time factor, namely:

m
Ye = Qo+ byt + 2 a;Fie + ami1.0Ye-1-

i=1
It should be noted that forecasting on models with an auto-regressive component assumes the
availability of information on previous values of the simulated indicator. This imposes some
restrictions on the scope of factor-autoregressive models.
In this regard, further research and construction of models for forecasting power grid indicators, taking
into account the growth of the latter, are required.

6. Conclusion

1. One of the main stages in solving the problem of optimal development of power systems is
forecasting the volume of electric grid construction.

In order to predict the volumetric indicators of electric grid construction, namely, the total lengths
of power lines and the capacities of transformer substations, the possibility of using economic and
statistical methods (correlation, regression, and factor analysis) was considered above.

2. A set of parameters has been identified that affect the size of electric grid construction and
reflect the level of development and structure of power systems. A correlation analysis of this set of
parameters was carried out considering the delay effect of some parameters and their low efficiency.

3. For the simulation of electric grid indicators, economic-statistical models are offered, and the
coefficients for the argument parameters are functions of time, and also considering the autoregressive
component of the modeled indicator itself, i.e. dynamic factor-autoregressive models are offered that
work reasonably well for relatively “large” power systems, as well as systems with stable growth rates
of simulated indicators
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